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PM2.5 POLLUTION IN MAJOR CITIES IN CHINA: POLLUTION
STATUS, EMISSION SOURCES AND CONTROL MEASURES
Jianyi Lu*and Xin Cao
School of Environmental Science and Engineering, North China Electric Power University, Baoding, 071003, Hebei, P.R.China

ABSTRACT
With the fast development of energy consumption and
the slathering of fossil fuels, the emissions of sulfur oxide,
nitrogen oxide, ozone as well as particulate matters have
increased, urban air pollution problems have become increasingly prominent. In early 2013, more than 17 provinces
in China encountered hazy weather caused by PM2.5. PM2.5
has great influence and harm to human health and ecological environment, some measures should be taken to reduce
and control its emissions. In this paper, pollution situation
and characteristics of PM2.5 in China are investigated, different areas are analyzed to identify the sources of PM2.5
and their attribution rate. The results have been shown that
PM2.5 pollution exists in more than eighty percent cities in
China. The common sources in almost all cities are coalburning emissions and vehicle exhaust emissions, among
them: coal-burning emissions contribute more in the northern cities in winter. Since the motor vehicle exhaust is one
of the largest pollution sources, severe technical and manage measures should be taken to decrease its emission. Finally, policies and technical advices are put forward in order to provide a theoretical basis for PM2.5 pollution control
in China.
KEYWORDS:
PM2.5 pollution; haze; emission sources; pollution control

1. INTRODUCTION
China is undergoing rapid economic growth, which has
resulted in increasing energy consumption and air pollution. With an increasing number of low visibility days reported by the media, much attention has been paid to the
PM2.5 pollution. There is a wide range of heavy and severe
pollution in China now, especially in the Yangtze River
Delta, Pearl River Delta, Beijing-Tianjin-Hebei Area, Shandong and some other regions [1], the atmospheric pollution
situation in these regions are all very serious.
Haze weather often appears with fine particles, namely
PM2.5 [2]. Because of its small particle size and large specific
surface area, it can enrich toxic and harmful substances
* Corresponding author

in the air more easily, which can deeply inhale into human
bodies with the respiration, even into alveoli and blood, resulting in a variety of diseases [3]. Besides, it can also reduce atmospheric visibility and has a certain impact on climate, rainfall and other environmental issues. PM2.5 mainly
comes from residues generated in the process of combustion by power plants, industrial production, and vehicle exhaust emissions [4]. The monitoring of PM2.5 in China is
common, the PM2.5 pollution status, physical and chemical
characteristics, formation mechanism and its source attribution are varying with the different areas all over China.
Thus, it is an important subject to conduct the current researches on PM2.5 at home and abroad.
2. THE POLLUTION STATUS OF PM 2.5 IN
CHINA
At present, China has been becoming one of the areas
with most PM2.5 pollution areas in the world. North China,
East China and Central China have come to a heavy pollution level [5]. The Air Pollution Index (API) [6] is a simple
and generalized way to describe the air quality and is formerly used in China. The API level is based on the level of
5 atmospheric pollutants, namely SO2, NO2, PM10, CO, and
O3 measured at the monitoring stations by each city. The
routine monitoring of these 5 air pollutants concentration
are simplified into a single index value, which is API, it is
employed to denote the degree of air pollution and air quality conditions. The higher the value is, the more serious the
pollution is. It belongs to severe pollution when the air pollution index value is more than 600. At present, a new National Ambient Air Quality Standard (NAAQS) (GB30952012) [7] was promulgated in China in 2012, and it will be
formally implemented since January 01, 2016.
A survey of global air quality was released by the
United States National Aeronautics and Space Administration (NASA) in September, 2010 [8]. It showed the density
of PM2.5 in the air around the world appeared in North Africa, East Asia and China, and the regions with highest
PM2.5 density included northern, eastern and central China.
The most intensive regions appeared in the Beijing-Tianjin-Hebei region [9]. Through this survey, it was suggested
that PM2.5 concentrations in nearly 80% cities of China ex-
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order to control the generation of PM2.5, we should take
measures in industrial furnaces, power plant boilers and
other coal-burning sources to abate the PM2.5 generating and
emitting, and strictly control of motor vehicles, reasonably
arrange the routes and quantities of new energy buses, reduce the number of on-road private cars and so on.
Generally, Beijing's climate is dry, especially in winter
and spring, which makes the PM2.5 pollution much easier.
Heating, dust storms and other causes make PM2.5 concentrations different, so the mass concentrations in heating
seasons are generally higher than that in the non-heating
seasons. Overall, high concentrations appear in the areas
where human activities aggregate in. The major sources of
PM2.5 also have corresponding changes with seasons, as
shown in Figure 2 [14].

ceeded the emission standard. PM2.5 concentrations of
northern cities were higher than that of southern cities.
2.1. PM2.5 pollution status in major areas of China
2.1.1. Beijing

It reported on the newspaper, on the January 13th,
2013, Beijing released the first orange haze alert on its meteorological history [10]. In the middle-January, the air pollution index of Beijing was close to 1000 [10]. Beijing Environmental Protection Agency first announced that the annual average concentration of PM2.5 in 2013 in Beijing was
89.5μg/m3 [11], which was 2.5 times than the Chinese
Grade-Ⅱ standard value at 35μg/m3.
Wang et al. [12] conducted a source analysis in 2009
of Beijing as shown in Figure 1.

2.1.2. Guangdong province

Guangdong Provincial Environmental Monitoring
Center analyzed the PM2.5 monitoring data for the year of
2011 that came from network monitoring sites of Guangzhou, Shenzhen, Dongguan and Foshan [15]. After the
analysis, they found that in the four cities, the PM2.5 annual
average concentration values were 40μg/m3, 37μg/m3,
42μg/m3 and 47μg/m3, respectively. All data exceeded the
average annual limits value of 35μg/m3 over the Chinese
Grade II [15] in "new standard", beyond the standard limit
value about 6%-34%. According to this research statistics
of PM2.5 monitoring data at 7 monitoring points of
Dongguan [15], the city's annual average concentration of
PM2.5 was 45μg/m3. Daily average values exceeded the
standard for 36d, the exceeding standard rate was 9.9%.
While the annual average concentration of PM2.5 was
37μg/m3 in the first half of 2012, daily average values
ranged between 7-112μg/m3, the number of days that exceeded the standard was 5, and the exceeding rate was
3.3%. Also from this research, the annual average concentrations of PM2.5 in Guangzhou, Shenzhen, Foshan and
Dongguan in 2013 [15] were 52.2μg/m3, 39.7μg/m3,
52.3μg/m3, 46μg/m3, respectively; while the maximum daily
average PM2.5 concentrations were 159μg/m3, 131μg/m3,
160μg/m3 and 165μg/m3.

FIGURE 1 - The main sources of PM2.5 in Beijing

It also reported on the newspaper, on December 30,
2013, the Chinese Academy of Sciences claimed that fossil
fuel combustion emissions became the main source of
PM2.5 pollution in Beijing [13]. It reported that there were
six important sources, which were soil dust (15 %), coalburning emissions (18 %), biomass burning (12 %), automobile exhaust gas and waste incineration (4 %), industrial
pollution (25%) and secondary inorganic aerosols (26 %).
Among them, the automobile exhaust gas and waste incineration, only accounted for 4%. Therefore, in
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FIGURE 2 - The seasonal variation characteristics for the sources of PM2.5 in Beijing
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Chen [16] analyzed the Guangzhou urban PM2.5 pollution status. He found that its PM2.5 concentrations showed
a seasonal characteristic. The pollution was higher in winter and lower in summer. Diurnal variation showed obvious
double peaks form. Lai [15] studied the current situation of
environmental atmosphere PM2.5 in Dongguan. He obtained that the sources included direct emissions from coal
fired boilers; secondary particles transformation from SO2
and NOX; motor vehicle exhaust emissions; transformation
of volatile organic compounds from organic solvent emissions; building construction dust and smoking. There is no
coal heating in winter in Zhuhai, motor vehicle exhaust
emission is the main source of PM2.5 in the western.
In the national scope, Guangdong’s industrialization is
in a high period, atmospheric emissions from thermal power,
chemical, cement and other industries have greatly increased
the pressure for reducing emissions. Therefore, the government department should handle the relationship between
economic development and the environment and intensify
the supervision of relevant industries.
2.1.3. Tianjin

Wei [17] studied the pollution characteristics of
PM2.5 in Tianjin in 2013. The average concentrations in
spring, summer, autumn and winter were 60.7±37.4μg/m3,
72.8±34.5 μg/m3, 103.7±55.9μg/m3 and 121.6±83.6μg/m3.
The annual average concentration of PM2.5 in Tianjin was
95.6μg/m3, its maximum daily average PM2.5 concentration
was 394μg/m3.
The PM2.5 concentration in Tianjin was affected by
meteorological conditions and source emissions. Its daily
average concentration changed obviously, showing bimodal characteristics (high in the morning and evening and
low in the daytime). The most dramatic fluctuation was in
winter days. Atmospheric pollution in Tianjin was a composite type of coal-burning and motor vehicle pollution.
Through the analysis, it was found that the main pollution
sources of PM2.5 were coal burning, vehicle exhaust, biomass burning and soil dust. Taking measures of central
heating in spring and winter, centralized pollution monitoring and treating can play a good mitigation role for the governance of PM2.5. The main pollution sources in summer
and autumn were: industrial emissions, road dust, vehicle
exhaust, etc. The industry structure of industrialization
should be timely adjusted, and the number of motor vehicles should be restricted.
2.1.4. Hebei province

Since 2013, the air qualities of Shijiazhuang, Baoding,
Tangshan, Xingtai and other cities have been occupying
the worst rank. The research of atmospheric particulate
matters in Beijing-Tianjin-Hebei Area [18] displayed that
the main ingredients of coarse and fine particles were mineral dust and secondary inorganic salts. Regional fine particle pollution was most serious in winter. The main pollution component was secondary particles. Results showed
that in Shijiazhuang, the proportion of PM2.5 concentration

in PM10 was higher than that in Beijing. Ning [19] analyzed
the pollution characteristics and the sources of atmospheric
PM2.5 in Shijiazhuang. According to the monitoring results,
from June 1 to July 15, 2012, the daily average concentration of fine particles ranged from 14μg/m3 to 153μg/m3
with an average value of 66μg/m3. The annual average concentration of PM2.5 in Shijiazhuang in the first half year of
2013 was 172μg/m3, which was four times higher than the
concentration standard.
The study [19] showed that the main sources of PM2.5
in Shijiazhuang were vehicle exhaust and coal burning pollution, urban ambient air was given priority to the "coal
smoke" pollution, with a transformation trend from "coal
smoke" pollution to the "compound" pollution, dust and
respirable particulate matters were the main pollutants.
It reported from China News Network, Greenpeace released the ranking of the annual PM2.5 concentrations of 74
cities in 2013 in China [20], of the ten cities with highest
PM2.5 concentrations, seven of them are located in Hebei
province. Xingtai and Shijiazhuang ranked in the first and
second place, respectively, whose annual PM2.5 concentration were 155.2μg/m3 and 148.5μg/m3. This is four times
higher than the national standard. The maximum daily average PM2.5 concentration in the two cities were both more
than 600μg/m3.
Data showed that the increasing PM2.5 concentration
had relation with meteorological conditions, weathers of
high temperature and high humidity and the static wind
pressure were not conducive to the pollutant dilution, degradation and diffusion. The rain erosion process for pollutants can promote the atmospheric flowing, so that the air
quality was improved. However, restricted by geographical
condition, in addition to the rainy summer, Hebei province
was mostly in dry seasons in that year, especially in the
spring and winter. Dry climate is favorable for the PM2.5
formation. Therefore in order to control the formation of
PM2.5, people in this province have to take a series of
measures, such as: adjusting the industry structure, improving technology and equipment, taking central heating in
winter, supporting the cogeneration of power plants and
others.
2.1.5. Shanghai

Shanghai is an international metropolis. Its geographical position is superior. The PM2.5 pollution degree is relatively light, however, particle matter is still the main pollutant in the atmosphere. The analysis results of Field
Emission Scanning Electron Microscopy (FESEM) [21]
showed that PM2.5 in Shanghai was mainly composed of
dust aggregate, coal flying ash, mineral grain, biomass pellet and other unknown compositions. Its atmospheric fine
particle pollution has obvious seasonal and regional characteristics. Lu et al. [21] studied the physical and chemical
characteristics of PM2.5. They set downtown monitoring
point in Yanchang and suburban monitoring point in Jiading. Results are shown in Figure 3. The sources of PM2.5 in
Shanghai are shown in Figure 4 [16].
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The annual average concentration of PM2.5 in Shanghai
in 2013 was 60.7μg/m3. Its maximum daily average PM2.5
concentration was 421μg/m3. The PM2.5 pollution in Shanghai was a composite type of “coal smoke" pollution and oil
pollution, with seasonal and regional characteristics obviously. Due to the subtropical monsoon, in winter, air

FIGURE 3 - PM2.5 mass concentrations in urban and rural of Shanghai

TABLE 1- The number of pollution days for PM2.5 in Nanjing from
2007 to 2011
year

Monitoring
days (d)

Daily average concentration (mg/m3)

Exceeding
days (d)

2007
2008
2009
2010
2011

76
80
84
83
83

0.018 - 0.393
0.032 - 0.353
0.010 - 0.209
0.019 - 0.201
0.030 - 0.201

47
50
46
45
33

Over
standard
rate (%)
61.8
62.5
54.2
54.8
39.7

Moreover, survey results about the present PM2.5 pollution situation are shown in Figure 5 [22]. The annual average
concentration of PM2.5 in Nanjing in 2013 was 75.3μg/m3;
the maximum daily average was 312μg/m3. The reasons
may be as follows: pollutant concentrations were greatly
influenced by the atmospheric meteorological environment, so the average PM2.5 concentration was highest in
winter and lowest in summer. In winter, the air was dry, the
frequency of static wind was high, both of them were not
conducive to the spread of pollutants; besides, heating and
higher utilization rate of vehicle increased the pollution
level. While in summer, the weather was rainy and humidity, wind speed was fast, both of them were conducive to
the spread of pollution and its self-purification.

FIGURE 4- Sources of PM2.5 in Shanghai

containing pollutants were brought from the inland to
Shanghai by the prevailing northwest wind, thus pollution
was aggravated. At the same time, temperature and the atmospheric mixing layer height were low, which were not
conducive to the vertical diffusion of pollutants, so the concentrations of atmospheric pollutants were higher. While
southeast wind prevailed in summer, clean air masses from
the ocean can dilute local pollutants to some extent, besides, due to the atmospheric mixed layer height was
higher, the atmospheric stability was weak, rainfall was
frequent, and all of them will reduce the pollutants concentration in the atmosphere.

FIGURE 5- Monthly average PM2.5 concentrations for 2007-2011

Huang et al. [23] studied the PM2.5 sources of Nanjing.
Results are shown in Figure 6. Nanjing was dominated by
“coal smoke” pollution. So the management of coal
smokes dust, soil dust and construction dust is necessary
for the control of PM2.5 pollution. Also of great importance
are the secondary pollution hazards and the treatment of
industrial waste gas.

2.1.6. Nanjing

Since 2008, all of the annual PM2.5 concentrations in
Nanjing exceed the standard, with a rising trend year by
year. Wu et al. [22] investigated the present PM2.5 pollution
situation in certain regions of Nanjing. They monitored 406d
between 2007-2011 and compared the results to the Chinese Grade-II standards in the NAAQS. The daily average
PM2.5 concentrations ranged from 10μg/m3 to 393μg/m3 in
this area. The over standard multiples ranged from 1.33%
to 424% and the annual over standard rate was 55.2%. In
2008, days with daily average PM2.5 concentrations exceeding the standard were the most, the exceeding rate was
62.5%. In 2011, the number of days that exceeded the
standard was the least, with an exceeding rate of 39.7%.
Detailed data are shown in Table 1.

2.1.7. Chongqing

Chongqing is located in the Sichuan Basin. Its geographical location and weather conditions are not conducive to the spread of pollutants. Coal is the main fuel, with
the large number of motor vehicles; Chongqing is one of
the areas whose haze is in serious condition in China [24].
In Chongqing urban area, the atmospheric PM2.5 mass
concentration showed seasonal change (highest in winter
and lowest in summer). The annual average concentration
of PM2.5 in Chongqing in 2013 was 63.9μg/m3; the maximum daily average concentration was 187μg/m3. Wang
[25] carried out a study at three sampling points (Beibei,
Dadukou and Guanyinqiao). He found that in Beibei and
Dadukou, the higher contents of chemical composition of
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FIGURE 6- Six kinds of sources in Nanjing city on the contribution rate of PM2.5

PM2.5 were organic matter, followed by secondary inorganic particles, soil dust, carbon and trace elements.
When he used factor analysis method to analyze PM2.5
sources on the area 3 of Chongqing urban area, they found
the sources were: soil dust, coal dust, metal smelting dust,
car exhaust. The influence of transportation showed an increasing trend.
2.1.8. Hangzhou

Hangzhou is located in the intersection of the northeast-southwest haze belt and the northwest-southeast haze
belt, which is influenced by geographical environment. Its
regional gray haze problem was very outstanding. Since
2003, most of the years had a higher frequency of haze of
about 40%. The number of haze days reached 160 on average per year. The annual average concentration of PM2.5 in
Hangzhou in 2013 was 66.1μg/m3; its maximum daily average concentration was 361μg/m3. Compared with domestic cities, currently, the PM2.5 pollution in Hangzhou was at
a medium level [26]. The average monthly PM2.5 mass concentration distributed as a "V" shape, which was low in
summer and high in the other three seasons.
It was reported on the network [27] that in recent years,
the contribution rates of different sources for PM2.5 were
significantly different in the air environment of Hangzhou.
The contribution rate of motor vehicle exhaust was the
maximum, which reached to 39.5%, the industrial coal
emissions and urban dust accounted for 34.8% and 8.7%,
respectively. Meanwhile, the contribution rate of vehicle
exhaust dust for the capability of extinction light in Hangzhou reached a maximum of more than 48%. It was the primary pollution source for reducing visibility. Followed by
secondary particles, which included secondary organic carbon, secondary sulfate and secondary nitrate, the total contribution rate reached at 36%. Therefore, firstly, vehicle
emission should be effectively managed to control the
PM2.5 concentration in the atmosphere.
2.1.9. Wuhan

Cheng et al. [28] performed an experimental research
in Wuhan city. The average atmospheric PM2.5 mass concentration was 127±48.7μg/m3; the concentration values

lay in the medium or slightly higher level in China. The
atmospheric PM2.5 mass concentration in Wuhan urban areas showed a seasonal variation trend, which was summer>autumn>winter. The average values in autumn and
winter were 133±47.1μg/m3 and 131±53.5μg/m3 respectively. The annual average concentration of PM2.5 in Wuhan in 2013 was 88.7μg/m3. Its maximum daily average
concentration was 339μg/m3, and PM2.5 had become the
main cause of air pollution in the city. Grey haze occurred
frequently in autumn, due to the lower atmospheric boundary layer was not conducive to the spread of pollutants, the
hazy weather emerged. Meanwhile, the winter heating increased coal consumption and particulate emissions, and
the atmospheric boundary layer was relatively stable. Inversion temperature phenomenon appeared more, thus, the
diffusion of pollutants was not easy. The comprehensive
influences of meteorological factors and pollution emissions resulted in the seasonal variation characteristics in
Wuhan.
Chemical components of PM2.5 included organic carbon (OC) and elemental carbon (EC). The mean of OC/EC
was 6.74±1.8 in the atmosphere of Wuhan. The result
shows that sources of OC and EC in the atmosphere may
be affected by vehicle emissions and biomass burning. The
three main pollution sources were industrial emissions (40%),
vehicle exhaust emissions (20%) and urban flying dust (25%).
2.1.10. Zhengzhou

According to the daily monitoring data from April
2011 to February 2012 in Zhengzhou, Fan [29] calculated
the monthly average concentration and the quarterly average concentration. Figure 7 shows the distribution characteristic of monthly average PM2.5 concentration. There was
weak solar radiation, low pressure, low temperature, less
precipitation and weak convection in low tropospheric air
in winter. All of these made particulate matters easy to accumulate and hard to spread. So PM2.5 concentration continued to rise or stayed at a high level. Coal combustion
emits large quantities of particulate matters and the secondary particulate matter precursors (NOX, SO2). The increasing emissions and the easier formation reaction of secondary pollutants were also reasons for the rapid increasing of
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PM2.5 in winter. The annual average concentration of PM2.5
in Zhengzhou in 2013 was 102.4μg/m3; the maximum daily
average concentration was 422μg/m3.
Figure 8 shows the distribution characteristic of hour
average PM2.5 concentrations in Zhengzhou. The main reason for this phenomenon was meteorological factor, followed by various pollutant emissions and pollutants emission time. The figure showed that because of the decreased
motor vehicle and human activities, from the second peak
to the wee hours, the PM2.5 concentration maintained at a
high level. After 6:00 a.m., the temperature of the bottom
troposphere was low, that made it easy to produce inversion layer, with the arrival of peak work. The increasing
human activities led to an increase of PM2.5 mass concentration. There was a high peak interval of heavy pollution.
After 10:00 a.m., solar radiation enhanced, rush hours
passed, weather turned better for the diffusion conditions,
so that the PM2.5 concentration decreased continuously.
Generally speaking, the diffusion condition for PM2.5 in the
daytime was sufficient. Therefore the overall concentration
maintained at a low level. A second peak was in the opposite with the first one, just because of increasing some
emission sources, such as restaurants as well as the evening
peak traffic.

nearly three years (2010-2012), the average PM2.5 concentration in the air was 90-110μg/m3 and 2.57-3.14 times than
the Chinese Grade-II standard. The annual average concentration of PM2.5 in Jinan in 2013 was 114μg/m3, its maximum daily average PM2.5 concentration was 490μg/m3.
The coal combustion interaction, vehicle exhaust, road
dust, industrial pollution and other factors made the particle pollution particularly prominent. The data revealed
that, among the air pollution sources in Shandong, industrial pollution, urban flying dust, motor vehicle emissions,
volatile organic compounds and secondary pollutions accounted for 40%, 20%, 20% and 20% separately. Wen et
al. [31] found that in Jinan, the contribution rate of artificial
source was larger than the natural source, urban regional
dust was larger than the outer source dust, soil dust was the
main source of PM2.5 outside the city. The most prominent
sources throughout the heating seasons were soot and dust
pollutions, in non-heating seasons the sources were motor
vehicle exhaust and soil dust pollutions. Therefore, the
main sources of PM2.5 in Jinan were city dust and vehicle
exhaust. It issued from Jinan environmental protection
agency website, the Jinan Environmental Protection Department said that the city dust, industrial waste gas and
vehicle exhaust will be the focus of governance [31].
2.1.12. Northeast China

2.1.11. Jinan

It reported from the newspaper, according to the monitoring results of four monitoring stations in Jinan [30] in

Liaoning is a heavy industry base in China with serious
particulate matter pollution. The city groups in central
Liaoning Province are dominated by heavy industry. It had

FIGURE 7-The distribution characteristic of monthly average PM2.5 concentrations in Zhengzhou

FIGURE 8- The distribution characteristic of hour average PM2.5 concentrations in Zhengzhou
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been reported that Dandong was the only city in Liaoning
Province, whose PM2.5 concentration reached the standard.
After monitoring, Zhang [32] found that the PM2.5 concentration in monitoring locations ranged between 20μg/m3
and 70μg/m3, the exceeding standard rate was 15%. Liaoning is subjected to the mutual influence of coal emissions
and meteorological conditions, thus, PM2.5 concentration in
winter was higher than in summer.
The annual average concentrations of PM2.5 in Harbin,
Shenyang, Changchun and Dalian in 2013 were 75.7μg/m3,
72.7μg/m3, 69.2μg/m3, 50.7μg/m3, respectively; while the
maximum daily average concentration were 756μg/m3,
464μg/m3, 425μg/m3 and 224μg/m3. Liu et al. [33] concluded that the main particles of PM2.5 in Harbin were mineral particles, fly ash particles and soot aggregate, among
them fly ash particle was the major. Hong et al. [34]
pointed out that the sequence of the average mass concentration of aerosol contained in PM2.5 was Changchun,
Shenyang and Harbin. All of them had obvious seasonal
differences. The heating period in winter was most heavily
polluted, its pollution was dominated by coal smoke, finer
particles took high proportion. The non-heating period was
given priority to natural dust and automobile exhaust, summer and autumn were relatively clean, while spring was always sandy.
2.1.13. Taiyuan

The terrain of Taiyuan gives priority to mountains and
hills. The north, west and east are all surrounded by mountains. The ambient air quality of Taiyuan is in high pollution level with serious particle pollution. Meng et al. [35]
studied the PM2.5 of Taiyuan. The results showed that during the observation period, the daily average PM2.5 concentration was 246.8μg/m3, which was over-standard. The annual average concentration of PM2.5 in Taiyuan in 2013
was 74.2μg/m3; its maximum daily average concentration
was 416μg/m3. Figure 9 shows that from 00:00-9:00 a.m.
the low temperature and small wind speed led to a PM2.5
gradually enrichment; from 10:00 to 12:00 a.m. the intensive work traffic flow made a large amount of exhaust
emissions, thus, PM2.5 concentration reached the peak. At

14:00 p.m., temperature began to rise and wind speed increased, so PM2.5 concentration decreased. During 15:0017:00 p.m., PM2.5 concentration reduced to the valley,
which due to the increase of mixed layer height, the
stronger the atmospheric turbulence is, the greater the mixing diluting ability is, as well as other comprehensive reasons [35]. Since 18:00 p.m., the temperature began to fall,
wind speed decreased, PM2.5 mass concentrations gradually increased. Values reached the maxi mum at 22:00
p.m.. Since pollutant emissions reduced greatly around
midnight, the enrichment of pollutants spread gradually, so
the PM2.5 mass concentration decreased.
2.1.14. Xi'an

It reported from the newspaper, the research data from
Earth Environment Research Institute of Chinese Academy
of Sciences indicated that chemical compositions of PM2.5
in Xi'an mainly included: sulfates, nitrates, ammonium
salts, carbonaceous material, metal element, a small amount
of soil dust, moisture and others [36]. The sources mainly
were: coal combustion exhaust, motor vehicle exhaust, industrial waste gas, fugitive dust, biomass burning emissions,
volatile organic compounds, living exhaust and others.
From the analysis of the results, we can conclude that
in this area, the major sources of PM2.5 in autumn were
coal, biomass burning, vehicle emissions, chemical metallurgical, and dust and so on. It issued from Shanxi environmental protection agency website, Xi'an Environmental
Monitoring Station started a pilot monitoring for PM2.5
since August 2011 [37]. The annual average concentration
of PM2.5 in Xi'an in 2013 was 104.2μg/m3, its maximum
daily average PM2.5 concentration was 598μg/m3.
2.2. Regional pollution of PM2.5

PM2.5 can be transported over long distances: its contamination can spread easily in a certain area. Environmental condition in a single area will affect the whole regional
environment. Therefore, the governance of PM2.5 in a single area cannot achieve the desired effect. The followings
are a comparative analysis of three representative regions
in China for PM2.5 sources, characteristics and so on.

FIGURE 9 - Hour average PM2.5 mass concentrations during the heating period in Taiyuan
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2.2.1. The Beijing-Tianjin-Hebei Area

It reported on the newspaper [38] that researches found
that comparing with national standard, the PM2.5 concentrations of the Beijing-Tianjin-Hebei Area is located in the
over-standard rank and share a connection with each other:
once the PM2.5 pollution appears in one area, others will
have a similar pollution phenomenon. It showed on the environmental protection ministry website, the annual average concentration of PM2.5 in the Beijing-Tanjin-Hebei
Area in the first half year of 2013 was 115μg/m3, which
was 2 times higher than the concentration standard value;
all the cities in this region did not meet the secondary
standards of PM2.5 average concentration [39].
Tianjin is a typical northern city, coal and motor vehicle exhaust are the main pollution sources; industrialization
degree in Beijing is high, since its major pollution industries have been moved out of the city, industrial pollution
is relatively low. The main pollution sources are coal and
motor vehicle emissions, while Hebei is being in the industrial fast development period; its most important pollution
source is industrial emission.
2.2.2. The Yangtze Delta Area

The Yangtze Delta is a typical area with more serious
PM2.5 pollution in China. PM2.5 in regions of Shanghai,
Jiangsu and Zhejiang have similar characteristics and geographical positions. All of them are influenced by the marine atmosphere. The annual average concentration of
PM2.5 in the Yangtze Delta area in the first half year of
2013 was 69μg/m3 [40], Zhoushan was the only city, whose
concentration can meet the secondary standards [40].
In these areas, pollution situation of motor vehicle exhaust, industrial pollution and dust are very serious. The
major contributors to PM2.5 were metal processing industry
and power industry in Yangtze Delta Area [41]. The mainly
similar source in these three regions was motor vehicle exhaust, which took proportion of more than 25% in all of
these areas; followed by dust and industrial pollution, accounted for about 30%. Therefore, the governance of PM2.5
should focus on these aspects [41]. Auto emission has a
great contribution to pollution, according to the rapid
growth of automobiles in recent years: the governance of
motor vehicle is the primary task.
2.2.3. The Pearl River Delta area

Industrial development process in the Pearl River
Delta area is higher in China, so it has serious PM2.5 pollution. Rainfall and monsoon have positive effects on the atmospheric turbulence [16], and combination function is an
effective method for the prevention and treatment of PM2.5.
The climate of the Pearl River Delta area belongs to
the typical monsoon marine, and the main feature of there
is alternating monsoons in winter and summer. The static
wind weather emerges more in winter, which is not conducive to the spread of pollutants, so PM2.5 concentration is
higher. Influenced by oceanic climate in summer, weather
of precipitation and strong convection appear more, which

are conducive to the spread of pollutants, thus PM2.5 concentration becomes lower. The newspaper reported, Chen
Xicheng, the chief engineer of Guangdong environmental
protection hall, said that in this area in 2013, the environmental air quality reached the standard for 274 days. The
standard-reaching rate was more than 75%, the annual average concentration of PM2.5 was 47μg/m3, concentrations
of the nine cities in this area ranged between 38-55μg/m3,
all of them exceeded the limit value [42].
The main sources of PM2.5 in this region are industry
and power. Coal-fired power plants are linked with people's livelihood issues [43]; we should continue to maintain
the policy of closing small plants and strengthen supervision of the retained power plants. Besides, we should also
implement the pollutants gross controlling in industries,
emission charge and other policies to strengthen the management of enterprises.

3. DISUSSION AND SUGGESTIONS
PM2.5 pollution has regional characteristics, and it is also
affected by industrial structure and geographical position.
The PM2.5 concentration in China shows seasonal characteristic. It is high in winter and low in summer. The main reasons are as follows: in autumn and winter, affected by regional haze weather, atmospheric pollutants are difficult to
spread, resulting in higher PM2.5 concentrations. Because of
fireworks burning during the Spring Festival in January or
February, and the summer harvest straw incineration in June,
the concentrations increase on certain days of these months.
Due to the impact of summer rainfall and other advantageous diffusion conditions, concentrations of PM2.5 during
July-September are relatively low. The variation of daily
concentration showed a bimodal type feature, which is high
in the morning and evening, low during the daytime.
3.1. Pollution differences between northern and southern areas

Northern cities have dry climate, which are affected by
dust storms and coal burning in winter; while southern cities are rainy, through the dilution effect, air pollutants are
washed. So, northern cities have generally more over
standard PM2.5 concentrations than cities in the south.
There are differences between the north and south for main
sources of PM2.5: the main sources in northern cities are
coal, motor vehicle exhaust and dust, while in southern cities these are mainly vehicle exhaust and dust.
3.2. Pollution from secondary particulate matters

PM2.5 has complicated compositions. It contains of
fine particles coming from the combustion process that is
primary PM2.5 particles and secondary particles produced
in multiphase chemical reactions for atmospheric pollutants. Through the comparison of PM2.5 sources in Beijing
in 2000-2001 and 2005-2008 [15] it can be seen that the
severity secondary particles pollution included in PM2.5
(Figure 10 and Figure 11).
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ducing the emission pollution of in-use vehicles. d) Developing new energy vehicles and extending the use of cleaner
fuel. e) Driving less, taking the bus or walking by foot as far
as possible to minimize the automobile exhaust pollution.
(3) Control of fugitive dust from city roads
More efforts should be devoted to road cleaning with
appropriate sprinkler to reduce road dust. Cleaning vehicles timely commute to prevent road pollution of the road
from dirt.
(4) Control of fugitive dust from construction sites
Construction sites should be prepared to control bare
ground dust; strictly preventing vehicles of construction
site scattering mud on the roads. Furthermore, green land
and forest coverage rate should be enhanced. The self-purification ability of plants has a certain adsorption effect for
fine particulate matters, so virescence should be the longterm implementation measure in China.

FIGURE 10- Sources of PM2.5 in 2000-2001 of Beijing

(5) Artificial rain and snow
Haze mainly occurs in the weather with a relative low
humidity, especially in winter and spring; this phenomenon
can be significantly alleviated at damp climate or after rain.
(6) Development and utilization of renewable energy

FIGURE 11- Sources of PM2.5 in 2005-2008 of Beijing
3.3. Control measures of PM2.5

Pollution sources of atmospheric particulate matters
are natural sources and anthropogenic sources. According
to the characteristics of anthropogenic emission sources,
control ways and control measures for PM2.5 emissions can
be divided into the following eight aspects:
(1) Control of soot pollution
Soot, is one of the main sources of PM2.5 emissions
generated by human activities. We can take the following
measures to control it: a) transformation of coal-fired
stove; b) prohibiting or banning street barbecue; c) substitution of coal with natural gas or liquefied petroleum gas;
d) central heating in winter, especially in northern cities.
(2) Control of automotive emission
Cars have been becoming one of the main sources of
urban PM2.5, we can only eliminate old cars to improve
emission standard. The following needs to be done to fundamentally ease the PM2.5 pollution problem:
a) Restricting the growing number of new car; b) Improving fuel quality and implementing more stringent auto
emission standard, which is the most effective means for
abating PM2.5. c) Eliminating “yellow label car”, and re-

(7) Carrying out research on the aircraft emissions
In fact, the aircraft is a combustion device with highenergy and high-emission. Every day, aircrafts take off and
land at major airports for thousands of times, adverse effects of aircraft emissions on the atmospheric environment
should attract the attention of authorities.
(8) Public should take an active part in environmental
protection
To improve air quality, in addition to environmental
monitoring department should provide accurate monitoring
data reports, but also need the joint efforts of government
departments and all citizens to seriously implement the
conserving energy and reducing emissions. Governments
need to increase financial and technical supports to environmental protection, and support the work of environmental protection department. All citizens need to raise the
awareness of environmental protection, consciously participate in energy conservation and emissions reduction activities, and start with ourselves to do a good job of energy
conservation and emissions reduction.
3.4. Governance recommendations for PM2.5

(1) Improving the monitoring system
In China, studies of PM2.5 are just underway, the standard is lower than in the developed countries, however, air
pollution has become a serious threat to our health, it is
very important to quickly improve the monitoring system,
and enforce the monitoring standards.
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(2) Establishing severe penalty system
Strictly monitor the implementation of air quality
standards, conduct legal penalties or harsh financial penalties for excessive behaviors.
(3) Accelerating the industrial restructuring
We should accelerate the pace of industrial restructuring, transform the traditional industry structure, eliminate
part of industrial capacity with high pollution and high energy consuming, adjust energy structure and develop new
energy and renewable energy, etc.
(4) Advocating an environment friendly and low-carbon lifestyle.
We should accelerate research into new energy
sources, promote new energy market mechanisms and promote new energy development. Another important way to
control air pollution is to strengthen the consciousness of
energy conservation and launch extensive public energy
conservation activities
The regional propagation characteristics of PM2.5 will
lead to pollution transfer. Governance in a certain region
plays a limited effect for the overall atmospheric environment. To effectively control PM2.5 pollution the following
measures are necessary: take regional defense, control the
total regional pollution amount, establish a unified pollution prevention system and information sharing platform,
simultaneously implement policies in the regions.

Coal-burning emissions contribute more in the northern
cities in winter. The number of private cars in China is
nearly expansive growth each year, therefore, the government should reasonable restrict the number of on-road cars,
require related enterprises to increase research on exhaust
gas purification equipment, and actively promote the exhaust gas purification technology.
The abatement of PM2.5 cannot be realized in a short
time, it is a relatively long process. Technical improvement
makes greater economic pressure to enterprises; improving
emissions standards in a short time makes many small enterprises unbearable, forcing leads to regional economic
problems. First of all, in the governance process people
should have the consciousness of environmental protection. The environmental pollution behavior should be actively discouraged, we should record the environmental illegal activities around and complain to the related department. Citizens should actively participate in environmental
publicity and education activities organized by the relevant
government departments, for example mastering the
knowledge of environmental protection, take central heating measures in winter, drive less and take the bus on weekdays. PM2.5 is closely related to personal health. Everyone
should pay attention to the small environment quality. In
addition, we can put the prevention and control of PM2.5 as
one of the government work performance appraisal, believe in there will be positive effects of PM2.5 governance.
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GREEN METHODS FOR OXIDATION
OF AN AROMATIC DIKETONE TO AN AROMATIC
ANHYDRIDE: OXIDATION OF ACEANTHRAQUINONE
Shidokht Nazari and Khashayar Ghandi*
Chemistry and Biochemistry Department, Mount Allison University, Sackville, NB, Canada.

ABSTRACT
We studied the potential green methods of the oxidation of aceanthraquinone to anthracene-1,9-dicarboxylic
anhydride. The potentials for both a solvent-free process
and a closed microwave-based reaction using ethanol as a
solvent are compared with the existing process in the literature, which is based on a reaction in 1, 4-dioxane with a
high concentration of base at reflux. The thermal solvent
free process discussed herein has reasonable yields. The
processes still need to be optimized to improve reaction
time.

KEYWORDS: green chemistry, solvents, solvent-free reactions,
microwave, oxidation, aromatic diketones

1. INTRODUCTION
Green chemistry intends [1–8] to make reactions safer
and less harmful to the environment. Major sources of environmental pollution are solvents. Green chemistry aims
to eliminate solvent use, or replace hazardous solvents with
greener ones. Solvent use accounts for about 60% of the
overall energy in pharmaceutical production and 50% of
the post-treatment greenhouse gas emissions [9].
Due to the environmental impacts of many organic solvents, solvent-free reactions have become attractive in the

O

past decade [1–3]. When a solvent-free process is not possible or is inefficient, solvents that are less harmful to the
environment should be used. Some of the greener solvents
are water, ionic liquids and supercritical CO2 [1–7,10]. We
have shown several aspects of phosphonium ionic liquids
as green solvents [11,12]. We also investigated supercritical CO2 as a green solvent for radical chemistry [13–15].
Under hydrothermal conditions, water can also replace organic solvents [16–18]. Although ionic liquids and supercritical CO2 and water are preferred green solvents, solvents such as simple alcohols are also preferred over the
toxic solvents used in industry [19–21].
Another goal of green chemistry is to develop energyefficient processes. Microwave irradiation has advanced
reactions by reducing the reaction time and enhancing the
yield. The efficiency of microwave heating is in good accord with the principles of “green chemistry” [22–26].
In this study we investigated an oxidation reaction with attention to solvent replacement and use of microwave heating to improve the efficiency. The reaction of interest is the
oxidation of aceanthraquinone (AnQ) to anthracene-1,9-dicarboxylic anhydride (Scheme 1).
The anhydride is an intermediate in the process that
forms anthracene-1,9-dicarboxyimides with applications
as a fluorescence pigment, an element of antitumor agents,
such as azonafides [27–34], and as a photosensitizer in
photodynamic therapy [35]. The previous report of oxidation used 1,4-dioxane with a high concentration of base at
reflux [36].

O

O

H2 O2

SCHEME 1 - Oxidation of AnQ by hydrogen peroxide
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2. MATERIALS AND METHODS

3. RESULTS AND DISCUSSION

Ethanol, aceanthraquinone (96%), and hydrogen peroxide (30 % wt) were purchased from Sigma Aldrich. A commercial microwave oven (Mars CEM Corp.) was used as a
source of irradiation with a GlassChem 20 mL vessel. The
internal reaction temperature was controlled by a fiber optic
probe sensor in the reference cell and no significant fluctuation in temperature was observed during the reactions. The
reactions were performed in a sealed vessel and no stirring
bar was used during the reaction. The microwave’s initial
power was set as 400 W for all series of reactions and the
power variation was monitored during the reaction.
For the microwave-assisted reaction, solutions of
0.025 g AnQ and 10 mL ethanol were stirred for 15 minutes
and 0.1 mL of hydrogen peroxide was added to the solution
before exposing the solution to the microwave irradiation.
The concentration could not be increased much more due
to the solubility limits. The reaction was conducted at 60ºC
for one hour. The microwave-assisted reaction was repeated solvent free at 60ºC for one hour. The solvent free
method also was conducted with 0.1 g of AnQ and 4 mL
H2O2 at 65 +/- 3ºC oil bath and the results were compared.
Anthracene-1,9-dicarboxylic anhydride was characterized
as the only product of the oxidation reaction.

There are many examples of successful solvent free
processes in the literature [1–3], and solvent-free processes
have even been incorporated in the undergraduate labs
[37]. Therefore we tried solvent-free method as a potentially green approach.
Microwave-assisted oxidation of alcohols and epoxidation of alkenes using hydrogen peroxide have been reported [38,39]. Therefore in this work H2O2 was used for
“green” oxidation.
The product characterization is: M.P 280–284 ºC; 1H
NMR (CDCl3): d=7.74 (m, 1H; aromatic H), 7.81 (m, 1H;
aromatic H), 7.91 (m, 1H; aromatic H), 8.20 (d, J=8.4 Hz,
1H; aromatic H), 8.49 (d, J= 8.4 Hz, 1H; aromatic H), 8.78
(d, J=7.0 Hz, 1H; aromatic H), 8.96 (s, 1H; aromatic H), 9.75
ppm (d, J=9.1 Hz, 1H; aromatic H); 13C NMR (CDCl3):
d=125.8, 126.3, 127.2, 129.5, 129.9, 132.3, 134.04, 135.7,
136.4, 137.9, 160.18, 160.20 ppm; IR (KBr): cm-1 = 3042
(w), 1755 (s, C=O), 1722 (s, C=O), 1621 (w, C=C), 1560 (s,
C=C), 1533 (m, C=C), 1432 (w), 1363 (w), 1282 (w), 1268
(w), 124 9 (w), 1155 (w), 1138 (m, C-O), 1084 (m, C-O),
1053 (w), 1008 (m), 934 (w), 862 (w), 796 (m), 750 (m), 718
(w) cm-1; UV/Vis (CHCl3): max =260, 358, 376, 410, 434,
458 nm; MS: m/z (%): 249 (17), 248 (100) [M]+, 205 (8),
204 (80) [M-CO2]+, 177 (10), 176 (50) [M-CO2-CO]+, 175
(8), 174 (7), 150 (9), 88 (8), 87 (5), 75 (5).

FIGURE 1 - Proton NMR of the product of solvent-free oxidation reaction of AnQ conducted in 60ºC oil bath after 1 h.

*
*

*

*

FIGURE 2 - Proton NMR of the product of solvent-free oxidation reaction of AnQ conducted in a 60ºC oil bath after 17 h. Peaks marked by *
indicating formation of the product in the reaction mixture.
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TLC and GC MS spectrums of the reaction mixture
were indicative of anthracene-1,9-dicarboxylic anhydride as
the only product and aceanthraquinone as the starting material. As the mixture of the starting material and the product
have spectroscopically distinct protons, the progress of the
reaction can be followed by proton NMR (Figures 1 and 2).
The product ratio to the starting material (yield) was determined by integration of the H NMR spectrum (Table 1).
The reaction was almost complete after 17 hours with
96% oxidation product. For the microwave-assisted reaction conducted in ethanol as the solvent, yield after 1 hour
was 37% while 5% of oxidation product was obtained

when the reaction has been completed solvent free in the
microwave. The logarithmic plots of the yields as a function of time for microwave-assisted and solvent-free reactions are presented in Figure 3. The extrapolation of the
microwave-assisted yields at longer times suggests that the
microwave-assisted reaction is not as efficient as the solvent free reaction. On the other hand, for the first two hours
the microwave assisted yields are larger.
When comparing the results of strongly basic dioxane
solvent [36] with either the solvent-free method or the microwave-assisted method, the later show reasonable reaction times at milder conditions.

TABLE 1 - Yield of oxidation reaction of AnQ for each period of time (the maximum uncertainty is 5% of the yield).
Entry

Method

Temperature (˚C)

Reaction time

Yield (%)

1

SF

65 +/- 3

1 hour

0

2

SF

65 +/- 3

3 hours

7

3

SF

65 +/- 3

7.5 hours

76

4

SF

65 +/- 3

17 hours

96

5

MW/SF

60 +/-1

1 hour

5

6

MW

60 +/-1

15 min

17

7

MW

60 +/-1

30 min

27

8

MW

60 +/- 1

45 min

29

8

MW

60 +/-1

1 hour

37

9

MW

60 +/-1

2 hours

40

SF

MW

FIGURE 3 - Yields of the solvent-free reactions (open squares) and microwave assisted reactions (filled black diamonds) as a function of time
(logarithmic scale). The curve through solvent-free yields is only to guide the eyes, while the curve through microwave-assisted yields is an
empirical logarithmic fit to the data.
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FIGURE 4 - Changes in the microwave power as a function of time to adjust the temperature to 60ºC. The ramp times for microwave-assisted
reaction conducted in ethanol (circles) and solvent free microwave-assisted reaction (diamonds) were 1.5 and 5 minutes, respectively

Figure 4 shows how the power of the microwave
changes as a function of time to adjust the temperature to
60ºC during solvent free microwave assisted reaction and
microwave assisted reaction conducted in ethanol.
Comparison of the solvent-free and microwave methods
suggests the solvent-free thermal method as a more efficient
method. Another negative effect of the microwave system is
the possible emission of residual ethanol to the environment.
From the energy point of view, the microwave assisted reaction in ethanol is more energy efficient than the microwave
assisted solvent free reaction (Figure 4).
Therefore, based on the current three processes, it
seems that the solvent-free thermal process is the better
system. All three systems, however, are worth optimizing
further. For the solvent-free reaction we need to improve
the mixing process. The potential reason for the initial slow
reaction (long induction period) is the limited transport of
the H2O2 molecules to the diketone molecules. Although
we used a magnetic stirring for mixing, the main limit is
the time it takes for H2O2 to penetrate the powder grains so
that the reactant molecules can encounter. After a paste is
formed from the complete mixing of the powder and H2O2,
the kinetics is controlled by chemical activation, and the
high local concentration of H2O2 makes the reaction fast in
the solvent free reaction (after ~ 100 minutes induction period). The induction time can be decreased mechanically
by grinding the reactants into finer powders.
The microwave system might be optimized by an increase in microwave power or temperature, and an increase
in the concentration of reactants (by using minimal amount
of solvent and by using the solvent only as a mixing agent

to bring the H2O2 in contact with the solid particles of the
reactant). Another potential approach to increase the rate
of oxidation by H2O2 in microwave is use of an activator
of hydrogen peroxide, such as tungstoboric acid [40], a catalysts such as vanadium(V) catalysts [10], or optimize the
conditions to take advantage of the non-thermal effects of
the microwave [41].

4. CONCLUSION
Green chemistry studies of the oxidation of aceanthraquinone to anthracene-1,9-dicarboxylic anhydride have
been performed. A solvent-free process and a closed microwave-based reaction with ethanol as a solvent and without solvent are compared with the existing process in the
literature, which was based on a reaction in 1,4-dioxane
with a high concentration of base at reflux. Both the microwave and solvent-free processes are greener processes than
the reported synthetic method; both are cleaner and use less
energy. The solvent-free method in heat bath is the more
efficient and greener of the two. Both systems should be
optimized further as they both have the potential to be good
methods for economic and environmentally friendly oxidation of aromatic diketones. The potential reason for the initial slow solvent-free reaction (long induction period) is
the limited transport of the H2O2 molecules to the diketone
molecules. Although we used a magnetic stirring for mixing, the main limit is the time it takes for H2O2 to penetrate
the powder grains. After a paste has formed from the complete mixing of the powder and H2O2, the kinetics is controlled by chemical activation after an initial ~100 minutes
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induction period the high local concentration of H2O2
makes the reaction fast in the solvent free reaction.
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EVALUATION OF GROWTH KINETICS OF CADMIUMRESISTANT BACTERIA IN SOLTAN ABAD RIVER SEDIMENTS
Farshid Kafilzadeh* and Younes Moghtaderi
Department of Biology, Jahrom Branch, Islamic Azad University, Jahrom, Iran

ABSTRACT
Soltan Abad river has been contaminated by cadmium
due to its proximity to agricultural land, urban sewage and
the industrial town of Shiraz. The purpose of this study was
to determine the growth kinetics of cadmium-resistant bacteria in the sediments of this river and to find high growth
rates of bacteria, in the presence of cadmium to use them
in bioremediation.
In this study, cadmium-resistant bacteria were isolated
and identified in Soltan Abad river sediments, in the seasons of autumn and winter 2012 and 2013. The resistance
of bacteria to different antibiotics and their growth rates
were studied in three cases of without metal, with metal
added in the beginning, and with metal added when bacteria reached the logarithmic phase. All isolated bacteria
were resistant to tetracycline and cephalexin. Bacillus cereus and Klebsiella pneumoniae were most resistant to antibiotics, and Bacillus cereus showed maximum growth in
the presence of cadmium. Its growth was not reduced in the
presence of cadmium but was also increased, compared to
the control medium (without cadmium). When Bacillus cereus and Klebsiella pneumoniae had the highest growth
rates in the presence of cadmium, their growth rates were
equivalent to the control medium.
Therefore, it could be concluded that cadmium does
not have any effect on the reduction of the growth of Bacillus cereus and Klebsiella pneumoniae, and that these
bacteria are good candidates for removing of cadmium
from contaminated areas.
KEYWORDS: growth kinetics, cadmium-resistant bacteria, antibiotics, Bacillus cereus, Klebsiella pneumoniae

1. INTRODUCTION
Cadmium is a toxic heavy metal and enters the human
food-chain through plants and smoked substances. It
causes various diseases, such as kidney disorders, lung disorders, spongy bone disease, auto-immune diseases, destruction of red blood cells, and some cancers [1, 2]. Cadmium can also lead to dysfunction of enzymes [3, 4].
* Corresponding author

Economically, cadmium is a valuable element, and its
major application is the making of nickel–cadmium batteries, industrial pigments, stabilizers, glazing and coating of
metals such as iron, and making of various alloys [5-7]. In
addition, phosphate fertilizers, fungicides, and pesticides
have also significant amounts of this metal [2]. Biological
removal of cadmium is a new method of refining hazardous
waste containing heavy metals. Due to the high costs of
physical and chemical methods to remove cadmium from
wastewaters and rivers, it is recommended to use microorganisms isolated from infected areas [2, 8]. In recent decades, the use of bacterial, fungal and algal micro-organisms
have been studied to remove heavy metals such as cadmium, and much effort has been made to isolate cadmiumresistant bacteria for bioremediation [5, 6, 9].
Shamim and Rehman [10] investigated the bioremediation of heavy metals by using Klebsiella pneumoniae
CBL-1. Their results showed that the bacterium reduced
the amount of cadmium by 46, 63, 83 and 93% after 24, 48,
72 and 96 h, respectively. They concluded that this bacterium could be a good candidate for elimination of heavy
metals, especially that of cadmium at concentrations of
1500 µg ml-1 .
Abyar et al. [5] isolated and identified Achromobacter
denitrificans PQ-1 in the sediments of the Persian Gulf, and
studied the ability of this bacterium for removing different
concentrations of cadmium. Raja et al. [11] studied different
antibiotic resistance rates among resistant bacteria to heavy
metals.
Studies have shown that non-antibiotic compounds,
such as antiseptics and heavy metals, could lead to antibiotic resistance in the environment, since heavy metals and
antibiotic resistance genes are often located on plasmids
and transposons close together [12].
Soltan Abad river is a seasonal river which is located
in the south of Shiraz. It passes through the industrial town
of Shiraz, and flows into Maharlu Lake. The industrial
town of Shiraz has numerous factories and industries (industrial materials and chemical products, rubber and plastics, metal artifacts etc.) which all have heavy metals like
cadmium. Shiraz urban sewage and agricultural lands
around Shiraz are other cadmium sources in Soltan Abad
river [2].
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The purposes of this study were to evaluate the antibiotic resistance rates of cadmium-resistant bacteria in Soltan
Abad river sediments and their growth rates (growth kinetics), and to find out bacteria with high growth rates in the
presence of cadmium to use them in bioremediation.

Then, dilution was performed, until a dilution rate of 10-10.
From each of the above-mentioned tubes, 0.1 ml was collected and cultured in nutrient agar media containing 1 mM
cadmium chloride and nutrient agar without cadmium
chloride, and incubated for 72-24 h at 30 °C. After this, the
plates were examined, and those with definitely countable
colonies were selected [2].

2. MATERIALS AND METHODS
2.5. Identification of the isolated bacteria
2.1. Sampling

River sediment samples were taken from three stations
in autumn and winter, during 2012 and 2013. Location of
the sampling stations was determined by the global positioning system (GPS) 2013 (Table 1). Temperature and pH
values were measured at each station. The samples were
kept in flasks containing ice (4 °C) and sent to the laboratory immediately (within <24 h).

2
3

Region
River sediments under the Soltan
Abad entrance bridge
River sediments under the Soltan
Abad town center bridge
River sediments under the bridge of
Fasa Road Traffic Police

2.6. Determination the sensitivity of bacteria to antibiotics

This test was carried out to determine bacterial resistance to several antibiotics, using the Kirby-Bauer disk
diffusion method on Muller Hinton Agar medium, in which
ten different antibiotic discs were used containing amikacin
(30 μg/ml), ampicillin (10 μg/ml), chloramphenicol (30 μg/
ml), erythromycin (15 μg/ml), gentamicin (10 μg/ml), penicillin (10 μg/ml), nalidixic acid (30 μg/ml), sulfamethoxazole/trimethoprim (10 μg/ml), tetracycline (30 μg/ml),
and cephalexin (30 μg/ml) [11, 13].

TABLE 1 - Location of sampling stations.
Station
1

Identification of the isolated bacteria was carried out
based on conventional biochemical tests, described in Bergey's Manual of Systematic Bacteriology. Isolates were
identified by Gram-staining, morphological characterization, catalase, oxidase, KOH, and other differential diagnosis tests.

Coordinates
N29º 32ʹ 11.1ʺ
E52º 33ʹ 12.2ʺ
N29º 31ʹ 12.7ʺ
E52º 32ʹ 26.2ʺ
N29º 29ʹ 07.6ʺ
E52º 38ʹ 17.4ʺ

In each season, three samples were taken from each
station. The samples were collected in sterile glass containers for culturing of bacteria, and in polyethylene containers
for measuring Cd amounts. Sampling was conducted,
based on standard reference methods [2], and repeated for
three times.

2.7. Growth kinetics of cadmium-resistant bacteria in two successive seasons

For enriching the cadmium-resistant bacteria, 5 g of
each sample was added to 95 ml of Luria Bertani broth medium containing 0.18 g cadmium chloride. Then, all the
flasks were incubated in a shaker incubator for 2 weeks at
30 °C. For the isolation of cadmium-resistant bacteria, 200 µl
of the medium containing grown bacteria were spread onto
the nutrient agar media containing 0.18 g/L cadmium chloride using a glass spreader, and then, they were incubated
for 24-72 h at 30 °C. The plates were then examined, and
grown colonies were cultured in blood agar medium and
incubated for 24 h at 30 °C for purification [2].

For each cadmium-resistant bacterium, three flasks,
each containing 150 ml Luria Bertani broth medium, were
autoclaved. The bacterial suspension was prepared according to McFarland, and was added to the media to be examined in three states: in the 1st case, the cadmium-resistant
bacteria were cultured in Luria Bertani broth medium without cadmium chloride (CdCl2) (control), in the 2nd case, the
cadmium-resistant bacteria and 1 ml metal (5 mg/L) was
added to the Luria Bertani broth medium. In the 3rd case,
after reaching the logarithmic phase (5 h after culturing),
1 ml of metal (5mg/L) was added. For each of the three
flasks, a Luria Bertani broth without bacteria (sterile) was
considered to be used as blank. After adding the bacteria to
the culture medium, absorbance at 600 nm (OD600) was immediately recorded for each medium. After recording the
first absorption, the medium was placed in an incubator
shaker (80-100 rpm, 30 °C, pH 7), and the readings were
recorded hourly at 600 nm. The last absorbance was recorded 12 h after inoculation. After determining the growth
rates of bacteria, those with the highest growth rates in the
presence of cadmium were mixed together in equal amounts.
Their absorption values were then determined hourly in the
desired medium [10, 14].

2.4. Counting of bacteria

2.8. Statistical analysis

Bacterial counts were conducted by using the viable
plate count method. One g of each sample was added to 9 ml
of normal saline, and 1 ml of the suspension was removed.

Analysis of variance (ANOVA) was performed using
SPSS software (version 16), and mean comparison was
conducted with Duncan test.

2.2. Measurement of cadmium in the samples

First of all, sediment samples were oven-dried, milled,
and then, 1 g of the sample was taken and mixed with 10 ml
of hydrochloric/nitric acid (ratio 3/1), brought to the desired
volume with distilled water, and metal content was then
measured with atomic absorption spectrophotometry [2].
2.3. Enrichment and isolation of cadmium-resistant bacteria
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3. RESULTS
Temperature, pH and concentration values of cadmium in the stations are listed in Table 2.
Five cadmium-resistant bacteria were isolated and identified by Gram-staining and common biochemical tests. Table 3 shows the names of these bacteria, and their resistance
or sensitivity to antibiotics. Figure 1 shows the zones of
inhibition.
The chart shows the growth of cadmium-resistant bacteria in three states: medium without cadmium (control),
medium containing cadmium, and cadmium added in the
logarithmic phase (Figs. 2-6).
Klebsiella pneumoniae and Bacillus cereus which had
the highest growth in the presence of cadmium were pooled
and their growth rates shown in Fig. 7.

The results of the growth kinetics of cadmium resistant
bacteria show that Bacillus cereus had the highest growth
in the presence of cadmium. The growth of this bacterium
in media containing cadmium was more than that of the
control medium, but the sudden presence of metals after
reaching the logarithmic phase decreased the growth of this
bacterium (Fig. 2). The average number of this bacterium,
in media containing cadmium and in the sudden presence
of metals, after reaching the logarithmic phase, was 70×103
and 40×102 (cfu/ml), respectively.
Thereafter, Bacillus cereus, Klebsiella pneumoniae
had the highest growth in the presence of cadmium. The
growth of this bacterium in media containing cadmium was
identical to that of the control medium. Adding the metal
after reaching the logarithmic phase had no effect on its
growth (Fig. 3).

TABLE 2 - Temperature, pH and concentration values of cadmium in stations, in autumn and winter.
Season
Autumn

Winter

Station
1
2
3
1
2
3

Temperature
26
27
27
24
25
24

pH
5.9
7.1
6.9
7.1
7.3
7.1

Cd amounts (ppm)
0.311±0.065
0.298±0.056
0.307±0.077
0.252±0.066
0.283±0.054
0.294±0.053

TABLE 3 - Antibiotic resistance in isolated bacteria.
Bacteria
Antibiotics
Amikacin
Ampicilin
Chloramphenicol
Erythromycin
Gentamicin
Penicillin
Nalidixic acid
Sulfamethoxazole trimethoprim
Tetracycline
Cephalexin
R: Resistant; S: Sensitive

Serratia

Bacillus
thuringiensis

Pseudomonas
aeruginosa

Bacillus
cereus

Klebsiella
pneumoniae

S
S
S
R
S
S
R
S
R
R

S
R
S
S
S
S
S
R
R
R

S
S
R
R
S
S
R
R
R
R

S
R
R
R
S
R
R
R
R
R

S
R
R
R
S
R
R
R
R
R

FIGURE 1 - Zones of inhibition
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FIGURE 2 - Growth kinetics of Bacillus cereus.

OD600

0,4
0,3

Cadmium added in the
logarithmic phase

0,2

Cadmium

0,1
Control

0
1

2

3

4

5

6

7

8

9

10 11 12 Time (h)

FIGURE 3 - Growth kinetics of Klebsiella pneumonia.
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FIGURE 4 - Growth kinetics of Bacillus thuringiensis.
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FIGURE 5 - Growth kinetics of Pseudomonas aeruginosa.
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FIGURE 6 - Growth kinetics of Serratia.
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FIGURE 7 - Synergistic growth of Klebsiella pneumoniae and Bacillus cereus.

Thereafter, Bacillus cereus, Klebsiella pneumoniae, Bacillus thuringiensis, Pseudomonas aeruginosa and Serratia
had the highest growth rates in the presence of cadmium. The
growth of these bacteria in culture media containing cadmium
was lower than that of the control medium (Figs. 4-6).
After mixing Bacillus cereus and Klebsiella pneumoniae, which had the highest growth rates in the presence
of cadmium, Fig. 7 shows that Bacillus cereus and Klebsiella
pneumoniae are synergistic as they show more growth rate
in media containing cadmium.

Cadmium chloride is a suitable salt used in most researches; in the present study, cadmium chloride was also
added to the culture medium. Since, in most studies, nutrient agar was used for the isolation of cadmium-resistant
bacteria, in the present study, the same medium was also
used for isolation of bacteria [2].
In the current research, we used an enrichment method
for isolation of cadmium-resistant bacteria because, in
comparison to diluted bacteria, it makes them more resistant to cadmium [9].
Allen et al. [13] and Raja et al. [11] used Muller Hinton Agar medium for bacterial antibiotic testing and, in this
study, this medium was used as well.

4. DISCUSSION AND CONCLUSION
Cadmium is one of the most dangerous heavy metals
for humans and aquatic ecosystems [9]. Nowadays, pollution with heavy metals, and especially with cadmium, is
increasing [15]. Cadmium enters the body after entering the
food chain and causes disorders in nervous system, liver,
kidneys etc. However, its levels in the environment could be
reduced by cadmium-resistant bacteria [10, 16, 17]. The
standard level of cadmium for aquatic life is 0.006 ppb [2];
however, in Soltan Abad river, cadmium content exceeded
the limit significantly at all the stations.

Most of antibiotic resistance was observed in
Klebsiella pneumoniae and Bacillus cereus strains being
resistant to ampicillin, chloramphenicol, erythromycin,
penicillin, nalidixic acid, sulfamethoxazole, trimethoprim,
tetracycline, and cephalexin.
Rajbanshi [18] examined antibiotic resistance in bacteria resistant to heavy metals. It was detected that 10% of
the bacteria were resistant to one antibiotic, and 90% of the
bacteria were resistant to several antibiotics. In the current
research, all cadmium-resistant bacteria showed resistance
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to several antibiotics while most sensitivity of cadmiumresistant bacteria belonged to amikacin and gentamicin.
The standard growth curves of bacteria in a closed environment comprise 4 stages (lag phase, log phase, stationary phase and death phase). Adding any toxic substance to
the culture medium, can affect the bacterial growth at different stages. If bacteria could not tolerate stress caused by
toxic substances, their growth will be stopped, and they
show stationary phase status. In this phase, increasing of
toxic substances from bacterial metabolism or nutrient inefficiency stopped the growth [19].
In the current study, the growth curves of bacteria, being most resistant to cadmium, were studied in 3 cases:
without metal, the metal added at first, and in the third case,
when the metal was added to the logarithmic phase. Kinetics evaluation of cadmium-resistant bacteria in Soltan
Abad river sediments in 3 different cases showed that Bacillus cereus had maximum growth in presence of 5 mg/L
of cadmium. Then, Bacillus cereus, Klebsiella pneumoniae,
Bacillus thuringiensis, Pseudomonas aeruginosa and Serratia had the highest growth rates in the presence of cadmium,
respectively. The growth rate of Bacillus cereus was not
reduced in the presence of cadmium which also caused an
increase in bacterial growth, expressively indicating that
cadmium increased Cd-resistant genes, induced their
growth, and converted them to metallophilic ones.
According to Fig. 3, the growth of Klebsiella pneumoniae was not reduced in the presence of cadmium, and
its growth rate was that of the control medium. Even a sudden stress (cadmium added in the logarithmic phase) did
not stop the growth of bacteria, suggesting that cadmium
has not any effect on the growth of Klebsiella pneumoniae.
Mohamed Fahmy Gad El-Rab et al. [19] showed that
toxic concentrations of cadmium had no effects on the
growth of cadmium-resistant bacteria but may have effects
on susceptible bacteria. In the present research, cadmium
had not any reducing effect on bacterial species being
highly resistant to cadmium, such as Klebsiella pneumoniae and Bacillus cereus.
The growth kinetics curve of Bacillus cereus (Fig. 2),
which has the highest growth in the presence of cadmium,
shows that the initial presence of cadmium in the medium
had more impact on resistance and absorption of a bacterium, compared to the sudden presence of cadmium in the
logarithmic phase. This resistant bacterium, induced with
the presence of cadmium, shows more resistance and tolerance to cadmium, compared to the presence of cadmium in
the logarithmic phase (stress).
After Bacillus cereus and Klebsiella pneumonia, the
highest growth rates in the presence of cadmium belonged
to Bacillus thuringiensis, Pseudomonas aeruginosa and
Serratia (Figs. 4-6). Their growth rates in culture media
containing cadmium were lower than that of the control
medium. However, sudden presence of metals, after reaching the logarithmic phase of growth, reduced their growth
rates indicating that cadmium affects the growth of Pseu-

domonas aeruginosa, Bacillus thuringiensis and Serratia,
and reduces their growth.
Bacillus cereus and Klebsiella pneumoniae with the
highest growth rates in the presence of cadmium were
mixed together in equal amounts, and their absorbance was
recorded in three desired cultures. Figure 7 shows that the
rates of growth are higher in Cd-containing media, indicating that Bacillus cereus and Klebsiella pneumoniae are
synergistic.
According to the results of Table 3 (antibiotics) and
growth kinetics curves of cadmium-resistant bacteria in
Figs. 2-6, it could be concluded that bacteria, such as
Klebsiella pneumonia and Bacillus cereus, with high
growth rates in the presence of cadmium have increased
antibiotic resistance, suggesting that antibiotic resistance is
associated with resistance to heavy metals. This means that
bacteria gain resistance genes to heavy metals, along with
antibiotic-resistant genes.
Raja et al. [11] reported on bacterial resistance to
heavy metals and antibiotics resistance to ampicillin, tetracycline, chloramphenicol, kanamycin, erythromycin and
streptomycin. They concluded that metal and antibiotic resistance is connected to each other, since heavy metals and
antibiotic resistance genes are often located next to each
other on a plasmid.
Cunningham and Lundie [20] examined Clostridium
thermoaceticum, Mohamed Fahmy Gad EL-Rab et al. [19]
Rhodobacter capsulatus, and Yilmaz and Ensari [21] Bacillus circulans strain EB1, and observed that the presence
of cadmium chloride caused prolongation of the lag phase
in bacteria. In the present study, similar results were obtained in the case of the isolated bacteria. Bacteria transferred to the new medium need a certain time to be adapted
to the new circumstances. During the compatibility period,
bacterial growth is very low. So, it is normal that toxic substances, such as cadmium in vitro, increase duration of the
lag phase of growth.
Bacteria, showing more growth in the presence of cadmium, have also high resistance to different antibiotics.
The heavy metal cadmium does not have any effect on reducing the growth of bacterial strains that are highly resistant to cadmium, such as Bacillus cereus and Klebsiella
pneumoniae. It could be concluded that these bacteria are
good candidates for the removal of cadmium from contaminated areas.
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ABSTRACT
The water has been severely polluted by ammonia and
organic pollutants so that water treated by conventional
processes cannot achieve the standards for drinking water
quality. This study was focused on improving the combined
treatment technologies to treat polluted water. A pilot plant
of combined drinking water treatment processes was built, a
series of field experiments were carried out, and the removal
mechanisms and efficiencies of pollutants treated by the combined processes were discussed. The combined drinking water treatment processes were observed to be effective in removing turbidity, particle counts, ammonia, organic pollutants, Fe, and Mn. Moreover, two typical combined water
treatment processes and their applicable raw water quality
were conducted. When the concentrations of ammonia and
organic pollutants in the raw water ranged from 1.5 to 3
and 6 to 8 mg/L, respectively, the combined drinking water
treatment processes that included biological pre-treatment,
conventional treatment, ozone oxidation, and biologically
activated carbon (O3-BAC) treatment processes were recommended. When these concentrations exceeded the aforementioned concentrations, two phases of O3-BAC treatment
processes were necessary, in addition to biological pre-treatment and conventional treatment process, to meet the standards for drinking water quality. Moreover, two phases of sand
filtration are recommended to ensure drinking water quality.

KEYWORDS:ammonia, combined treatment processes, drinking
water, field experiment, organic pollutants

1. INTRODUCTION
The rapid economic growth in China has caused everincreasing pollution and a gradual deterioration of surface
* Corresponding author

water quality. The Jiaxing region is a typical example of
this problem. The surface water in the Jiaxing region has
suffered from extensive rural industrialization pollution [1,
2] and agricultural non-point pollution [3, 4]. Among the
64 water quality monitoring sections in Jiaxing rivers, the
percentages of grade IV, grade V, and poorer than grade V
water were about 75%, respectively, in 2013 [5], based on
the Environmental Quality Standards for Surface Water
GB3838-2002 in China. The main pollutants were ammonia and organic ones. Table 1 shows the raw water quality
of the N and G drinking water treatment plants in Jiaxing,
in 2010. However, Jiaxing does not contain other water resources, and the drinking water plants must choose the polluted river surface water as the raw water.
Conventional water treatment processes, including
coagulation, flocculation, sedimentation, and filtration,
mainly aim to remove pollutants. Turbidity, micro-organisms and colloids could not achieve satisfactory water quality when the source water was severely polluted by high
concentrations of ammonia and organic pollutants. The key
problem for this polluted raw water is how to organize the
combination of the drinking water treatment processes to
meet the Standard for Drinking Water Quality (GB57492006) in China. The following lab experiments aimed to
obtain a safe and effective integration process: biologicalchemical oxidation pre-treatment technologies, enhanced
conventional treatment technology, and ozone oxidationbiologically activated carbon (BAC) treatment technology
were carried out, respectively. Based on the above findings, a field plant, which has two parallel trains of combined drinking water treatment processes, was built in this
study. In an effort to develop the typical and effective combined water treatment processes for the water polluted by
high concentrations of ammonia and organic pollutants to
ensure the safety of drinking water in Jiaxing, the combined drinking water treatment processes and their removal
efficiencies of pollutants were investigated; the removal
mechanism and the contribution rates of pollutants of each
process unit were also discussed.
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TABLE 1 - Rawwaterqualityof N and G water treatment plants in 2010.
Parameters
T (°C)
Turbidity (NTU)
pH
Fe (mg/L)
Mn (mg/L)
NH3-N (mg/L)
CODMn (mg/L)

N water plant
Max.
28.0
126.0
7.80
3.12
0.95
4.09
8.80

Min.
4.0
9.7
7.05
0.84
0.19
0.42
5.09

Average
16.3
34.8
7.41
1.64
0.37
1.79
6.64

G water plant
Max.
34.8
107.9
7.40
3.83
0.80
6.09
16.48

Min.
4.7
8.5
7.10
0.49
0.14
0.92
7.99

Average
19.3
27.9
7.22
1.68
0.35
3.21
11.89

FIGURE 1 - Two parallel trains of combined water treatment processes

tions of ammonia, permanganate consumption (CODMn),
TOC, Fe, Mn, nitrate-N, nitrite-N, etc.

2. MATERIALS AND METHODS
2.1 Experimental setup

The field plant included two pilot-scale parallel trains
of combined drinking water treatment processes at a capacity of 10 m3/h, as shown in Fig. 1. The processes consisted
of a biological contact oxidation tank or biological filter,
coagulation and sedimentation or high-density sedimentation, O3 oxidation (three stages), BAC, and sand filtration.
More than 10 groups of different combined processes could
be examined by modulating the pipes and switching valves.
2.2 Experimental procedure

The pilot study was conducted at the N water treatment
plant in Jiaxing. The field plant experiments were continuously carried out from September 2010 to September 2011,
a period that exceeded 12 months. The temperature of the
influent water ranged from4.1 to 32.4 °C, and the pH ranged
from 7.02 to 7.80. The other parameters can be seen below.
Water samples were collected from the raw water and
the effluent of each process unit to measure the turbidity,
particle counts, water temperature, pH, and the concentra-

As mentioned above, more than 10 groups of different
combined drinking water treatment processes could be carried out by modulating pipes and switching valves. In this
study, the following combined processes were mainly investigated: raw water, biological contact oxidation, coagulation and sedimentation, sand filtration 1, ozone oxidation-BAC (upflow mode), and sand filtration 2. The removal efficiencies of pollutants were systematically discussed.
Main operating parameters of each process unit are
listed in Table 2.
2.3 Analysis methods

The turbidity was detected by a Hach 2100N turbidity
meter. The particle counts were measured by a GR-1000A
IBR laser particle analyzer. The nitrate and nitrite levels
were analyzed with a Dionex IC-2000 ion chromatograph.
The ammonia was analyzed with the Nessler reagent spectrophotometric method, and Fe and Mn were analyzed with
a Thermo ICE3000 atomic absorption spectroscopy ana-
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TABLE 2 - Main operating parameters of each process unit.
Process unit

Main operating parameters

Biological contact oxidation

HRT (Hydraulic retention time is 1 h, the diameter of suspension sphere is 50 mm, and its filling rate is 40 %,
gas water ratio is (0.5-1.5):1
The HRT of coagulation, flocculation, and sedimentation is 1, 15 and 60 min, respectively. The dosage of coagulant PAFC (Poly Aluminium Ferrous Chloride) is approximately 50 mg/L
Filtration velocity is 10 m/h, the thickness of sand layer is 1.0 m, the diameter of sands is 0.8 mm, and D10 is
0.75
Three stages: HRT of each stage is 5 min, the total dosage of ozone is 5 mg/L, and its ratio is 2:1:0
Upflow running mode: the filtration velocity is 12 m/h, the thickness of carbon layer is 2.5 m, the diameter and
coefficient of uniformity of the carbon is 0.5-0.8 mm and 1.9, respectively
Filtration velocity is 10 m/h, the thickness of sand layer is 1.0 m, the diameter of sands is 0.5-0.8 mm

Coagulation and sedimentation
Sand filtration 1
Ozone oxidation
BAC
Sand filtration 2

FIGURE 2 - Turbidity changed with the treatment process units.

3. RESULTS AND DISCUSSION
3.1 Turbidity removal

During the experimental periods, the monthly average
turbidity of the raw water ranged from 24.8 to 50.6 NTU.
The turbidity of water treated with the combined processes
mentioned above ranged from 0.08 to 0.24 NTU, with an
average value of 0.1 NTU. That is, the average of turbidity
removal rate was above 99%. The change in the turbidity
for each process unit can be seen in Fig. 2.
Coagulation and sedimentation most effectively mitigated turbidity, with an average removal rate <96.3% during the experimental periods. However, the turbidity increased slightly in the O3-BAC treatment unit. This effect
might be explained by the fact that the BAC operated in an
up-flow mode, activated carbons were in a micro-expansion state, and the hydraulic action might cause some biofilm to detach. Then, the detached biofilm might exit together with the water flow [6, 7], resulting in a slight turbidity rebound.

Figure 3 shows the changes in the turbidity and particle
counts after sand filtration, respectively. The effluent turbidities of sand filter 2 were all below 0.1 NTU, and the
particle counts were markedly decreased after the sand filtration 2 unit. This finding further illustrated that a sand filtration unit placed behind the BAC filtration is conducive to
decreasing the water turbidity and particle counts [8, 9], and
is necessary to ensure the safety of drinking water, especially
to control Giardia and Cryptosporidium [10, 11].
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(b)
FIGURE 3 - Turbidity(a) and particle counts (b) of the effluent water
of BAC filter and sand filter 2.
3.2 Ammonia removal

During the experimental periods, the ammonia concentrations of raw water ranged from 0.09 to 3.38 mg/L.

The ammonia removal rates of the combined process
ranged from 71.0 to 96.2%, with the average value of
80.7%. The results can be seen in Fig. 4.
Figure 4 illustrates that each treatment process unit
could effectively remove ammonia, except the ozone oxidation process.In the ozone oxidation process, the ammonia concentrations of the effluent were slightly higher than
those of the influent, with a rebounding percentage of approximately 10%. That is why the ozone oxidation process
had a side effect on ammonia removal. This effect may be
explained by nitrogen-containing organic pollutants in the
raw water, which were partly oxidized into ammonia in the
ozone oxidation process.
Figure 5 delineates the contribution rate of ammonia removal of each process unit. Based on the monthly average
removal rate, the biological treatment process removed the
most ammonia, followed by BAC filtration and the conventional treatment process (including coagulation, sedimentation and filtration). During the experimental periods, the biological treatment process, conventional treatment process,
and BAC filtration showed an important function in ammonia removal, with annual average removal efficiencies of
62.11, 17.60 and 29.35%, respectively.

FIGURE 4 - Ammonia changed with each treatment process.
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FIGURE 5 - The contribution rate of ammonia removal of each process unit.

FIGURE 6 - CODMn changed with each treatment process.

Further analysis showed that the contributions to ammonia removal of each treatment process within 12 months
were different. In warm temperatures from April to De-

cember (with an average temperature of 22.9 °C), the processes to remove the most ammonia in decreasing order
were the biological treatment, BAC, and conventional
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treatment. At low temperatures from January to March
(with an average temperature of 7.6 °C), this order changed
to BAC, biological treatment, and conventional treatment.
Furthermore, the function of the conventional treatment
unit (especially in sand filtration 1) was significantly improved. This finding indicates that conventional treatment
processes should be strengthened, especially when treating
polluted raw river water.
The average ammonia removal rate at low temperatures is lower than that at warm ones. This difference might
be explained by the fact that biological treatment or BAC
filtration to remove ammonia mainly depended on biodegradation, in which the temperature significantly affects the
biological activity. Consequently, the efficiency of biological treatment process decreased at low temperature.
The above results further illustrate that water polluted
by high concentrations of ammonia requires a full exploration of the performance of each treatment process unit to
develop a multi-level barrier function of combined processes to ensure that the effluent ammonia meets the drinking water standards of 0.5 mg/L. In addition to the biolo-

gical treatment process, sand filtration process also plays a
key role in the performance of ammonia removal, especially at low temperatures.
3.3 CODMnremoval

The CODMn of raw water ranged from 6.04 to 7.96 mg/L,
and the CODMn removal rates of the combined processes
ranged from 58.1 to 78.7%, with an average value of
67.8%. The results can be seen in Fig. 6.
Figure 6 shows that each process unit has a certain degree of efficiency in organic pollutant removal.Based on the
monthly average removal rate, the coagulation and sedimentation unit showed the maximum CODMn removal efficiency, followed by BAC, ozone oxidation, and sand filtration 1. That is, the organic pollutants were mainly removed
by the conventional treatment process and O3- BACprocess.
During the experimental periods, the annual average removal efficiencies by the conventional treatment process
and O3-BAC process were 49.3 and 37.2%, respectively.
Moreover, compared with ammonia removal, the temperature had little effect on the CODMn removal rates (Fig. 7).
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FIGURE 7 - The contribution rate of CODMn removal of each process unit.

process

FIGURE 8 - CODMn concentration of each process effluent and its removal rate.
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In addition, the CODMn of treated water could be maintained below 3 mg/L under the experimental conditions. Nevertheless, when the CODMn of raw water exceeded 8 mg/L, the
effluent of the combined processes was >2.5 mg/L, even
3 mg/L. Thus, the combined processes mentioned above
(biological treatment-conventional treatment-O3-BAC advanced treatment-sand filtration) could not ensure an effluent CODMn below 3 mg/L when the CODMn concentrations
of the raw water exceeded 8 mg/L for extended periods.
This scenario requires a more advanced treatment process,
i.e., the combined processes need two phases of an O3BAC advanced treatment process unit.
Generally, increasing the retention time and the thickness of the carbon layer results in CODMn removal efficiency
of approximately 35% in the first phase of the O3-BAC treatment process, and approximately 20% in the second phase
of the O3-BAC treatment process, as shown in Fig. 8.
Further analysis indicated that the CODMn of the BAC
process effluent was <3.0 mg/L when the BAC process influent (i.e., effluent of conventional treatment process)
CODMn was <4.0 mg/L. This concentration occasionally
exceeded 3 mg/L when the influent CODMn ranged from
4.0 to 4.5 mg/L. Therefore, a CODMn of the conventional

treatment process effluent below 4 mg/L is a basic requirement to ensure that the CODMn of the BAC process effluent
is below the drinking water standard of 3 mg/L when the
combined processes include only one advanced phase
treatment (biological treatment - conventional treatment O3-BAC advanced treatment - sand filtration). While the
combined processes include two phases of advanced treatment (biological treatment - conventional treatment - O3BAC advanced treatment - O3-BAC advanced treatment),
the CODMn of a conventional treatment process effluent
should be below 5.5 mg/L. That is, the removal rate of
CODMn from polluted source water for a conventional
treatment process must be improved to ensure that the
drinking water meets the quality standards.
3.4 Fe and Mn removal

During the experimental periods, the monthly average
concentrations of Fe and Mn in the raw water ranged from
1.37 to 2.56 and 0.34 to 0.78 mg/L, respectively. The concentrations of Fe and Mn in the treated water were both
below the detection limit. The Fe and Mn removal rates of
the combined processes were 97 and >90%, respectively.

FIGURE 9 - Fe and Mn changed with each treatment process unit.
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Figure 9 reveals that the concentration of Fe changed
with each treatment process unit. The coagulation and sedimentation unit showed the maximum removal efficiencies
of Fe and Mn, with removal rates of 90 and 45%, respectively. Sand filtration and biological treatment units also effectively removed Mn, and the theory of biological fixation
and removal of manganese can be used to explain this result
[12, 13]. However, the concentration of Mn slightly increased in the ozone oxidation process, which could be attributed to the low valence manganese oxidized by ozone.
3.5 Nitrite and nitrate removal

To further analyze the transformation of nitrogen in
each treatment process unit, the concentrations of nitrate
and nitrite were detected during the experimental periods.
Figure 10 indicates that the concentration of nitrite increased slightly only in the BAC unit; the other process
units showed different nitrite removal rates. This effect can
be explained by the fact that a higher proportion of ammo-

nia was removed in the BAC unit. The nitrite generated as
an intermediate product (ammonia is firstly oxidized to nitrite; then nitrite is further oxidized to nitrate) cannot be
completely further oxidized to nitrate within the limited
HRT (this restriction is compatible with the small change
in nitrate concentrations observed in the BAC unit), which
results in a slight accumulation of nitrite in the BAC filter.
However, the concentrations of nitrite were below the detection limit, after the water was treated by the sand filtration 2 unit.
Figure 10 also indicates that the concentration of nitrate increased. Moreover, the biological treatment unit
showed a significant increase in the nitrate concentration.
This effect may be explained by the fact that the biological
treatment unit can effectively convert ammonia to nitrate.
Although the concentration of nitrate increased slightly in
the combined drinking water treatment processes under the
experimental conditions, the effluent could meet the drinking water standards of 10 mg/L.

FIGURE 10 - Nitrite and nitrate changed with each treatment process unit.
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4. CONCLUSIONS
This study assessed the removal efficiency of combined drinking water treatment processes for water polluted by high concentrations of ammonia and organic pollutants. The results presented above yielded the following
major conclusions:
1) The conventional treatment process can effectively
remove turbidity, and a sand filtration process after the
BAC process will further reduce turbidity and significantly
reduce the particle counts. As the final guarantee unit, a
sand filter placed behind the BAC filter (upflow mode) is
necessary to ensure the safety of drinking water.
2) Both the removal of ammonia and organic pollutants require a multi-level barrier function of the combined
processes. The most important process in the ammonia removal is the biological treatment, while the conventional
treatment and O3-BAC treatment processes are important
for the removal of organic pollutants.
3) The maximum monthly average values of ammonia
and CODMnof raw water were <3 mg/L and 8 mg/L, respectively. The combined processes should include biological
pretreatment, enhanced conventional treatment and O3BAC treatment to ensure that the CODMn and ammonia of
treated water are 3 mg/L and 0.5 mg/L or less, respectively.
These combined processes are delineated as follows: Raw
water → Biological (/chemical)pretreatment → Enhanced
coagulation and sedimentation →（Sand filtration）→
Ozone oxidation →BAC with up-flow operation mode
→Sand filtration → Treated water, or Raw water → Biological (/chemical)pretreatment → Enhanced coagulation
and sedimentation → (Sand filtration)→ Ozone oxidation
→ BAC with down-flow operation mode → Treated water.
Concentrations of ammonia and CODMn of raw water exceeded the aforementioned concentrations, and thus, two
phases of O3-BAC treatment processes were necessary in addition to biological pre-treatment and conventional treatment
process to meet the standards for drinking water quality.
4) Two phases of sand filtration treatment processes
(before and after advanced treatment process) are recommended for water polluted by high concentrations of ammonia. The first sand filtration can play an important function in removing ammonia, especially at low temperature.
The second sand filtration plays a key role in controlling
Giardia and Cryptosporidium, and in ensuring the biological safety of the effluent.
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ALUMINUM CAN INDUCE THREE NUCLEOLAR
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ABSTRACT
Al induced a nucleolus and some nucleolar material
containing argyrophilic proteins extruded from the nucleus
into the cytoplasm of root tip cells of some plants exposed
to excessive Al. However, limited information has been
available about cytological effects of Al on nucleolus and
nucleolar proteins in cereal crops. For a better understanding of the toxic effects of Al on nucleolus and nucleolar
proteins, effects of Al on nucleolus in root tips of Hordeum
vulgare L. were examined. The results obtained by silverstaining showed that some small nucleolar particles containing argyrophilic proteins were distributed in nucleoplasm and cytoplasm. Data from indirect immuno-fluorescent technique confirmed that these proteins were nucleophosmin (B23), nucleolin (C23) and fibrillarin, which were
both in nucleoplasm and cytoplasm. Western immuno-blot
analysis revealed that the contents of the three major nucleolar proteins increased significantly when compared
with control.
KEYWORDS: Aluminum (Al), fibrillarin, Hordeum vulgare L., nucleolin, nucleolus, nucleophosmin

1. INTRODUCTION
Aluminum (Al) is one of the most abundant elements
that can be found in the earth's crust [1, 2]. It exists primarily in the form of insoluble alumino-silicates or oxides;
however, the solubility of Al increases greatly when soil
pH falls below 5.5. The presence of Al in acidic soils limits
the normal plant growth and the production of cultivated
plants terribly. The root meristem is considered as one of
the main sites of Al toxicity, and inhibition of root longitudinal growth is the primary symptom of Al toxicity [3, 4].
Matsumoto and Motoda [2] indicated that, in many plants,
root elongation was inhibited within a few min, even at mi* Corresponding author

cromolar concentrations of Al, though enhanced root activity at low concentrations of Al has also been reported in
soybean [5]. The nucleolus is a large, dynamic sub-nuclear
structure known as the site for ribosome biogenesis in eukaryotes [6]. Aluminum can affect nucleoli, inducing nuclear aberrations comprising elongated, irregular, ruptured
and fractured nuclei and micronucleus formation [7]. Silver impregnation is regarded as a specific stain of the nucleolus [8]. Nucleolus contains a set of argyrophilic proteins, which can be selectively stained by silver. Our previous studies using the silver stain method indicated that
Al could affect nucleolus, inducing some nucleolar material containing argyrophilic proteins extruded from nucleus
into cytoplasm in root tip cells of some plants, such as Vicia
faba [9] and Allium cepa [10]. The recent studies reported
that the argyrophilic proteins were found to be B23, fibrillarin and C23 in Allium cepa by indirect immuno-fluorescence and western blotting [11]. At present, limited information is available about cytological effects of Al on nucleolus and nucleolar proteins in cereal crops. For the present investigation, effects of Al on nucleolus were investigated by the silver method, and the three major nucleolar
proteins, B23, C23 and fibrillarin, in root tip cells of barley
(Hordeum vulgare L.) under Al stress, were studied by indirect immuno-fluorescence and western blotting in order
to further understand the toxic characteristics of Al on nucleoli and the alterations in cellular localization and expression.

2. MATERIALS AND METHODS
2.1 Culture condition and aluminum treatment item

Hordeum vulgare L. was used for the experiments.
Healthy seeds and equally-sized seeds of H. vulgare were
collected and soaked in distilled water for 24 h before starting the experiments. The seeds were germinated in moistened gauze in the dark for 12 h. The seedlings were grown
in plastic containers for 24 h, producing roots reaching
about 1 cm length. Seedlings were grown in a growth
chamber under controlled climatic conditions: day/night
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temperature cycling, 80% relative humidity. The Al was
provided as aluminum chloride. After 24 h, they were
treated with different concentrations of Al solutions (10-3 M
and 10-2 M) at pH 4.5. The solutions were renewed every
24 h. The roots were analyzed after Al application of 96 h.
The solutions were aerated by a pump, which was connected to the containers with pump lines. The control seedlings were grown in distilled water alone.

secondary antibody: TRITC-conjugated goat anti-mouse
IgGs (Sigma, T5393) at dilution 1:50. TRITC was used for
detection of signals. C23: primary antibody: a mouse monoclonal antibody to C23 (Santa, SC-8031) at dilution 1:100;
secondary antibody: FITC-conjugated goat anti-mouse IgGs
(Sigma, F9137) at dilution 1:50. FITC was used for detection of signals.
2.4 Western blotting

2.2 Silver-staining method

Roots tips from control and seedlings, treated with different concentrations of Al for 96 h, were cut and fixed in
95% ethanol and 99.8% acetic acid (3:2) for 12 h, and hydrolyzed in 1 M hydrochloric acid, ethanol and acetic acid
mixture (5:3:2) for 6 min at 60 °C. For the observation of
changes in nucleolus, the root tips were squashed in 45%
acetic acid and stained with silver nitrate, after the slide
was dry [12].
2.3 Immunofluorescence staining item

Meristematic zone of root tips from control and seedlings
treated with Al for 96 h were cut and fixed with 4% (w/v)
para-formaldehyde in phosphate-buffered saline (PBS, pH
7.0) for 2 h in the darkness at room temperature, and then
were washed with the same buffer. Meristematic cells were
digested with a mixture of 2.5% cellulase and 2.5% pectinase at 37 °C for 1 h, then washed three times in PBS, and
squashed on slides and extracted with freshly prepared 1%
(v/v) Triton X-100 in PBS when the slides had been dried.
After three washings in PBS, the cells were subsequently
incubated with mouse primary antibodies against B23, fibrillarin, or C23, respectively, for 1 h at 37 or 4 °C, overnight in
a moist, sealed chamber. After washing (3 x 10 min) in PBS,
the cells were incubated with the secondary antibody for detection of the primary antibody, for 45 min in the darkness
at 37 °C. After repeated washing with PBS, nucleus was
stained with 4',6-diamidino-2-phenylindole (DAPI, Sigma)
at a final concentration of 1 µg per 1 ml for 15 min at room
temperature. After washing (3 x 10 min) in PBS, the cells
were mounted in antifade mounting medium. The slides
were stored at 4 °C in the dark until being viewed. The
specimens were examined with a Nikon ECLIPSE 90i confocal laser scanning microscope. An exciter at 488 nm and
a barrier at 590/50 nm, an exciter at 543 nm and a barrier
at 650 nm, and an exciter at 408 nm and a barrier at 515/30
nm were used for FITC,TRITC and DAPI staining, respectively. Image recording was done with proper software
(EZ-C1 3.80) according to the manufacturer's instructions.
Photographs were taken and images were processed with
Adobe Photoshop 7.0. Antibodies used in this study were
as follows:
B23: primary antibody: a mouse monoclonal antibody
to B23 (Sigma, B0556) at dilution 1:100; secondary antibody: FITC-conjugated goat anti-mouse IgGs (Sigma,
F9137) at dilution 1:50. FITC was used for detection of
signals. Fibrillarin: primary antibody: a mouse monoclonal
antibody to fibrillarin (Santa, SC-81273) at dilution 1:100;

Root tips of H. vulgare from control and seedlings
treated with Al for 96 h were homogenized, respectively, in
a pestle and mortar with liquid nitrogen, and then, the samples were solubilized with chilled extraction buffer (50 mM
Tris-HCl (pH 7.8), 10 mM MgCl2, 20 mM ß-mercaptoethanol, 1.0 mM EDTA, 8% glycerol), adding protease inhibitor cocktail set VI (Merck, 539133). After vortexing for
1 min at room temperature, the homogenates were kept on
ice for 30 min, and then centrifuged at 12,000 rpm and
4 °C for 5 min. The mixture of supernatant and 1 x laemmli
buffer (62.5 mM Tris-HCl (pH 6.8), 5% ß-mercaptoethanol, 2% SDS, 10% glycerol, 0.001% bromophenol blue)
was boiled at 100 °C for 5 min, and then, it was subjected
to 12% SDS-PAGE electrophoresis, and separated proteins
were wet blotted onto 0.45-µm polyvinylidene fluoride
(PVDF) transfer membrane (Millipore, IPVH00010) at 4 °C.
Blots were blocked for 2 h with 5% non-fat milk in TBST
buffer (100 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.05%
Tween 20) at room temperature with shaking. The primary
antibody mentioned above against the indicated protein was
diluted in TBST buffer (B23, 1:4000; fibrillarin, 1:4000;
C23, 1:3500). Anti-ß actin monoclonal antibody (Abmart,
P30002) was used for internal control. The soaked PVDF
membrane was subsequently incubated with the primary
antibody for 2.5 h at room temperature on a rocker platform, and then, it was washed with TBST buffer two times
for 10 min each, and TBS buffer (100 mM Tris-HCl (pH
7.5), 150 mM NaCl) for one time and 10 min. Horseradish
peroxidase (HRP) conjugated secondary antibody (Promega,
W4021), diluted 1:7000 in TBST buffer, was added for 2 h.
After another three washes, the blots were detected using
electro-chemiluminescence (ECL) technique (Millipore,
WBKL S0100), and exposed to an X-ray film. Intensities
of the bands in the film were measured by the software
''Quantity One'' (Bio-Rad). During the experiment, care
was taken to prevent membrane from drying.

3. RESULTS
3.1 Microscopic analysis of Al on nucleoli in root tip cells

Silver-staining experiment displayed that Al had obviously toxic effects on the root tip cells of H. vulgare. In
normal root tip cells, two nucleoli were located in nuclei
(Fig. 1a). After 96 h of treatment with 10-3 M Al, small nucleolar particles were scattered in the nucleoplasm (Figs. 1 bc). Meanwhile, some nucleoli appeared irregular in shape in
root tip cells (Figs. 1 d-e). At high concentration of Al
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FIGURE 1 - Effects of different concentrations of Al on nucleolus in root tip cells of Hordeum vulgare: a - Control cell, b–c - small nucleolar
particles were scattered in nucleoplasm (10-3 M Al; 96 h), d-e - argyrophilic nucleolus proteins were extruded into cytoplasm (10-2 M Al; 96 h),
and f-g - more argyrophilic proteins were accumulated in cytoplasm with prolonging the treatment time during 96 h (nuclei green, nucleoli
brown, and cytoplasm yellow; bar: 10 µm).

(10-2 M), nucleolar material containing argyrophilic proteins was extruded from nucleus into cytoplasm in root tip
cells (Figs. 1 f-g). More material was accumulated in cytoplasm with prolonging the treatment time during 96 h
(Figs. 1 h-i).
3.2 Effects of Al on three major nucleolar proteins

The effects of Al on B23, C23 and fibrillarin were observed using indirect immuno-fluorescent technique. The
results showed that Al had an obvious effect on the three
major nucleolar proteins in the cells of H. vulgare, in comparison with control. B23 was localized in a nucleolus, and
a small green immuno-fluorescence spot containing B23
could be seen easily in control cells (Figs. 2 A1–A4).
Translocation of nucleophosmin was established obviously
after treatment with Al when compared with control.
Firstly, B23 with a green bigger fluorescence spot was ob-

served in nucleoplasm (Figs. 2 B1–B4). Finally, B23 was
found to be located in the cytoplasm after 10-2 M Al treatment for 96 h (Figs. 2 C–E). Using the red fluorescent signal to observe nucleolar protein C23, the results revealed
that a small red immuno-fluorescence spot of C23 was located in nucleolus in control cells (Figs. 3 A1–A4). Compared with control, cells exposed to Al demonstrated that
C23 was migrated from the nucleolus to the nucleoplasm
(Figs. 3 B1-B4). The more red fluorescent spots were accumulated around the nucleus, and were located in the cytoplasm after 10-2 M Al treatment for 96 h (Figs. 3 C–E).
Under the confocal laser scanning microscope, fibrillarin
also appeared green in colour by blue light after tagging
with FITC. A bright green fluorescent signal of fibrillarin
was presented in the nucleolus exclusively in control cells
of barley (Figs. 4 A1–A4). In the group treated with 10-2 M
Al for 96 h, more fibrillarin with green immuno-fluorescent
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FIGURE 2 - Simultaneous location of nucleophosmin after the reaction with primary anti-nucleophosmin antibody and secondary antibody
conjugated with FITC (green) and DNA after the reaction with DAPI (blue) in the same single optical section obtained with the confocal laser
scanning microscope: A1, B1, C1, D1 and E1, nucleophosmin detection; A2, B2, C2, D2 and E2, DNA detection; A3, B3, C3, D3 and E3, merged
image of "nucleophosmin detection" and "DNA detection"; A4, B4, C4, D4 and E4, bright field image; A1–A3, nucleophosmin was located in
nucleolus in control cells (96 h). B3 shows that nucleophosmin is primarily located to nucleoplasm, and a bigger fluorescence spot was observed
in the cells exposed to 10-3 M Al for 96 h. C–E, showing a bigger fluorescence spot of nucleophosmin was transferred from the nucleolus to
cytoplasm in the cells exposed to 10-2 M Al for 96 h; bar: 10 µm)

FIGURE 3 - Simultaneous location of nucleolin after the reaction with primary anti-nucleolin antibody and secondary antibody conjugated
with TRITC (red) and DNA after the reaction with DAPI (blue) in the same single optical section obtained with the confocal laser scanning
microscope: A1, B1, C1, D1 and E1, nucleolin detection; A2, B2, C2, D2 and E2, DNA detection; A3, B3, C3, D3 and E3, merged image of
"nucleolin detection" and "DNA detection"; A4, B4, C4, D4 and E4, bright field image; A1–A3, showing that nucleolin was located in nucleolus
of control cells (10-2 M Al, 96 h). B–C, showing that nucleolin was migrated from nucleolus to nucleoplasm (10-2 M Al, 96 h). D–E, showing that
nucleolin was migrated from nucleoplasm to cytoplasm (10-2 M Al, 96 h); bar: 10 µm.
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FIGURE 4 - Simultaneous location of fibrillarin after the reaction with primary anti-fibrillarin antibody and secondary antibody conjugated
with FITC (green) and DNA after the reaction with DAPI (blue) in the same single optical section obtained with the confocal laser scanning
microscope: A1, B1, C1, D1 and E1, fibrillarin detection; A2, B2, C2, D2 and E2, DNA detection; A3, B3, C3, D3 and E3, merged image of
"fibrillarin detection" and "DNA detection"; A4, B4, C4, D4 and E4, bright 9 field image; A1–A3, showing that fibrillarin was located in
nucleolus of control cells 10 (96 h); B–D, showing that fibrillarin was transferred from nucleolus to nucleoplasm in the cells treated with 10-3
M Al for 96 h. E1–A3, showing that immuno-fluorescent spot of fibrillarin was displayed in cytoplasm in the group treated with 10-2 M Al for
96 h; bar: 10 µm.

spots was displayed in the nucleoplasm (Figs. 4 B–D). Besides, it was noted that fibrillarin was concentrated in the cytoplasm increasing the intensity of the signals (Fig. 4 E1–
E4).
3.3 Expression of three major nucleolar proteins in relation to
Al treatment

Western immunoblot analysis of three major nucleolar
proteins (B23, C23 and fibrillarin) showed that they were
accumulated in barley root tip cells treated with Al. The
analysis results showed that contents of examined proteins
increased significantly following 96 h of 10-3 M and 10-2 M
Al treatments, in comparison with control (Fig. 5). These
phenomena were in line with the results obtained from indirect immunofluorescent microscopy.

4. DISCUSSION
The nucleolus, a large nuclear domain, is the ribosome
factory of the cells and plays several crucial functions in
the nucleus, which contains a set of acidic, non-histone
proteins that have a high affinity for silver ions and can be
selectively visualized by silver staining method [13]. Nucleolar organizer regions (NORs) are defined as nucleolar
components containing a set of argyrophilic proteins, which
are selectively stained by silver methods [13, 14]. Changes

of argyrophilic proteins in nucleoli can be shown specifically using silver staining method. Data presented herein
clearly demonstrated that Al had a toxic effect on nucleoli.
However, this did not tell us what kinds of proteins are influenced by Al. The results herein can also confirm the
early findings that Al can affect the nucleolus, inducing
some nucleolar particles containing the argyrophilic proteins being scattered in the nucleus, or in the cytoplasm in
the root tip cells of Allium cepa [11, 13, 15-17] and Vicia
faba L. [13]. The nucleolus is the most prominent substructure in the cell nucleus, which is a very dynamic structure
formed around the rDNA loci [18]. It plays important roles
in the regulation of many fundamental cellular processes,
including cell cycle regulation, apoptosis, telomerase production, RNA processing, monitoring and response to cellular stress [19, 20]. The nucleolus contains several kinds
of proteins. It is well-known that B23, fibrillarin and C23
are three major and multifunctional nucleolar proteins,
which participate in rRNA processing, cell activities, and
especially take key roles in rDNA transcripts and ribosome
assembly [21-24]. The results in the present investigation
indicated that the three nucleolar proteins were localized in
nucleoli in control groups. In the root cells of H. vulgare
exposed to Al, they were extruded from the nucleus into
nucleoplasm or cytoplasm, and over-expressed when compared to control. We supposed that the increased expression of the three proteins may mirror an enhancement of
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FIGURE 5 - Effects of Al on the expression of three major nucleolar
proteins in the root tip cells of barley (10-3 M and 10-2 M Al, 96 h).
The bands were detected by western blotting analysis and their intensities were measured by “Quantity One” software.

nucleolar activity which seemed to be an important aspect
of the cellular/nucleolar response to Al stress. The observation herein is in agreement with the findings reported by
Qin et al. [11]. B23 and C23 belonged to the two major AgNOR proteins [25, 26]. However, fibrillarin is distinguished from them by its lack of affinity for silver staining
[27]. So, we suggest that Al may also have toxic effects on
other kinds of nucleolar proteins besides argyrophilic and
acidic nucleolar proteins. More studies, however, are required in this direction. C23 and B23 do not share any
structural homology, and they seem to have numerous functions in common. The predominant location of these proteins
in the nucleolus strongly suggests that they can be involved
in ribosome biogenesis. Both proteins interact with nucleic
acids, and can be viewed as ribosome assembly factors
[22]. In addition to nucleolar functions, B23 and C23 are
histone chaperones [28], and appear to be involved in dif-

ferent aspects of DNA metabolism and chromatin regulation
[29, 30]. C23 can interact with telomerase and alter its subcellular localization [31]. Stepinski [32] supposed that the
level of nucleolin was correlated with metabolic activity of
soybean nucleoli - the more active nucleoli, the higher the
level of nucleolin and vice versa. Oxidative stress is generated by an increase in reactive oxygen species (ROS), either in the form of free radicals or non-radical oxidants.
ROS are also produced in response to environmental stress,
such as heavy metals [33, 34] and Al [35, 36]. At the cellular level, ROS are generated as metabolic by-products of
normal biological processes, with oxidative phosphorylation in mitochondria as the primary source in eukaryotic
cells [37]. The hydroxyl radical OH is highly reactive and
causes damage to nucleic acids and proteins, and also promotes lipid peroxidation [38, 39] as indicated. Hydroxyl
radicals are especially harmful and considered to be a major cause of oxidant-induced damage [40]. Jiang et al. [41]
also found that over expression of C23 protects cardiomyocytes from oxidative stress and H2O2-induced apoptosis,
and that the mechanism is probably associated with the increase in Bcl-2 mRNA stability [41]. Thus, it is likely that
the Al-induced ROS production is one of the decisive factors for Al-induced alterations of C23 in the cellular localization. In acute myeloid leukemia, mutations at the C-terminal domain of B23's genes led to variant proteins that
aberrantly and stably translocate to the cytoplasm [42]. Fibrillarin is the most abundant protein in the fibrillar center
of the nucleolus, and is a key small nucleolar protein in eukaryotes, which has an important role in pre-rRNA processing during ribosomal biogenesis [43]. Fibrillarin associates with several small nuclear RNAs and is located in
the dense fibrillar components (DFC) [44]. Chen and von
Mikecz [45] reported that 5 mmol/L of inorganic mercury
induced the redistribution of the nucleolar protein fibrillarin from the nucleolus to the nucleoplasm in epithelial
cell lines. Since treatment with transcription inhibitors led
to a similar relocation of fibrillarin, they concluded that
mercuric ions specifically blocked synthesis of ribosomal
RNA, whereas activity of RNA polymerase II remained unchanged and occurred throughout the nucleoplasm. Amin et
al. [43] indicated that fibrillarin would play a critical role in
the maintenance of nuclear shape and cellular growth. Liu et
al. [46] found that heat shock could cause the fibrillarin
homologue Nop1p, one of the yeast nucleolar proteins, relocated to the cytoplasm. The redistribution of fibrillarin induced by vitamin was used as the marker of autoschizis [47].
Western blot expression of three proteins showed that 10-3 M
and 10-2 M Al can induce significant bulking of expression.
The changes of localization and expression of the three proteins can play a crucial role in cellular stress response. Based
on our results, the abnormal relocation and over-expression
of the three nucleolar proteins show that the nucleolus, as a
stress sensor of Al, has a positive response. Nevertheless,
more studies including the interaction of nucleolus proteins
and the molecular mechanism of aluminum stress will be required to be clarified.
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THE EFFICIENCIES OF FLOATING TREATMENT
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LOACH (MISGURNUS ANGUILLICAUDATUS) CULTIVATION
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ABSTRACT
Floating treatment wetlands (FTWs) were employed to
improve the water quality of aquaculture. Four kinds of
FTWs, with different carriers (polyethylene foam board
and combined carrier) and different vegetation coverage
ratios of water surface (one-third and two-thirds), were designed to monitor the performance on water quality improvement for loach (Misgurnus anguillicaudatus) cultivation. Compared to the FTW with one-third vegetation coverage ratio, two-thirds vegetation coverage ratio FTW performed higher production of vegetation (7.48±0.48 kg m-2),
21.1% higher transparency, and 29.6% lower TN concentration in the cultivation water (P<0.05).The FTWs with
different carriers performed similar removal efficiencies of
TN and TP, but 24.0% higher DO concentration was provided by the FTW with combined carrier (P<0.05).As a result, FTW could improve the transparency and TN removal
in loach cultivation water, two-thirds vegetation coverage,
and combined carrier FTW would be a priority choice in
the practice for loach cultivation.

KEYWORDS:Floating treatment wetland, carrier, vegetation coverage ratio, loach cultivation, water quality improvement

1. INTRODUCTION
Freshwater aquaculture is a major part of Chinese fishery industry [1]. The total fishery production of China
amounted to 59.06 million tons, and aquaculture contributed to72.8% in 2012 [2]. With the development of intensive aquaculture in China, concerns are raised over the possible effects of increasing aquaculture waste both on the
ambient aquatic ecosystem and productivity inside the aquaculture system [1]. It was found that high fish stocking
densities (>10,000 fish ha-1) and feeding rates (exceeding
70 kg ha-1 d-1) resulted in high waste loading rates that often
* Corresponding author

caused excessive eutrophication in fish ponds and prolific
growth of algae [3], while the water deterioration in fish
ponds would bring about low productivity and diseases of
fish [1]. Therefore, in order to reduce the eutrophication of
the received water and make sure the healthy conditions for
fish farming, appropriate waste treatment processes are
needed for sustaining aquaculture development.
Nowadays, different approaches, such as constructed
wetlands, biological filters, floating treatment wetland and
so forth are used to treat aquaculture effluents [4-6]. Floating treatment wetland (FTW) is a good remediation approach due to its low-cost and energy-efficiency, and it is
occupying no land and easily managed. Nitrogen and phosphorus were removed from the wastewater efficiently by a
FTW system [7, 8]. In addition, the plants produced on the
FTWs can be harvested and, subsequently, used as animal
feeds, human food, or be processed into biogas, bio-fertilizers and bio-materials [7]. The potential economic returns
may promote the application of the technology in aquaculture.
Loach (Misgurnus anguillicaudatus) is a valuable native fish in China, and its good taste and high nutrient value
have led to an expanded cultivation [9]. FTW with plants
in loach cultivation not only could improve the water quality but also provide shades for loach in summer, when the
temperature is too high. Different carrier and vegetation
coverage ratios of FTW will influence the nutrient removal
efficiency and oxygen diffusion on the atmosphere-water
interface [3]. The objective of the present study was to experimentally evaluate the efficiency of FTWs with different carrier and vegetation coverage ratios on water quality
in loach cultivation.

2. MATERIALS AND METHODS
2.1 Experimental design and operation

The experiment was carried out in 12 plastic containers, with the size of 73×53×50 cm (L×W×H). To simulate
the aquaculture hydro-environment, half of the water was
taken from Shahu Lake (in Wuhan city, Hubei province,
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TABLE 1 -Initial water quality in the cultivation container.
Index

T (oC)

pH

DO
(mg L-1)

Transparency
(cm)

COD
(mg L-1)

TN
(mg L-1)

TP
(mg L-1)

NO3--N
(mg L-1)

NH4+-N
(mg L-1)

Means
±SD

29.2±0.2

7.41±0.24

3.37±0.15

≥40

77.0±2.7

4.71±0.12

0.53±0.02

0.12±0.01

1.83±0.02

TABLE 2 -Set of the groups in the experiment.
Treatment
T1
T2
T3
CK

Plant
15 shoots of Ipomoea aquatic
15 shoots of Ipomoea aquatic
30 shoots of Ipomoea aquatic
no

Coverage ratio
1/3
1/3
2/3
no

China), and the other half was tap water. The depth of the
water was 40 cm. The quality of the initial mixed water is
listed in Table 1. The loaches were bought from the market
and randomly stocked, 25 individuals with body length of
5-7 cm and average weight of 3.2 g in each container.
Granular feed (containing 3.92% N and 1.12% P) was fed
at the rate of 1% body weight of the loaches, every day.
Ipomoea aquatic was chosen as the plant for FTW in this
study, which was widely used in wastewater restoration
[10]. Plants with average weight of 13.3 g of each shoot
were transplanted from the garden to the container. The
space between the adjacent plants was 10 cm.
The experiment included 4 groups, which were named
T1, T2, T3 and CK, and 3 replicates for each group (Table 2).
The treatments were designed with different floating bed
carrier and/or vegetation coverage ratios, and there was no
plant and floating bed in the control (CK). The combined carrier was made of PVC (polyvinyl chloride) pipes (φ20 mm)
and a fishing net. The experiment lasted 56 days in summer
2012. Tap water was added to compensate the evaporation
to the initial water level once a week.
2.2 Sampling and analysis

Water samples were collected at 5:00 pm and total phosphorus (TP), total nitrogen (TN), nitrate (NO3－-N) and ammonia (NH4+-N) were analyzed according to the standard
methods [11], once a week. Temperature and dissolved oxygen (DO) were determined by a portable DO electrode
(sensionTM156, HACH Company, USA). A piccolo pHmeter (sensionTM378, HACH Company, USA) was used
to measure pH values. Transparency of water was monitored by a Secchi Disc. At the end of the experiment, all
the loaches and plants were collected and weighed.
2.3 Statistical analysis

The relative growth rate (RGR) of the plants and loaches
was calculated according to the following equation:
RGR

lnW
t

lnW
t

Carrier
polyethylene foam board
PVC pipe and fishing net
PVC pipe and fishing net
no

where, W1 and W2 indicated the initial and final fresh
weights of the plants or loaches, respectively, t1 and t2 indicated the initial and final experimental time (day), respectively.
Data presented are the means ± SD of the repeats. Significant differences of loach production, vegetation production and water quality were analyzed by ANOVA at
0.05 level. All the statistics were performed with SPSS
19.0 (SPSS Inc., Chicago, IL, USA).
3. RESULTS
3.1 Variation of pH, transparency, and DO in cultivation water

The temperature fluctuations of cultivation water during the experiment ranged from 20.7 to 34.6 °C, and the
average temperatures in T1, T2, T3 and CK were 30.1, 29.8,
29.6 and 30.5 °C, respectively. The lower temperature of
planted groups may be due to the vegetation coverage,
which shaded the water.
The pH values in the 4 groups were shown in Fig. 1-a.
The average values were 7.45, 7.60, 7.56 and 7.89 in T1,
T2, T3 and CK, respectively. Significantly higher pH values
in the control than those in the 3 planted groups were detected throughout the experiment (P<0.01). The respiration
of plant roots, which releases CO2 and organic acids, could
lead to low values of pH in planted groups [3].
The transparencies of the 4 groups are listed in Table 3.
The initial transparencies were all higher than 40 cm. They
decreased in the first 2 weeks, and then increased. The
transparencies in T1, T2 and T3 groups were 24.5, 7.1 and
30.0% higher than those in CK, respectively.
DO concentrations in the 4 groups increased in the first
five weeks, and the average values were 4.24, 5.46, 3.60 and
7.49 mg L-1in T1, T2, T3 and CK, respectively (Fig. 1-b). The
DO concentrations in the planted groups were significantly
lower than those in the control(P<0.01), which may be due
to the larger atmosphere-water interface allowing gas diffusion and stronger algal growth elevating oxygen by photosynthetic activity in the control[12]. Even though algal
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density was not detected in this study, Song et al. [10]
showed that algae density in water decreased sharply after
aquatic vegetation bed treating.

7.48±0.48 kg m-2, respectively. There was no significant
difference of the vegetation RGR among the 3 planted
groups (P>0.05).

3.2 Growth of the loaches and vegetation

3.3 Variation of phosphorous and nitrogen concentrations in
cultivation water

The biomass and RGR of the loaches and vegetation
are listed in Table 4. No significant difference of the loach
RGR was found among the 4 groups (P>0.05). The survival percentages of the loaches were 74.4±6.1, 69.3±2.3,
73.3±6.1 and 66.7±12.2% for T1, T2, T3 and CK respectively, with no significant difference (P>0.05). The death
of the loaches mainly occurred in the first week. The reason
might be that some frail loaches could not adapt to the new
environment. It was also found that the biomass of the
loaches in the 4 groups decreased at the end of the experiment. The study of Jin et al. [13] showed that loaches almost did not eat feed when the temperature was above 30
°C. The water temperature was above 29 °C on the whole
in this study, even up to 33 °C sometimes.

Concentrations of TP, TN, NH4+-N, NO3－-N in the 4
groups increased rapidly in the first week, as feed residue
and loach excreta accumulated (Figs. 2 a-d).
There was no significant difference of TP concentrations among the 4 groups (P>0.05, Fig. 2-a). Bu and Xu
[14] showed that sedimentation was the predominant removal process for TP (64.8%) in the FTW system (with
vegetation coverage of about 45%), and plant uptake
played a minor role (29.4%). TP assimilation by algae in
the control may be comparable with the part up-taken by
plants in the planted groups.
TN concentrations of the 4 groups are shown in Fig. 2-b.
The TN concentrations of the 3 planted groups were 12.2,
12.2 and 26.0% lower than those in the control, respectively, which showed that the planted groups performed
higher TN removals than the control did. This result was

The survival percentages of vegetation were all 100%
in the 3 planted groups. The fresh biomass increases of the
vegetation in T1, T2 and T3 were 4.24±0.26, 4.41±0.55 and
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FIGURE 1 - Values of pH and DO concentrations in the four FTWs.

TABLE 3 - The transparency of the 4 FTWs during the experiment (cm).
Group
T1
T2
T3
CK

1 day
≥40
≥40
≥40
≥40

3 days
35.7±1.5
33.3±3.5
34.0±2.0
31.0±2.0

7 days
26.3±2.1
24.7±2.3
26.3±1.5
23.3±1.2

10 days
29.3±2.1
20.7±2.3
29.7±0.6
24.0±1.7

14 days
25.7±6.0
19.0±0.0
30.3±5.4
17.0±1.7

21 days
31.7±2.9
27.7±3.2
26.0±5.3
20.7±1.2

28 days
36.0±2.6
33.3±3.2
≥40
34.3±3.5

35 days
31.3±6.7
≥40
≥40
28.0±1.7

42 days
≥40
≥40
≥40
21.3±0.6

49 days
≥40
33.0±6.2
≥40
27.0±5.6

56 days
≥40
24.0±3.6
≥40
≥40

TABLE 4 - Growth of the loaches and vegetation during the experiment.
Group
T1
T2
T3
CK

Loach
Initial biomass (g)
2.93±0.33
3.25±0.24
3.25±0.13
3.22±0.13

Final biomass (g)
2.75±0.34
2.80±0.29
2.76±0.32
2.92±0.40

RGR (d-1)
-0.0015±0.0007
-0.0027±0.0011
-0.0030±0.0017
-0.0019±0.0019
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Vegetation
Initial biomass (g)
197±24
201±41
436±33
—

Final biomass (g)
727±75
753±100
1372±130
—

RGR (d-1)
0.023±0.002
0.024±0.003
0.020±0.003
—
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FIGURE 2 - Concentrations of TP(a), TN(b), NH4+-N(c), and NO3－-N(d) in the 4 FTWs.

consistent with that of the former report [15]. Wang et al.
[16] showed that macrophytes caused deeper O2 penetration and increased oxic-anoxic interface, which could stimulate the coupled nitrification-denitrification.TN concentrations in T3 were significantly lower than those in T2
(P<0.05). Therefore, FTWs with larger vegetation coverage ratios performed higher TN removal, which supported
the results of Bing and Chen [17].
The tendency for NH4+-N concentration in the 4 groups
was similar to that for TN. The concentrations ofNH4+-N
decreased rapidly after the first week. Later on, they declined slowly and stabilized at around 0.50 mg L-1 until the
end of the experiment (Fig. 2-c). The concentrations of
NH4+-N in T2 were 33.3% lower than those in T1 in the first
3 weeks. Higher DO diffusion to the water in T2 may be the
reason.
The concentrations of NO3－-N in the 4 groups fluctuated in the first 3 weeks, and then showed a decreased tendency (Fig. 2-d). The concentrations of NO3－-N in CK
were significantly lower than those in the 3 planted groups
(P<0.01), and the breeding of microalgae in CK may be the
reason. The concentrations of Chla in vegetation planted
groups were significant lower than that in the unplanted
group, and the absorption of NO3－-N by microalgae may
play an important role in CK [18].

4. DISCUSSION
4.1 The efficiency of carrier of FTW on the quality of cultivation
water

The main role of the carrier of FTWs is fixing the
plants and keeping them floating on the water surface.
However, the concentrations of DO in the cultivation water
associated with the carrier of FTW, using a combined carrier with PVC pipe and fishing net, were 24.0% higher than
those in the one with polyethylene foam board in this study.
The polyethylene foam board has blocked the gas diffusion
on the interface of atmosphere-water and shadowed the
growth of algae. Low DO concentrations could inhibit certain aerobic treatment processes, such as nitrification, and
be undesirable for discharge to receiving waters [19]. The
concentrations of NH4+-N in the cultivation water associated with the carrier of FTW, using the combined carrier,
were 33.3% lower than those in the one with polyethylene
foam board in the first 3 weeks. It may be due to the higher
DO concentration and stronger nitrification in the former
system. The two FTWs with different carrier performed similar TN and TP removal efficiencies. Białowiecet al. [20] reported that the principal sustainable nitrogen removal process identified in most treatment wetlands was respiratory
nitrification-denitrification process by microbes. Polyethylene foam board may provide a larger habitat for micro-
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organisms under the surface water and compensate the denitrification. Thus, the combined carrier benefits the atmospheric diffusion on the atmosphere-water interface and
nitrification. Further studies on the associated microorganisms are needed to explain the mechanisms.
4.2 The efficiency of coverage ratio of FTW on the quality of
cultivation water
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Vegetation coverage ratio is an important parameter of
the FTW application in aquaculture. Too little coverage of
FTW could not perform effectively on the water quality,
and too much would increase the financial cost. This study
showed that the transparencies in the cultivation water
were associated with the coverage ratio of FTW. FTW with
two-thirds coverage ratio performed 21.1% higher transparencies than those in the one with one-third coverage ratio, which is consistent with the results of Bing and Chen
[17]. Larger vegetation coverage may inhibit the growth of
algae, which could influence the transparency of water. TN
concentrations in the FTW with two-thirds coverage ratio
were 29.6% lower than those in the one-third treatment.
More absorption by the vegetation and larger amounts of
micro-organisms on the vegetation roots surface may be
the reason. No significant difference of TP concentrations
was found between the two FTWs, with different vegetation coverage ratios. Chang et al. [21] reported that the algae and duckweed contribution skewed the results by
growing in the open surface area with lower vegetation
coverage, and so, algae may play the role in TP removal in
this experiment. DO concentrations in the two-thirds treatment were 36.1% lower than those in the one-third treatment during the experiment. Consequently, denitrification
conditions may occur, and more TN removal was achieved
by the increment of vegetation [22]. Thus, two-thirds coverage ratio would be the priority for FTWs to improve the
transparency and TN removal in cultivation water.
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ABSTRACT
Pharmaceuticals have become an emerging environmental protection problem due to their presence in water and
soil ecosystems. The aim of this study was to determine the
effects of tetracycline (TC), oxytetracycline (OTC) and chlortetracycline (CTC) (at concentrations from 0 to 8 mg kg-1 of
soil) on peroxidase activity in pea roots. Furthermore, the
influence of tetracycline on germination and elongation of
pea root was examined. The content of soluble carbohydrates
in seedlings of pea plants was also analyzed as indicator of
their metabolic activity. The obtained results show that all TC,
OTC and CTC (at concentrations above 0.400 mg kg-1 ) decreased the activity of peroxidase. Plants took up all the
analyzed drugs, but the accumulation of CTC was lowest,
and it was least toxic to peas. The most readily taken up
drug was OTC, and its level in plant tissues amounted to
31 to 146 µg/g of fresh mass.
KEYWORDS:
Tetracycline, pea, drug uptake

1. INTRODUCTION
Antibiotics are synthetic, half-synthetic or natural substances applied in treatment and prevention of diseases [1].
They are also used in modern agriculture in order to increase productivity of fodder, and support and enhance
growth of farm animals. The fact that veterinary pharmaceuticals are commonly used contributes to the origin and
spread of resistant strains of bacteria, and potential threat
of outbursts of uncontrollable infectious diseases [2]. Bacteria are increasingly more resistant to antibiotics and thus,
unlike in the USA, antibiotics application as growth stimulators was formally forbidden in the European Union in
2006 [3].
* Corresponding author

Since production of tetracyclines is simple and economical, they have become widely used [4]. Most often
them are applied as antibacterial substances in treating and
preventing infections in animals. Apart from treating inflammation, tetracyclines have been used to inhibit proteolysis and angiogenesis, and also as antiapoptotic drugs
[5]. In 2000, in Great Britain, 8 tons (t) of oxytetracycline
(OTC), 6 t of chlortetracycline (CTC) and 1.0 t of tetracycline (TC) were sold to be used as growth stimulators or
veterinary drugs [5]. In France, the total annual (2005) use
of antibiotics for veterinary purposes was 1300 t, including
650 t of tetracyclines [6]. Tetracylines do not dissolve very
well in water, but when their hydrochlorides are used, their
solubility increases [5], and thus they enter the environment in urine (90% of a dose) and excrements (up to 75%
of a dose) in an unchanged form or as bioactive metabolites
[1]. Although antibiotics infiltrate soil, their detrimental effect on plants has not been determined until now. Yet, it has
been proven that plants easily take up pharmaceuticals [7]
which, in turn, invoke stress responses in plants. Studies carried out in Germany revealed the presence of TC, OTC, and
CTC in groundwater in the amount of 0.1-0.3 µg/L [8]. Also,
manure was analyzed, and tetracyclines were found in the
amounts of 0.1-46 mg kg-1 [8]. Additionally, in the USA,
in the vicinity of a pig farm, tetracyclines were found in
groundwater. The presence of OTC in the amount of 0.54.0 mg kg-1 was shown in sea sediments, and after an antibiotic treatment applied in fish farming [5]. However, the
relation between environmental antibiotics and reactive
oxygen species (ROS) has not been experimentally demonstrated; so far, it is commonly known that production of
ROS is part of the most basic responses of plants to harmful
environmental factors [9]. Reactive oxygen species can
perform the function of signaling molecules (second messengers) and be intermediaries in response to stress factors.
ROS produced in excess may lead to cell death by a phenomenon known as plant hypersensitive reaction [10]. ROS
metabolism involves activity of peroxidases (POX, EC
1.11.1.7) [11]. Two classes of peroxidases appear in plants:
class I contains intracellular peroxidases; and class III occurs
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mainly in the vacuole and in the cell wall [9]. Class III peroxidases (POX) are engaged in plant responses to stress,
take part in biosynthesis of lignins and ethylene, and in degradation of indole-3-acetic acid. The key function of peroxidases from the glycoprotein group is to produce ROS, but
they also remove ROS from cells [12]. Peroxidases include
also ascorbate peroxidase (APX, EC 1.11.1.11) [13] and glutathione peroxidase GPX, EC 1.11.1.9) [14] that are responsible for eliminating ROS.
The aim of this study was to determine the effects of
different concentrations of tetracyclines (OTC, CTC, and
TC) in soil on accumulation of these antibiotics in pea tissues, seed germination and growth of roots, plant metabolic
activity, and stress reactions (as indicated by soluble carbohydrate determinations and measurements of peroxidase
activity).

2. MATERIALS AND METHODS
Seeds of pea (Pisum sativum L.) were germinated for
7 days in Phytotoxkit plates (MicroBio Test, Inc., Belgium). Germination was carried out under controlled climatic conditions at 25 °C and 90% relative humidity (RH),
in darkness. Ninety ml of soil (sand, vermiculite, peat 1:0.3:1,
v/v/v) were placed in each plastic microbiotest plate. The
soil was covered with Whatman No. 1 filter paper and watered with 27 ml distilled water, supplemented with OTC,
CTC, or TC (Sigma-Aldrich) at final concentrations of
0.0008, 0.004, 0.008, 0.04, 0.08, 0.4, 0.8, 2, 4, and 8 mg kg -1
of soil. The control plants were watered with pure distilled
water. The root length was estimated after 7n days of germination using Image Tool for Windows. Fresh and dry
weights of seedlings were determined according to standard seed testing recommendations [15]. The experiment was
carried out with 4 replicates, each containing 40 seedlings.
Soluble carbohydrate contents in seedlings were analysed by gas chromatography according to PiotrowiczCieślak et al. [16]. Seedlings (200 mg fresh mass) were homogenised in ethanol:water, 1:1 (v/v) containing 300 μg
phenyl-α-D-glucose as internal standard. The homogenate
and the wash were combined in a 1.5 ml microfuge tube,
heated at 75 C for 30 min, and centrifuged at 15,000 g for
20 min. The supernatant was passed through a 10,000 MW
out-off filter (Lida, Kenosha, WI, USA). Aliquots of 0.3 ml
filtrate were transferred to silylation vials and evaporated to
dryness. Dry residues were derivatized with 300 μl of silylation mixture (trimethylsilylimidazole:pyridine, 1:1, v/v) in
silylation vials (Thermo Scientific) at 70 C for 30 min, and
then cooled at room temperature. One μl of carbohydrate extract was injected into a split-mode injector of a Thermo
Scientific GC equipped with flame ionisation detector. Soluble carbohydrates were analysed on a DB-1 capillary column (15 m length, 0.25 mm ID, 0.25 μm film thickness,
J&W Scientific) Soluble carbohydrates were identified
with internal standards, and their concentrations were calculated from the ratios of peak areas, for each analysed car-

bohydrate, to the peak area of the respective internal standard. Quantities of soluble carbohydrates were expressed as
means ± standard deviation (SD) for 3-5 replications of
each treatment.
The extraction of TC, OTC and CTC in 7-days old
seedlings, which had previously been rinsed with distilled
water, was performed by a manual solid phase extraction
(SPE) method. Plant sap was squeezed from fresh plant
material with mortar and pestle. For all extractions, SPE
cartridges Chromabond®Easy, 3 ml/200 mg, MachereyNagel, Düren, Germany were used. SPE cartridges were
rinsed with methanol and after loading with plant saps were
eluted with 250 µl methanol. Tetracycline content in seedlings was analysed by HPLC according to Pailler et al. [17],
with small modifications. Briefly, the chromatographic
system consisted of a Water Aliance 2695 HPLC system
(Waters Corp.) with a binary high-pressure gradient pump,
an automatic injector and a column oven. The chromatographic column was an Atlantis T3 column (150×3.0 mm,
3 μm) (Waters Corp.) at 40 ° C. The MS–MS analyser consisted of a Quattro micro® API MS (Waters Corp.) using
electrospray in the positive mode (ESI+). N2 was used as
nebuliser, drying, curtain and collision gas. A chromatographic gradient was applied for the separation of the analytes depending on the ionization mode employed, with a
total chromatographic run of 18 min. Gradient elution was
carried out with aqueous 0.1% formic acid:0.1% formic
acid in acetonitrile at a flow-rate of 45 ml/min. Validation
of the method included the assessment of selectivity, linearity (1 to 11 µg/ml), limits of detection (8 ng/ml) and
quantification (26 ng/ml). Chromatographic system and
data collection were controlled with a MassLynx 4.1. chromatographic software interfaced to a personal computer.
For qualitative analyses of TC, OTC and CTC presence in plant tissues, suitability of Polutest (Poland) was
evaluated. According to the kit provider, the detection limit
of this test (in standard application) ranges between 0.10.2, 0.2-0.3 and 0.1-0.2 µg/ml, for TC, OTC and CTC, respectively. Bacillus stearothermophilus var. calidolactis
bacteria, included in this kit, were suspended in 300 µl trimethoprim (2,4-diamino-5-(3,4,5-135-trimethoxybenzyl)
pyrimidine) aqueous solutions. Seedling extract (150 µl)
was mixed with milk (50 µl), as described in the kit protocol, and 100 µl of this mixture (extract + milk) was applied
to a gel and incubated for 3 h and 15 min at 64 °C. A change
in color (purple-violet) of the Polutest indicated the presence of TC, OTC or CTC in plant extracts.
Extracts used to determine peroxidase activity were prepared on ice. The roots (500 mg) that grew in soil with water
or with TC, OTC or CTC were homogenized for 30 min in
the extraction buffer (0.1 M Tris/HCl, 8.75% polyvinylpyrrolidone, 0.1 M KCl, 0.28% Triton X-100). Samples were
centrifuged for 30 min at 4000 g and 4 ºC. The supernatant
was passed through membrane filters (0.45 µm in diameter). The protein content in samples was determined with
the Lowry [18] protein assay. Peroxidase activity was determined based on the spectrophotometric detection (Cecil,
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CE2021 2000 Series) in a mixture containing 100 µl 1%
guaiacol, 2 ml 0.1 M KH2PO4, 150 µl supernatant, and 20
µl of 0.18% H2O2. The absorption rate increase was measured at room temperature, at 470 mm. One unit of activity
equals the oxidation of 1 µM H2O2 during 1 min. Each peroxidase activity analysis was carried out in 4 replications.

3. RESULTS AND DISCUSSION
Plant indicators, i.e. plants that are sensitive to environmental pollution, are often used to assess the degree of
environmental degradation. In response to drug presence in
soil, plants show morphological and biochemical disturbances [19]. Unlike pesticides, antibiotics are soil contaminants whose potential effects on plants has not been well
analyzed yet [1].

FIGURE 2 - Color changes in the Polutest gel indicated by different
tetracycline concentrations (0, 10, 20, 30, 40, 50, 60 nM); color purple
= presence of antibiotics, yellow = absence of antibiotics.

The study is concerned on the influence of different
concentrations of TC, OTC and CTC on seed germination
and elongation growth of pea (Pisum sativum L.) roots. In
all treatments, percent seed germination was virtually unaffected by antibiotics, and similarly to the control, it was
100%. Root length is commonly studied as an indicator of
soil contamination with xenobiotics [20]. In line with increasing concentration of drugs, elongation growth of pea
roots was inhibited (Fig. 1). The rate of root growth inhibition in treatment plants, compared to control, was 80, 66
and 62%, for CTC, TC and OTC, respectively. The shortest
roots were found in seedlings that grew in soil with OTC
(18 mm), while the longest ones were observed in soil with
CTC (34 mm). Root elongation growth is hindered also in
plants, which grow in soil contaminated with sulfamethazine-antimicrobial sulfur drugs. The decrease in pea root
elongation caused by tetracyclines (even at their highest
concentration – 100 mm) is weaker that that brought about
by 20 mM sulfamethazine [19]. Root elongation in other
plants, such as carrot, lettuce and alfalfa, in soil contaminated with sulfonamides is also inhibited [20]. The length
of roots in pea seedlings, observed in this study, correlated
with fresh and dry mass of plants. In line with a decrease
in pea root elongation, an increase in dry mass and a decrease in fresh mass were observed in the analyzed plants
(Figs. 3 A, B).
In order to determine the accumulation of drugs by the
plants, HPLC chromatography was used. Pea seedlings
most readily took up OTC, and its content in the tissues
was, at least, twice as high as that of TC. In the tissues of
pea grown in the soil with the lowest concentrations of TC,
OTC and CTC, the amount of the drugs equaled 0.039,
0.133 and 0.031 µg/g of fresh mass, respectively. The highest concentration of OTC (146 µg/g of fresh mass) was
found in plants grown in the most contaminated soil, and
CTC was accumulated in plants least readily (reaching the
level of up to 31 µg/g of fresh mass) (Figs. 1, 3). It is noteworthy that CTC is not only poorly accumulated in plants
(in comparison to the other two antibiotics), but it also undergoes a fairly prompt degradation by soil microorganisms [21].

FIGURE 1 - Root length (●, mm) and tetracyclines content (o) in Pisum sativum after 7n days on soil supplemented with different tetracycline, oxytetracycline and chlortetracycline concentrations (c = control; 1 = 0.0008, 2 = 0.004, 3 = 0.008, 4 = 0.04, 5 = 0.08, 6 = 0.4, 7 =
0.8, 8 = 2, 9 = 4, 10 = 8 mg kg-1 of soil). Data points represent the means
± SD for 9 replicate samples. Panel V1 = tetracycline, V2 = oxytetracycline and V3 = chlortetracycline. Visual changes in the Polutest gel
indicated presence of antibiotics (purple) or their absence (yellow) in
plant extracts.

The Polutest kit that is used as routine test for antibiotics present in milk was purchased from LAB-Mlek, Poland.
The test solution is yellow when drugs are absent, and
when they are present, the color turns to purple. The intensity of coloring is directly proportional to the content of
drugs. It was found that for TC concentrations between 1060 nM per 1 g of tissue, there are clear differences between
test color intensity (Fig. 2). The most intense color (dark
purple) appeared in extracts of pea roots grown in soil with
the highest concentrations of the analyzed drugs (8 mg kg -1)
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(Fig. 1, V1, V2, V3). Analyzing the intensity of purple color,
one can visually estimate the level of antibiotics in pea
seedlings, in a way which is commonly applied for analysis
of milk. According to producer’s information, the kit’s sensitivity is high to CTC at the level of 0.1-0.2 µg/ml in a
sample, and 0.2-0.3 µg/ml for OTC.

initial activity, POX activity decreased by 47 and 10%, respectively, at the highest concentrations of TC and OTC.
Peroxidase activity in pea roots grown in soil with chlortetracycline was identical to control plants.
Unfavorable environmental conditions increase production of ROS in plants. Detoxification mechanisms, including ascorbate, glutathione and guaiacol peroxidases,
protect tissues and cell organelles of plants against the
toxic effects of ROS [22]. It was recently suggested that
guaiacol peroxidase might not be the main component of
this protective mechanism [14]; however, it is easy to determine and is commonly used as indicator of plant oxidative stress. Contrary to this working hypothesis, POX activity was highest (Fig. 3 C) in the roots of control plants.
It was found that pea roots contained monosaccharides
(glucose and galactose), disaccharides (sucrose), cyclitols
(myo-inositol, D-chiro-inositol and D-pinitol) (Fig. 4). The
longest seedlings among the analyzed plants had the highest carbohydrate contents, and those with most severely inhibited growth showed the lowest levels of these compounds (Fig. 4). In 7-day roots of control plants as well as
in roots of seedlings grown in soil contaminated with tetracyclines, there were no oligosaccharides found. In line with
the growing concentrations of TC, OTC, and CTC, the content of monosaccharides (glucose) and disaccharides (sucrose) decreased, in comparison with control seedlings
(Fig. 4).

FIGURE 3 - Fresh mass (mg) = A, dry mass (%) = B, and peroxidase activity in unit (one unit of activity equals oxidation 1 µM H2O2 per 1
min) = C, in Pisum sativum after 7 days on soil supplemented with different tetracycline (●), oxytetracycline (■) and chlortetracycline (▲)
concentrations (c = control; 1 = 0.0008, 2 = 0.004, 3 = 0.008, 4 = 0.04,
5 = 0.08, 6 = 0.4, 7 = 0.8, 8 = 2, 9 = 4, 10 = 8 mg kg-1 of soil). Data points
represent the means ± SD for 9 replicate samples.

Fresh mass of pea seedlings diminished as concentrations of TC, OTC and CTC in soil increased, while dry
mass decreased (Figs. 3 A, B). At the highest analyzed concentrations of TC, OTC and CTC, fresh mass decreased by
52, 36 and 29%, respectively, in comparison with control
seedlings. Fresh mass of pea seedlings was particularly
sensitive to the activity of TC in the second concentration
(0.004 mg kg-1 of soil) in which it dropped by 29% (Fig. 3
A). The same toxic effect occurred in plants grown in soil
with OTC at 0.2 mg kg-1 concentration as in soil with CTC
in the highest concentration (8 mg kg-1 of soil). The study
included analysis of peroxidase (POX) activity in pea roots
grown in soil with tetracyclines (Fig. 3 C). In the first of
the analyzed concentrations of TC and CTC, POX activity
in roots dropped by 27 and 33%, respectively, in comparison with control plants. In the next concentrations, POX
activity increased up to 2 mg kg-1 of soil of OTC and CTC,
and up to 4 mg kg-1 of soil of TC. In comparison with the

FIGURE 4 - Soluble carbohydrates (glucose, galactose, sucrose, myoinositol, D-pinitol, D-chiro-inositol) in pea seedlings after 7n days on
soil supplemented with different tetracycline (●), oxytetracycline (■)
and chlortetracycline (▲) concentrations (c = control; 1 = 0.0008, 2 =
0.004, 3 = 0.008, 4 = 0.04, 5 = 0.08, 6 = 0.4, 7 = 0.8, 8 = 2, 9 = 4, 10 = 8
mg kg-1 of soil). Data points represent the means ± SD for 9 replicate
samples.

Drugs present in plant tissues are consumed together
as food and fodder, and constitute an uncontrollable source
of food chains contamination. It should be kept in mind that
herbivorous animals eat considerable amounts of food every
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day, e.g. a cow consumes about 70 kg of plants [23]. Simple
calculations can show that, together with green fodder
(plants grown at the lowest concentration of tetracyclines
in soil – 0.0008 mg kg-1), a cow can daily absorb 160 mg
of OTC and 0.8 mg of CTC, at their levels in plants found
in this study. The lowest concentration considered herein
corresponds to the amount of pharmaceuticals which occur
in the natural environment [6]. Locally high tetracycline
concentrations amount up to 46 mg/kg of soil [8]. Under
such environmental conditions, a cow would absorb every
day about 1050 mg of OTC and/or 350 mg of CTC in its
fodder. Thus, the presence of antibiotics in soil may adversely affect the health of plants, and compound husbandry of animals fed on these plants.

4. CONCLUSIONS
Our study clearly indicates that tetracyclines impair
growth of pea seedlings and, among the three studied antibiotics, CTC was the least harmful for pea and the one that
accumulated at the lowest level in this plant species. The
presence of the three analyzed antibiotics in plant tissues
can be easily monitored with a simple and economic test,
based on reagent color change.
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1. INTRODUCTION

ABSTRACT
Conventional measures of vegetation patterns are
based mainly on vegetation indices or landscape metrics.
Common approaches to fractal analysis of vegetation patterns are limited by their self-similarity and the self-affine
structures of landscape. This study has examined the spatial patterns of vegetation diversity using two self-similarity cell models in the lower Tarim River in northwestern
China. Fourier transforms and spectral analysis were used
to estimate fractal dimensions. The fractal parameter relationships of the vegetation density distribution were explored using empirical analyses. To perform a simple
demonstration of vegetation patterns, selected NDVI values
were abstracted from Landsat ETM+ image sources for
four periods from 1999 to 2009. The objectives were to understand how the scale-free property and the long-range
spatial correlation of vegetation density distributions were
affected by the ecological water conveyance project
(EWCP). The results showed that vegetation density distributions were negatively autocorrelated over the four periods and that vegetation densities further away from the
river did not all follow the exponential form. Spatial concentration and decentralization processes operated concurrently in the spatial distribution of vegetation density. The
influence of the EWCP near the river was greater than farther away from the river, and the vegetation distribution
range became more and more complex during water conveyance activities from 1999 to 2009. The fractal dimension of vegetation patterns gradually decreased with declining vegetation, but the profile dimension in the lower
Tarim River became more complex.

KEYWORDS:
fractal; vegetation pattern; spectral analysis; spatial correlation.
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Patterns of coastlines, clouds, rivers, and mountains
are so irregular, being continuous but not differentiable,
that it is difficult to characterize them by classical Euclidean geometry [1]. Mandelbrot [2] introduced the concept
of fractal dimension to describe the geometric complexity
of natural phenomena as well as other complex forms [3].
Since then, applications of fractal geometry have added a
useful tool to understand nonlinear forms and complex
shapes in geographical modeling and spatial analysis. Subsequent studies in broader disciplines, including land-use
and land-cover classification [4], shape complexity of reservoirs [5], resource limits and sustainability [6], urban
railway transportation networks [7], stability or instability
of dynamic vegetation time series [8], and even the spatial
distribution of urban fires [9], have demonstrated the internal links between fractal geometry and almost every aspect
of our social and ecological systems.
As fractal theory developed, fractal geometry and computer-based simulation became the principal approaches
used to address the complexity of geoscientific problems.
For example, Thomas et al. [10] analyzed the spatial patterns of built-up areas within a European region (Wallonia
in Belgium) and expressed the usefulness of fractal indices
in measuring built-up morphologies and architectural
forms [11]. Liang et al. [12] detected land-cover changes
in a green space layout on the basis of fractal theory to conduct a kind of urban design [13]. Sun et al. [14] used boxcounting fractal dimensions to describe the spatial patterns
of forest clearings and deforestation along a tri-national
Amazon frontier. They introduced morphological spatial
pattern analysis (MSPA) to describe structural connectivity
in the study area [15]. Their articles provided a better way
to understand deforestation processes using fractal theory.
An integrated theory of fractal geometry is being developed by using RS images and following multiple remote-sensing data sources, because remote sensing technique provides various kinds of imagery every day [16].
Remote-sensing data acquired by NASA’s Calibrated Airborne Multispectral Scanner have been used to compute
fractal dimensions to compare spatial autocorrelations [17].
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A multifractal-based super-resolution reconstruction method
has been proposed to enhance low-spatial-resolution RS images [18]. For example, Liang et al. [19] provided an evaluation of the effectiveness of three fractal algorithms (isarithm, triangular prism, and variogram) for characterizing
urban landscapes based on eight satellite images taken by
four sensors: Landsat MSS/TMETM+, ASTER (Advanced
Spaceborne Thermal Emission and Reflection Radiometer), and IKONOS (Greek for ‘image’). Emerson et al. [20]
studied fractal changes due to scale alteration using several
normalized difference vegetation index (NDVI) images
computed from one ATLAS and two Landsat TM data
scenes. Bolliger et al. [21] recommended the translation of
system complexity into a model formalism to represent spatially dynamic landscape patterns. A spatio-temporal fractal
analysis of a metropolitan area was implemented based on a
model which generated a cartographic representation and
classification of built-up areas [22].
Emerson et al. [20] documented that remote-sensing
data are not true fractals and that fractal dimensions vary
with scale. Fractal analysis alone may be ineffective in extracting texture features or identifying different land-use
and land-cover classes in remotely sensed images [23]. Despite successful applications of fractal theory using remotesensing images, there are still many uncertainties in the
basic fractal concepts. It has been argued that fractal-based
textural discrimination methods are applicable, but that use
of them alone may be ineffective in identifying landscape
classifications [19]. Meanwhile, although fractal analysis
based on RS images is ineffective, the underlying distribution of events abstracted from the RS images may also follow fractal theory. The addition of fractal dimensions combined with the original multi-spectral bands is especially
effective in resolving land-use and land-cover classes.
Chen [24] found that scaling analysis, spectral analysis, and spatial correlation analysis are all associated with
fractal concepts and can be integrated into a new approach
to fractal analysis of cities. This method was called “3S
analysis” of urban form. He proposed that “3S analyses”
would be helpful for geographers to evaluate fractal parameters [24]. A set of fractal parameter equations for cities
was linked, with each fractal parameter having its own reasonable range of values representing the proper scale of the
fractal dimension of urban patterns. Theoretical demonstrations and mathematical experiments based on urban
studies were used to reveal the analogy among fractal patterns, 1/f spectra, and the Zipf distribution [25]. This “3S
analysis” is also applicable to other disciplines if an appropriate spatial model is designed as Clark’s model [26,27].
In this study, the various fractal dimension equations based
on “3S analysis” were used to understand vegetation pattern change brought about by the ecological water conveyance project (EWCP). Selected NDVI values from Landsat
ETM+ image sources were abstracted to reveal vegetation
distribution patterns for four periods from 1999 to 2009.
To restore the declining river ecosystem in the lower
reaches of the Tarim River, an ecological water convey-

ance project (EWCP) was launched in the study area in
2000 to schedule and manage water resources in the upper
reaches for transfer to the lower reaches [28]. The Tarim
River Basin is the largest inland river basin in central Asia.
Controversy has arisen regarding the response of riparian
vegetation to ecological water conveyance since the EWCP
was initiated [29]. Yan et al. [30] extracted NDVI from RS
data for 1999, 2002, and 2004 to monitor vegetation coverage in the lower reaches of the Tarim River Basin. It is
generally agreed that the EWCP has been effective in restoring Populus euphratica forests in the lower reaches
[31]. However, because changes in vegetation patterns occur through dynamic processes, effective spatial analysis
methods require further investigation to support local ecological environmental monitoring and conservation. Peng
et al. [29] used satellite imagery acquired between 1999
and 2009 to represent the spatial pattern of forest changes.
The results showed that ecological risks have increased
during the water-transfer process.
To reveal the scale-free property of the vegetation distribution, two self-similarity cell models were constructed
to evaluate various fractal parameters. A two-dimensional
vegetation distribution is converted to a one-dimensional
distribution along a radial. The relationships between the
fractal parameters were explored by spectral analysis based
on Fourier transforms which translated vegetation density
into spectral density. The radial dimension was estimated
using the least-squares method. In this way, complexity
and self-organization theory achieved specific insights into
vegetation patterns in the lower reaches of the Tarim River.
The relationships among the various fractal parameters
were helpful in understanding vegetation patterns and their
evolution.

2. MATERIALS AND METHODS
2.1 Basic Concepts and Analytical Methods
2.1.1 Materials and Model

The concept of vegetation pattern must be clarified before the theoretical models are presented. Vegetation pattern formation may occur on flat ground as well as on gentle slopes when vegetation patches vary in form, ranging
from irregular mosaics to regular bands. Patch sizes can
range from approximately one meter to hundreds of meters
[32,33]. Vegetation patterning in semi-arid areas involves
positive feedback between plant density and water infiltration [32]. The most luxuriant vegetation period for Populus
euphratica forests around the lower Tarim River extends
from May to October [34]. Therefore, the NDVI values
were abstracted from Landsat ETM+ image sources to reveal vegetation distribution patterns in four periods with
acquisition dates of August 23, 1999, August 8, 2002, August 10, 2006, and August 18, 2009. For fractal analysis
and a simple demonstration of vegetation patterns in a twodimensional map, 30×30 m pixels of NDVI values were
converted to points (Figure 1(a)). Only points with values
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greater than 60% of normalized NDVI values can be involved in fractal analysis of vegetation patterns.
In this study, vegetation density is defined as the number of selected points occurring in a image band divided by
profiles that parallel to the river channel. Suppose that there
is a radial extending from the river channel to one side of
the river. The river length in the study area is 98.5 km, including three river channels. According to various distances between points and lines (the river channel), sparse
points along the riverside were evenly spaced by parallel
lines along the river (Figure 1(a)). The vegetation point frequency in the evenly spaced band was defined as one selfsimilarity cell, as shown by the blue circles in Figure 1(b)
and (c). Thus, the bending curve of the river channel was
converted into a straight line. The three river channels in

the study area were considered as a single straight line. In
this case, the vegetation points were simplified into a radial
line. If multiple lines (river channels) were present in the
study area, the points were still constrained to a single radial line. Such a framework constructed of self-similarity
cells is convenient for “3S analysis”, i.e., scaling analysis,
spectral analysis, and spatial correlation analysis [24].
2.1.2 Fractal Parameters

Chen [24] derived a set of fractal parameter equations
in which various fractal parameters were linked with one
another. Figure 2 shows his conclusions about how to recognize the spatial correlation of urban evolution through
the radial dimension and the spectral exponent. Although
his model was based on concentric circles around the city

FIGURE 1 - (a) The top 60% of points abstracted from NDVI values in RS images in the case of 2009. (The point-to-line illustration in the top box
is from the ArcGIS Help document, which demonstrates how to calculate the distance from points to the river channel); (b) Point-to-point correlation of the self-similarity cell model, showing the spatial correlation between one point at some distance from the river channel and another point;
(c) One-point correlation of the self-similarity cell model, showing the spatial correlation between a given point and other points around it.
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FIGURE 2 - Relationships among various fractal parameters (from Chen [24]).

center, the model used in this study consisted of a series of
parallel lines along the river. However, both models involved the same key elements to derive the fractal parameters, i.e., self-similarity cells within distance bands evenly
spaced along a radial and arcs denoting spatial correlations
among cells. This relationship among various fractal parameters is still applicable to fractal analysis of vegetation
patterns in the study area. The framework is identical to
that of the spatial correlation model.
The spectral exponent (β) is a point-to-point correlation dimension (Figure 1(b)), which can be converted into
a wave spectrum using a Fourier transform [35]. Equation
(1) expresses the wave-spectrum relationship for the spectral density of “energy”, in which 2n sequential wavelengths are needed by the Fourier transform. The numerical
relationship between the spectral exponent and the fractal
dimension is expressed in Equation (2), in which the onepoint correlation dimension is converted into the point-topoint correlation dimension. The scaling relation between
wavelength and spectral density is based on a continuous
variable and an infinite spatial distance [36]. For the study
of vegetation density, the distance is limited, and the variables are discrete. Therefore, the energy spectral density
(S(k)) can be replaced by the wave spectrum density
(W(k)):

W (k ) 

S (k )
2(1 D f  d )
2( D 1)
k
 k f  k   (1)
N

  2( D f  1)

(2)

where N is the number of cells and k is the wavelength.
In this study, the value of N is 64. The wave spectrum relation between spectral density and wavelength is given in
Equation (3), in which W1 is a proportionality coefficient:

W ( k )  W1k  

(3)

The Hurst exponent (H) was originally developed in
hydrology, and the statistical method using it is called rescaled range analysis or R/S analysis. It provides a measure
of whether a data set is a pure random walk or contains
underlying trends [37,38]. For spatial scaling, a Hurst exponent 0.5<H<1 indicates positive autocorrelation, H=1/2
indicates an independent random distribution (Brownian
motion), and 0<H<0.5 indicates negative autocorrelation.
Then

  5  2 Ds  2 H  1

(4)

in which Ds is the fractal dimension of the self-affine
curve, which represents spatial autocorrelation at a micro
level (Figure 2). It is derived to calculate the profile dimension. In this study, it denotes the fractal dimension of the
curve linking the vegetation points in an external sphere.
The ranges of the numerical values are: 0<Df<2, 0<β<3,
0<H<1, 1<Ds<2. The analysis is meaningless if any value
goes beyond an upper or lower limit [24].
The radial dimension (Df) is the one-point spatial correlation dimension (Figure 1(c)), which is relevant to the
vegetation density in the various bands (the various cells
along a radial). Equation (5) is a special correlation function that reflects the spatial correlation of the cells along a
radial and expresses the inverse power law of vegetation
density with distance from the river:

 (r ) 

N (r ) N (r )
D d

 1r f
A(r ) L  r

(5)

where ρ(r) expresses the vegetation density at a distance r from the river; N(r) is the number of abstracted
NDVI points; A(r) is the area of one band, which is approximately equal to the length of the river L multiplied by the
separation distance Δr (assuming that L is much greater
than Δr); ρ1 is a proportionality coefficient; Df is the radial
dimension of the vegetation pattern; and d refers to the Euclidean dimension in two-dimensional space, d=2.
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It is hard to estimate the vegetation density within a
band because of the different lengths of the parallel lines.
This problem is solved by assuming that the length of the
river L is much greater than the interval Δr. Then all the
band areas along a radial are assigned the same values. The
effects of edges in the map and the different lengths of parallel lines are thus standardized. It is not difficult to calculate the river length and the interval using the ArcGIS software. In this study, the value of L, 98.5 km, is much greater
than Δr, 0.05 km.
2.2 Study Area and Background

The Tarim River, located in the hinterland of the Eurasian continent, is the longest continental river in China.
The ecological environment in the basin is fragile, and primarily Populus euphratica forests are found along the middle and lower reaches of the river. Zhang et al. [39] examined the distribution and abundance of desert plant communities in the lower reaches of the Tarim River. Eighteen

plant species were collected at 18 field sites. Except for
Populus euphratica and Tamarix ramosissima, which were
distributed across all sites, most of the species investigated
had a low frequency of occurrence.
With China’s economic development since the late
1970s, the upsurge in water requirements for agriculture
and urbanization has resulted in escalating conflicts and environmental degradation [40]. Therefore, in 2000, an
EWCP was launched to protect and restore the declining
fragile ecosystem in the lower reaches of the Tarim River.
Twelve ecological water deliveries transported 3476×106
m3 of water to the lower reaches between 2000 and 2011.
The study area is located in eastern Yinsu and western Kadayi in the lower Tarim River. The region has an area of
2740 km2 and is located 50 km from the Daxihaizi Reservoir (Figure 3). The closest approach of water conveyance
activities to the reservoir was at a distance of 106 km,
which is within the study area.

FIGURE 3 - Lower reaches of the Tarim River from Daxihaizi Reservoir to Taitema Lake (the combination of bands 2, 3, and 4 of a Landsat
ETM+ image on August 18, 2009).
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3. RESULTS
3.1 Vegetation Density Distribution

The spatial vegetation distributions in the four periods
from 1990 to 1999 were divided by a specific band (Figure 4).
If no visible pattern were found in the trends over the four
periods, the next spectral analysis would effectively reveal
the spatial autocorrelation of the vegetation density distribution. From the standpoint of data processing, this step
was a preparation for subsequent spectral analysis.
Declining trends were observed in all bands in the four
periods (Figure 4), but no visible pattern in the trends over
all four periods was detected. This demonstrates the reduction in vegetation density with increasing distance from the
river. Beyond 2500 meters, little vegetation was observed
in 2006 and 2009. However, the trends in 1990 and 2002
did not show a significant exponential form, unlike those
in 2006 and 2009. The vegetation density did not entirely
satisfy the power law, which made it difficult to describe
directly using the radial dimension (Df), and therefore the
wave-spectrum scaling relation was subsequently used to
derive the radial dimension.
The vegetation densities in 1990 and 2002 were more
complex than those in 2006 and 2009, which did not follow
the exponential form. This implies long-term effects of the

3.2 Spectral Analysis

Spectral analysis was used to translate vegetation density into spectral density using the fast Fourier transform. In
this study, the number of bands was set as 64, in accordance
with the requirement of the Fourier transform algorithm for
a 2n sequence length. Although little vegetation was apparent
beyond 2500 meters (Figure 4) when the number of the
bands was greater than 50, the 14 additional bands were essential to improve spatial sequence information in the spectral analysis process. The study area was thus confined to a
belt around 32 kilometers of the river channel center.
/km2

/km2

3

initial water conveyance activities on vegetation distributions. Vegetation density near the river showed an increasing trend, whereas the opposite trend occurred farther away
from the river. In the first band, vegetation density increased from 2.61 to 5.95 per square kilometer in the distance of 50 m from 1990 to 2009, but the opposite occurred
in bands farther away from the river, where vegetation density decreased from 0.26 to 0 per square kilometer in the
distance of 2.55km (Table 1). This indicates that vegetation
was declining farther away from the river. The change of
the vegetation density away from the river channel in four
periods shows that the influence of the EWCP near the
river was greater than its influence farther away from the
river.
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FIGURE 4 - Vegetation density changes with distance from the river in four periods from 1990 to 2009. The position of the hollow circles along
the vertical axis denotes the number of top 60% NDVI points per square kilometer in a 50-m band.

1397

© by PSP Volume 24 – No 4a. 2015

Fresenius Environmental Bulletin

TABLE 1 - Vegetation density away from the river channel in four periods.
Vegetation density(/km2)
1999
2.61
2.21
1.79
1.66
1.04
0.77
0.75
0.57
0.69
0.51
0.53
0.55
0.24
0.10
0.18
0.08
0.28
0.26
0.10
0.14
0.04
0.04
0.06

2002
3.21
2.54
1.81
1.73
0.97
0.57
0.51
0.41
0.63
0.53
0.65
0.51
0.39
0.28
0.28
0.18
0.35
0.12
0.00
0.00
0.00
0.12
0.04

2006
5.20
3.49
1.95
1.52
0.67
0.26
0.39
0.47
0.43
0.55
0.51
0.75
0.08
0.00
0.04
0.08
0.02
0.00
0.00
0.00
0.00
0.02
0.00

12

12

10

10

Spectral density (Wk)・

Spectral density (Wk)・

Distance
(m)
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250
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2300
2350
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2750
2800
2850
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3200

y = 0.0049x-1.794
R² = 0.81

8
6
4
2

2009
5.95
2.27
1.02
1.02
0.99
0.71
0.61
0.57
0.77
0.93
0.85
0.71
0.22
0.08
0.12
0.22
0.32
0.00
0.00
0.00
0.00
0.04
0.00

y = 0.0095x-1.675
R² = 0.858
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0
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FIGURE 5 - Wave-spectrum scaling relations and curve fitted by the least-squares method for four periods from 1990 to 2009
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The energy-spectrum scaling was replaced by the wavespectrum relation in Equation (2), and the relationship between wavelength and spectral density was used to estimate
the spectral exponent using the least-squares method. The
spectral exponent in 1999 was 1.794, and the least squares
computation result was as follows (Equation (6)):

Wk  0.0049k 1.794 .

for which the goodness of fit in 2006 and 2009 was
much better than in 1999 and 2002, with R2=0.81 (1999),
0.858 (2002), 0.928 (2006), and 0.916 (2009) (Table 2).
The scaling exponent based on the wave-spectral density
gradually decreased from 1.794 to 1.382 over the study period. This implies that, along with the decreasing point-topoint correlation dimension along a radial, the vegetation
density distribution along a radial approached the spatial
correlation from 1999 to 2009. If the scatter plots of wavespectrum scaling relations in Figure 5 are converted to logarithmic (log-log) plots, the straight lines with declining
trend can be used more directly to demonstrate the inverse
power function (Figure 6). The ordinary least-squares calculation yields the same spectral exponents and goodness
of fit. The radial dimensions were derived using these spectral exponents, although the vegetation density distribution
did not satisfy the power law.

(6)

As stated above, the spectral exponents in 2002, 2006,
and 2009 were 1.675, 1.609, and 1.382 respectively. The
least-squares computation results are given in Equations
(7) to (9):

Wk  0.0095k 1.675 ,

(7)

Wk  0.0282k 1.609 ,

(8)

Wk  0.0546k 1.382 ,

(9)

TABLE 2 - Spectral exponent, radial dimension, self-affine dimension, and Hurst exponent as derived by spectral analysis.
Spectral exponent
β
1.794
1.675
1.609
1.382

Year
1999
2002
2006
2009

Goodness of fit
R2
0.810
0.858
0.928
0.916

Radial dimension
Df
1.759
1.735
1.722
1.676

Self-affine dimension
Ds
1.603
1.663
1.696
1.809

100
Wk = 0.0095k-1.675
R² = 0.858

10
1

0.01
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1
0.1
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))・
(lg(W
k) k
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0.305
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FIGURE 6 - Log-log plot of the wave-spectrum relation based on the inverse power function for the four periods from 1999 to 2009.
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3.3 Fractal Parameters

After spectral analysis, the radial dimension, the selfaffine dimension, and the Hurst exponent were derived
from the spectral exponent based on the spatial correlation
functions, Equations (2)–(5). The self-affine dimension is
the profile dimension that reflects the irregularity of the
spatial pattern at the micro level. In the context of vegetation patterns in the study area, the self-affine dimension denotes the fractal dimension of the linked curves in an external sphere. At the micro level, the self-affine dimension
represents the complexity of the vegetation distribution
range. The Hurst exponent denotes whether the data sets
are a pure random walk or contain underlying trends. As
for the vegetation density distribution, it includes a scaling
exponent associated with the autocorrelations of cells in the
bands.
The fractal parameters contain spatio-temporal information about the vegetation patterns in the study area. The
fractal parameter values for the four periods from 1999 to
2009 can be treated by analogy. Table 2 demonstrates a
change in the spatial correlation of the time series. The
fractal parameter values in the four periods exhibited no
significant differences, but showed a specific trend, increased Self-affine dimension (Ds), decreased radial dimension (Df),Spectral exponent (β) and Hurst exponent
(H) from 1990 to 2009. The vegetation density distribution
along a radial underwent relatively little change. The radial
dimension values ranged between 1.759 and 1.676 and
were relatively stable compared with the other fractal parameters. The spectral exponent values decreased from
1.794 to 1.308, thus moving farther away from 2, with all
β<2. This implies that spatial concentration and decentralization processes were operating concurrently in the spatial
distribution of vegetation density. The Hurst exponent
changed from 0.397 to 0.191, also moving away from 0.5,
with all H<1/2. This implies a negative autocorrelation of
the vegetation density distribution. Generally speaking, except for the self-affine dimension, the fractal dimension
values of vegetation patterns gradually decreased with vegetation decline. The vegetation distribution range became
more complex during water conveyance activities from
1999 to 2009.

4. DISCUSSION
4.1 Self-Similarity Cell Model

The texture features extracted from remote-sensing
data were not true fractals because fractal dimensions vary
with scale [20]. Translation of the system complexity into
a model formalism required a comprehensive understanding of landscape patterns [21]. In this study, vegetation
density was defined as the number of selected points occurring in a band as defined by the self-similarity cell
model. Each 30×30 m pixel of normalized NDVI values
was converted to points for fractal analysis in a two-dimensional map. Only selected points with values greater than

60% of normalized values were used. De Smith et al. [41]
suggested that aggregation of point-based observations
into quadrats may result in substantial loss of information
about the underlying event distribution. For this study, the
abstracted object of interest is the single specific texture
feature of remote-sensing data based on the recursive subdivision of space and may enhance the identification of
necessary information.
Conventional measures of vegetation condition are
based mainly on quantifying spatial patterns of land-cover
change abstracted from RS images, including vegetation
indices and landscape metrics [42,43]. Common approaches to fractal analysis of vegetation patterns are limited by self-similarity and the self-affine structure of landscape. Applications of fractal geometry in remote sensing
rely heavily on estimates of fractal dimension [44]. For
two-dimensional RS images and vector graphics, the fractal dimension has habitually been estimated by box-counting methods [44,45]. Al-Hamdan et al. [46] suggested use
of NDVI to determine the fractal dimensions of forested
landscapes, but guidelines for defining the fractal parameters were still lacking [44].
Abstracted vegetation patterns may follow fractal theory according to a specific spatial model. In this study, using the “3S analyses” (scaling analysis, spectral analysis,
and spatial correlation analysis) [24], two self-similarity
cell models were constructed: the point-to-point correlation of the self-similarity cell model, and the one-point correlation of the self-similarity cell model. Self-similarity
cell models reflect the spatial correlation between the constructed cells and represent the density-radius scaling relationships of vegetation patterns. The density-radius model
has different connotations for different spatial measurements. For an urban population distribution, it indicates urban population density. For land-use patterns, it implies
land-use density; for the spatial structure of a transport network, it suggests urban road density [24]. Theoretical selfsimilarity cell models may also be generalized to demonstrate the fractal structure of vegetation patterns along other
linear features such as rivers, roads, or pipelines.
4.2 Fractal Dimension Relations

Multiple applications of fractal theory in geospatial
analysis have two dominant orientations: fractal dimension
computation in spatial scaling, and dynamic time-series
mechanisms [47,48]. Emerson et al. [20] studied fractal
changes due to scale alteration using several normalized
difference vegetation-index images in time series. Chen
[24] presented a model based on concentric circles around
a city center. He derived a set of fractal parameter equations linking the various fractal parameters with one another. These relationships among various fractal parameters are also applicable to fractal analysis of vegetation patterns in the lower reaches of the Tarim River because the
frameworks of the spatial correlation models are identical.
The self-similarity cell models in this study were based on
a series of parallel lines along the river. A series of corre-
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lation functions were converted into a wave spectrum using
Fourier transforms [27]. If white noise (a random component) is added to the data series, the scaling relation between wavelength and spectral density will not change
[49].
For the self-similarity cell model, the radial dimension
at distance r from the river channel is the one-point correlation dimension. The scaling exponent based on the wavespectral density is the point-to-point correlation dimension.
The numerical relationships among the various fractal parameters are connected by the fractal parameter equations.
The relationship between the one-point correlation and the
point-to-point correlation dimensions has been established
as an equation (Equation (3)). Using these equations, the
one-point correlation dimension was converted into the
point-to-point correlation dimension. These conversion relations enhance the comprehension of the spatial correlation dimensions [24,50].
The self-affine dimension is the profile dimension,
which denotes the fractal dimension of the curve linking
vegetation points in an external sphere and represents the
irregularity of spatial patterns at the micro level (the entire
range in the study area). The FRAGSTATS program has
been designed to compute a wide variety of landscape metrics for categorical map patterns [51], including the
weighted fractal dimension index (Equation 10). In the
sense of landscape metrics, the self-affine dimension resembles the weighted fractal dimension index:



 2ln  0.25 p    a
ij
  n ij
FARC _ AM   
ln  aij    a
j 1 

  ij
 j 1

n



  (10)




where Pij is the perimeter and aij is the area of patch ij.
FRAC-AM is a measure of the complexity of class boundary shapes and ranges from one to two. It uses class area as
a weighting factor. FRAC_AM approaches one for shapes
with very simple perimeters such as squares and approaches two for shapes with highly convoluted, plane-filling perimeters [51]. For the vegetation density distribution
in the study area, there is only one patch with a FRAC_AM
value. This value may be equal to the self-affine dimension. For further study, the relationship between these two
parameters will be significant for understanding the fractal
dimension of landscape metrics. The self-affine dimension
showed an increasing trend in the four periods from 1999
to 2009, implying gradually coarser forested land-cover
boundaries.

initial water conveyance activities had long-term effects on
the vegetation density distribution. This distribution suggests an inverse power law with increasing distance in the
last two periods. The vegetation biomass at a given distance from the river can be evaluated using Equation 11.
This is a specific function that predicts the amount of vegetation biomass in a certain range defined by the distance
r, which also expresses the inverse power law of vegetation
density:

 D d
1
D  d 1 (11)
N (r )   (r )dr   r
dr  
r
1



r1



f

1 r
1

f

1

1 Df  d

1

where Df is the radial dimension of the vegetation pattern, ρ(r) is the vegetation density at a distance r from the
river, and ρ1 is a proportionality coefficient. For this study,
the vegetation condition was predicted using the abstracted
NDVI points in the RS images (30×30 m in this study). This
equation provides a way to predict vegetation biomass
within a range.

5. CONCLUSIONS
This study has revealed spatio-temporal information
on vegetation patterns in the lower reaches of the Tarim
River. The main conclusions are: (1) the vegetation densities did not all follow an exponential form, and the vegetation density distributions in the four periods from 1999 to
2009 were found to be negatively correlated; (2) the influence of the EWCP near the river was greater than farther
away from the river, and the vegetation distribution range
became more and more complex during water conveyance
activities from 1999 to 2009; (3) spatial concentration and
decentralization processes took place concurrently in the
spatial distribution of vegetation density; and (4) the fractal
dimensions of vegetation patterns gradually decreased with
vegetation decline, but the profile dimensions in the lower
Tarim River became more complex.
Fractal dimensions based on spectral analysis and numerical relationships among the various fractal parameters
are beneficial for understanding the potential laws governing vegetation spatial distributions. They provide geographers with an effective measurement for spatial analysis by
using Fourier transforms and spectral analysis to estimate
the fractal dimension. Through fractal parameter equations, scaling analysis, spectral analysis, and spatial correlation analysis are all associated with fractal concepts. This
spectral analysis framework can be used in other geoscientific disciplines, including urban population distributions,
land-use patterns, and the spatial structure of transport networks.

4.3 Vegetation Condition Evaluation

The long-range spatial autocorrelation resulting from
plant interactions and limitations on dispersal increases the
heterogeneity of the spatial distributions of species [52]. In
this study, the influence of the EWCP near the river was
found to be greater than that farther away from the river.
Beyond 2500 meters, little vegetation was observed. The
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1. INTRODUCTION

ABSTRACT
Volatile organic compounds (VOCs) emitted from anaerobic biological processes of organic waste and wastewater
were investigated in four sites in North China, including a
biogas well of landfill, a fermentation workshop of pharmaceutical residues, an anaerobic digestion workshop of pharmaceutical wastewater, and an anaerobic digester of petrochemical wastewater. 108 VOC species were qualified and
quantified by a gas chromatography-mass spectrometry
system with canister sampling. Results showed that the total amounts of analyzed VOCs varied from 8503±1320 μg /
m3 to 727±109 μg/m3 in summer with the order as municipal
landfill > pharmaceutical residues >pharmaceutical wastewater > petrochemical wastewater. The most abundant
types of VOCs in the municipal landfill were halogenated
hydrocarbons (41.9%), followed by acetates (22.0%), aromatic hydrocarbons (13.0%) and alcohols (10.5%). For the
pharmaceutical residues, alkenes (51.4%) dominated, followed by aromatic hydrocarbons (22.5%) and alkanes
(16.0%). For the pharmaceutical wastewater, aromatic hydrocarbons (27.1%) dominated, followed by ketones (24.9%), acetates (20.71%) and halogenated hydrocarbons (11.4%).
For the petrochemical wastewater, aromatic hydrocarbons
were highest, accounting for 28.3% of the total species,
they were followed by alkanes (25.9%), halogenated hydrocarbons (19.9%) and methyl tert-butyl ether (14.8%).
These results implied that the types and levels of airborne
VOCs species from the four biological degradation processes exist significant differences, which were mainly
caused by the type of waste and wastewater, operational
characteristics of the treatment plant, and environmental
conditions. In the other hand, the reactivity of VOCs species from the four sources was also assessed by OH loss
rate, due to the impact of VOCs on the production of tropospheric ozone and secondary organic aerosol (SOA).

Biological degradation processes of organic waste
and sewage, such as municipal landfill and wastewater anaerobic digestion are the main sources of odorous nuisance
in the environment and can cause complaints from the urban communities located in their vicinity. Detectable odours
have a considerable negative impact on environmental and
occupational health and safety [1-5]. Odours are released in
the organic waste and wastewater biological degradation
processes, and some VOCs species can cause odor, including alkanes, alkenes, aromatic hydrocarbons, halogenated
hydrocarbons, alcohols, ketones and acetates [5-9].
Along with population growth, rapid urbanization and
industrialization process, the volume of municipal solid
waste and wastewater generation in China has been increasing sharply in the past 30 years. The studies on the
VOCs emitted from organic solid waste and wastewater
treatment processes have been widely reported in China
and in the world [8-20]. However, Little is focused on VOCs
emissions from anaerobic biodegradation processes of organic solid waste and sewage treatment plants [19, 20]. To
study VOCs emissions in anaerobic biodegradation processes and their environmental effects, four typical waste
and wastewater treatment sites in North China were chosen, including a biogas well of landfill, a fermentation workshop of pharmaceutical residues, an anaerobic digestion
workshop of pharmaceutical wastewater, and an anaerobic
digester of petrochemical wastewater. The VOC chemical
species from the four sources were determined by GC-MS
analysis, and the reactivity of VOCs were also assessed by
OH loss rate, due to the impact of VOCs on the production
of tropospheric ozone and SOA [21-23].

KEYWORDS:
VOCs; biological process; waste; wastewater; odours

2.1. Sampling Sites Description

* Corresponding author

2. MATERIALS AND METHODS
The landfill is situated in North China, close to residential areas. It is the largest landfill site in Shenyang city,
permitted to receive commercial and municipal solid waste,
since 2004. The area of the landfill is about 54 hectares. Waste
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is deposited in cells, crushed with compactors and covered
with soil or other inert material. About 1460 000 tons of waste
per year is delivered from households, industry and wastewater plants. The biogas is one of main emission sources
of VOCs from the landfill after the year of 2008. Seven air
samples were collected from the biogas well of the landfill
in the summer of 2009.
Pharmaceutical residues are from a pharmaceutical
factory in Shijianzhuang city, Hebei province. Most of the
residues is terramycin filter residue, about 160 000 tons per
year is produced from the pharmaceutical factory, occupying more than 200 hectares of land per year. The residue
are used to produce fermented feed with terramycin reside
degrading and crude protein and amino acid content remaining. In the process of terramycin hyphae fermenting,
terramycin reside is biodegraded and VOCs are emitted.
Seven air samples were collected from the fermentation
workshop of terramycin reside in the summer of 2009.
Anaerobic digestion of pharmaceutical wastewater was
chosen from a pharmaceutical factory, located in Shijiazhuang city, Hebei province, which is the world's leading
suppliers of antibiotic raw materials. Its main products includes the penicillin and cephalosporin series of beta lactam
antibiotics, active pharmaceutical ingredients. Odorous emissions in wastewater treatment are complex mixtures of volatile chemicals derived from biochemical reactions occurring
under anaerobic conditions in wastewater treatment plants
[20]. The organic compound fraction of pharmaceutical
wastewater is very high, and waste water composition is
complicated, causes large amounts of VOCs produced during the process of the anaerobic digestion in the wastewater
treatment tank. Seven air samples were collected from the
central surface area of the air–water interface of the anaerobic digestion tank in the summer of 2009.
Petrochemical wastewater is another typical organ industry wastewater. Our air samples came from Fushun first
branch of China National Petroleum Corporation (CNPC).
About 30 000 000 tons per year of petrochemical wastewater
were discharged during the crude oil refinery. The organic
compound fraction of petrochemical wastewater is very
high, an anaerobic plus aerobic treatment process is applied
to treat the petrochemical wastewater. Although aerobic
treatment can be significant odour sources of petrochemicals
sewage [24], we only focused on the ambient air of anaerobic treatment in the crude oil refinery. In July 2009, seven
air samples were collected from the central surface area of
the air–water interface in this anaerobic treatment section
of the petrochemicals sewage. At the same time, one sample of ambient air was collected upwind of the anaerobic
treatment section as a background sample. The whole sampling was repeated in December.

organism is active in the period. The sampling method
adopted was based on the EPA standard method TO-15
[25] through the utilization of a vacuum Summa canister
(Entech Inst., USA). A Summa canister is a pre-evacuated,
passivated, and highly polished stainless steel container.
The utilization of Summa canisters can prevent permeation
of the VOC through the vessel wall, and degradation during transport to the analytical laboratory. The 3.2L canisters were washed by deionized water (18 MΩ-cm) and
cleaned by ultra-high purity nitrogen. The canisters were
evacuated into a vacuum prior to sampling. A flow restrictor was used to spread the air flow over 2 hours periods.
The canisters were sealed and shipped to the analytical laboratory no more than 10 days after sampling, which is in
accordance with the EPA TO-15. All the fittings and tubing
were made of either stainless steel or polytetrafluoroethylene (PTFE) to provide an inert sampling environment.
Zero-air supply was collected separately as field blank. No
VOC was detected in the field blank. Hence the samples
were not subjected to the field blank correction.
2.3. Analysis

The samples collected in the Summa canister were
pre-concentrated to an acceptable level for the analytical devices using a 7100A pre-concentrator (Entech Inst., USA)
with three cold traps and hot desorb injection. Moisture content in the canister was removed by cooling and purifying to
a water concentration of 18 ppmv at 25 °C. Concentration
of individual VOC in samples was determined by a GC–
MS system (QP2010, Shimadzu) following the EPA TO15 method. Separation of VOC was achieved through a capillary column (60 m×0.25 mm I.D., 1.4 μm film thickness
DB-624, Agilent). The oven temperature was held at 40 °C
for 3 min, increasing at 8 °C/min to 90 °C and held for 1 min,
then increasing at 6 °C/min to 200 °C and held for 9min. The
flow-rate of carrier gas (helium) was held at 1.2 mL/ min
throughout the GC detector. An ion trap mass spectrometer
was employed to detect the VOC compounds with an electron energy of 70 eV and mass range of 45–360 atomic
mass units (amu). In total, 108 VOC were analyzed in five
replicates for each sample.
The GC-MS system was calibrated using EPA TO-15
standard gas (Spectra Gases, USA) with 64 VOC gas mixtures. Recovery test was done by spiking internal standards, with a total of four times. The recovery for internal
standards was over 90%, and relative standard deviations
(RSDs) were less than 10%. Laboratory blank test was performed every 10 samples analyzed by inserting ultra-high
purity nitrogen gas in order to eliminate interference from
residual contamination of devices and pipelines.

3. RESULTS AND DISCUSSION

2.2. Sampling

Ambient air samples were collected from the above
four anaerobic treatment sites in 2009. The monitoring
schedule followed 2 hourly samples during peak ambient
air temperature, that is, 12:00-14 : 00 in a day, and micro-

3.1. Mass concentrations of VOCs from the four biological
degradation processes.

One hundred and eight VOCs were determined qualitatively in the four studied sites (mainly alkanes, alkenes,
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aromatic hydrocarbons, halogenated hydrocarbons, alcohol, ketone, acetate and the others) (Table 1). Some of the
detected compounds are similar with those reported in the
literature as common compounds derived from aerobic
and/or anaerobic degradation of municipal solid waste and
wastewater treatments [26-29]. The origin and type of waste
treated in the facility would determine the nature of VOC
released to the indoor air of the plant [30]. The types of
VOCs found in the studied four plants mainly correspond to
products of biological degradation processes [31]. The total
amounts of analyzed VOCs varied from 8503±1320 μg /m3
to 727±109 μg/m3 in summer with the order as municipal
landfill (solid) > pharmaceutical residues (solid) > pharmaceutical wastewater (liquid) > petrochemical wastewater
(liquid), which indicated that VOCs emissions from organic solid waste biological degradation processes were
more than that of organic wastewater biological degradation

processes. In addition, no setting sealed gas collection system above the biological degradation section of petrochemical wastewater is another possible reason for the lowest
VOCs concentration, because the concentration levels of
VOC are significantly differentiated between the ambient air
and ventilated pipes or sealed workshop [32]. The odour
thresholds are not exceeded for all of VOCs in the petrochemical wastewater treatment process (Table 1). In other
three biological degradation processes, only the concentrations of phenylethylene, 4-ethyltoluene and methyl isobutyl
ketone were higher than their odour thresholds, but they
were 1.5 to 51 times over the odour thresholds, which can
cause complaints from the nearby communities. Therefore,
VOCs emitted from the biological degradation processes
would raise more serious odorous nuisance and health risks
to human.

TABLE 1 - Average ± standard deviation of 108 VOCs concentrations (μg/m3) found in the gas samples and threshold (ug/m3) in literatures.

No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

Volatile organic compounds
alkanes
＊
ethane
＊
propane
＊
n-butane
＊
n-pentane
＊
n-hexane
＊
n-heptane
＊
n-octane
＊
nonane
＊
n-decane
＊
n-undecane
＊
n-dodecane
＊
isobutane
＊
isopentane
＊
2,2-dimethylbutane
＊
2,3-dimethylbutane
＊
2-methyl pentane
＊
3-methyl pentane
2,3-dimethyl pentane
＊
2,4-dimethyl pentane
2-methylhexane
3-methylhexane
＊
2,2,4-trimethyl pentane
＊
2,3,4-trimethyl pentane
2-methylheptane
3-methylheptane
＊
cyclopentane
methylcyclopentane
＊
cyclohexane
＊
methylcyclohexane
alkenes
＊
ethene
＊
propene
＊
cis-2-butene
＊
trans-2-butene
＊
1-pentene
＊
cis-2-pentene
＊
trans-2-pentene
＊
1-butylene

Municipal
landfill
summer

Pharmaceutical residues
summer

Pharmaceutical
wastewater
summer

14.03±19.84
11.47±16.22
2.59±3.23
4.03±5.33
8.58±12.13
0.31±0.44
0.32±0.46
3.74±5.29
23.55±33.31
8.07±11.41
0.19±0.27
1.51±2.13
1.51±2.14
2.04±2.88
10.70±15.13
1.88±2.65
10.58±14.97
10.22±14.45
10.09±14.27
7.09±10.03
4.95±7.00
4.97±7.03
0.95±1.35
5.10±7.21
38.79±44.22
3.35±4.73

433.73±287.44
510.81±305.52
102.16±15.50
13.01±0.68
21.34±7.73
10.85±15.34
5.31±7.51
3.96±5.60
55.58±7.19
7.10±0.49
3.26±0.23
2.78±0.32
0.16±0.003
6.11±0.13
13.40±18.95
13.17±3.24
14.37±0.36
0.62±0.88

11.05±15.63
81.71±115.55
1.90±2.42
1.91±2.44
14.55±18.66
12.69±13.70
12.66±13.63
2.49±3.13

1446.64±646.36
1772.03±469.40
73.23±2.78
74.69±0.71
81.98±40.78
12.04±0.29
95.70±8.59
97.75±14.14

1406

Petrochemical wastewater
summer

winter

3.42±0.69
9.61±4.02
48.39±3.07
10.35±0.43
8.02±0.06
2.53±3.57
20.88±27.17
69.75±9.82
12.54±0.55
2.41±3.40
3.57±0.48
5.61±0.24
3.64±0.30
4.01±5.67
19.06±9.41
3.19±0.31
1.55±0.29
0.84±0.96
0.65±0.92
4.58±0.24
7.27±9.86
4.98±0.53

25.03±21.78
10.78±4.39
1.92±2.01
7.85±8.11
7.87±7.89
6.78±7.89
6.33±6.88
6.41±7.37
5.52±5.21
19.61±16.63
10.69±8.90
4.46±3.77
3.93±0.83
0.45±0.26
4.40±3.02
4.40±3.03
27.31±21.98
3.40±3.68
0.63±0.37
3.29±3.46
7.12±8.29
0.51±0.31
0.35±0.23
2.77±3.58
2.17±2.97
1.06±1.18
3.55±3.91
3.91±4.89
6.01±8.67

11.43±1.51
9.86±1.33
0.62±0.35
2.28±0.37
3.65±0.18
2.22±0.10
1.53±0.09
2.63±0.07
0.51±0.10
5.40±1.37
5.06±3.26
1.88±0.12
1.16±1.25
0.36±0.01
0.98±0.65
1.13±0.42
11.71±5.30
0.95±0.04
0.23±0.14
0.95±0.01
2.33±0.11
0.37±0.23
0.04±0.01
0.75±0.06
0.40±0.06
0.28±0.004
1.29±0.24
0.94±0.10
0.70±0.07

16.58±7.27
1.03±0.13
5.34±0.77
5.37±0.72
46.72±2.97

16.01±15.47
5.31±2.81
1.27±1.30
1.38±1.39
3.73±4.03
1.18±0.96
1.89±2.19
2.67±1.79

9.31±5.64
4.61±0.51
0.11±0.01
0.55±0.07
1.23±0.13
0.58±0.06
0.48±0.04
0.82±0.01

Odour
threshold

107000a
499100b
669600b
244280b
11300a

35600a
93750b

362500b
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TABLE 1 - Continued.

No.
38
39
40
41
42
43
44
45
46/4
7
48
49
50
51
52
53
54
55
56
57
58

Volatile organic
compounds
＊
1-hexene
＊
1,3-butadiene
isoprene
acetylene
aromatic hydrocarbons
＊
benzene
＊
toluene
＊
ethylbenzene
＊
phenylethylene
＊

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

p,m-xylene
＊
o-xylene
4-ethyltoluene
＊
1,2,3 - trimethylbenzene
＊
1,2,4 - trimethylbenzene
＊
1,3,5 - trimethylbenzene
＊
n-propylbenzene
＊
isopropylbenzene
＊
o-ethyltoluene
＊
m-ethyltoluene
1,3-diethylbenzene
1,4-diethylbenzene
halogenated hydrocarbons
chloromethane
bromomethane
dichloromethane
trichloromethane
tribromomethane
carbon tetrachloride
monobromo-dichloro-methane
dibromo-monochloro-methane
monofluorotrichloromethane
dichlorodifluoromethane
chloroethane
vinyl chloride
vinyl bromide
dibromoethane
1,1-dichloroethane
1,1-dichloroethylene
1,2-dichloroethane
1,1,1-trichloroethane
1,1,2-trichloroethane
trichloroethylene
1,1,2,2-tetrachloroethane
cis-1,2-dichloroethylene

81
82
83
84
85
86
87
88
89
90
91
92
93
94
95

trans-1,2-dichloroethylene
1,2-dichlorotetrafluoroethane
1,1,1-trichlorotrifluoroethane
tetrachloroethylene
allyl chloride
dichloropropane
cis-1,3-dichloropropene
trans-1,3-dichloropropene
hexachlorobutadiene
chlorobenzene
1,2-dichlorobenzene
1,3-dichlorobenzene
1,4-dichlorobenzene
1,2,4-trichlorobenzene
chlorotoluene

59
60
61
62
63
64
65

Municipal
landfill
summer
0.44±0.62
128.01±181.03
4.98±7.04
3.59±5.08

Pharmaceutical
residues
summer
95.31±11.72
152.42±19.50
1.21±1.71
97.49±14.48

Pharmaceutical
wastewater
summer
2.29±0.35
4.99±0.17
16.13±3.57
8.06±11.40

11.83±13.74
11.04±13.75
8.98±9.60
248.10±285.29

191.29±0.98
476.97±31.96
31.23±44.05
621.29±876.45

160.60±185.72
227.04±261.14
409.30±578.84
4.58±6.48
3.32±4.69
2.62±3.71
12.16±17.19
4.88±6.90
0.23±0.32
-

Petrochemical wastewater
summer
3.49±4.16
2.44±1.03
1.07±1.00
0.90±0.19

winter
1.19±0.24
2.66±1.66
0.43±0.10
1.99±1.41

94.70±8.21
216.55±19.73
171.46±20.02
98.91±11.72

9.04±1.90
9.02±5.99
5.27±2.96
0.71±0.36

6.38±1.70
6.73±1.20
1.52±0.05
0.22±0.11

153.79±5.26

428.25±46.77

4.34±4.99

1.78±0.05

86.91±2.59
21.01±29.72
100.56±86.38
2.64±3.74
12.27±17.36
5.18±7.32
1.57±2.22
-

149.61±22.55
80.32±102.36
34.65±18.33
9.05±11.53
16.90±6.79
7.15±0.98
9.27±0.14
31.95±7.05
13.71±5.69
11.68±4.82
-

4.68±3.30
1.68±1.92
2.52±3.25
6.58±9.17
1.55±1.83
69.11±114.65
74.50±125.33
2.14±1.80
4.98±4.42
6.51±8.51
3.60±3.13

1.53±0.10
0.40±0.05
0.35±0.002
0.65±0.07
0.37±0.06
0.32±0.01
0.10±0.0002
0.40±0.003
0.46±0.06
0.59±0.26
0.38±0.05

145.78±155.71
1572.47±2070.79
-

56.38±21.66
2.85±3.04
0.90±0.17

5.98±0.49
50.96±72.07
21.63±1.34
-

0.75±0.53
3.60±1.15
0.73±0.36
1.58±0.84

0.34±0.14
3.51±0.67
0.76±0.09
1.34±0.47

-

-

-

-

-

-

-

-

-

-

150.95±213.47
80.60±32.87
41.56±58.78
226.48±125.22
124.52±176.10
63.84±90.29
34.68±49.05
6.46±9.14

2.02±0.13
2.78±0.42
49.32±1.00
2.78±3.93
2.13±0.95
-

2.62±0.64
5.15±0.90
7.79±8.27
144.49±19.42
0.70±0.11
1.46±0.16
10.16±0.05
-

0.73±0.30
3.74±3.33
11.47±2.41
1.74±2.52
-

-

-

-

117.07±103.45

70.60±99.85
21.42±30.29
36.43±51.52
236.26±260.39
255.24±360.96
242.39±342.79
204.07±288.60
46.13±65.23

56.82±55.13
13.26±1.76
4.18±2.75
4.31±6.10
5.11±7.23

1.08±0.15
76.69±23.81
37.77±5.20
0.66±0.93
124.10±22.48
5.37±0.44
39.30±3.09
3.28±4.63
3.22±4.55
36.60±51.76

0.33±0.02
0.20±0.03
3.17±2.12

0.69±0.01
0.54±0.19
8.10±2.16
0.16±0.22
35.26±46.7
2
0.34±0.01
-
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Odour
threshold

3850b
1500a
3800a
400a
12a
770a
770a
42a
140a
10700a
14400a
370a

4100a
500a

30580b
12000b

5300a
3900a

8300a
4070b

3400b
730a
1180b
11300b
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TABLE 1 - Continued.
No.
96
97/
98
99
100
101
102

Volatile organic
compounds
ethanol
2-propanol/ isopropanol
ketone
acetone
methylethylketone
methyl isobutyl ketone
2-hexanone
acetate

Municipal
landfill
summer
409.76±479.12

Pharmaceutical
residues
summer
1.88±0.23

Pharmaceutical
wastewater
summer
0.84±1.19

summer
14.41±4.44

winter
11.30±12.27

484.31±684.91

-

427.59±604.70

1.69±1.46

0.90±0.23

170.10±217.16
336.24±475.51
-

59.81±74.54
143.33±45.86
222.41±29.01
-

67.16±27.93
1140.32±41.77
54.05±76.44

17.64±1.87
4.74±1.88

19.35±6.39
3.70±0.48

-

1048.03±257.51

-

-

-

-

-

-

36.27±8.18
7589.48±681.16

6.89±9.74
10.21±0.20
5061.62±106.01

107.32±94.83
0.56±0.58
727.52±109.53

32.33±42.83
0.10±0.01
236.51±143.70

1874.61±1426.9
ethyl acetate
3
vinyl acetate
others
105 methyl tert-butyl ether
106 tetrahydrofuran
107 1,4-dioxane
108 carbon disulfide
97.27±82.55
8503.40±1320.39
Total VOCs
“-” means not detected.
a
Gallego E, et al., [17]
b
Amoore J. E., Hautala E., [33]
Species with "＊" were calculated by OH-reactivity.
103
104

3.2. Species composition characteristics for VOCs from the
four biological degradation processes.

The VOCs concentrations data in summer from Table 1
are also discussed by dividing the mass concentrations of
every VOC species to the sum of the quantified total VOCs.
Fig. 1 showed the mass percentages of 108 VOCs species
for the biological degradation processes sections of the municipal landfill, the pharmaceutical residues, the pharmaceutical wastewater and the petrochemical wastewater.
The most abundant types of VOCs in the municipal
landfill were halogenated hydrocarbons (41.9%), followed
by acetates (22.0%), aromatic hydrocarbons (13.0%) and alcohols (10.5%). Ethyl acetate, dichloromethane, 2-propanol/isopropanol, ethanol, 4-ethyltoluene, methylethylketone,
chlorobenzene, phenylethylene, 1,3-dichlorobenzene and dichloropropane were the top ten VOCs species with higher
mass percentages in the gas samples, accounting for 71.4%
of the total mass. For the pharmaceutical residues, alkenes
(51.4%) dominated, followed by aromatic hydrocarbons
(22.5%) and alkanes (16.0%). Propene, ethene, phenylethylene, propane, toluene, ethane, methyl isobutyl ketone,
benzene, p,m-xylene and 1,3-butadiene were the top ten
VOCs species with higher mass percentages in the emission source, accounting for 78.8% of the total mass. For the
pharmaceutical wastewater, aromatic hydrocarbons (27.1%)
dominated, followed by ketones (24.9%), acetates (20.71%)
and halogenated hydrocarbons (11.4%). Methyl isobutyl ketone, ethyl acetate, p,m-xylene, 2-propanol/ isopropanol,
toluene, ethylbenzene, o-xylene, vinyl chloride, trans-1,3dichloropropene and phenylethylene were the top ten VOCs
species with higher mass percentages in the emission source,
accounting for 78.0% of the total mass. For the petrochemical wastewater, Aromatic hydrocarbons were the highest,

Petrochemical wastewater

Odour
threshold

8000a
8600a
5700a
140a

4600a

90000a
110a

accounting for 28.3% of the total species, they were followed
by alkanes (25.9%), halogenated hydrocarbons (19.9%) and
methyl tert-butyl ether (14.8%). Trans-1,2-dichloroethylene,
methyl tert-butyl ether, isopropylbenzene, n-propylbenzene,
3-methyl pentane, ethane, n-undecane, acetone, ethene and
ethanol were the top ten VOCs species with higher mass percentages in the emission source, accounting for 67.1% of
the total VOCs mass. The order of VOCs groups and VOCs
species with higher mass percentages for the four biological degradation emission sources were different, which implied that these VOCs emission sources profiles were significant differences. According to Chiriac’s results [30],
types of waste treated, waste materials composition and anaerobic microbial species could cause the differences among
VOCs emission sources profiles of the four biological degradation processes.
3.3. Assessment of VOCs reactivity by OH loss rate

In the troposphere, VOCs are transformed into ozone
and secondary organic aerosol by the chemical processes
of photolysis reaction with the hydroxyl (OH) radical typically during daylight hours at wavelengths higher than 290
nm [34, 35]. Reactivity of VOCs could be assessed by OH
loss rate (LOH) [36-39]. The OH loss rate of VOCs species
indicating the chemical reactivity of individual VOC is calculated by multiplying their emission concentrations with
corresponding OH reaction rate (kOH) at standard air condition (298 K and 101.325 MPa)[40-42].
In this study, summer VOCs concentration data of the
four biological degradation processes from Table 1 are discussed. LOH of three groups of VOCs namely alkanes, alkenes and aromatics (with “*” compounds in Table 1) were
calculated by multiplying their emission concentrations
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with corresponding kOH. VOCs emitted from the pharmaceutical residues had the highest LOH , and the total reactivity was 6787.2 s-1, followed by the pharmaceutical
wastewater (1593.1 s-1), the municipal landfill (1106.7 s-1)
and petrochemical wastewater (400.0 s-1). The calculation
results showed that VOCs emitted from the fermentation
workshop of the pharmaceutical residues contained more
active VOCs than the other VOCs emission sources. It can
be concluded that the VOCs gases from the pharmaceutical
residues have more important roles in atmospheric photochemistry than that from the others.

To compare the reactivity of alkanes, alkenes and aromatics hydrocarbons groups, the relative contributions of
different VOCs groups versus the sum of OH loss rate to
all measured alkanes, alkenes and aromatics hydrocarbons
were plotted in Fig.2. Alkenes were the principal contributors for the pharmaceutical residues, the municipal landfill
and the petrochemical wastewater, accounted for 82.4%,
55.2% and 48.1% of total reactivity, respectively. Aromatics hydrocarbons were the dominant group in the pharmaceutical wastewater, accounting for 73.1% of total reactivity. Alkanes group accounted for 20.6% of total reactivity
in petrochemical wastewater, almost no contribution to total reactivity in other three groups.

100

Mass percentages (%)

others
acetates

80

ketones
alcohol

60

aromatic
hydrocarbons

40

halogenated
hydrocarbons

20

0

alkenes
alkanes

Municipal
Pharmaceutical
landfill Pharmaceutical wastewater Petrochemical
wastewater
residues

FIGURE 1 - Comparison of VOC groups in the samples collected from the four waste gas emission sources from various biological degradation
emission sources.

100
alkanes

alkenes

aromatic hydrocarbons

Percentage (%)

80
60
40
20
0
Municipal
landfill

Pharmaceutical Pharmaceutical Petrochemical
wastewater
residues
wastewaster

FIGURE 2 - Comparison of different VOC groups contribution to OH loss rate.
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3.4. Comparison of VOCs composition in summer and winter
at the petrochemical wastewater site.

A total of 75 VOC species were identified in summer
and winter samples. These compounds included alkanes
(e.g., ethane, propane and 3-methyl pentane), alkenes (e.g.,
ethene and propene), aromatic hydrocarbons (e.g., benzene,
toluene, n-propylbenzene and isopropylbenzene), halogenated hydrocarbons (e.g., 1,2-dichloroethane and trans-1,2dichloroethylene), alcohol(e.g., ethanol), ketones(e.g., acetone) and so on. From sample to sample, little variation in
the types and the number of VOCs was observed either in
winter or summer. The qualitative and quantitative results
of VOCs in different seasons are presented in Table 1.
Their concentrations were in the range of 0.2-107.3 µg/m3
in summer and 0.1–35.3 µg/m3 in winter. The total VOCs
concentrations were 727.52±109.53 µg/m3 in summer and
236.51±143.70 in winter. These species concentrations are
higher in summer than those in winter. It could be concluded that VOC concentration variations from winter to
summer are highly related with temperature. Higher temperature in summer tends to cause rapid biological degradation of organic matter and production of relatively large
volume of biogas within the anaerobic digester of wastewater
section where the biological activity and gas generation are
decided by the temperature [10, 42]. Higher ambient temper-

ature in summer also is beneficial for direct volatilization
of these compounds without biological activity [10].
Fig. 3 compares source profiles for VOCs species emitted from petrochemical wastewater in two seasons. Almost
all mass percentages of 75 VOCs species present some seasonal variations. When the mass percentages of corresponding VOC species are higher in summer than those in winter,
we can conclude that those VOC species tend to rapidly emit
from biological degradation processes and quickly evaporate
in higher temperature. Higher mass percentages of other corresponding VOC species were also found in winter than
those in summer, such as ethane, propane, 3-methyl pentane,
ethene, benzene, toluene, dichloromethane, 1,2-dichloroethane, ethanol and acetone, but these VOCs concentration
levels were lower in winter than those in summer, suggesting
that those VOC species tend to emit slowly when active microorganism were lacking in winter. Therefore, we concluded that a sharply decreasing for concentrations of some
corresponding VOC species (e.g., n-propylbenzene and isopropylbenzene) and the total VOCs concentrations was the
main reason for higher mass percentages of the other corresponding VOC species (e.g., ethane, propane, 3-methyl pentane, ethene, benzene, toluene, dichloromethane, 1,2-dichloroethane, ethanol and acetone) in winter.

8

summer
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(A)

6
4

Mass percentage (%)

2
0
300
27
24

2

4

6

8
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12

14

16
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24

26

28

(B)

8
4
0
32
24
16
4
3
2
1
0
32

30

32

34

36

38

40

42

44

46

48
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52

54

56

58

(C)

60

62

64

66

68

70

72

74

76

78

80

82

84

86

88

90

92

94

(D)

24
16
8
0

96

97
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99
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Numbers of VOCs species

104

105
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FIGURE 3 - Source profiles for VOCs from petrochemical wastewater in summer and winter. The numbers of VOCs species were in consistent
with those given in Table 1. (The solid line on the top of each bar indicated standard deviation). (A)Alkanes; (B) Alkenes and Aromatic Hydrocarbons; (C) Halogenated Hydrocarbons; (D) Alcohols, Ketones, Acetates and the others.
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4. CONCLUSION
Characterization of volatile organic compounds emitted from biological degradations of organic waste and sewage were investigated in North China. The total concentrations of analyzed 108 VOCs varied from 8503±1320 μg /m3
to 727±109 μg/m3 in summer with the order as municipal
landfill > pharmaceutical residues > pharmaceutical wastewater > petrochemical wastewater, indicating that VOCs
emitted from biological degradation processes of organic
solid waste treatment were higher than that of organic
wastewater. The most abundant types of VOCs in the municipal landfill, the pharmaceutical residues, pharmaceutical wastewater and the petrochemical wastewater were halogenated hydrocarbons (41.9%), alkenes (51.4%), aromatic
hydrocarbons (27.1%), and aromatic hydrocarbons (28.3%),
respectively, suggesting that VOCs emission source profiles
were significantly different for the four emission sources.
The concentrations of phenylethylene, 4-ethyltoluene and
methyl isobutyl ketone were 1.5 to 51 times higher than the
odour thresholds, which can cause complaints from the
nearby communities and health risks to human. VOCs
emitted from the pharmaceutical residues contained more
active VOCs than those emitted from the other VOCs emission sources. The concentrations of VOCs species emitted
from petrochemical wastewater were higher in summer
than those in winter, suggesting that the VOC species tend
to emit slowly when active microorganism were lacking in
winter. In winter, the concentrations of some VOC species
(e.g., n-propylbenzene and isopropylbenzene) decrease
sharply, which can increase mass percentages of other corresponding VOC species in source profile. As a result, the
mass percentages of some VOC species were higher in
winter than those in summer.
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BIOACCUMULATION OF LEAD, CADMIUM,
NICKEL, COPPER AND ZINC IN PEDOFAUNA
Anna Chrzan
The Pedagogical University of Cracow, Faculty of Geography and Biology, Institute of Biology, ul. Podbrzezie 3, 31-054 Krakow, Poland

ABSTRACT
Contents of selected heavy metals (lead, cadmium,
nickel, copper and zinc) were studied in soils and soil animals of sites located at different distances (5, 50, 100 and
200 m) from a busy district road. Soil concentrations of the
examined contaminants decreased with the distance from
the road. For soil fauna, amounts of heavy metals were determined in trophic groups of saprovores, predators and
herbivores. Results of studies showed that heavy metal
concentrations did not exceed standard values defined for
Polish soils. The obtained results were related to the research of other national and international authors. Accumulation of heavy metals in organisms of soil animals was significantly higher than in the soil. The research also indicated
that soil invertebrates generally accumulate zinc in the largest amounts, and that predators display greater bioaccumulation of lead than other trophic groups. No correlation was
found between the content of heavy metals in trophic groups
and the distance from the road.

KEYWORDS: Heavy metals, trophic groups, saprovores, predators, bioconcentration factor values

1. INTRODUCTION
Soil is the key component of geo-ecosystems, characterized by specific physical, chemical and biological properties developed under the impact of centuries-lasting natural soil-forming processes as well as agricultural and nonagricultural human activity [1, 2]. Natural circulation of
trace elements in environments is subjected to various distortions due to chemical pollution resulting from human
economic and technological activity. Soil fauna represents
a large, diverse group of organisms that both influence and
are affected by chemical and physical soil features [3-6].
The animals are intimately involved in a variety of essential soil functions and processes including organic matter
decomposition, nutrient cycling and soil structure development. For living organisms, pollution of soil with heavy

metals is particularly dangerous. They may be transmitted
from contaminated soils further up the food chains to
plants, animals and people, or constitute a secondary
source of air or water pollution and thus, affect organisms
also beyond the trophic transfer. In contrast to air or water,
the process of soil purification is very slow [2, 3]. Proper
assessment of soil pollution by heavy metals and of the resulting risks is extremely important for the environments
and their biocoenosis.
Contents of heavy metals in soils depend on environmental conditions and anthropogenic pollution [7]. Toxicity
of such metals is a resultant of their concentration, chemical
form and features of the affected species [8-12]. The elements are accumulated mainly in topsoil, from which, via
plants, they reach subsequent links of trophic chains, and
simultaneously cause mutagenic and carcinogenic changes
in organisms [13]. Soils are increasingly threatened by heavy
metal pollution due to their emission from motor vehicles,
which imposes a specific band arrangement of the contaminated areas [14]. Heavy metal content in soils adjacent to
roads is associated with traffic concentration, distance from
the road, type of land and its use, as well as physical and
chemical properties of soil and climatic conditions [15-20].
The purpose of the presented research was to determine the content of analyzed heavy metals (Pb, Cd, Ni, Zn
and Cu) in soils and extracted soil fauna of meadow areas
located at different distances (5, 50, 100 and 200 m) from
the busy district road No. 1444K in the district of Bochnia,
Poland.

2. MATERIALS AND METHODS
The study area was situated ca. 30 km to the south-east
of the centre of Kraków, in Nieszkowice Wielkie within
the Bochnia district (49.9500 °N, 20.3333 °E). Detailed
studies were conducted in meadow soils located at different distances (5, 50, 100 and 200 m) from the busy district
road No. 1444K. The road, providing an alternative transport
route between Kraków and Nowy Sącz within the Bochnia
district, is used by cars, trucks and agricultural machinery.
The traffic flow on this road is rather high, reaching an average of 10,000 vehicles a day.
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Soil samples were collected from the surveyed sites
with soil frames, 25 x 25 cm in size and 1 m2 in surface
area. Soil fauna, extracted using the dynamic method with
a modified Tullgren apparatus, was separated into trophic
groups of saprovores, predators and herbivores, in which
heavy metals were identified. Heavy metal contents in soils
and soil fauna were determined by FAAS analysis, after
previous mineralization of the soil and animal test material.
For this purpose, animal and soil samples were initially
dried at 105 °C, and the obtained dry weight was weighed
for each trophic group. Additionally, 2 g of dried soil was
weighed from each location. Mineralization of soil organisms and the soil itself was carried out with the mineralizer
Velp Scientifica DK-20, in concentrated nitric acid at 120
°C, until the tissue was completely dissolved. The resulting
solutions were poured into measuring flasks and filled with
distilled water up to 10 ml. In the samples thus prepared,
concentrations of heavy metals (cadmium, lead, nickel,
copper and zinc) were determined in a spectrophotometer.
Heavy metal contents in soils and soil fauna were identified with the Buck Scientific 200A Flame Atomic Absorption Spectrophotometer (FAAS). The AAS limits of
detection (LoD) and quantification (LoQ) for Pb were set
at 0.027 ppm and 0.083 ppm ( LoQ), respectively, for Cd
0.011 ppm (LoD) and 0.033 ppm (LoQ), for Ni 0.017 ppm
(LoD) and 0.05 ppm (LoQ), for Cu 0.012 (LoD) and LoQ
= 0.035 ppm, and for Zn: LoD = 0.023 ppm and LoQ =
0.069 ppm. Reference material was BCR-185, Bovin
Liver. Moisture content and pH of the investigated soils
were determined as well. Soil pH values were measured
using a WTW 330/SET-1 pH-meter (Wissenschaftlich–
Technische Werkstätten, 82362 Weilheim).
The data were subjected to unifactorial ANOVA procedure and post hoc analysis by means of the Tukey’s HSD
test. Furthermore, Pearson’s and r2 coefficients of correlation between the heavy metal concentration in soil and soil
fauna were calculated. The differences were statistically
significant at p<0.05. All analyses were performed with the
STATISTICA 8.0 software.

3. RESULTS AND DISCUSSION
Soils from the surveyed sites displayed slightly alkaline pH and a humidity of 16-40% (Table 1).
In the present research, the highest contents of all
heavy metals were recorded in meadow soil located 50 m
from the road. However, in other studies, highest Pb, Cd
and Cu values were observed at 5-10 m from the road [22],
or in its immediate surroundings [23]. Nevertheless, both
the presented results and those obtained by Grigalavičienė
et al. (2005) [22] and Modrzewska and Wyszkowski
(2014) [23] showed concentrations of heavy metals decreasing with the distance from road or highway.
Toxicity of metals results not only from their presence
in the environment, but primarily from their biochemical involvement in metabolic processes and mechanisms associated with absorption, accumulation and excretion carried out
by living organisms. Capability of heavy metals to penetrate
to higher plants depends on soil properties and conditions
prevailing in the environment, as well as on the physical and
chemical form in which the element occurs [10, 13, 24].
Soils are the main site of accumulation of anthropogenically derived lead, originating e.g. from vehicle exhaust,
waste incineration, lead smelting and use of paint. The element is strongly bound in the soil and accumulates in its
humic horizon. Lead, though of low mobility, in acidic and
sandy grounds may become easily accessible to plants and,
consequently, can be incorporated into food chains and impose a direct threat to organisms [1, 25]. According to instructions of the Institute of Soil Science and Plant Cultivation (ISSPC) in Puławy, the natural content of lead in
unpolluted soils ranges from 20 mg·kg-1 in light soils to 60
mg·kg-1 d.m. in heavy soils [26]. In the examined soils, lead
attained relatively low concentrations of 8.8-13.8 mg·kg-1,
not exceeding the standard values. In comparison, soils
along the Olsztyn-Olsztynek road in north-eastern Poland
showed higher lead contents [23]. Meadow soils located
200 m from the road accumulated the lowest amounts of
lead and, in this aspect, were significantly different from
other sites (Tables 1, 2).

TABLE 1 Characteristics the studied sites (soil pH, moisture, content of heavy metals, density of pedofauna, ± SD).
Distance from the street
5m
50 m
100 m
200 m
7.71±0.08
7.94±0.01
7.28±0.07
7.09±0.15
Soil pH
(7.59-7.78)
(7.84-8.01)
(7.17-7.41)
(7.08-7.1)
16.51±1.89
40.28±0.88
32.16±2.87
26.2±1.27
Soil moisture %
(16.25-16.92)
(38.5-42.9)
(28.06-34.71)
(25.43-26.97)
Content of metals mg·kg-1Pb
12.49±3.2
13.81±1.3
12.33±2.3
8.8±1.9
Cd
0.84±0.04
0.87±0.05
0.63±0.12
0.68±0.11
Ni
23.91±5.2
24.84±3.2
12.17±0.54
17.73±2.02
Cu
8.95±0.7
9.11±0.48
8.79±0.96
7.41±0.72
Zn
101.6±6.02
148.8±7.13
93.98±10.2
77.75±9.6
Number pedofauna [m2]
15528
15541
24319
33240
Heavy metals attained the following concentrations in soils: 0.63-0.87 mg·kg-1 Cd, 77.75-148.78 mg·kg-1 Zn, 12.17-24.81 mg·kg-1 Ni, and 7.4-9.11
mg·kg-1 Cu (Table 1). Such amounts did not exceed standard values defined in the Regulation of the Minister of Environment on soil quality standards
and earth quality standards (Polish Journal of Laws 2002) [21].
Parameters
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TABLE 2 - Correlation between heavy metals concentration and distance of the road (5, 50, 100, 200 m).
p
p
Pb 5m vs Pb 50 m
NS
Pb 50 m vs Pb 100 m
NS
Pb 5m vs Pb 100 m
NS
Pb 50 m vs Pb 200 m
0.0002***
Pb 5m vs Pb 200 m
0.001**
Pb 100 m vs Pb 200 m
0.001**
Ni 5m vs Ni 50 m
NS
Ni 50 m vs Ni 100 m
0.0002***
Ni 5m vs Ni 100 m
0.0002***
Ni 50 m vs Ni 200 m
0.0002***
Ni 5m vs Ni 200 m
0.0003***
Ni 100 m vs Ni 200 m
0.0005***
Cd 5m vs Cd 50 m
NS
Cd 50 m vs Cd 100 m
0.011*
Cd 5m vs Cd 100 m
0.031*
Cd 50 m vs Cd 200 m
0.042*
Cd 5m vs Cd 200 m
NS
Cd 100 m vs Cd 200 m
NS
Zn 5m vs Zn 50 m
NS
Zn 50 m vs Zn 100 m
NS
Zn 5m vs Zn 100 m
NS
Zn 50 m vs Zn 200 m
0.002**
Zn 5m vs Zn 200 m
0.002**
Zn 100 m vs Zn 200 m
0.028*
Cu 5m vs Cu 50 m
NS
Cu 50 m vs Cu 100 m
NS
Cu 5m vs Cu 100 m
NS
Cu 50 m vs Cu 200 m
0.029*
Cu 5m vs Cu 200 m
NS
Cu 100 m vs Cu 200 m
0.049*
* Correlations statistically significant at 0.05 > p > 0.01; ** Correlations statistically significant at 0.01 > p > 0.001; *** Correlations statistically
significant atp < 0.001; NS = no significant differences

Cadmium shows low soil concentrations dependent on
the type of host rock, type and pH of soil, and impact of
anthropogenic factors, such as industrial emissions of the
element into the atmosphere, development of automotive
industry, improper fertilization, irrigation water management, and application of sewage sludge [27, 28]. Natural
contents of cadmium in unpolluted soils ranged from 0.3
mg in light soils to 1.0 in heavy soils [26]. In the investigated soils, concentration of cadmium amounted from 0.63
to 0.87 mg·kg-1 (Table 1), and displayed statistically significant differences between the sites (Table 2).
Nickel occurs naturally in soils derived from weathering of igneous rocks. Solubility of the element, generally
strongly fixed by organic matter, increases with soil acidity. Soils become polluted with nickel due to its emission
in industrial dust, waste water, and sewage sludge fertilizers. Natural contents of nickel in unpolluted soils (as recommended by the ISSPC in Puławy) ranged between 10
mg·kg-1 in light soils and 50 mg·kg-1 in heavy soils [26].
Herein, soil nickel was recorded in average concentrations
of 12.2-24.8 mg·kg-1 (Table 1), being values below the allowable limits defined in the Regulation of the Minister of
Environment on soil and earth quality standards [21]. Differences in nickel contents between the sampled sites were
statistically significant. Much higher concentrations of Ni
were noted by Modrzewska and Wyszkowski (2014) in
soils of north-eastern Poland [23].
Zinc is a heavy metal commonly found in nature, accumulated in humus, and permanently fixed in soil organic
matter. The main sources of soil contamination with this
element include zinc industry, use of organic fertilizers and
water irrigation fields contaminated by municipal sewage
and transport. Following the instructions of the ISSPC in
Puławy, natural content of zinc in unpolluted soils varies
from 50 mg·kg-1 in light soils to 100 mg·kg-1 in heavy soils
[26]. In the studied soils, Zn concentration was high and
amounted to 77-148 mg·kg-1 dm; however, with respect to
the aforementioned Regulation (2002), it still did not ex-

ceed the allowable limits (Table 1). In surroundings of the
surveyed sites (Bochnia and its area), Żychowski (2007)
[29] recorded significantly lower average Zn values, attaining ca. 7.2 mg·kg-1 dm. Zinc contents greater than on average are linked to sites located in urban centers and along
transportation routes [30]. However, while some authors
claimed that increased concentrations of Zn may be recorded up to 100 m from road edges, others obtained results
showing that highest accumulations of zinc are primarily
limited to areas closest to roads [31].
In the presented study, significant differences were observed between the contents of the metals in meadow soil
located 200 m from the road and at other sites (Table 2).
Copper does not break down in the environment and,
because of that, it can accumulate in plants and animals
when it is found in soils. As only a limited number of plants
is capable of surviving on copper-rich soils, vicinities of
copper-disposing factories do not show much plant diversity. Due to its effects upon plants, the metal imposes a serious threat to farmland production and, in conditions of
advantageous soil acidity and organic matter content, it can
strongly affect the functioning of particular farmlands.
Concentration of soil copper, found in mobile bonding
forms, is closely related to the particle size composition
and pH of soil; availability of copper increases with lower
pH [32]. Natural content of copper in unpolluted soils (according to instructions of the ISSPC in Puławy) ranges
from 10 mg·kg-1dm in light soils to 25 mg·kg-1 dm in heavy
soils [26]. Total concentrations of copper in the investigated soils varied between 7.4 and nearly 9 mg·kg-1 dm
(Table 1) and, therefore, did not exceed boundary values
defined by the Minister of Environment on soil and earth
quality standards [21]. A statistically significant difference
was recorded between copper content at sites located 200 m
and 50 or 100 m away from the road (Table 2).
Concentrations of trace element were highest in soils
situated 50 m from the road; however, they decreased at
larger distances. A similar dependence was observed by
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Kluge and Wessolek (2012) [23] and Modrzewska and
Wyszkowski (2014) [33]. Pivić et al. (2013) [34] also
noted that amounts of contaminants originating from motor
traffic decreased with the distance from the road. Contents
of soil heavy metals affected the number of invertebrates,
found in low densities at 5 and 50 m from the road, where
metals were recorded in high amounts (Table 1). High concentration of Pb, Zn, Cd, Cu, and the associated lowest density of pedofauna, at a site located 40 m from a motorway,
was also reported by Marko- Worłowska et al. (2011) [14].
The trophic structure of pedofauna assemblages was
investigated as well (Table 3).
Accumulation of heavy metals in organisms of soil animals was significantly higher than in the soil, and varied
between trophic groups (Table 3). Distance from the road
did not affect the concentrations of heavy metals in trophic
groups.
Soil invertebrates accumulate contaminants via the gastrointestinal tract, skin or cuticle. Atoms of particular metals
perform important biological functions, and are necessary to
maintain the proper structure and functioning of enzymes.
However, compounds with long biological half-lives passing up the food chains may be bio-magnified at specific or
even all trophic levels. The largest concentrations of pollutants are usually discovered in predators, forming the highest
trophic levels of the food pyramid [10, 24, 29].
The average Pb content in soil organisms amounted to 30500 mg·kg-1 by dry weight (Table 4). Lead concentration in
soil saprovores wavered in the range of 31.3-118 mg·kg-1.

Much higher concentrations of lead, namely 97-500 mg·kg-1,
were found in soil predators. Soil herbivores also accumulated large amounts of this metal, attaining 30-421.7 mg·kg1
dm (Table 4). A correlation was established between Pb
concentration in soil and bodies of herbivores (p = 0.016);
however, such a relationship was not found for other metals. In saprovores and predators, none of the tested metals
showed a correlation between its content in soil and animal
bodies.
Values of cadmium in soil animals were higher than in
the soil itself. The element was accumulated in large quantities in both saprovores (3-20 mg·kg-1) and predators (3.315.8 mg·kg-1); however, differences in its content between
trophic groups were not statistically significant (Table 4).
According to Heikens et al. (2001) [35], concentrations of
lead and cadmium in predators (Carabids) generally corresponded to amounts recorded in soil. In turn, Van Straalen
et al. (2001) [16] reported high concentrations of Cd and
Pb in ground beetles and earthworms but low contents of
the metals in spring-tails, centipedes and spiders near a
metallurgical factory [16].
Nickel contents in the studied soil organisms attained
10-255 mg·kg-1, with the maximum values identified in
predators (Table 4).
Zinc is an element commonly found in organismal tissues, and essential in processes regulating metabolism,
protein synthesis, insulin production and brain function.
Although excess zinc inhibits function of numerous proteins and disrupts calcium and iron management, what may

TABLE 3 - Density and diversity trophic groups of soil fauna (N/m2).
Distance from the street
Systematic groups
Trophic groups
5m
50m
Enchytraeidae
S
64
160
Lumbricidae
S
72
96
Isopoda
S
80
Collembola
S, P
9720
5200
Diptera l.
S
176
72
Diplopoda
S
8
Scarabeidae l.
S
88
Ptilidaeim.
P
64
Aranea
P
32
Symphyla
H, S, P
16
Chilopoda
P
64
Pseudoscorpionida
P
Carabidae im.
P
104
88
Carabidae l.
P
120
32
P
152
8
Staphylinidae l.
Rhagionidae l.
P
8
Dolichopodidae l.
P
Tabanidae l.
P
8
Thysanoptera
H
8
40
Hymenoptera
P, S
120
880
Curculionidae l.
H
24
120
Tipulidae l.
H
Lepidoptera l.
H
72
Cecidomyiidae im.
H
128
Homoptera
H
40
32
Gastropoda
H
8
Acarina
S, P
4800
8000
S = saprovore, P = predator, H = herbivore, l = larvae, im. = imago
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100m
88
40
48
9400
88
8
24
16
152
16
72
71
8
8

200m
88
152
16
9520
56
8
16
2872
528
16
32
24
48
8
56

24
104
16

64
56
16
16

8
1928

8
40

12200

19600
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TABLE 4 - Contents of Pb, Cd, Ni, Zn, and Cu in trophic groups (mg·kg-1) on the studied sites (± SD).
Distance from the street

Trophic groups
S
5m
P
H
S
50 m
P
H
S
100 m
P
H
S
200 m
P
H
S = saprovore, P = predator, H = herbivore

Pb
31.3 ± 6.8
97.03 ± 11.2
128.39 ± 8.2
42.09 ± 4.9
200.36 ± 16.3
421.72 ± 19.3
118.18 ± 24.7
218.75 ± 13.2
30.05 ± 3.2
31.49 ± 3,8
500.13 ± 28.1
106.8 ± 5.3

Cd
3.01 ± 0.8
6.38 ± 1.6
2.85 ± 0.5
15.4 ± 2.9
3.36 ± 1.3
1.53 ± 0.78
3,35 ± 0.5
15,8 ± 5.9
5,86 ± 2.1
20.46 ± 5.8
2.76 ± 1.3
1.2 ± 0.8

Ni
38.73 ± 3.9
12.2 ± 1.2
86.62 ± 4.5
26.64 ± 4.2
70.31 ± 3.1
141.96 ± 10.4
77.59 ± 9.1
41.84 ± 2.8
10.02 ± 1.2
38.02 ± 3.4
255.8 ± 25.5
72.26 ± 3.8

Zn
676.54 ± 34.7
1672.1 ± 142.7
1455.8 ± 19.7
1229.1 ± 89
3626 ± 86.8
5749.9 ± 132
3708,27 ± 154.9
19904,9 ± 574.9
1925,92 ± 145.8
1735.11 ± 93.8
10306.1 ± 325
436.87 ± 32.6

Cu
26.83 ± 1.7
45.4 ± 4.2
4.92 ± 1.1
21.29 ± 2.2
10.1 ± 1.5
92.91 ± 4.3
357.3 ± 11.6
481.6 ± 9.9
495.5 ± 22.9
32.05 ± 3.1
289.28 ± 12.9
56.07 ± 7.9

TABLE 5 - Bioconcentration factors of trophic groups on the studied sites.
Distance from the street
5m

50 m

100 m

200 m

Trophic groups
S
P
H
S
P
H
S
P
H
S
P
H

Pb
2.5
7.8
10.3
3
14.5
30.5
9.6
17.7
2.5
3.6
56.8
12.1

Cd
3.6
7.6
3.4
17.7
3.9
1.8
5.3
25.1
9.3
30.1
4.1
1.8

Ni
1.6
0.5
3.6
1.1
2.8
5.7
6.4
3.4
0.8
2.1
14.4
4.1

Zn
6.7
16.5
14.3
8.3
24.4
38.6
39.5
211.8
20.5
22.3
132.5
5.6

Cu
3
5.1
0.6
2.3
1.1
10.2
40.6
54.8
56.4
4.3
39
7.6

S = saprovore, P = predator, H = herbivore

result in anaemia, it is much less toxic to animals and humans, in comparison with other trace elements. In both
plants and animals, the metal interacts with a variety of
physiological processes and with various elements, primarily cadmium and copper [10]. In the investigated soil animals, zinc levels were generally high and estimated to be
at 437-19904 mg·kg-1. The highest Zn amounts were stored
in predatory invertebrates (Table 4).
Copper content was higher in predators. The highest
concentrations of Cu were observed for all trophic groups
in meadow soils at 100 m from the road (Table 4). Saprovores collected from this site included statistically different
amounts of copper (p = 0.03, p = 0.009) from other locations (5, 50 and 200 m from the road).
Toxicity of heavy metals depends on the roles they
play in metabolic processes, and on the susceptibility of organisms to bio-accumulation. The potential risk may be expressed with the accumulation index, representing the ratio
between the average concentration of the element in the
body and its content in soil [24]. As indicated by values of

bio-concentration factors (BCF; ratio between the concentrations of metals in animal body and soil), the largest
quantity of soil heavy metals was accumulated in predatory
invertebrates (Table 5).
The research also showed that soil invertebrates basically accumulated Zn and Cu in large values, and Ni in the
lowest amounts. The relative bioavailability of the analyzed heavy metals is associated with their concentration,
form of presence and storage, cellular distribution, interactions with other compounds as well as duration of plant exposure to the contaminants and particular species attributes
[15, 36].
Concentrations of other metals varied between trophic
groups. Saprovores showed strong accumulation of Cd,
moderate of Pb and poor of Ni, as in the accumulation pattern Cd>Zn>Cu>Pb>Ni. Herbivores incorporated the studied metals in the following order: Zn>Cu>Pb>Cd>Ni (Table 5). Predators accumulated Pb and Cd at a moderate
level. Similar trends were previously reported by Butovsky
(2011) [37].
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4. CONCLUSIONS
Soil contents of heavy metals originating from motor
traffic depended on the distance from the road and decreased with this distance. Accumulation of heavy metals
in soil animals was higher than in the soil itself. Soil invertebrates accumulated Zn and Cu in greatest quantities.
Only in case of Pb, a relationship was established between
the concentration of metals in soil and in bodies of herbivores. Distance from the road affected the density of soil
fauna, however, not that of heavy metals in animal bodies.
A positive correlation was observed between the distance from the road and density of pedo-fauna. However,
this distance was not significantly correlated with metal
concentrations in the fauna.
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CHLORIDE IN HIGH CONCENTRATION CAN AFFECT
TOBACCO SEEDLINGS AS AN OXIDATIVE STRESS AGENT
Akbar Norastehnia* and Saeid Mahdavi
Department of Biology, Faculty of Science, University of Guilan, Iran

1. INTRODUCTION

ABSTRACT
Salt stress due to chloride ions is one of the limiting
factors in plant growth. An induction of antioxidative enzyme activity is a defensive response in salt-stressed plants.
Ascorbate peroxidase (APX) is the most important part of
this defensive system. In this research, the effects of three
calcium chloride concentrations in irrigation water (50,
150 and 300 ppm) on the activity of this enzyme, along
with malondialdehyde (MDA) content and total leaf protein in greenhouse tobacco variety Coker 347 were investigated using spectrophotometry and PAGE gel analyses.
The results showed an increase in APX activity with a calcium chloride concentration of up to 150 ppm. But further
increases in the concentration of calcium chloride from 150
to 300 ppm caused a significant decrease in enzyme activity. Measurement of MDA contents showed that they increased significantly in parallel with increasing concentrations of calcium chloride. Total protein content remained unchanged at different levels of calcium chloride. A comparative zymogram study of APX showed two isoforms, confirming results obtained using spectrophotometry analysis.

KEYWORDS:
APX, chloride ions, oxidative stress; tobacco; zymogram
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Plants in soil with high salt concentrations are faced
with three main challenges, including poisonous concentrations of ions, osmotic stress and nutrient efficiency. All
of the mentioned cases cause metabolic imbalance, and result in oxidative stress. This stress is a process which is capable of initiating reactive oxygen species (ROS), which
causes oxidative damage to the biomolecules, such as lipids, proteins and nucleic acids [1]. ROS are divided into
two major groups. Some of them are radical molecules,
such as O2̄, OH and some non-radical molecules, e.g. H2O2
[2]. Plant cells and their organelles (e.g. chloroplasts, mitochondria and peroxisomes) use antioxidant defense systems to protect themselves against ROS [3, 4]. The main
components of the defense system include enzymatic and
non-enzymatic antioxidants. The enzymatic antioxidants
include CAT (catalase), SOD (superoxide dismutase) and
Asada-Halliwel cycle enzymes including APX (ascorbate
peroxidase), MDHAR (monodehydroascorbate reductase),
DHAR (dehydroascorbate reductase) and GR (glutathione
reductase) [4]. APX family belongs to a class of peroxidases which also have prosthetic groups [5]. These enzymes
are capable of using ascorbate as an electron donor in H2O2
reduction. Plant APXs are found in several cell compartments. For example, in Arabidopsis, eight isoforms of the
enzyme are recognized in cytosol, microsomes, chloroplasts
and mitochondria [6]. Tobacco plant (Nicotiana tabacum)
belongs to the genus Nicotiana, from the family Solanaceae.
This genus contains 75 species [7]. Tobacco is an annual
plant, with dozens of large, oval leaves. It is used as a
model plant, with discoveries in the field of plant cell culture, tissue culture, and molecular biology being obtained
from studies on tobacco. In this study, the effects of different concentrations of calcium chloride in irrigation water
on ornamental tobacco were studied. It was found that high
concentrations of calcium chloride above the optimal level
have harmful effects on plant growth [8]. Ascorbate peroxidase (APX) activity was shown to increase in Pennisetum
typoidies treated with 5 mM CaCl2, compared to control
plants [9]. A study in tobacco farms in the north of Iran also
showed that increased amounts of chloride in irrigation water can affect the performance of tobacco. Since current research has not yet established a direct role for chloride ions
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in the formation of stress, we are seeking to reveal some of
the processes involved in the putative role of increased
concentrations of chlorine and oxidative stress in reduced
performance in tobacco.

Mittler and Zilinskas [15]. The experiment was done in
triplicate. To calculate the intensity of the observed bands,
Total Lab software (version 1.10) was used.
Statistical Analysis

For statistical analysis, Duncan test was carried out using SPSS software (version 16).

2. MATERIALS AND METHODS
2.1 Sample preparation

3. RESULTS
3.1 Lipid peroxidation

The results of lipid peroxidation assay showed significant increase in peroxidation with increasing salt concentration (Fig. 1).
50
[MDA](nmolg‐1 f.w)

Seeds were planted in Tobacco Research Station in
crop years 2012-2013. In this study, all plants were grown
under normal operations for tobacco production in Guilan.
Seedlings were cultured in pots with similar dimensions
and contents. In the fast growth period, plants were irrigated twice a week, and every irrigation was carried out
with 2 L of calcium chloride solution. The rate of irrigation
did not cause leaching of calcium chloride. Salt solutions
were prepared with distilled water and different amounts of
chloride (50, 150 and 300 ppm). Since in previous studies
50 ppm concentration was introduced as the optimum concentration, in the present study, this concentration was considered as a control treatment. To determine the required
factors, samples were taken from the 11th and12th leaves,
which were fully developed, at the 3rd harvest. Samples
were frozen in liquid nitrogen and kept at -70 °C.

a

40

b
c

30
20
10
0

2.2 Extraction

Extraction was carried out according to Zimmermann
with slight modification [10]. In this method, 100 mM potassium phosphate buffer containing 5 mM ascorbic acid,
1 mM Na2-EDTA and 2% PVPP (polyvinylpolypyrolidone) was used.

50ppm

150ppm

300ppm

[Cl‐](ppm)
FIGURE 1 - Effect of different concentrations of chloride ions in the
irrigation water on the MDA concentration in tobacco cultivar Coker
347 (mean ± standard error).

2.3 Measurement of lipid peroxidation

To measure the degree of membrane lipid peroxidation, malondialdehyde (MDA) and other aldehyde concentrations obtained from the reaction were evaluated by
Loreto and Velikova, with slight modifications [11].
2.4 Measurement of total protein by the Bradford method

3.2 Total protein concentration

Results of total protein concentration in tobacco leaf
cultivar Coker 347 did not show a significant difference in
treatments of 50, 150 and 300 ppm concentrations of chloride in irrigation water (Fig. 2).

[Protein](mgg‐1 f.w)

Bradford method was used to determine protein contents in the extracts [12]. In this method, BSA was used as
standard. The amount of protein in the extracts was expressed as mg protein per g fresh weight of leaves.
2.5 Measuring the enzyme activity of ascorbate peroxidase
(APX)

Enzyme activity of APX (EC 1.11.1.11) was measured
upon decrease in absorption at 290 nm, according to the
method of Nakano and Asada [13]. Ascorbic acid had a maximum absorption at this wavelength. It was oxidized by the
enzyme reaction. Extinction coefficient 2.8 mM-1.cm-1 was
used to calculate ascorbic acid concentration. Enzyme activity was expressed as specific enzyme activity (SA).
2.6 APX activity assay by PAGE method

Native PAGE electrophoresis was performed according
to Laemmli [14]. Gel staining was carried out according to

a

8
7,5

a

a

7
6,5
6
5,5
50ppm

150ppm

300ppm

[Cl‐](ppm)
FIGURE 2 - Effect of different concentrations of chloride ions in the
protein content of tobacco cultivar Coker 347. Values for each column are mean values of three replicates ± SE, and the same letters
indicate that differences are not significant at the 5% level.
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3.3 APX activity

APX specific activity

Area

800

a

1,2

ab

b

600
400
200

1

ab

b

0,8

0
50ppm

0,6

150ppm

300ppm

[Cl‐](ppm)

0,4
FIGURE 5 - Effect of different concentrations of chloride ions in irrigation water on the area of isoform 1 of APX in tobacco cultivar
Coker. Values for each column are mean values of three replicates ±
SE, and the same letters indicate that differences are not significant
at the 5% level.

0,2
0
50ppm

150ppm

300ppm

[Cl‐](ppm)

Area

FIGURE 3 - Effects of different concentrations of chloride ions in irrigation water on the enzyme activity of ascorbate peroxidase in tobacco cultivar Coker 347. Values for each column are mean values of
three replicates ± SE, and the same letters indicate that differences
are not significant at the 5% level.
3.4 APX enzyme zymogram

The combinations of APX isozymes were studied at
concentrations of 50, 150 and 300 ppm Cl-, by 12.5 %
PAGE. The profiles obtained using different Cl- concentrations were influenced by various concentrations of Cl-,
with the 150 ppm Cl- having a positive effect on the intensity of the band with RF = 0.344 (green arrow in Fig. 4 and
statistical analysis in Fig. 5).
The area under the curve observed in isoform 2 of APX
(red arrow in Fig. 4), showed significant differences in the
three concentrations of chloride in irrigation water (50, 150
and 300 ppm). The maximum area under the curve for APX2
(band with RF = 0.466) was observed in tobacco treated with
150 ppm chloride, but its lowest content was found in concentrations of 50 and 300 ppm chloride (Fig. 6).
1

a

1000

Results showed significant differences between the
different treatments. Most activity was observed in samples treated with 150 ppm chloride, and lower levels of activity with the 300 ppm treatment (Fig. 3).

2

3

4

5

6

FIGURE 4 - Native-PAGE (12.5 %) for ascorbate peroxidase enzyme
in a leaf from tobacco cultivar Coker 347, treated under 50, 100 and
150 ppm of chloride ions in irrigation water. Columns with numbers
1-3 are related to the first replicates of 50, 100 and 150 ppm treatments, and columns with numbers 4-6 are related to second replicates
of 50, 100 and 150 ppm treatments respectively.
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[Cl‐](ppm)
FIGURE 6 - Effect of different concentrations of chloride ions in irrigation water on the band area of isoforms 2 of APX in tobacco cultivar Coker. Values for each column are mean values of three replicates ± SE, and the same letters indicate that differences are not significant at the 5% level.

4. DISCUSSION
4.1 Lipid peroxidation

Damage to the membrane is determined through the
production of malondialdehyde as a product of lipid peroxidation in cells. This suggests that antioxidant mechanisms
could not fully prevent process improvements, and the subsequent increased membrane lipid peroxidation in cells under stress [16]. Increased lipid peroxidation was also reported in plants under drought, salinity, cold, and other environmental stresses [17]. Salinity is able to reduce the water available to plants, resulting in reduced turgor pressure
in the leaf, and narrowing of the stomatal pores [18]. This
causes a reduction in the availability of CO2 to plants, followed by an imbalance between photosynthetic light reactions and dark reactions [19]. The result of these abnormal
conditions is a lowering of the rate of reduction of NADP+
to NADPH, and an increase in the production of ROS by
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Mehler, Fenton and the Haber-Weiss reactions. Thus, the
subsequent increase in lipid peroxidation was observed [20].
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CO-REMEDIATION OF THE LEAD, CADMIUM,
AND ZINC CONTAMINATED SOIL USING EXOGENOUS
HYDROXYAPATITE, ZEOLITE, LIMESTONE AND HUMIC ACIDS
Zhangwei Li*, Weiming Liao and Zhanrou Zhong
Department of Chemistry, Hanshan Normal University, Chaozhou 521041, P.R. China

1. INTRODUCTION

ABSTRACT
Previous studies have suggested that natural minerals
and humic acids each have positive effects on the remediation of metals contaminated soil. However, co-remediation of the two materials, where they are used together to
address metals contamination, has not been investigated. In
this study, a pot experiment was conducted to evaluate coremediation effects, using hydroxyapatite, zeolite, and
limestone with humic acid, to treat multiple heavy metals
contaminated soil. This co-remediation effect was compared with remediation using hydroxyapatite, zeolite, and
limestone with humic acid on their own. The metal contaminants used were Pb (lead),Cd (cadmium), and Zn
(zinc). These metals were studied both in the soil, and their
accumulation in the shoots and roots of pakchoi. Results
showed that the co-application of the treatments decreased
Pb, Cd, and Zn concentrations in pakchoi shoots and roots
more than the single treatments. Furthermore, the co-remediation of natural minerals and humic acid reduced the nonresidual fraction of Pb, Cd and Zn, and enhanced the residual fraction compared to the single treatments. The co-remediation of 30g·kg-1 hydroxyapatite with 20g·kg-1 humic
acid showed the best effect both in increasing pakchoi
shoot and root biomass and reducing the amount of Pb, Cd
and Zn taken up by the plant. In addition, co-remediation
of 30g·kg-1 hydroxyapatite with 20g·kg-1humic acid was
most effective in decreasing the acid solution fraction and
enhanced the residual fraction of Pb, Cd and Zn. Results
suggest that co-remediation, using both natural minerals
and humic acid, may be an efficient way to remediate Pb,
Cd, and Zn contaminated soil.

KEYWORDS: heavy metal, soil contamination, hydroxyapatite, zeolite, limestone, humic acid.

* Corresponding author

Heavy metal pollution in soil is a serious environmental quality problem in China. As a variety of industries have
developed, such as mine exploration, wastewater irrigation, metallurgy industry, and others, heavy metal contaminated soils have become an increasingly serious problem
[1,2]. Heavy metals in soil not only affect plant growth, but
also cause serious human health problems. As heavy metals in soils are taken up and accumulate in plants, they then
enter the food chain. Given this, increased attention is being given to the problem of heavy metals in soil.
There are many techniques for remediating heavy metals in soils, such as chemical washing, physical mechanical
separation, electrokinetic remediation, phytoremediation,
and others. These remediation methods have many drawbacks, such as the formation of secondary pollutants, high
operational complexity, or high costs [3]. In situ remediation techniques have proven to be effective, as they immobilize and stabilize heavy metals by adding non-toxic materials into the soil. Due to its cost effectiveness and less
disruptive nature, in situ remediation technologies are attractive options.
Cadmium is a toxic element that causes serious negative effects on plant growth. For example, cadmium can interact with the plant’s photosynthetic apparatus and inhibit
electron transport processes, impeding photosynthesis and
reducing plant yield. Zinc affects normal ionic homeostatic
systems by inhibiting the uptake, transport, and regulation
of essential ions. This disrupts metabolic processes, such
as transpiration and photosynthesis, and stunts plant
growth [4]. Due to the toxic effect of heavy metal, many
studies have focused on the effect of natural materials, such
as limestone, sepiolite, zeolite, red mud, and hydroxyapatite, on the immobilization of heavy metal in soils. These
studies have demonstrated that these natural materials significantly reduce the amount of available heavy metals in
soils, and restrict the uptake of these metals by plants [3,59]. Applying natural materials stabilize heavy metals in soil
primarily by increasing the soil pH and enhancing the effectiveness of cation exchange capacity. Organic materials
are also effective treatment substances, and include humic

1425

© by PSP Volume 24 – No 4a. 2015

Fresenius Environmental Bulletin

acids,fulvic acids, animal excrement, green mature, and
peat. Organic materials are able to transform heavy metals
from an exchangeable fraction into organically reducible,
oxidated, and residual fractions, which are all less available
to plants [10].
Both natural materials and humic acids are considered
important remediation agents for immobilizing heavy metals in soils, and each greatly decrease the bioavailability of
heavy metal in soils [11]. The co-application of the natural
minerals and humic acid in remediation has received little
attention. Pakchoi (Brassia Chinensis L.) is a common leafy
vegetable eaten by a large majority of the Chinese population. As such, we selected Pakchoi for this experiment because of general health concerns associated with heavy
metals accumulation in leafy vegetables in China. The objective of this work was to evaluate four treatments, hydroxyapatite, zeolite, limestone, and humic acid, and their
co-remediation effect on the bioavailablity and the uptake
of Pb, Cd, and Zn by pakchoi in contaminated soil in
GuangDong province in China.

2. MATERIAL AND METHODS
2.1 Materials

Surface soils (0-20 cm in-depth) contaminated with
Pb, Cd and Zn were collected from an urban vegetable production area in Guiyu town,GuangDong province in southeastern China.The heavy metals in the soil are assumed to
have come from local smelting industries. Soil samples
were air-dried and then grounded through a 2-mm sieve for
use in pot experiments. Soil pH was measured in 1:2.5

soil:water suspensions, using a combination electrode. Soil
organic carbon was determined using wet digestion with
K2Cr2O7/H2SO4 [12].The available nitrogen, potassium,
and potassium were measured using standard methods recommended by Lu [12].The total heavy metal concentrations
were measuring using a soil sample (0.3g) digested with
HNO3, HClO4, and HF. The samples were first heated until
the color became clear, then dissolved with several drops
of 1% HNO3, then filtered and diluted to a volume of 50 ml
with distilled water, and then analyzed to assess Pb, Cd,
and Zn concentrations. Table 1 presents the basic physical
chemical properties of the soils.
2.2 Pot experimental design

The pot experiment was conducted using fifteen
treatments, with four replicates per treatment level.
First, 6.0 g·pot-1 soil as NH4NO3 and 6.0 g·pot-1 soil potassium were used as fertilizers, and mixed with 3.0 kg air
dried soil. The soil samples were then placed in plastic
pots. The amendments were also air-dried and ground, so
they would pass through a 200 mesh sieve, and mixed with
the soil samples. Treatments included: hydroxyapatite
(bought from Emperor company, China), limestone, zeolite,
and humic acid (all produced by Guangzhou Chemical Reagent Company, China).
After the fertilizers and treatments were added to the soil
samples, the samples were left to equilibrate for 30 days.
Then, we planted pakchoi (Brassia Chinensis L.), using ten
pre-germinated seeds in each pot. Seven days after the seedlings emerged, we thinned them to six seedlings per pot. The
plant was then grown in a greenhouse with a natural
day/night regime and watered as required. Pakchoi were har-

TABLE 1 - Basic properties of the soil
pH

Organic matter
(g·kg-1)

6.50

25.5

N
31.2

Available
(mg·kg-1)
P
34.0

K
83.3

Pb
672.6

Total
(mg·kg-1)
Cd
6.09

Zn
612.4

TABLE 2 - Experimental design for the treatments of the pot experiment
Treatment

Material added

Control
H1
H2
H3
H4
Z1
Z2
Z3
Z4
L1
L2
L3
L4
HA1
HA2

Only soil and fertilizer
hydroxyapatite
hydroxyapatite
hydroxyapatiteand humic acid
hydroxyapatiteand humic acid
Zeolite
Zeolite
Zeolite and humic acid
Zeolite and humic acid
Limestone
Limestone
Limestone and humic acid
Limestone and humic acid
Humic acid
Humic acid

Amount
(g/kg)
15
30
15 hydroxyapatite +10 humic acid
30 hydroxyapatite +20 humic acid
15
30
15 zeolite+10 humic acid
30 zeolite+20 humic acid
15
30
15 Limestone +10humic acid
30 Limestone +20 humic acid
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vested 60 days after seedlings emerged, and removed from
each pot. Shoots and roots were washed carefully using deionized water and then placed in an oven to dry at 60 for
72 hours. Then, we cut the pakchoi into root and shoot parts
and recorded the weight of shoots and roots.
To determine the levels of Pb, Cd, and Zn in pakchoi
tissues, the plant samples were digested in a 15 ml
HNO3/HCl/HClO4 mixture[13].The supernatant was obtained from the digested sample, filtered and reconstituted
to the desired volume, and then measured for Pb,Cd, and
Zn using inductively-coupled plasma optical emission
spectrometry(ICP-OES).
2.3 Sequential extraction of soil samples

For this study, we used the sequential extraction method
developed by BCR (European Community Bureau of Reference) sequential extraction procedure [14]. Each chemical
fraction was defined as follows:
Acid soluble fractions:1g soil(dry weight)was extracted with 40ml 0.1mol·L-1 HAc, shaking 16h.
Reducible fractions: residue from the acid-soluble
fraction was extracted with 40 ml 0.5mol·L-1 NH2OH-HCl
(pH1.5) shaking 16h.
Oxidizable fractions: residue from the reducible fraction was extracted with 10ml H2O2 for 1h at 85 ,an additional 10ml H2O2 for 1h at 85 ,and then 50ml 1mol·L-1
NH4Ac was added, shaking for 16h.
Residual fraction: residue from the oxidizable fraction
was digested with HNO3-HClO4-HF.
After each extraction, separation was done using a centrifuge at 10,000 rpm for 20min. Metal concentrations in
the soil solutions were determined using ICP-OES.
2.4 Statistical analysis

The means and standard deviations (SD) in each sample were calculated using Excel 2003. Statistical analysis,
including analysis of variance, was conducted using SPSS
version 17.0 software(SPSS Inc.,USA); differences between means were determined using the Duncan
test(P<0.05).Figures were plotted using origin 7.5.

3. RESULTS
3.1 Effects of treatments on pakchoi growth

Study results found that all treatments, applied together or separately, significantly increased shoot and root
biomass (Table 3). In addition, shoot and root biomass increases were significantly consistent with increasing treatment rates. At lower treatment rates (H1, H3, Z1, Z3, L1,
L3, and HA1 treatment levels), shoot yields increased by
1.27-1.95 fold, and root yields increased by 1.30- 3.26 fold,
compared with the control. At higher treatment rates (H2,
H4, Z2, Z4, L2, L4, and HA2 treatment levels), shoot yield
increased by 1.46 to 2.45 fold, and roots increased by 1.35
to 3.78 fold.

Another observation was that the natural minerals coapplied with humic acid enhanced plant biomass when
compared to single substance treatment. For example, after
supplementing natural minerals with humic acid(H3, H4,
Z3, Z4, L3, and L4), shoot yield increased by 1.86 to 2.45
fold, and root yield increased by 2.65 to 3.78 fold, when
compared with the control. When the natural minerals were
applied without humic acid (H1, H2, Z1, Z2, L1 and L2)
shoot yields increased by 1.32 to 1.78 fold, while the root
yields increased by 1.48 to 3.17 fold. These results confirm
that co-applying natural minerals were more efficient in increasing pakchoi biomass.
In this study, the lower shoot and root biomass in the
control soil sample may be due to the low soil pH and metal
toxicity, as the soil contained high concentrations of bioavailable Pb, Cd, and Zn. Treatments can impact plants by
enhancing the pH of soil; decreasing the bioavailable fraction of Pb, Cd, and Zn; promoting the growth of pakchoi
shoots and roots, and therefore enhancing pakchoi yield.
Furthermore, humic acid, an organic fertilizer, offers nutrition for the pakchoi, promoting shoot and root development.
Among all the treatments, the co-application of 30g·kg-1
hydroxyapatite with 20g·kg-1humic acid (H4 treatment level)
showed the best effect in increasing pakchoi shoot and root
biomass. This correlated with decreased concentrations of
Pb, Cd, and Cu in plant shoots and roots. These results suggest that the treatment both decreased toxic effects and
boosted plant nutrition.
TABLE 3 - Shoot and root biomass of pakchoi (Brassia Chinensis L.)
in different treatments
Shoot
Root
(g·pot-1 DW)
(g·pot-1DW)
Control
2.73±0.16i
0.23±0.02h
H1
3.60±0.41gh
0.63±0.01d
H2
4.87±0.16de
0.73±0.04b
H3
5.32±0.24c
0.75±0.02b
H4
6.68±0.33a
0.87±0.05a
Z1
3.68±0.16gh
0.34±0.03f
Z2
4.68±0.41e
0.57±0.02e
Z3
5.08±0.24cde
0.61±0.03de
Z4
6.07±0.16b
0.74±0.05b
L1
4.19±0.08f
0.44±0.01f
L2
4.85±0.33de
0.47±0.02f
L3
5.24±0.16cd
0.68±0.06c
L4
5.96±0.33b
0.77±0.03b
HA1
3.48±0.08h
0.30±0.04f
HA2
3.99±0.49fg
0.31±0.01f
Mean values denoted by the same letter do not differ significantly according to the Duncan test.
Treatment

3.2 Effect of different treatments on the uptake of Pb, Cd, and
Zn by pakchoi

Supplementing soil with different treatments significantly reduced Pb,Cd, and Zn in the shoots and roots of
plants grown in contaminated soil (Tables 4-6). With the
lower treatment rates(H1,H3,Z1,Z3,L1,L3, and HA1 treatment levels), the reduction in Pb, Cd, and Zn concentrations in the shoots ranged from 39.2% to 63.5% for Pb,
3.3% to 71.8% for Cd, and 36.6% to 58.8% for Zn. In the
meantime, Pb, Cd, and Zn in the roots decreased between
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4.4% and 47.2% for Pb, between 13.2% and 59.9% for Cd,
and between 11.1% and 59.5% for Zn, compared to the control. At the higher treatment rates (H2, H4, Z2, Z4, L2, L4,
and HA2 treatment levels), the concentrations of Pb, Cd, and
Zn in shoots decreased by 47.4% to 69.9% for Pb, 11.3% to
84.3% for Cd, and 44.6% to 63.4% for Zn. In the roots, there
were decreases of 19.1% to 52.8% for Pb, 25.0% to 70.1%
for Cd, and 25.9% to 67.4% for Zn, again compared to the
control. These results show that Pb, Cd, and Zn concentrations in shoots and roots were lower whenever higher rates
of the same treatment substance were applied. As such, increasing the application rates of treatment substances may
restrain Pb, Cd, and Zn uptake by pakchoi.
Furthermore, co-applying natural minerals with humic
acid reduced more Pb, Cd, and Zn in pakchoi compared to
using a single treatment substance. The treatment level of
30g·kg-1 hydroxyapatite with 20g·kg-1humic acid was most
efficient at reducing the amount of Pb,Cd, and Zn taken up
by the plant.It was suggested that the Pb reduction in plant
shoots was due to pyromorphite formation in the soil, and
the association of P with Pb in the roots.The reduction of
Cd and Zn in pakchoi was linked with Cd and Zn adsorption or co-precipitation with pyromorphite[15].
TABLE 4 - Concentrations of Pb in pakchoi shoots and roots in different treatments (mg·kg-1 DW)
Treatment
Shoot
Root
Control
13.39±0.95a
27.06±2.29a
H1
7.38±0.33bc
17.42±1.27c
H2
6.23±1.02cdef
15.50±0.98cde
H3
4.88±0.69fgh
14.30±1.67def
H4
4.02±0.36h
12.77±1.32f
Z1
8.14±1.63b
25.17±2.29a
Z2
5.93±0.63defg
21.51±0.98b
Z3
6.95±0.66bcd
16.34±1.59cde
Z4
5.26±0.57efgh
14.03±1.38ef
L1
7.97±0.60b
22.38±1.63b
L2
7.04±0.98bcd
20.72±0.33b
L3
5.43±1.31efgh
16.68±1.65cd
L4
4.55±0.32gh
16.29±0.65cde
HA1
7.34±0.65bcd
25.88±1.31a
HA2
6.35±1.36cde
21.79±1.96b
Mean values denoted by the same letter do not differ significantly according to the Duncan test.
TABLE 5 - Concentrations of Cd in pakchoi shoots and roots in different treatments (mg·kg-1 DW)
Treatment
Shoot
Root
Control
4.26±0.35a
8.48±0.61a
H1
1.47±0.18g
6.18±0.19d
H2
1.21±0.06gh
5.62±0.43e
H3
1.20±0.15gh
3.40±0.15g
H4
0.67±0.12i
2.47±0.13i
Z1
4.12±0.33a
6.22±0.41d
Z2
3.78±0.24b
5.49±0.27e
Z3
3.27±0.17c
5.38±0.25e
Z4
2.34±0.21e
2.68±0.08h
L1
3.75±0.16b
5.61±0.16e
L2
3.33±0.29c
4.36±0.31f
L3
2.01±0.09f
4.74±0.24f
L4
1.02±0.03g
3.65±0.06g
HA1
3.42±0.28c
7.36±0.65b
HA2
2.73±0.02d
6.36±0.38c
Mean values denoted by the same letter do not differ significantly according to the Duncan test.

TABLE 6 - Concentrations of Zn in pakchoi shoots and roots in different treatments (mg·kg-1 DW)
Treatment
Shoot
Root
Control
64.74±4.76a
108.62±6.34a
H1
41.07±2.55b
83.82±5.72cd
H2
35.89±4.26bc
70.29±4.08e
H3
28.40±1.57d
43.95±4.90g
H4
23.69±2.42d
35.37±1.67h
Z1
37.82±5.72bc
94.69±8.16b
Z2
35.83±3.27bc
78.99±2.45d
Z3
36.20±3.39bc
58.29±4.08f
Z4
28.45±4.08d
43.71±4.29g
L1
34.37±3.15c
87.50±5.72c
L2
33.85±1.61c
77.05±1.63de
L3
26.65±3.99d
58.28±2.44f
L4
25.00±2.37d
41.92±4.85gf
HA1
35.17±3.25c
96.59±5.20b
HA2
34.91±4.26c
80.53±6.75cd
Mean values denoted by the same letter do not differ significantly according to the Duncan test.

Limestone also greatly influenced the reduction of Pb,
Cd, and Zn content in pakchoi shoots and roots.The increased soil pH value may be responsible for this result.
Given the strong alkalinity of limestone,limestone remediation enhanced soil pH,resulting in decreased mobility and
bioavailability of Pb, Cd, and Zn, restraining metal uptake
by plants [5].
Several studies have demonstrated the advantages of
zeolite in remediating soils polluted with heavy metals. Li
[16] reported that add offing natural zeolite can increase
pH,CEC, and soil organic matter content, and can promote
the formation of soil aggregate in Pb-contaminated soil.
Applying zeolite decreased the available fraction of Pb in
the garden soil, by adjusting soil pH and restraining Pb uptake by rape. Chen [17] used zeolite to remediate two rural
soils contaminated by Cd and Pb. The result showed that
zeolite can greatly reduce Pb and Cd uptake in wheat
shoots, and transform a large amount of available forms of
Pb and Cd to unavailable forms. Another research [18] focused on the effects of zeolite,compost, and calcium hydroxide on decreasing Pb, Cd, and Zn solubility in contaminated soil. Results indicated that calcium hydroxide and
zeolite were the most effective in reducing Pb and Cd solubility, respectively. Our study confirmed these results,
and demonstrated that the co-remediation effect of zeolite
and humic acids were superior to zeolite on its own in decreasing Pb, Cd, and Zn content in pakchoi grown in heavily metal contaminated soil.
3.3 Effects of different treatments on soil pH

Figure 1 shows the effects of chemical treatments on
soil pH; soil pH increased with increased treatment levels.
At lower treatment rates (H1, H3, Z1, Z3, L1, L3, and
HA1), pH increased by 0.02 to 2.16 units, compared with
the control. At the higher treatment levels (H2, H4, Z2, Z4,
L2, L4, and HA2), pH increased by 0.12 to 2.51 units. Furthermore, natural minerals co-applied with humic acid enhances soil pH more than the application of one alone. For
instance, after supplementing natural minerals with humic
acid (H3, H4, Z3, Z4, L3, and L4),soil pH increased by
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0.42 to 2.51 unit when compared of the control. When using natural minerals without humic acid (H1, H2, Z1, Z2,
L1 and L2), pH increased by 0.02 to 2.27 units. This
demonstrates that the co-application of natural minerals
was more efficient in enhancing soil pH. The H4 treatment
level had the best effect on increasing soil pH among all
treatments. Soil pH was enhanced by 2.51 units, compared
to the control. This result is consistent with the results of
Cui et al. [3], who reported that adding hydroxyapatite can
increase soil pH; the incremental increase is correlated with
the amount of hydroxyapatite added.
Soil pH may be one of the most important parameters
influencing metal bioavailability for plants [19].In acid soil
conditions, heavy metals in the soil had higher solubility
and mobility, and were therefore more bioavailable to the
plants.In our study, applying the hydroxyapatite treatment
can increase soil pH and reduce metal bioavailability. Boisson et al. [20] identified the mechanism by which the hydroxyapatite increased soil pH. That study pointed out that
the dissolution of hydroxyapatite in soil can consume the
H+. The reaction was as follows:
Ca10(PO4)6(OH)2+14H+=10Ca2++6H2PO4-+2H2O (1)
Eslami et al. [21] reported that when hydroxyapatite was
dissolved in a solution of deionized water and 0.1mol/L
KNO3,the hydroxyapatite dissolution rate depended on the
pH of the water and the solution. Compared to deionized water and single electrolyte solution, soil solutions are more
complicated. Therefore, a larger dissolution rate of hydroxyapatite can be expected in soil solutions than in water or a
single electrolyte solution. What’s more, the hydroxyapatite
can react with F- in soil to form Ca10(PO4)6F2,which has low
solubility in soil solution. As a result, more H+ can be consumed and soil pH increased [21].
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FIGURE 1 - Effects of different treatments on soil pH. Bars with same
letter are not significantly different, P<0.05.
3.4 Sequential extraction of Pb, Cd, and Zn in soils

Figure 2a shows the percentages of four fraction distributions of Pb. The total amount of Pb in contaminated

soil change little across a variety of treatments. In untreated
soils, the reducible fraction was predominant, followed by
the acid soluble fraction, followed by the oxidative fraction. However, the acid soluble fraction concentration in
soils decreased after treatment with different substances.
As we know, the acid soluble fraction is considered the
most mobile and bioavailable of the three fractions. Therefore, all treatments reduce Pb bioavailability. However, the
H4 treatment level was most effective in decreasing the
acid solution fraction and enhanced the residual fraction of
Pb. Compared to untreated soil, the Pb portion of acid solution fraction was reduced from 18.2% to 3.3%, and the
residual fraction portion was increased from 11.2% to
74.2% after applying H4. Furthermore, we observed that
H1-H4 treatments more effectively transformed the nonresidual fractions to the residual fractions than other treatment types, suggesting that hydroxyapatite, especially hydroxyapatite co-applied with humic acid was suitable for
use with Pb-contaminated soil.
Figure 2b shows that the portions of four fractions of
Cd are similar to Pb. Most of the Cd was strongly bound to
the reducible fraction, followed by the residual fraction,
which was larger than the acid soluble fraction. All the
treatments reduced the acid fraction and increased the residual fraction, indicating that treatments consistently reduced Cd mobility and bioavailablity. Similarly, the H4
treatment was most effective in transferring Cd from the
non-residual to the residual fraction. With the H4 treatment, the acid soluble fraction decreased from 28.8% in the
control to 10.8% in the H4 treatment soil, while the residual fraction increased from 30.5% in the control to 47.5%
in the H4 treatment soil.
Figure 2c shows the portion of four fractions of Zn. In
the control samples, Zn was mainly associated with the
acid soluble fraction and reducible fraction, indicating that
a substantial fraction of Zn in the contaminated soil may be
available for plants. The oxidizable fraction was conferred
the smallest portion of four fractions. The addition of soil
treatments, particularly H4, greatly decreased the acid soluble Zn. Conversely, the metal bound to the residual fraction increased in all treatments. In particular, in the H4
treatment, the residual fraction of Zn increased dramatically, up to 1.97 times than the control. H4 was best able to
convert Zn from acid soluble fraction to the residual fraction, resulting in lower Zn mobility and bioavailability.
In this study, H4 was the most effective treatment; the
greatest amount of acid fraction of Pb, Cd, and Zn transformed into the residual fraction, decreasing their bioavailability. In addition, a higher rate treatment usually resulted
in a significantly lower concentration of non-residual Pb,
Cd, and Zn than when treated with the lower level of the
same substance. Another result worth noting was that comparing single substance remediation in terms of the Pb, Cd,
and Zn fraction of sequential extraction in the contaminated soil, it was found that the co-remediation effect of
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FIGURE 2 - Relative percentages of Pb,Cd and Zn in each fraction of the soils from the CK and various amendments treated pots.
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hydroxyapatite, zeolite, limestone with humic acid were
more effective in restraining Pb, Cd, and Zn availability in
the polluted soil. This has opened new opportunities for researching co-remediation of heavy metal contaminated
soil, and may have extensive applications in environmental
remediation using natural minerals.

4. DISCUSSION
As previously noted, pH values significantly impact in
the decrease in heavy metal non- residual fraction in contaminated soils. The pH soil increase induced by hydroxyapatite promoted the heavy metal precipitation. In addition,
Gray et al. [22] found that the increase of soil pH values
increased the negative charges of variably charged colloids
in soil, such as organic matter, clays, Fe and Al oxides, and
silicon oxides, resulting in stronger sorption and precipitation of heavy metals, and hence, lower soluble metal concentrations [23].
Heavy metals in soils were partitioned between solid
and solution phases, but tended to be binding to the solid
phase. In addition, heavy metals have different fractions
among the solid phase particles. Any single step extraction
procedure may not fully reflect mobility, solubility, bioavailability, and potential toxicity. Therefore, sequential extraction procedures were introduced to analyze the heavy
metal chemical factions [24].
BCR sequential extraction procedures have been
widely used to investigate metals distribution in soils. It
can provide an operational separation of metal forms, with
varying strengths of bindings to soil, and can be considered
to be an inverse scale of the relative availability of metals.
Using sequential extraction schemes, heavy metal mobility
and bioavailability and treatment efficacy can be calculated
and analyzed. Non-residual metals, which include acid soluble (weakly bound with organic matter and carbonate
fraction), reducible (iron and manganese oxides fraction)
and oxidizable (organically bound and sulfide fraction)
fractions were more mobile and bioavailable than the residual fraction [24, 25]. Therefore, the efficiency of in situ
remediation of metal contaminated soil can be assessed by
computing the sum of the non-residual fraction against the
total measured metal concentration. The more effective of
the treatments transferred greater amounts of metal from
the non-residual to the residual fraction [26, 27].
Several reasons explain the remediation effects of hydroxyapatite in Pb-contaminated soil. Adsorption, substitution, precipitation, and surface complexation correspond
to reduced Pb mobility and bioavailability. However, the
most important processes of Pb immobilization by hydroxyapatite is the formation of pyromorphite and other compounds, which were insoluble in soil solution. This leads to
the transformation of Pb from non-residual fractions to residual fractions [13, 28]. In this study, we found that applying hydroxyapatite significantly increased the amount of
residual fraction Pb, while decreasing the non-residual

fraction of Pb in contaminated soil. This is consistent with
the reduction of Pb content in plant tissues. Hydroxyapatite
also modified the Cd and Zn fractions in the contaminated
soil; however, the key processes of Cd and Zn immobilization by hydroxyapatite were different from Pb.
Cao et al. [29] reported that when applying hydroxyapatite in Pb and Zn contaminated soil, 78% of Pb reacted
with hydroxyapatite and formed pyromorphite, meanwhile,
only 5% of Zn was formed in Zn3(PO4)2; 95% of the Zn
was adsorbed on the surface of hydroxyapatite. Chen et al.
[] also confirmed that the reduction in non-residual Zn and
Cd was mainly due to sorption on the hydroxyapatite surface, rather than by the formation of insoluble compounds.
Further, enhanced pH values caused by hydroxyapatite in
contaminated soils may lead to the formation of Cd(OH)2
and Zn(OH)2, resulting in a large amount of Cd(OH)2 and
Zn(OH)2 precipitation.
Besides hydroxyapatite, limestone and zeolite also
have the ability to decrease the amount of the non-residual
fraction. The properties of the treatment substances and the
accompanying chemical reactions were associated with a
decrease in the non-residual fractions of Pb, Cd, and Zn in
the soil. As for the limestone, OH- released by the dissolution of limestone can form CO32- with CO2. The CO32- then
reacts with Cd2+ to form CdCO3, which is very difficult to
dissolve. What’s more, limestone can hydrolyze Cd2+ to
become CdOH+,which is easily adsorbed by soil particles
and therefore decreases the concentration of Cd availability
[30]. Supplemental zeolite can also reduce the non-residual
fraction Pb, Cd, and Zn in soil. This may be attributed to
the fact that the zeolites can change soil properties such as
pH and CEC. This results in more metals observed through
surface complication processes and chemically immobilized due to surface complication as pH increased [16].
Past research indicated that the mobility and bioavailability of heavy metals in polluted soil may be impacted
using soil treatments such as hydroxyapatite, zeolite, limestone, humic substances, and others [3, 5, 6, 16]. However,
in most situations, treatments were unable to reach the level
required to immobilize heavy metals in contaminated soil.
As such, we studied the effect of combining humic acid
with hydroxyapatite, zeolite, and limestone to assess the
impact of co-remediation on Pb,Cd, and Zn contaminated
soil.
Here are many opinions about the function of humic
acid on heavy metal contaminated soil remediation. Humic
acid decreases the mobility and bioavailability of heavy
metals in soil, thereby permitting vegetation to re-establish
at the contaminated sites [31]. This view is based on humic
acid’s ability to convert heavy metals from non-residual
forms to residual forms. Another view is that humic acids
are more effective in remediating the effects of toxic metals
through plant uptake and utilization [10].
In this study, it was noted that applying humic acid can
reduce the amount of acid soluble fraction of Pb, Cd, and
Zn while enhancing the residual fraction of Pb, Cd, and Zn,
indicating that more available metal fractions in soil were
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transferred into nonavailable fractions, with less taken up
by pakchoi. Otherwise, Pb, Cd, and Zn reduction in plants
and available fraction with increasing the additive rate of
hydroxyapatite, zeolite, and limestone after co-remediation
with humic acid confirmed that humic acid can improve
remediation by adding hydroxyapatite, zeolite, and limestone to Pb, Cd, and Zn polluted soil. In other words, this
result confirmed that humic acid enhanced and promoted
Pb,Cd, and Zn immobilization in soil, assisting hydroxyapatite, zeolite, and limestone.Furthermore, applying 30g·kg-1
hydroxyapatite plus 20g·kg-1 humic acid showed the best
effect on Pb,Cd, and Zn remediation.
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PERENNIAL RYEGRASS (LOLIUM PERENNE L.)
GENETIC RESOURCES IN THE CENTRAL ANATOLIA
FLORA AND ENVIRONMENTAL PRESSURES ON BIODIVERSITY
Abdullah Ozkose*, Mehmet Ali Avci and Ahmet Tamkoc
Selcuk University, Agricultural Faculty, Department of Field Crops, Konya/Turkey

ABSTRACT
This research was made in 2006-2007 to collect and
develop perennial ryegrass genotypes which exist in the
natural flora of Turkey. During plant collection, it was observed that perennial ryegrass genotypes were damaged
due to decrease of meadows and pasture areas, and the increase of grazing pressure in these areas. Decrease of wetlands, marsh areas and drying of lakes, or decrease of their
area depending on precipitation reduction and over-consumption of water resources negatively influenced perennial ryegrass genotypes in the natural flora. Like many
other plants in natural flora, perennial ryegrass genotypes
are under great pressure and threat. Therefore, it must be
concentrated on activities for improvement of plant varieties and protection of biological diversity of natural ryegrass
resources, which has been decreasing day by day.

in the north and the USA. However, due to the difference
in ecological conditions, failures are experienced at turf
grass areas that concluded with labor and money waste [8].
Turkey runs behind in collecting ryegrass and developing
new varieties by using this ryegrass.
The aims and genotype requirements for achieving
these aims change in the improvement studies, in time.
Plant breeders need larger germplasm sources day by day.
In the future, we may not find plant genetic resources
which were collected from different places of our country
and the world, when they were needed [9, 10]. Due to the
reasons mentioned above, plant collection studies were
made in order to collect perennial ryegrass genotypes, and
to determine their characteristics. So, the researchers can
use these studies when they are needed for the improvement and protection of the genotypes.

2. MATERIALS AND METHODS

KEYWORDS: Natural flora, perennial ryegrass, plant collection,
plant gene resources

1. INTRODUCTION
Perennial ryegrass (Lolium perenne L.) is one of the
most common plant types used in green fields. Perennial
ryegrass is intensively cultured for green fields and as forage crop [1, 2]. It is the native plant of the temperate zone
in Eurasia and North Africa [3, 4]. It also exists in the natural flora of Turkey [5, 6]. Lolium perenne have high genetic variations in the natural flora, since they are self-incompatible outbreeding [2, 7]. Although natural flora of
Turkey has significant amounts of perennial ryegrass (Lolium perenne L.) genotypes and a great potential for plant
improvement, there are quite few studies on this plant. Today, there are not many varieties of perennial ryegrass which
are improved using the domestic genotype in Turkey. Since
studies about this issue are very rare in Turkey, implementations are generally prepared by using the studies conducted
in European countries, which are, at least, 20 parallel ones
* Corresponding author

Within the scope of the study, expeditions of collecting
perennial ryegrass lasted for two years (in 2006 and 2007).
In 2006, perennial ryegrass accessions were collected from
Ankara, Eskisehir, Afyon, Konya, Aksaray, Karaman, Mersin, and Antalya between the dates 25 July-13 August. In
2007, rooted green plant samples of perennial ryegrass populations were collected (pulled up together with soil) from
Afyon, Antalya, Ankara, Eskisehir, Karaman and Konya
between the dates 21 June-12 July.
The number of samples to be collected from each location was determined according to the variety of populations. Plants were collected so as to represent the target
area. In the determination of optimum numbers of plants to
be collected from populations, significant ecological factors, such as soil type, slope, water regime and degree of
environmental differences, such as their relation with the
vegetation, were effective [11, 12]. Plants were chosen according to their general appearance (erect, prostrate, etc.)
and phenotypic appearance, such as color, leaf structure
and length. Collected plants were numbered, and information about their collection area was regularly recorded.
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In addition to the collection of plants, there have been observations of the flora. Environmental factors affecting
perennial ryegrass accessions was noted.

3. RESULTs AND DISCUSSION
As a result of two years of work, we had the opportunity to present the original results of collected perennial
ryegrass accessions belonging to location data and observations.
Within the scope of the study, expeditions of collecting
perennial ryegrass lasted for two years (in 2006 and 2007).
In 2006, perennial ryegrass samples were collected from
59 locations (Ankara (6), Eskisehir (5), Afyon (2), Konya
(39), Aksaray (1), Karaman (3), Mersin (2), Antalya (1))
between the dates 25 July-13 August. Seed collection was
done in 53 locations and rooted green plants were collected
from 6 of these locations. In 2007, rooted green plant samples of perennial ryegrass populations were collected (pulled
up together with soil) from 33 locations (Afyon (5), Antalya
(6), Ankara (14), Eskisehir (4), Karaman (2), Konya (2)) between the dates 21 June-12 July. At the end of two years, 92
populations were totally collected ( Tables 1 and 2, Fig. 1).

Genetic diversity of perennial ryegrass in natural
plants is decreasing or becoming extinct. As a result of this
study, it is possible to list some of the reasons that show
immediate requirement for collection and protection of
perennial ryegrass.
Genotypes of perennial ryegrass were destroyed due to
cultivation of grasslands. The decreased grasslands are under the threat of overgrazing. Grasslands which include
genotypes of perennial ryegrass are destroyed due to rapid
and uncontrolled urbanization. Mining and collection of
soil from riverbeds within these areas in order to use them
in making pots with sand and ceramic damage genotypes
of perennial ryegrass in these areas.
As a result of using excessive plants in natural areas,
such as picnic areas and recreation spots, unconsciously,
genotypes of perennial ryegrass are being destroyed.
Due to excessive consumption of water resources,
long-term drought and over-temperature seen recently,
they cause decrease of water resources. Accordingly, dry
of wetlands and lakes which are fed by them, or reduction
of their area, influence genotypes of perennial ryegrass in
natural flora negatively.

FIGURE 1 - Map of collection sites of Lolium perenne accessions.
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TABLE 1 - Perennial ryegrass (Lolium perenne L.) accessions origin (collected in 2006).
Accession No
1
2
3
4
5
6
7
8
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
53
54
55
56
57
58
59
63
64
65
66

Province
Konya
Mersin
Konya
Konya
Konya
Konya
Konya
Konya
Konya
Konya
Eskisehir
Ankara
Eskisehir
Eskisehir
Eskisehir
Ankara
Konya
Konya
Mersin
Ankara
Ankara
Eskisehir
Konya
Konya
Konya
Konya
Konya
Konya
Konya
Ankara
Karaman
Konya
Konya
Konya
Konya
Konya
Karaman
Konya
Konya
Konya
Konya
Konya
Konya
Konya
Aksaray
Karaman
Konya
Konya
Konya
Konya
Afyon
Ankara
Afyon
Konya
Antalya
Konya
Konya
Konya
Konya

Location
Akoren
Ermenek - Mut
Hatunsaray
between Fevziye - Kulu
Cihanbeyli
Seydisehir
Akoren
Cihanbeyli
Cihanbeyli
between Cihanbeyli-Yunak
Mihaliccik
Akyurt
Cifteler
between Alpu-Mihalıccık
between Mihalıccık-Nallıhan
between Ankara-Kulu arası
between Seydisehir-Konya
Huyuk
between Karaman-Mut
Cubuk
between Cubuk-Karagol
between Alpu-Mihalıccık
between Kurucuova-Beysehir
between Desdigin-Doganhisar
between Inlice-Konya
between Sarkikaraagac-Beysehir
Desdigin
Seydisehir
Sarayonu
between Cubuk-Karagol
Karaman
between Tarascı-Seydisehir
Kurucuova
between Yesildag-Beysehir
between Argıthan-Doganhisar
between Tarascı- Seydisehir
Taskale
between Seydisehir –Tarascı
Yukselen
between Argıthan-Doganhisar
between Sarkikaraagac- Beysehir
Yukselen
Guneyyurt
between Doganhisar - Beysehir
between Aksaray-Eregli
Taskale
Bozkır
Aksehir
Yukselen
Yukselen
Sulumenli
between Akyurt-Kalecik
between Afyon-Eskisehir
Sarayonu
Akseki
Yukselen
between Cihanbeyli-Suluklu
Akoren – KONYA
Seydisehir
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Latitude (N)
37.28
36.33
37.35
39.00
38.45
37.21
37.34
38.39
38.42
38.53
39.52
40.07
39.12
39.49
39.55
39.26
37.39
37.53
36.56
40.24
40.19
39.50
37.44
38.05
37.44
37.55
38.02
37.31
38.15
40.23
37.31
37.27
37.36
37.34
38.09
37.27
37.08
37.27
38.06
38.11
37.45
38.04
36.41
38.05
37.32
37.09
37.12
38.27
38.04
38.05
38.42
40.07
38.54
39.10
36.49
38.04
38.39
37.35
37.21

Longitude (E)
32.14
32.56
32.20
33.09
33.07
31.53
32.21
32.52
32.44
32.20
31.29
33.07
31.07
31.10
31.23
32.51
31.58
31.33
33.16
32.55
32.58
31.20
31.26
31.40
32.03
31.18
31.37
31.48
32.20
32.56
31.27
31.42
31.27
31.33.
31.40
31.43
33.35
31.45
32.16
31.40
31.24
32.19
32.47
31.40
34.22
33.26
32.32
31.19
32.18
32.15
30.42
33.10
30.50
31.09
31.46
32.19
32.52
32.21
31.52

Altitude (m)
1181
538
1097
950
910
1091
1098
971
989
1016
1372
1090
914
861
1569
1091
1360
1141
1500
1488
1307
979
1126
1475
1549
1125
1495
1124
1039
1308
1127
1680
1128
1170
1176
1542
1278
1219
1736
1158
1139
1524
950
1400
1627
1108
1372
981
1647
1675
995
1165
1243
920
610
1524
963
1099
1101

© by PSP Volume 24 – No 4a. 2015

Fresenius Environmental Bulletin

TABLE 2 - Perennial ryegrass (Lolium perenne L.) accessions origin (collected in 2007).
Accession No
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133

Province
Antalya
Antalya
Antalya
Antalya
Konya
Antalya
Antalya
Afyon
Afyon
Afyon
Afyon
Afyon
Eskisehir
Eskisehir
Eskisehir
Eskisehir
Ankara
Ankara
Kirsehir
Kirikkale
Kirikkale
Ankara
Ankara
Ankara
Ankara
Cankiri
Cankiri
Cankiri
Ankara
Ankara
Konya
Karaman
Karaman

Location
Yarpuz
Yarpuz
Geris
Akbelenli
Korualan
Egrigol
Eksere
Karakuyu
Gencali
Bozhuyuk
Incehisar
Bayat
Buzlucar
Nasrettinhoca
Hamamkarahisar
Kavuncu
Aydınlı
Polatlı
between Kırsehir - Ankara
Between Kırıkkale - Ankara
between Kırıkkale-Ankara
between Eskikoy - Ankara
between Ciftlik koyu - Ankara
between Karahuyuk - Ankara
between Hasayaz - Ankara
between Cankırı - Ankara
between Cankırı - Ankara
between Cankırı - Ankara
between Yukarıcanlı - Ankara
Beypazarı
Karasınır
Agacoba
Habiller

Another element, influencing perennial ryegrass in the
natural flora in long-term periods, is climate changes. Especially drought and over-temperature in recent years push
the limits of tolerance of perennial ryegrass in some regions, and cause them to be extinct.
Green fields are done in cities, tourist facilities, gas stations and stopovers. Perennial ryegrass is an allogamous
plant type. There is a gene flow, as a result of pollution from
perennial ryegrass species, and most of them are imported
and used in green fields towards plants in the natural flora.
This situation causes perennial ryegrass in natural flora of
our country to become violated genetically, and be destroyed
before they are collected and protected. There is also genetic
violation as a result of using imported seed mixtures in the
improvement of grasslands increasing in recent years.
Plant collection project was made in order to collect,
protect perennial ryegrass genotypes and obtain an economic gain in the natural flora of Middle Anatolia by using
improvements, for the reasons mentioned above.

Latitude (N)

Longitude (E)

Altitude (m)

37.08
37.09
36.59
37.35
36.58
36.55
36.51
38.03
38.02
38.11
38.52
38.59
39.15
39.29
39.26
39.24
39.23
39.17
39.19
39.23
39.28
40.08
40.09
40.11
40.20
40.25
40.33
40.47
40.40
40.09
37.14
37.11
37.05

31.50
31.51
31.42
30.52
32.22
32.12
32.04
30.16
30.05
30.03
30.47
30.56
31.21
31.39
31.46
31.58
32.06
32.04
33.33
33.35
33.35
33.17
33.19
33.19
33.23
33.18
33.12
32.51
32.43
32.13
32.40
32.45
32.43

1257
1240
643
966
1747
2067
1486
1005
932
821
1135
1059
857
986
838
701
841
728
1020
1030
956
966
1097
1048
748
893
1386
1142
1483
1087
1089
1312
1300

With this project, it was aimed to collect perennial
ryegrass genotypes in the natural flora of Ankara, Eskisehir, Afyon, Konya, Aksaray, Karaman, Mersin and Antalya, to choose superior genotypes for being turf grass and
forage crops, and to use them in the improvement. In this
way, perennial ryegrass genotypes, which were collected,
would be recorded and protected. Information about plant
collection and specific determinations are summarized below.
Perennial ryegrass was collected from humid places in
the lakesides, riversides, grasslands, and moors within
fields in rainy regions, and regions at high altitude. Plants
were collected as seeds and green plants (pulled up together with soil) according to their conditions on the land.
Apart from the notes about fields, such as latitude, longitude, height of the region from which the plant was collected, and the status of the plant, date of collection and
properties of soil were recorded by taking soil samples to
analyze them as well.

1437

© by PSP Volume 24 – No 4a. 2015

Fresenius Environmental Bulletin

In the areas of collection, rust disease was determined
in most of the ryegrass samples, and ergot disease was determined in some regions. Both diseased and healthy plants
in the same region during collection were observed. Special attention was paid to collect healthy plants in order to
increase the chance of having plants resistant to diseases.
In this study, the number of plants were tried to be minimized by the way of choosing them according to their
properties in the natural environment. In other words, a part
of the selection was carried out in their natural environment.
Perennial ryegrass in overgrazed grasslands was generally found under bushes and thorns which are not grazed
by animals. It was observed that bushes and thorns serve as
a natural gene bank in grasslands.
The areas from where plants were collected show great
differences in short distances due to their geographical
structure. There were climate changes and different growth
periods of perennial ryegrass according to this. Similarly,
plants can be at different growth periods due to their genotypic differences (early – late). When plants are in the generative period in a specific region, they can be in the vegetative period in another region. It was difficult to collect
plants in some regions when the ears of those plants, significant for diagnosis, were lost. Places where the ears of
plants were lost and diagnosis was not done, were visited
earlier in the second year.
When there were not ears of ryegrass due to animal
grazing on grasslands, and it was impossible to diagnose
the rest of plants, collection of perennial ryegrass was difficult.
Since import species were used in the green fields of
recreation spots, salmon farms, restaurants, tea gardens
built around water resources, plants were not collected
from grasslands along the riversides fed by these water resources. This was the case when being confronted with the
plant collection in Cifteler/Eskisehir, Taskale/Karaman,
Ivriz/Konya Eregli.

Another element which drew our attraction during expedition of plant collection was the change of vegetation
depending on water resources in a region with arid climate.
Konya Cihanbeyli Suluklu, and Sarayonu Gozlu can be
given as examples.
Grasses pulled out from grasslands were used in the
greening activity carried out in the places where there are
remnants of Kubad Abad Palace in Beysehir lakeshore.
With this practice, entrance of foreign genotypes and contamination will be prevented, natural vegetation will be
protected in its place and, moreover, more long-lasting
grasslands that are compatible with region conditions will
be enabled.

4. CONCLUSION
In addition to the fact that there has not been any collection study in this region about perennial ryegrass, there
is not any information in the literature as well. The study
has shown that there is perennial ryegrass in the Central
Anatolia region. However, genotypes of perennial ryegrass
are under great pressure and threat like many other plants
in the natural flora. Therefore, it must be concentrated on
activities for improvement of plant variety and protection
of biological diversity of natural ryegrass resources which
have been decreasing day by day. These complementary
studies will be presented in further papers.
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When the places known as wetland and grassland before, were destroyed as a result of heavy damages, there
was no perennial ryegrass in some of the regions. Afyon
Sulumenli grassland, which was in good conditions just 510 years ago, was cultivated and transformed into a field,
and then, the field was abandoned; finally, it became an
area which had no natural vegetation. Sultan Marshes on
Konya-Aksaray highway had been dried up, and there was
a thick heap of organic matter left.
It was observed that there was no perennial ryegrass in
flooded and constantly wet places, or in drought places too
far away from the water. They were rather found in places
which have adequate humid conditions and properties between these two areas. Tall fescues (Festuca arundinacea),
juncus and rush species were in places which are close to
the water but there were quackgrass species etc. in places
far from the water and, generally, this order does not
change.
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ABSTRACT
In this research, the feasibility of thermal regeneration
of spent powered activated carbon (PAC) previously used
in decolorization of 4-methylaminoantipyrine for pharmaceutical industry was studied. All carbon samples were
thermally regenerated in an air flow. Adsorptive capacity
after thermal regeneration was evaluated by a simple and
accurate spectrophotometric method. In order to obtain the
best operation conditions, batch adsorption-regeneration
experiments were performed. Thermogravimetric analysis
was performed to investigate the mechanism of adsorbateadsorbent interactions depending on temperatures. The variations of adsorptive uptake of PAC during successive adsorption and regeneration cycles were also studied. According to the results, it was confirmed that the regenerated
PAC could be reused after thermal regeneration and its adsorption capacity was maintained at a relatively high level.
Thermal desorption profiles show that weight losses of exhausted carbon samples occur in two steps (physisorption
at ∼220 oC and chemisorption at ∼370 oC). These results
suggested that thermal regeneration could be performed in
a single step, which can simplify operation procedures and
reduce operating cost. Thus, this paper provides a promising methodology for the regeneration and reuse of spent
medicinal PAC.

KEYWORDS: Activated carbon, adsorption, spectrophotometric
method, thermal analysis, regeneration.

1. INTRODUCTION
Activated carbon is probably the most widely used adsorbent in industry due to its large surface area, well-developed porous structure and low specifity [1-3]. Adsorption
by activated carbon is considered as a rapid and efficient
technique applied in odor removal [4], gas separation [5, 6],
* Corresponding author

catalysis [7], metal recovery [8] and wastewater treatment
[9]. As a preferred adsorbent, the widespread utilization of
activated carbon is restricted due to its high cost. In addition, when carbon adsorbent reaches to its saturation limit,
it is usually incinerated or discarded in the landfill, giving
rise to a secondary source of pollution [10, 11]. Hence, regeneration of spent activated carbon is crucial for it can not
only minimize operational expenditure but also reduce carbon wastes.
Color removal is one of the most difficult requirements
faced by pharmaceutical industry. In the processing of
chemicals, pharmaceuticals and their intermediates, powered activated carbon (PAC) is often utilized in the purification and recovery processes [12, 13]. However, the spent
PAC which is exhausted in the decolorization process is
considered as a hazardous waste and thus needs special
handling. Furthermore, according to the notice of Chinese
Ministry of Environmental Protection for pharmaceutical
industry pollution control technology (No.18 [2012]), reuse and recycle of spent activated carbon should be given
priority. Based on these reasons, a growing number of factories have been motivated to develop new techniques to
regenerate and reuse spent activated carbon.
The ideal treatment involves the desorption of contaminants without producing any changes in porosity and surface
chemistry characteristics [14, 15]. However, this is rarely
possible because of the irreversible adsorbent–adsorbate interactions and pore destruction during regeneration [16].
Over the past few decades, a variety of regenerating methods
has been reported and applied [14]. Both chemical and
thermal regeneration are well known to be effective, but
the overall effectiveness highly depends on the nature of
pollutants and adsorbents [17, 18]. Chemical regeneration
refers to the desorption of adsorbates using specific extracting solvents or decomposition of adsorbed compounds using oxidizing chemicals [17]. The regeneration efficiency
is closely related to the solubility of adsorbates in solvents
and adsorbate-carbon surface interactions. However, chemical regeneration is difficult to be industrialized if the extraction process requires further purification, which will need
an additional expenditure. Thermal regeneration generally
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involves the following processes: (1) drying and loss of
volatile compounds at temperature below 200 oC, (2) vaporization and decomposition of unstable compounds at
200<T<500 oC, (3) pyrolysis of nonvolatile adsorbates under inert atmosphere at 500<T<700 oC and (4) gasification
of residual organics at higher temperature by oxidizing gas
[19]. Normally, high-temperature regeneration will lead to
the destruction of carbon structure and clogging of micropores [19]. Steam and CO2 are typically utilized as the
gasifying agents in classical thermal regeneration. Air,
however, is seldom used in gasification although it is free.
Owing to the existence of high-reactive oxygen, which could
react with carbon surface and destroy porous structure, the
utilization of air in gasification is constricted. Savova et al.
[20] found that oxidation treatment of a carbonized material
with air could lead to the predominantly macroporous structure. It is plausible that oxygen would react at the entrance
of pores and do not penetrate into narrow pores. On the contrary, when saturated carbon is gasified, air could pass
through an intraparticle porous network covered with pollutants and have enough time to deep into the inner part of
micropore structure before reacting with carbon surface.
Therefore, the elimination of adsorbates retained in activated carbon is effective. Moreover, the resulting volatile
products by direct air gasification might serve as gasifying
agents, thus could improve the micropore structure.
To the best of our knowledge, there is nearly no research on thermal regeneration of spent activated carbon
by direct gasification. The objective of this paper was to
verify the feasibility of one-step thermal regeneration by
using air as the gasifying agent, which was considered as
an alternative of widely used pyrolysis-gasification regeneration. The targeted purified product 4-methylaminoantipyrine (MAA) in this work is a valuable chemical in preparation of metamizole sodium, which is normally used as a
common analgesic. The regeneration method provided in
this study, which was carried out in one-step regeneration,
could simplify operation procedure and reduce operation
cost, thus has great potential in industrial application.

2. MATERIALS AND METHODS
2.1 Materials

The PAC used for color removal, which was especially
indicated for pharmaceutical industry, was obtained from
Fujian Anxi Southeast of Activated Carbon Co., Ltd. Prior
to use, it was rinsed repeatedly with distilled water to eliminate the interference of fine particles. Afterwards, the PAC
was oven-dried at 110 oC for 24 h. The characteristics of
PAC according to manufacturer are presented in Table 1.
The MAA liquor supplied by Xinhua Pharmaceutical
Co., Ltd (Shandong, China) was selected as the test solution. The MAA liquor contains a large quantity of colored
impurities and pigments. All adsorption experiments were
carried out with raw MAA synthetic liquor without dilution. The absorbances of fresh and purified MAA liquor

were analyzed through a UV-vis spectrophotometer (Shimadzu, UV 2450). Sulfuric acid (H2SO4) and sodium hydroxide (NaOH) were analytical grade and purchased from
Tianjin Chemical & Reagent Co., China. All of the solutions were prepared with deionized water.
TABLE 1 - Characteristics of obtained powered activated carbon.
Characteristics

PAC

Particle size (μm)
Specific surface area (m2/g)
Total intrusion volume (cm3/g)
Methylene blue adsorption (mL/0.1g)
Moisture content

0.2—40
1024
1.04
13
5%

2.2 Adsorption procedure

Batch adsorption experiments were carried out by agitating 6 g of original PAC with 100 mL MAA solution in
250 mL Erlenmeyer flasks. All flasks were then left in a
thermal oscillator tank at the constant temperature of 30 oC
and agitation speed of 120 rpm for 6 h to guarantee complete saturation of PAC. After that, the solution was separated from adsorbent by filtration and analyzed using a UVvis spectrophotometer. All adsorption experiments were duplicated and only the mean values were given. The resulting
carbon slurry was then rinsed with large amounts of deionized water to eliminate any excess of pollutants. Finally, the
PAC was dried in an oven at 105 oC to remove moisture, and
then impregnated PAC was obtained. In none of the cases,
and for all PAC samples assayed, did any losses of carbon
mass due to the careful operation. Note that the resulting carbon samples were labeled as EPAC. Afterwards, part of
EPAC was subjected to regeneration experiments. For each
cycle, fresh MAA liquor was renewed for re-adsorption test.
2.3 Regeneration of saturated PAC

The EPAC was initially regenerated by chemical
method. Briefly, several units of 5 g of EPAC were added
into some glass conical flasks with 50 mL of NaOH solution (1 M), H2SO4 solution (0.5 M) and deionized water,
respectively. Then the PAC/solution mixtures were bathed
and shaken in a thermal oscillator tank at different temperature for 4 h. Afterwards, the resulting PAC slurry was
washed with large amounts of deionized water until a constant pH was reached. Finally, the PAC was dried in an
oven at 105 oC for 8 h. Note that the resulting carbon samples after chemical regeneration were labeled as CPAC.
Batch experiments of thermal regeneration were performed in a laboratory-scale vertical tube furnace, with a
proper amount of EPAC being placed in a quartz reactor. The
EPAC was heat-treated in an air atmosphere (200 cm-3·min-1)
at a certain temperature with different exposition time. Afterwards, the PAC was cooled down to ambient temperature.
Part of the thermally regenerated PAC was then washed
with various solvents such as NaOH solution (1 M), H2SO4
solution (0.5 M) and deionized water, respectively. The resulting samples after thermal regeneration were labeled as
TPAC.
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After regeneration, the regenerated PAC was again
subjected to adsorption process to determine the loss of adsorptive capacity, and alternatively to know the extent of
regeneration. Together, adsorption and regeneration were
referred to as one cycle. Repetitive adsorption-regeneration
processes were performed by identical stock of PAC. The
performance of regeneration was evaluated according to
the absorbance of MAA solution. The lower the absorbance
of MAA solution, the more colored impurity was desorbed,
which meant the regeneration efficiency was better. Samples
used in adsorption-regeneration processes were denoted as
PACRi (Ri is the number of regeneration cycle).
2.4 Thermal analysis

The samples of virgin PAC, regenerated PAC and saturated PAC were characterized by thermal analysis. TGA/
DSC analysis was conducted using SDT-Q600 V8.3 Build
101 Simultaneous DSC-TGA instrument. For each measurement, about 20 mg activated carbon was heated under N2 atmosphere (100 mL/min) with the heating rate of 10 oC/min
up to 800 oC.

3. RESULTS AND DISCUSSION
The goal of this work was to find an economical
method for the regeneration of PAC used in decolorization
of MAA mother liquor. In this section, discussion of results
will mainly focus on analyzing the regeneration efficiency
with changed operating conditions and thermal characteristics of carbon samples. For the sake of comparison, carbon sample in absence of adsorbate (non-saturated) was
also included.
3.1 Chemical regeneration

Desorption is a phenomenon whereby adsorbates are
released from or through the surface [14, 15]. The pH value
is reported to have a significant impact on adsorption capacity, for it influences not only the surface charge of ad-

sorbent but also the ionization level of adsorbate in solution [18].
As shown in Fig. 1a, NaOH solution has some desorbing ability for the regeneration of exhausted PAC, but its
efficiency is still too low. The regeneration efficiency of
NaOH solution is nearly identical to that of deionized water. This phenomenon implies that during the regeneration
by NaOH solution and deionized water, part of pigments
including small organic molecules and colloidal were
transferred into liquid phase, and thus part of the adsorption
capacity was restored. Also, the slight increase of adsorption capacity may be attributable to the cleaning effect at
the entrance of pores. By contrast, it can be seen that the
regeneration efficiency with H2SO4 solution was unsatisfactory. This phenomenon could be attributed to the fact
that soluble salts of organic matters became insoluble and
deposited into micropores. On the other hand, as shown in
Fig. 1b, effects of washing treatment by deionized water at
25 oC and 95 oC were basically the same, suggesting that
their recovered adsorptive capacities were nearly the same.
However, the overall regeneration efficiencies were still
undesirable. Consequently, chemical regeneration by acidalkali method would not be applicable to regenerate the
PAC exhausted in MAA decolorization.
3.2 Thermal regeneration

Considering the limiting desorption capability of
chemical regeneration by various solvents such as H2SO4
solution, NaOH solution, deionized water and H2O2 solution (not given here), we tried to regenerate spent PAC by
thermal method. In this work, thermal regeneration was
conducted in a single step and air was used as the gasifying
agent. It is worthwhile to note that air is free and regeneration time of this process is reduced. Herein, we primarily
focus on the following two aspects: (1) investigation of
heating temperature and time on recovered adsorption capacity, (2) evaluation of the effects of post-treatment by
various solvents on adsorption capacity.

(a)

(b)

FIGURE 1 - Chemical regeneration of exhausted PAC with: (a) different solvents; (b) different temperatures.
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As shown in Fig. 2a, heating temperature seems to control the extent of carbon regeneration in an atmosphere of
air. All carbon samples were heated for 1 h. Larger adsorption uptake of PAC was achieved with a higher temperature. Although higher temperature will boost operational
expenditure and lead to the damage of porous structure, the
results indicate that 800 oC could be an appropriate regeneration temperature.
From Fig. 2b, it can be noted that post-treatment after
thermal regeneration was very helpful to recover adsorption capacity. However, there seems no difference among
deionized water, NaOH solution and H2SO4 solution.
Therefore, the enhancement in adsorption uptake might be
only attributed to the cleaning effects of solution.

It was confirmed in Fig. 2c that the time required for
washing treatment was approximately 1 h. After 1 h there
were almost no alterations in maximum adsorption capacity, thus 1 h was selected as the optimal washing time after
thermal regeneration at 800 oC. Furthermore, with one-step
thermal regeneration and subsequent washing by deionized
water, the adsorptive capacity of PAC could be maintained
at a relatively high level. In addition, with the increasing
dosage of TPAC, the absorbance of supernate decreased
significantly. This being the case, we can also use double
doses of TPAC for a better decolorization effect.
The variations of adsorptive capacity as a function of
regeneration cycles were shown in Fig. 2d. It was found
that the efficiency of regeneration procedure was relatively

(a)

(b)

(c)

(d)

(e)

(f)

FIGURE 2 - Effects of different parameters on thermal regeneration of exhausted PAC: (a) heating temperature, (b) solvents used in posttreatment, (c) washing time with H2O, (d) variation of regeneration cycles, (e) heating time at 600 oC, (f) washing time after thermal regeneration at 600 oC.
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high and the adsorption capacity of regenerated PAC was
gradually decreased during four successive adsorption–regeneration cycles. In each cycle, the adsorptive uptake of
PAC was decreased by 10%—15% in relation to its former
adsorptive uptake. As already mentioned, heating of carbon in an air atmosphere would result in the oxidation of
carbon surface, which would cause irreversible adverse effects on pore structures.
From Fig. 2e, it was noteworthy that there were nearly
no variations in maximum adsorption capacity with temperature increasing from 600 oC to 800 oC (Fig. 2a). Therefore, thermal regeneration at 600 oC should be granted a
priority consideration. Moreover, when the PAC was
heated at 600 oC for 4h, the maximum adsorption capacity
of regenerated PAC was obtained, indicating the best capability to decompose organic species adsorbed onto PAC
was achieved. Thus, it is also rational to regenerate spent
PAC at 600 oC for 4h.
As can be observed in Fig. 2f, with the prolongation of
washing time from 1 h to 4 h, the absorbance of MAA solution treated by TPAC did not differ noticeable, which indicated their restored capacities were nearly identical. Although heating temperatures varied from 600 oC to 800 oC,
the resulting differences by subsequent washing treatments
were barely detectable. Thus, 1 h was chosen as the optimal
washing time for the follow-up experiments.
From the above observation, it appears that thermal regeneration could maintain adsorption capacity at an acceptable level and extend the life span of PAC. This fact is
especially interesting for direct air gasification from a practical viewpoint. Moreover, this method could be utilized in
line with the requirements of national standards.
3.3 Thermal Analysis

As reported in previous papers, the adsorbates adsorbed by activated carbon can be divided into two distinct
categories: physically and chemically [20]. To facilitate
their comparison, another kind of PAC used in sodium salicylate (NaSA) decolorization in this factory was also selected for thermal analysis.

From the DTG profiles, it can be seen that peaks of
high intensity centered around 180 oC and 260 oC after
NaSA adsorption (Fig. 3a). These peaks can only be assigned to the evolution of contaminants absorbed into
PAC, since they were absent before adsorption. The lowtemperature peaks of pyrolysis profile in Fig. 3a indicate
that these compounds exhibit a physisorption feature (a
weaker nature), suggesting the desorption of colored impurities could proceed readily. Consequently, regeneration of
PAC could occur to a greater extent. In practice, the exhausted PAC used in NaSA decolorization could be easily
regenerated by alkali-acid-based chemical method.
It can be obviously observed that the pyrolysis profiles
of Figs. 3a and 3b appear obvious differences. In Fig. 3b,
the intensity of weight loss and endothermic equilibrium at
about 220 oC and 370 oC were obviously larger than that of
virgin PAC and regenerated PAC due to the existence of
adsorbates. Based on these results, it can be deduced that
the desorption process occurred in two distinct and successive steps. The first weight loss step was assigned to the
desorption of contaminants retained in the low energy adsorption sites of PAC (physisorption), whereas the second
step at higher temperature was attributed to the evolution
of chemisorbed fractions. Thus, in the case of MAA adsorption, DTG profiles revealed two binding states, a physisorbed state, which desorbed at Tm1∼220 ± 20 oC, and a
chemisorbed state, which desorbed at Tm2∼370 ± 50 oC.
During thermal regeneration, contaminants desorbed
in micropores would decompose at high temperatures, thus
the carbonaceous residue may retain inside of pores, leading to the blockage of porous structure. It was assumed that
a transformation from physisorbed portion to chemisorbed
portion would occur. This was confirmed by the desorption
profiles of regenerated TPAC in Fig. 3b. It appears that
washing treatment after thermal regeneration resulted in a
great reduction of residues, and thus a larger adsorption capacity was obtained.

(a)

(b)

FIGURE 3 - DTG curves of virgin PAC, exhausted PAC and regenerated PAC: (a) used in NaSA decolorization, (b) used in MAA decolorization.
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4. CONCLUSION
This work highlighted the effectiveness of one-step
thermal regeneration of PAC exhausted in decolorization of
MAA solution. The adsorptive capacity of PAC would be
maintained at relatively high levels over several consecutive
adsorption-regeneration cycles. Results presented in this paper showed that thermal regeneration of spent PAC at 800
o
C in an air atmosphere was feasible. After thermal regeneration, washing treatment was necessary to ensure the high
adsorption capacity of regenerated PAC. Thermal desorption profiles showed that weight loss of spent PAC occurred
in two steps, which were assigned to physisorption and
chemisorption. In summary, this method of one-step thermal
regeneration could simplify operation procedure and reduce
cost, which makes it applicable to be industrialized, representing an optimistic outlook for practical application.
The authors have declared no conflict of interest.
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A GIS-BASED MODELLING OF
ENVIRONMENTAL POLLUTANTS USING
AHP-MULTICRITERIA DECISION ANALYSIS IN THE
DEGIRMENDERE VALLEY OF TRABZON PROVINCE, TURKEY
Ebru H. Colak* and Tugba Memisoglu
Karadeniz Technical University, Department of Geomatics Engineering, Trabzon, Turkey

1. INTRODUCTION

ABSTRACT
Environmental pollution is one of the greatest problems in the world. Despite the convenience offered by developing technology in daily life, the extent of pollution to
the environment produced by this technology and the nature of this technology is rapidly increasing day by day.
Today, in both urban and rural areas, water, air and soil
pollution is increasing with industrialization and construction. Environmental pollution is causing massive damage
and animal ecosystems due to the effects of pollution on
water, air and soil. Industrial, agricultural and domestic
based pollutants directly affect the air, soil and groundwater
in areas of undeveloped infrastructure and protective services. A required precaution is to develop and protect the
ecosystem against environmental pollutants. Geographic Information Systems (GIS) is an effective technological tool
used for the collection, management, interrogation and analysis of data related to the natural environment. This study
is focused on presenting how to use GIS in the field of environmental pollution by providing examples and analysis.
The major causes of pollution in the valleys are to be determined with The Analytic Hierarchy Process (AHP).
Spatial exposure areas of industrial plants, households and
agricultural lands will be determined with spatial analysis,
and the results will be displayed on the relevant maps. The
guiding supports will be created for determination of important areas of spatial planning and the development of
applications for protecting these areas from pollution. The
resulting maps also represent significant contributions to
the establishment of environmental information systems
for the Watershed Protection Action Plan.
KEYWORDS:
valley, environmental pollution, GIS, AHP, Trabzon

* Corresponding author

Environmental pollution, a result of a variety of human
activities, is corrupting the ecological balance that occurs
among air, water and soil, with corresponding negative developments, such as the undesirable noise, waste and air
pollution in the environment [1, 2]. The Geographic Information System (GIS) enables us to solve many such problems by providing maps and graphics that assist in the examination of the results of applying various solutions to the
problems posed by pollution. GIS is used as an effective
tool in the identification, assessment and analysis of environmental problems. To enable the determination of environmental pollutants and the primary factors that lead to environmental pollution, the resource types must be identified.
In recent years, many studies involving the mapping of
environmental pollutants have been conducted with the aid
of GIS. In particular, many GIS-based studies have been
conducted on the environmental impacts of air pollution in
small-area studies [3-8]. Moreover, there are numerous studies on the assessment of chemical contaminants in soil or
water using GIS and geostatistic techniques [9-14]. A number of studies have been performed regarding GIS-based
noise pollution mapping for the control of noise pollution in
cities [15-18]. In general, the holistic studies evaluating a
combination of different types of environmental pollutants
have been conducted over many years [2, 19-23].
In the analysis of environmental pollutants, in addition
to determining the values of the relevant parameters, the
question of which parameter is most responsible for the
creation of pollution to the environment must be answered.
The search for answers to that question and similar questions often involves the use of the multi-criteria decision
making method. For example, the Analytic Hierarchy Process (AHP) has been widely used to investigate environmental impact assessment as a decision making tool [2429]. When evaluating a combination of many environmental risk factors, the determination of the significant level or
the weight of pollutants is important. To accomplish this
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determination, the AHP method is often used to determine
the weighted effects of sub-parameters of environmental
pollutants.
The National Environmental Strategy and Action Plan
was initially developed to implement measures and policies against environmental pollution in 1998. Turkish Ministry of Environment and Urbanization has been working
with the National Environmental Database since 1999.
However, due to a lack of inventory studies and environment-related studies conducted by different institutions,
the plan has not achieved the desired level of pollution reduction [30]. Watershed Protection Action Plans were also
produced to implement pollution prevention and watershed
protection for 25 river basins in Turkey. However, regional
studies of environmental protection purposes in the basins
of Trabzon province of Turkey are limited [31-33].
Preventive policies against environmental pollutants
must be developed. For this purpose, the mapping of environmental pollutants using GIS is the most appropriate tool
for decision makers. Along with environmental pollution
mapping, environmental pollution factors and the rate of
environmental pollution can further be determined; in addition, antipollution systems can be created. GIS is able to
deal with environment-related transactions and display the
results. Studies in the area of geoprocessing methods and
spatial analysis frequently use the GIS module. In this
study, primarily using the AHP method, the weights of the
factors that lead to environmental pollutants will be determined using GIS; subsequently, spatial analysis of the obtained weights will be performed using GIS. Identification
of the location and time of the production of residential,
industrial and agricultural pollutants along the valley will
be identified on the maps. The visual, air, water, chemical
and noise pollution effects are prioritized by weighting; the
presentation of this weighting will be provided in an information system assessment in this map. This research makes
significant contributions to the establishment of environ-

mental information systems for the Watershed Protection
Action Plan and enables access to environmental information from the valleys.

2. MATERIAL AND METHODS
2.1. Study Area

This study was performed in Trabzon, which is one of
the largest cities located in the northeast of Turkey. Trabzon Province exhibits a geographical structure with an eastwest direction, and 78% of the total area of the province
constitutes mountainous area. Among the mountains, there
are a total of 6 main rivers flowing northwards, along with
the valleys formed by these rivers. This study focuses on
the province's largest valley, located in Trabzon, and the
link road connected to the inland provinces of the Degirmendere valley. Degirmendere valley is the largest city valley
with 95,636 ha. For this reason, intensive industrial sites
are available throughout the valley. Field studies throughout the valley, which was identified as the study area, will
be conducted from the field to determine the whereabouts
of pollutants in the valley. The location of the study area is
shown in Figure 1. The study area is approximately 3 km
in width and is 30 km in length from north to south in the
Degirmendere valley.
2.2. Data collection and geodatabase creation

The main part of the geodatabase contains data on air,
water, chemical/soil, visual and noise pollution. Pollutants
that cause environmental pollution are classified and are
shown on the map with the relevant spatial information.
Studies of the methodology were determined as shown in
Figure 2. Accordingly, a database that describes the environmental pollution throughout the valley was designed.
Studies were conducted regarding the data to be used in the
database and how and where to obtain these data types.

FIGURE 1 - Location of the study area
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FIGURE 2 - Methodology of the study

The data used in this study are collected in different
three ways: the current digital map data, positional data obtained from the field, and non-spatial data obtained from
public institutions for environmental pollutants. Spatial
data that are previously existing and used in the scope of
this study are the following: boundaries of the administrative units of the region (polygon), residential areas (point),
streams (line), roads (line), satellite images (raster), buildings (point), industrial facilities (point), quarries (point),
agricultural areas (polygon), and hydroelectric power
plants (point). In this study, first, Ikonos satellite images
that are in 1-meter resolution and a color image feature related with 2009 of Degirmendere valley were supplied. The
satellite images are coordinated with the georeferencing
module in ArcGIS 10.0 software. The positional information of industrial facilities that cause environmental pol-

lution in Degirmendere valley is provided via the coordinate measurements made in the field. The data points of
industrial facilities were collected using a Topcon GMS-2
GIS mapping GPS receiver to coordinate the measurements. The road line data were provided by the Karadeniz
Technical University Geographical Information System
Laboratory (KTU GISLab). The data on the hydroelectric
power plants and quarries are taken from the relevant public institutions. Agricultural areas and buildings that cannot
be measured in the field are digitized on the rectified satellite images, for example, agricultural areas (polygon) and
buildings (point). These data, in total, are transferred to the
geodatabase. All of the data for pollutants in the study area
are shown on a map in Figure 3. All application data are
converted to the common coordinate system as 30 UTMED50 data. The database was created from all the obtained
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spatial data, and the databases are arranged in accordance
with a database analysis.

2.3.1. Determining the Environmental Pollution Factor Weights
using the Analytical Hierarchy Process (AHP) in the Valley

Considering that Degirmendere Valley is the most active valley in the province of Trabzon, it has the appearance
of a solid and liquid waste canal. Industrial operations performed throughout the valley route cause environmental
pollution. Moreover, areas that are cultivated by people
along the valley, unplanned-developed residential areas,
and many other factors give rise to pollution. Given some
sort of environmental pollution in this valley, it is understood that the forms of pollutions are air, water, visual,
noise and chemical / soil pollution. The main sources of
pollution in this valley, as shown in Figure 4, are industrial
facilities (such as heavy and light industry), buildings, agricultural areas, highways, hydroelectric power plants and
quarries. These factors are main pollutant factors determined in the Degirmendere valley. The proximity-distance
to the valley of these main factors are sub-factors.
To identify the weights of the factors and sub-factors,
first, semi-structured interviews were conducted with 40 people who are academicians with experience in dealing with
environmental pollution and experts working in institutions; the weights are obtained for determining the pollutants factors. The weighted point values obtained by the
semi-structured interview results are determined using the
AHP method.

FIGURE 3 - Representation of spatial datas on the map
2.3. Method

Development of the GIS-based environmental pollution maps involves some practical steps: determining environmental pollution factor weights using the Analytical Hierarchy Process (AHP) in the valley, obtaining environmental pollution maps using factor weights with ArcGIS,
and visually presenting the created maps.

The Analytic Hierarchy Process (AHP) method, one of
multicriteria decision making methods, was originally developed by Prof. Thomas L. Saaty in 1977 [34]. The AHP
method has been used frequently in the solution of complex
decision problems. Since the development of AHP, it has
been used in many fields for the definition and analysis of
user (on decision-maker) preferences in vast range of application areas. AHP allows decision makers to model the
relationship between the criteria and sub-criteria. AHP
uses a pairwise comparison of criteria to determine which
criteria is more important than the other criteria [27, 3438]. In AHP, each factor is compared as a binary value using the pairwise comparison method, and the relative values

FIGURE 4 - The main factors of environmental pollutants
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are assessed in accordance with the level of importance
among themselves to each other, based on the criteria in
Table 1. Finally, a paired comparison matrix is formed [34,
35, 39, 40].
TABLE 1 - Pairwise comparisons
Point
1.
3.
5.
7.
9.

lated. The normalized weight vector value is obtained according to the level of importance of the used criteria [40,
41] From the resulting normalized vector values, the consistency ratio (TO) values are computed, and these values
are used in the application to determine whether it is valid
or not [34].
TO

Meaning
Indifferent (equal)
Weak preference (moderately more important)
Preference (more important)
Strong preference (strongly more important)
Very strong preference (extremely more important)
(Intermediate values 2, 4, 6 and 8 are also possible)

After creating all weight matrices, the weighted vector
is normalized and the normalized weight vectors are calcu-

(1)

İ

If TO < 0.1, then the generated pairwise comparison
matrices are valid and can be used [34]. The data collected
from the semi-structured interview results are calculated
using a process step in the Microsoft Excel program, and
the weights were made to be suitable for spatial analysis.
Obtained each types of pollution weights using pollutant factors are as follows (Table 2a-e).

TABLE 2 - Pairwise comparison matrices and weights
(a) Visual Pollution
Visual Pollution
Heavy Industry
Light Industry
Quarry
Building
Hydroelectic Power Plant
TO:0,005908226
(b) Water Pollution
Water Pollution
Quarry
Heavy Industry
Light Industry
Hyroelectric Power Plant
Building
Agricultural Areas
TO:0,002559042
(c) Noise Pollution
Noise Pollution
Highway
Heavy Industry
Light Industry
Quarry
Hyroelectric Power Plant
TO:0,005908226
(d) Air Pollution
Air Pollution
Heavy Industry
Light Industry
Highway
Building
Quarry
Hyroelectric Power Plant
TO:0,006664572
(e) Chemical Pollution
Chemical Pollution
Heavy Industry
Light Industry
Building
Agricultural Areas
Quarry
TO:0,008116543

Heavy Industry
1,00
0,33
0,25
1,00
0,25

Quarry
1,00
5,00
4,00
2,00
2,00
2,00

Heavy Industry
0,20
1,00
0,50
0,33
0,33
0,33

Highway
1,00
0,33
0,25
1,00
0,25

Light industry
3,00
1,00
0,50
3,00
0,50

Light Industry
0,25
2,00
1,00
0,50
0,50
0,50

Heavy Indusrty
3,00
1,00
0,50
3,00
0,50

Heavy Industry
1,00
0,50
0,33
0,33
0,25
0,25

Heavy Industry
1,00
0,33
0,25
0,50
0,25

Light Industry
2,00
1,00
0,50
0,50
0,33
0,33

Quarry
4,00
2,00
1,00
4,00
1,00

Hyroelectric Power Plant
0,50
3,00
2,00
1,00
1,00
1,00

Light Indusrty
4,00
2,00
1,00
4,00
1,00

Highway
3,00
2,00
1,00
1,00
0,50
0,50

Light Industry
3,00
1,00
0,50
2,00
0,50

Building
1,00
0,33
0,25
1,00
0,25

Building
3,00
2,00
1,00
1,00
0,50
0,50

Building
4,00
2,00
1,00
3,00
1,00
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Quarry
1,00
0,33
0,25
1,00
0,25

Quarry
4,00
3,00
2,00
2,00
1,00
1,00

Weights
0,3495
0,1387
0,0811
0,3495
0,0811

Hyroelectric Power Plant
4,00
2,00
1,00
4,00
1,00

Building
0,50
3,00
2,00
1,00
1,00
1,00

Agricultural Areas
0,50
3,00
2,00
1,00
1,00
1,00

Hyroelectric Power Plant
4,00
2,00
1,00
4,00
1,00

Hyroelectric Power Plant
4,00
3,00
2,00
2,00
1,00
1,00

Agricultural Areas
2,00
0,50
0,33
1,00
0,33

Quarry
4,00
2,00
1,00
3,00
1,00

Weights
0,0609
0,3605
0,2252
0,1177
0,1177
0,1177

Weights
0,3495
0,1387
0,0811
0,3495
0,0811

Weights
0,3615
0,2272
0,1316
0,0740
0,0740
0,0740

Weights
0,4129
0,1534
0,0880
0,2571
0,0880
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2.3.2. Mapping Environmental Pollution Using Factor Weigths
with ArcGIS

To create the noise, air, chemical / soil, water, visual
maps of the Degirmendere valley, in the second stage, the
factors that lead to this type of pollution are classified. The
classified criteria factors are shown in Table 3.
ArcGIS 10.0 software was used for the production of
pollution maps. To obtain all the appropriate maps, the required factors are included in the application, and for each
factor, an impact area was determined. At the stage of determining the impact area, the multi-buffer method from
geoprocessing module in ArcGIS 10.0 software was applied to each factor layer impact area of 250 m, 500 m, and
750 m. The data obtained by the multi-buffer method were
converted to a raster layer using the raster conversion
method. The sub-factor weights corresponding to 250 m,
500 m, and 750 m obtained using the AHP method were
normalized to the results of the raster layers. Finally, based
on the factor weights obtained using the AHP method, the

surface map of the pollution of the valley was created; evaluation of an integrated meaning was achieved using mathematical algorithms to process each raster layer. In producing a surface map, each pollutant was evaluated according
to their weight effects in a holistic manner using the raster
calculator, which involves the use of spatial analysis tools
through map algebra.

3. RESULTS AND DISCUSSION
In this study, the pollutants located within Degirmendere valley in the province of Trabzon are identified, with
all of their location information transferred to a geodatabase created as a part of an environmental information system. The types of pollution caused by each pollutant were
determined and classified. The weight values were determined using the AHP method.

TABLE 3 - Factors used in the Degirmendere pollution maps

Visual Pollution
Air Pollution
Water Pollution
Chemical/Soil Pollution
Visual Pollution

Highway

Heavy Industry

Light Industry

Quarry

Building



























(a)

Agricultural
Area






(b)
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Power Plant
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(c)

(d)

(e)
FIGURE 5 - Environmental pollution risk maps in Degirmendere valley *(a) Visual, (b) Water, (c) Noise, (d) Air, and (e) Chemical pollution
risk map
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FIGURE 6 - Degirmendere Environmental Pollution Map

The visual pollution map (Figure 5a), water pollution
map (Figure 5b), noise pollution map (Figure 5c), air pollution map (Figure 5d) and chemical/soil pollution map
(Figure5e) are produced using these weight values.
In addition, based on a separate evaluation of the visual, water, noise, air and chemical pollution maps, an integrated assessment was made according to their importance
of the pollution load. This integrated assessment is one of
the advantages of spatial analysis tools of GIS. However,
to perform this evaluation, all of the data layers must be in
raster form. Therefore, the layers designed in the database
in the structure of vector data are converted to a raster form.
Pollutant factor weights obtained by AHP are applied to the
all raster form data. The impact areas of each pollutant are
determined at various spatial intervals using the geoprocessing module and are spatially expressed to reduce the
distance of the factor weights from the pollution source.
All of the pollution maps are analyzed together according to the level of pollution importance using spatial analysis. As a result of these studies, according to the impact
areas of the pollutant source through the valley and the
weighting factors, the pollution of surface map is created
(Figure 6). The obtained map in Figure 6 is assessed in integrated sense of maps produced for the types of environmental pollution in Degirmendere stream. Each type of
pollution is integrated in a single layer by using the obtained weight by AHP. After each type of pollution and
pollutant weights can be evaluated separately, Figure 6 is

collected by performing raster multiplication in a single
layer and total environmental pollution map for Degirmendere stream is produced. Looking at Figure 6, it can be seen
both polluted areas related to types of environmental pollution and what level of environmental pollution created in
the stream.

4. CONCLUSION
This application of the determination of environmental
pollution in Degirmendere Valley enables the implementation of an environmental monitoring policy. The map determined by the analysis of environmental pollution in the
valleys is convenient to use. In this study, based on the research results and applications considered, the following
main results are obtained:
Determining and analyzing the factors affecting environmental pollution in the valley are difficult to achieve,
which makes the application of such an analysis difficult.
In this process, the GIS technique is the most effective tool
in enabling applications of environmental pollution data.
For the identification of the major causes of environmental
pollution, identification of the criteria and the impact areas
of these criteria from the literature, experts, or interviewbased transactions must be performed. Another required
process for the application of environmental pollution data
is identifying the weights of the factors and sub-factors.
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The factors and sub-factors affecting Degirmendere valley
were determined in this study and were converted into data
layers to be used in the application.
Because the obtained factors do not equally affect the
valley, the impact areas of these factors were identified using the AHP method, which is the most effective tool for
multi-criteria decision making method. The factor weights
required for the application were determined. GIS-based
pollution maps of Degirmendere valley were created with
the determined weight. The noise pollution map, chemical/soil pollution map, water pollution map, air pollution
map, visual pollution map, and Degirmendere pollution
map are shown in Figure 5. The effects of pollution in the
Degirmendere valley were determined from these obtained
maps. From the pollution maps, in the Degirmendere valley, the most effective factor was found to be the water pollution factor, while the least effective factor was found to
be the visual pollution factor. In each pollution map, the
impact areas are presented from the low polluting rate towards the high polluting rate. Looking at the all pollution
maps water pollution seems to be the most polluted in this
stream. Causing environmental pollution has been determined that the second factor a chemical pollution. It was
determined that the remaining types of environmental pollutions are ranked as air, noise and visual pollution. Each
pollution map, we have shown impact areas towards less
polluting than the highly polluting rate. Pollution resulting
maps can be detected only as approximate values. In order
to determine the real values, it is required separately pollution measurements along the stream for each type of pollution. Possible pollution areas have been identified with
multi-criteria decision-making methods in this application.
Therefore, in this context, risk areas were determined approximately with questionnaire point values and the values
obtained by AHP weights pollution. Topsis method and
Simple Weighted Method that is multi-criteria decisionmaking methods can also be widely used determining environmental pollution weight. But, the reason for choosing
of the AHP is simply used in the solution of the more complex problems. Looking at the overall weight value
Degirmendere stream, the factors that cause the most pollution was determined that heavy industry. Even this pollutant factor has been shown at the forefront in each type
of environmental pollution. Respectively comparison for
each type of pollutant, heavy industry is the most polluted
to the visual pollution. And also it has been identified that
building cause the same value as heavy industry. When
considering water pollution, it was found to be the most
polluting heavy industries. When looking at the types of
pollution from noise pollution,we have identified that the
most influence factors indicating pollutants is highway and
like quarry. While heavy industry cause the most polluted
in terms of air pollution, it has been shown to be similar
role this factor in chemical pollution.

decision-making for forward planning and work. Combining the different factor values that cause environmental
pollution, pollution maps were created; these maps are
available for use in environmental applications. Furthermore, this study is a guide for any environmental work to
be performed in this valley and for measures to be taken
against environmental pollution.
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ASSESSMENT OF THE RISK OF NITROGEN
SATURATION IN A MOUNTAINOUS FIR STAND
Panagiotis Michopoulos*, Athanassios Bourletsikas,
Kostas Kaoukis, George Karetsos, Constandina Tsagari and Evangelia Daskalakou
H.A.O. DEMETER, Institute of Mediterranean Forest Ecosystems and Forest Products Technology, Terma Alkmanos, Athens 115 28, Greece

ABSTRACT
The risk of N saturation was assessed in a mountainous
fir stand in central Greece. The motivation of the research
was the high content of N in soils as well as the low ratio of
C/N in the FH soil horizon. Specifically, the stocks of N in
both organic and mineral soil layers at a total depth of 80 cm
were found 10,864 kg ha-1 and the ratio of C/N in the FH
soil horizon 19. The ecological parameters measured to assess the N saturation status were the N fluxes in throughfall
deposition, the concentrations of nitrate N in soil solution
and the N content in current and second year needles over
time. The time series statistical analysis showed that the
fluxes of inorganic N in bulk and throughfall deposition did
not have a significant trend and did not exceed the limit set
in literature. It was also found that the average concentrations of nitrate N in soil solution were low although the
values varied a great deal. Also the content of N in current
and second year needles did not change significantly over
time. It can be concluded that the fir stand is not saturated
with N. The low concentrations of inorganic N in
throughfall deposition, the dense ground vegetation and
the stability of organic compounds may have contributed
to the N retention in soil.

KEYWORDS: Nitrogen, Bulgarian fir, saturation, C/N ratio, deposition, soil solution

1. INTRODUCTION
Nitrogen (N) is considered the nutrient that mostly, among
the rest, can restrict forest growth [1]. This happens not because of the low quantities of N but because of its limited
availability in soils. Due to this fact there is a great amount
of literature concerning the N cycling in forest ecosystems
[2-3]. Cole and Rapp (1981) [4] presented tables with the
amounts of N stored in various types of forest ecosystems.
* Corresponding author

Other researchers [5] worked on finding availability indices of N in forest soils so that tree growth could be predicted.
During the last decades, high amounts of N deposition
have been monitored in the forest of North America and
Europe due to atmospheric pollution [6, 7]. In the last decade until 2010 the overall decreasing trend was only 2% for
inorganic N in bulk deposition, whereas for sulphate it was
6% [8].
Increasing rates of organic matter decomposition in
soils can cause increased uptake of N [9, 10]. The consequences of excess N in plant tissues have been reported to
be decrease to frost resistance [6] and deficiencies in other
nutrients such as P and K [11, 12]. Nevertheless, the ability
of forests to withhold N amounts in deposition is great.
Dise and Wright (1995) [13] quoted information with regard to N retention by European forests. The data showed
that about 70% of the inorganic N in deposition can be retained by forest soils. Johnson and Turner (2014) [14] argue that even if inputs of N have slowed, the N remains
within the forest ecosystem unless it is harvested or burned.
There have been several theories concerning the mechanisms of the inorganic N retention by forest soils. By
means of the isotope 15Ν and Nuclear Magnetic Resonance
(NMR) it was concluded that approximately 85% of the inorganic N in deposition is retained and converted in amides. This conversion is probably more due to mycorhizal
fungi than bacteria [15]. The shift in the microbial community is manifested by a decrease in the fungi-to-bacteria ratio and a transition from N to C limitation is associated with
N saturation [16].
The fir forests are rather sensitive to environmental
changes [17, 18]. The aim of this work was to assess the
risk of N saturation in a mountainous fir forest in the area
of Karpenisi in central Greece. The reason of this research
was the high amounts of N determined in the forest soil
together with a low C/N ratio in the FH soil horizon. The
hypothesis was that the fir forest under consideration was
saturated with N. It was decided to assess the N amounts in
the throughfall deposition, the nitrate N concentrations in
the soil solution, the fir needles and ground vegetation. The
experimental plot in which the research was carried out has
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been monitored since 1995 so the time series results were
offered to draw conclusions.

2. MATERIALS AND METHODS
2.1 Study area

The experimental plot is situated in the mountain Timfristos in central Greece, at an altitude of 1170 m. It has an
area of 0.27 ha and is enclosed in a catchment of a total
area of 147 ha. The average annual rain height is 1530 mm.
The vegetation cover consists of an even aged Bulgarian fir
(Abies borisii regis M.) stand in good health having an average age of 100 years approximately. The Bulgarian fir,
widely spread in the Balkan Peninsula, is a hybrid of the
Silver fir (Abies alba M.) and the Greek fir (Abies cephalonica M.). The ground vegetation consists mainly of ferns
(Pteridium aquilinum L.), shrubs (Rubus hirtus W. & K.),
herbs (Sanicula europaea L., Geranium lucidum L., Geranium rotundifolium L., Luzula forsteri Sm.) and plants from
the family Gramineae such as Melica uniflora R. and
Brachypodium sylvaticum H.
The soil was developed on sandy flysch, it is deep and
classified as Humic Alisols [19]. The average pH value of
the FH soil horizon was found 6.48, whereas the pH values
of the mineral soil layers ranged from 5.32-6.07 (determined in a mixture of soil and water at a ratio of 1:5 per
volume).
2.2 Monitoring set up, sampling and laboratory analysis

In the year 1997, bulk and throughfall deposition collectors were installed in the plot to monitor the chemistry
of precipitation. All monitoring installations and methods
followed the requirements of the International Co-operative
Programme on Assessment and Monitoring of Air Pollution
Effects on Forests operating under the UNECE Convention
on Long-range Transboundary Air Pollution [20]. Bulk deposition was collected with three collectors placed in a forest
opening very close to the stand. For throughfall measurements, 30 collectors were placed randomly under the tree
canopies in the plot. Bulk and throughfall deposition collectors were identical and each of them consisted of an 18
cm diameter polyethylene funnel attached through a one
meter long hose to a five litter polyethylene bottle. Litter
was blocked from entering the funnels with a plug of tulle.
The assembly was enclosed vertically in a PVC drainage
pipe, dug firmly into the soil to keep the collecting bottle
underground so as to exclude light from the water samples.
The volume of bulk and throughfall deposition for each
collector was measured in the field with a graduate cylinder
and a pooled sample was brought back to the laboratory for
analysis.
Deposition collection was done weekly and water volume was measured immediately. Afterwards, samples were
placed in plastic bottles and stored at 0 ○C in a refrigerator.
After each sample collection, all collectors and funnels were
washed thoroughly with deionized water. From the middle

of November till the beginning of April funnels and bottles
were replaced with plastic bags to collect snow. The collection period of deposition in this work started in January
1997 and ended in December of 2012.
The soil collection was carried out by means of systematic sampling. Inside the plot, along three lines distancing 25 m from each other six soil pits were excavated. Each
pit was five m away from each other. From each soil pit the
samples collected were: the L and the FH horizon by means
of a frame 15 x 15 cm and mineral soils from the depths 010 cm, 10-20 cm, 20-40 cm and 40-80 cm. There was mixture of six samples of equal volume per horizon (L and FH)
and soil depth to have three pooled samples per horizon
and depth. The bulk density of the mineral soils was measured with a cylinder of 129 cm3. The value was converted
to bulk density of fine earth after subtracting the volume of
coarse material found in the lab. The L horizon (as a whole)
was weighed in the lab and the FH horizon was weighed
after passing through a sieve of 2 mm diameter. Likewise,
the mineral soil samples passed through the same sieve.
The samples of the L horizon at their initial conditions
and those of the FH horizon and mineral layers after sieving were pulverized in a ball mill.
The ground vegetation was collected in a systematic
way by means of a frame having an area of 0.544 m2. The
collection took place in September of 2009. Shrubs were
not included in the sampling. The categories collected
were: herbs, ferns and grasses. Each category formed a
pooled sample which included both leaves and stems.
Both ground vegetation samples and needles were
dried at 80 oC for 48 hours and pulverized in a ball mill.
Samples of needles of current and second year were
collected every two years (starting from 1995 and ending
in 2011) from the upper part of the crown from five dominant trees and formed a pooled sample. The collection always took place from the same trees during the dormant
period (usually December).
Soil solution was collected weekly from July 2009 to
December 2012 with zero tension lysimeters at 20 and 65 cm
depth. The collection was done in polyethylene bottles
placed at the respective depths in soil profiles. There were
two repetitions per depth. The samples were pooled (per
depth) and month according to the volumes collected in the
bottles.
All water samples passed through a 0.45 μm filter prior
to analysis. The concentrations of NH4+-N and NO3- -N in
the bulk, throughfall deposition and soil solution were determined with ion chromatography. All analyses of water
samples were carried out according to the instructions of
EMEP (1996) [21].
The N concentrations in ground vegetation and needles
were measured with the Kjeldahl method. The concentrations of C and N in soils were determined with a CN analyzer. All concentrations were expressed per dry weight of
soil and needles (at 105 oC for 24 h).
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2.3 Statistical analysis

The coefficients of variation (%) for soil results were
calculated as the percentage of the standard deviation over
the mean value. The significance of the trends in bulk deposition and throughfall fluxes of inorganic N as well as
the N concentrations of the current and second year needles
was examined with the test of serial randomness of measurements for non parametric statistics [22]. This test is applied for interval data and is based on the comparison of
runs above and below the median of a data set.

3. RESULTS AND DISCUSSION
3.1 Threshold values for N saturation in literature

The risks of N saturation in forests have been assessed
with threshold values of N stocks and C/N ratios in soils,
changes in N concentrations in plant tissues over time as
well as with thresholds values in N loads in throughfall
deposition and nitrates concentrations in soil solutions. Table 1 shows these values. MacDonald et al. (2002) [23]
found that nitrate leaching was strongly dependent on the
amount of N in throughfall and the simple addition of C/N
ratio as independent variable, in a multiple regression
model, did not improve that relationship. However, when
the data were stratified based on C/N ratios less than or
equal to 25 and greater than 25, highly significant relationships were observed between N in througfall and nitrates
leached. In a survey including forest sites of various species
and climates Cole et al. (1992) [24] found that sites with a

narrow C/N ratio (<20) and a total soil N content greater
than 5000 kg ha-1 appeared to be susceptible to nitrification
and nitrate leaching although the same authors found that
the best predictors for nitrate leaching were the N mineralization potential and N deposition. Aber et al. (1998) [15]
argued that increased nitrate mobility required “saturation”
of plant nitrogen demand.
Consequently, accurately determining plant N status,
for example by foliar analysis, could provide the best indicator of ecosystem N status and degree of N saturation.
Dise and Wright (1995) [13] used information from over
100 European catchments and plots. They chose throughfall
as the inorganic N input. They found that sites receiving less
than about 10 kg N ha-1 yr-1 retained nearly all nitrogen
deposition, whereas at intermediate inputs between 10 and
25 kg N ha-1 yr-1 leaching occurred predominantly in central and northern Europe. The 1 mg L-1 limit for nitrate N in
soil solution is considered the threshold for elevated N
leaching and N saturation [24].
3.2 Bulk and throughfall deposition fluxes of inorganic N

The fluxes of inorganic N (ΝΗ4+-Ν + ΝΟ3- -Ν) in bulk
and throughfall deposition found in this work are shown in
Fig. 1. The fluxes were calculated taking into account
weekly concentrations of inorganic N and weekly deposition volumes. The statistical test of randomness showed
that there was not any significant trend with regard to the
bulk and throughfall deposition fluxes of inorganic N over
time.

TABLE 1 - Thresholds values to assess the risk of N saturation in forests
N stocks > 5000 kg ha-1
in soil and C/N <20 in
organic soil horizons
Cole et al. (1992) [24]

C/N <25 in
organic soil horizons

Change in N concentrations
in plant tissues over time

Macdonald et al. (2002) [23]

Aber et al. (1998) [15]

N in throughfall
fluxes >10 kg ha-1 yr-1

Dise and Wright (1995) [13] Gundersen et al. (2006) [25]

FIGURE 1 – Annual bulk and throughfall deposition fluxes of inorganic N over time
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TABLE 2 - Average, median and range values (minimum-maximum) of ΝΟ3- -Ν concentrations (mg L-1) in soil solution at different depths
over time. The statistical parameters for each year were computed from 12 pooled samples
Depth
20 cm
65 cm

Average
Median
Range
Average
Median
Range

2009
0.076
0.049
0.01-0.204
0.071
0.022
0.01-0.395

2010
0.569
0.019
0.005-5.94
0.590
0.074
0.01-4.70

Moreover, the fluxes of inorganic N in the throughfall deposition did not exceed the value of 10 kg ha-1 yr-1 although they
were close to that values some times. The bulk deposition
fluxes of inorganic N were higher than those in throughfall
in most cases with the exception of three years. It can be
concluded that either the net uptake of inorganic N by the
tree canopy was higher than leaching and/or the dry deposition of N compounds was negligible. The experimental
plot is a long way from large industrial areas and emission
of N oxides is unlikely. Some agricultural activities take
place but at a limited scale since the area is a mountainous
one.
There was no significant trend in N throughfall fluxes
over time. This finding is not in agreement with those
found by Waldner et al. (2014) [8] which confirm a significant reduction of N deposition in Europe the last decade.
However, due to the financial crisis more and more people
have started dealing with agriculture and it is possible that
this will give rise to higher concentrations of N in throughfall deposition.
3.3 Nitrate-N in soil solution

The annual statistics (average, median, range) of nitrate N were calculated from the weekly concentrations in
soil solution. They were relatively small (Table 2) but the
values varied a great deal and sometimes the top values exceeded the limit of the 1 mg L-1. Nevertheless, the median
values were lower than the average ones as they are not
influenced by high values. It must be mentioned that the
peak concentration values always appeared when the water
volume collected was small and therefore the influence on
nitrate N fluxes was not great. Apart from the limit for N
leaching (1 mg L-1), there are critical limits for nutrient imbalances in soil which are lower for coniferous species (0.2
mg L-1) [26]. In this respect, the median values of 2011 and

2011
0.653
0.337
0.012-2.79
0.320
0.097
0.008-1.26

2012
0.511
0.433
0.035-1.58
0.432
0.252
0.02-1.63

2012 exceeded these limits. However, the question on nutrient imbalances in the fir plot requires a special study.
3.4 C/N ratios in soils

The ratio of C/N was found 18.9 in the FH soil horizon
(Table 3). This value is rather low considering that 95 % of
the European forests have a C/N ratio in the FH layer that
ranges between 16 and 44 [26]. Also Cools et al. (2014)
[27] found that 95% of the mineral topsoil C/N ratios were
between 10 and 32. In this work the C/N ratio in the first
mineral layer (0-10 cm) was found 15.4 (Table 3).
It is within the range that Cools et al. (2014) [27] found
but again towards the lower limit as in the case of the FH
horizon. The low ratios in the FH horizons and the first
mineral soil layer did not affect nitrate leaching. In well
humified organic horizons the organic matter forms refractory compounds and decomposition slows down significantly. This is probably the case as the organic matter in
the FH horizon is very well mixed with some mineral soil.
Michopoulos et al. (2008) [28] found no signs of N saturation in a beech forest in Greece having a C/N ratio of 15 in
the FH soil horizon and a total N stock higher than 5000 kg
ha-1 in the soil to a depth of 80 cm. The authors attributed
that finding to the high N requirements the beech trees had
for N. Gundersen et al. (2009) [29] found that the ratio of
C/N in soils was not related with the leaching of nitrate N
in broadleaves and conifer forests in Denmark. They argued that other criteria have to be taken into account such
as forest species, ground vegetation and humus types.
3.5 N in the ground vegetation

The ground vegetation (Table 4) in the fir stand holds
a substantial amount of N in comparison with other forests
in Greece (for example, in a beech forest the total N amount
was found 1.08 kg ha-1, and in a holm oak forest 6.20 kg ha-1,

TABLE 3 -N and C concentrations as well as N stocks in the soil layers of the experimental plot. Each soil property value was derived from
three replicates
Soil layer
L (5-3 cm)
FH (3-0 cm)
0-10 cm
10-20 cm
20-40 cm
40-80 cm

C (g kg-1)
508 (0.7) a
230 (20)
51.2 (20)
33.6 (10)
27.5 (3.5)
15.3 (19)

N (g kg-1)
12.3 (9.3)
12.2 (13)
3.31 (16)
2.45 (9.4)
2.12 (4.4)
1.36 (15)

N (kg ha-1)
121
970
2053
2082
3428
2210

C/N
41.6
18.9
15.4
13.7
13.0
11.2
Total 10,864

a

Coefficient of variation
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TABLE 4 - Total amounts of N (kg ha-1) in ground vegetation
Herbs
5.43

Ferns
3.10

Grasses
0.81

FIGURE 2 - Concentrations of N in current and second year needles over time

Michopoulos P., unpublished data). Its importance on N retention was also stressed by Hackl et al. (2004) [30]. The
ground vegetation in the fir plot played an important role
in retaining N. The surface soil in the plot is covered 100%
by vegetation. Moreover, the N con centrations in the
ground vegetation were found higher than those in the fir
needles (unpublished data). The amounts of N retained by
the ground vegetation were not as large as those found in
the L and FH layers (Tables 3 & 4) but one has to take into
account that, according to literature, the annual fluxes of
the mineralized N in forests are not high. They are estimated at a magnitude of 30-50 kg ha-1 [2]. So it is possible
that the ground vegetation contributed to N retention.
3.6 N concentrations in the fir needles

The average values of N concentrations in current and
second year needles calculated from all the years of monitoring (Fig. 2) were found 12.9 mg g-1 and of 13.0 mg g-1,
respectively. These values can be compared with those
found for silver fir (Abies alba) which is a close relative of
the Bulgarian fir. The information was derived from a largescale foliar chemistry survey in Europe in 1995 [31]. The
current year needle values in this work were close to the average N concentrations values of silver fir in Spain (12.1 mg
g-1). In central Europe the average N concentrations values
of silver fir were found higher (17.6 mg g-1 in Slovakia and
15.8 mg g-1 in Austria).

Another method to assess the risk of N saturation is the
determination of N concentrations in plant tissues over time
[15]. In this work both current and second year needles were
analyzed. The arguments for using current year needles are
that their nutrient contents reflect the site status and correlate
with shoot growth [32]. However, older needles can translocate their nutrient content to current year needles before abscission. That was the reason that both needle types were analyzed. In the present work the N concentration in the current
and second year needles (Fig.2) did not show any significant
trend. In contrast with this finding, the foliar N concentration
of silver fir in central Europe over the interval 1992 to 2009
was found significantly decreasing [33]. It must be mentioned that although the test of serial randomness did not
show any significant trend in the period 1995-2011, there
was an increasing trend from 2005 and onwards (Fig. 2). Indeed, if a Pearson correlation is applied between N concentrations in the current and second year needles and time (considering it as interval data) from 2005 till 2011, the positive
coefficients of 0.99 are found. So the monitoring should continue in case the increase proves significant in the future.
The tissues of the ground vegetation were analyzed for
N for the first time in 2009. In the future they have to be
analyzed together with the fir needles. As their rooting net
is more extensive than those of the fir trees it is very likely
to be equally (if not more) sensitive in a N saturation situation.
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4. CONCLUSIONS
The fir forest was not found in a situation of N saturation despite the high stocks of N in soils and the low ratio
of C/N in the FH horizon.
The reasons could possibly be:
1. The low amounts of N in throughfall deposition due to
the remoteness of the experimental plot
2. The dense cover of the ground vegetation
3. The stability of organic compounds in the organic soil
horizons

[10] Vestgarden, L.S. (2001) Carbon and nitrogen turnover in the
early stage of Scots pine (Pinus sylvestris L.) needle litter decomposition: effects of internal and external nitrogen. Soil
Biol. Biochem. 33, 465-474
[11] Van Dijk, H.F.F. and Roelofs, J.G.M. (1988) Effects of excessive ammonium deposition on the nutritional status and condition of pine needles. Physiol. Plantar. 73, 494-501
[12] Carreira, J.A., Harrison, A.F., Sheppard, L.J. and Woods, C.
(1997) Reduced soil P availability in a Sitka spruce (Picea sitchensis (Bong.) Carr.) plantation induced by applied acid-mist-significance in forest decline. For. Ecol. Manag. 92, 153-166
[13] Dise, N.B. and Wright, R.F. (1995) Nitrogen leaching from
European forests in relation to nitrogen deposition. For. Ecol.
Manag. 71, 153-161
[14] Johnson, D.W. and Turner, J. (2014) Nitrogen budgets of forest ecosystems: a review. For. Ecol. Manag. 318, 370-379

ACKNOWLEDGEMENTS
The authors express their appreciation to the Ministry
of Agriculture and Food and the European Commission,
which financially sustain the Programme of “Effects of Atmospheric Pollutants on Forest Ecosystems” on the framework of which the current project was based. Finally, the
authors want to express their sincere thanks to C. Mitropoulou and S. Kassioti for their help with sample pretreatment and analysis.

Vitousek, P.M. and Farrington, H. (1997) Nutrient limitation
and soil development: experimental test of a biogeochemical
theory. Biogeochem. 37, 63-75

[2]

Carlyle, J.C. (1986) Nitrogen cycling in forested ecosystems.
For. Abstr. 5, 307-336

[3]

Keeney, D.R. (1980) Prediction of soil nitrogen availability in
forest ecosystems: A literature review. For. Sci. 1, 159-171

[4]

Cole, D.W. and Rapp, M. (1981) Elemental cycling in forest
ecosystems, in: Reichle D.E. (Ed.) Dynamic properties of forest ecosystems, Cambridge University Press, London, pp. 341409

[5]

Powers, F.R. (1980) Mineralizable soil nitrogen as an index of
nitrogen availability to forest trees. Soil Sci. Soc. Am. J. 44,
1314-1320

[6]

Aber, J.D., Nadelhoffer, K.J., Steudler, P. and Melillo, J.M.
(1989) Nitrogen saturation in northern forest ecosystems. Biosci. 39, 378-386

[7]

Aber, J.D., Magill, A., McNulty, S.G., Boone, R.D.,
Nadelhoffer, K.J., Downs, M. and Hallet, R. (1995) Forest biogeochemistry and primary production altered by nitrogen saturation. Water Air Soil Pollut. 85, 1665-1670

[9]

[17] Potocic, N., Cosic, T. and Pilas, I. (2005) The influence of climate and soil properties on calcium nutrition and vitality of
silver fir (Abies alba Mill). Environ. Pollut. 137, 596-602

[19] FAO-Unesco (1988) Soil map of the world. FAO-Unesco,
Rome, Italy

REFERENCES

[8]

[16] Kopáček, J., Cosby, B.J., Evans, C.D., Hruška, J., Moldan, F.,
Oulehle, F., Šantrůčková, H., Tahovská, K. and Wright R.F.
(2013) Nitrogen, organic carbon and sulphur cycling in terrestrial ecosystems: linking nitrogen saturation to carbon limitation of soil microbial processes. Biogeochem. 115, 33-51

[18] Certini, V.G., Corti, G. and Ugolini, F.C. (2000) Influence of
soil properties on the mortality of silver fir in Tuscany, Italy.
Forstw. Cbl. 119, 323-331

The authors have declared no conflict of interest.

[1]

[15] Aber, J.D., McDowell, W., Nadelhoffer, K.J., Magill, A.,
Berntson, G., Kamakea, M., McNulty, S., Currie, W., Rustad,
L. and Fernandez I. (1998) Nitrogen saturation in northern forest ecosystems: hypothesis revisited. Biosci. 48, 921-934

Waldner, P. et al. (2014) Detection of temporal trends in atmospheric deposition of inorganic nitrogen and sulphate to
forests in Europe. Atmos. Environ. 95, 363-374
Fenn, M. (1991) Increased site fertility and litter decomposition rate in high-pollution sites in the San Bernardino Mountains. For. Sci. 37, 1163-1181

1461

[20] ICP-Forests Manual (2010) http://icp-forests.net/page/icp-forests-manual
[21] EMEP (1996) Co-operative programme for monitoring and
evaluation of the long-range transmission of air pollutants in
Europe, manual for sampling and chemical analysis. Norwegian Institute for Air Research, Kjeller, Norway
[22] Zar, J. (1996) Biostatistical Analysis. Prentice Hall, New Jersey, USA
[23] Macdonald, J.A., Diese, N.B., Matzner, E., Armbruster, M.,
Gundersen, P. and Forsius, M. (2002) Nitrogen input together
with ecosystem nitrogen enrichment predicts nitrate leaching
from European forests. Global Ch. Biol. 8, 1028-1033
[24] Cole, D.W., Van Miegroet, H. and Foster, N.W. (1992) Retention or loss of N in IFS sites and evaluation of relative importance of pathways, in: Johnson, D.W. and Linberg, S.E.
(Eds) Atmospheric deposition and nutrient cycling: a synthesis
of the integrated forest study. Springer-Verlag, New York, pp.
196-199
[25] Gundersen, P., Schmidt, I.K. and Raulund-Rasmusen, K.
(2006) Leaching of nitrate from temperate forests-effects of air
pollution and forest management. Environ. Rev. 14, 1-57
[26] Iost, S., Rautio, P. and Lindroos, A.J. (2012) Spatio-temporal
trends in soil solution Bc/Al and N in relation to critical limits
in European soils. Water Air Soil Pollut. 223, 1467-1479
[27] Cools, N., Vesterdal, L., De Vos, B. and Vanguelova, E.
(2014) Tree species is the major factor explaining C:N ratios
in European forest soils. For. Ecol. Manag. 311, 3-16
[28] Michopoulos, P., Baloutsos, G. and Economou, A. (2008) Nitrogen cycling in a mature beech forest. Silva Fen. 42, 5-17

© by PSP Volume 24 – No 4a. 2015

Fresenius Environmental Bulletin

[29] Gundersen, P., Sevel, L., Christiansen, J.R., Vesterdal, L.,
Hansen, K. and Bastruk-Birk A. (2009) Do indicators of nitrogen retention and leaching differ between coniferous and
broadleaved forests in Denmark? For. Ecol. Manag. 258,
1137-1146
[30] Hackl, E., Bachmann, G. and Boltenstem, S.Z. (2004) Microbial nitrogen turnover in soils under different types of natural
forests. For. Ecol. Manag. 188, 101-112
[31] Stefan, K., Fürst, A., Hacker, R. and Bartels U. (1997) Forest
foliar condition in Europe-Results of large-scale foliar chemistry surveys. EC, UN/ECE, Austrian Federal Forest Research
Centre.
[32] Van den Driessche, R. (1974) Prediction of mineral nutrient
status of trees by foliar analysis. Botan. Rev. 3, 347-394
[33] Jonard et al. (2014) Tree mineral nutrition is deteriorating in
Europe. Global Ch. Biol. doi: 10.1111/gcb.12657.

Received: October 21, 2014
Revised: December 08, 2014; February 02, 2015
Accepted: February 05, 2015

CORRESPONDING AUTHOR
Panagiotis Michopoulos
H.A.O. DEMETER
Institute of Mediterranean Forest Ecosystems and Forest Products Technology
Terma Alkmanos
Athens 115 28
GREECE
Fax: ++30 210 77 84 602
E-mail: mipa@fria.gr
FEB/ Vol 24/ No 4a/ 2015 – pages 1456 - 1462

1462

© by PSP Volume 24 – No 4a. 2015

Fresenius Environmental Bulletin

THE EFFECTS OF VARIOUS TILLAGE SYSTEMS
ON GRAIN YIELD, QUALITY PARAMETERS AND
ENERGY INDICES IN WINTER WHEAT PRODUCTION
UNDER THE RAINFED CONDITIONS
Alper Taner1,*, Rifat Zafer Arısoy2, Yasin Kaya2, İrfan Gültekin2 and Fevzi Partigöç2
1

Department of Agricultural Machinery, Faculty of Agriculture, University of Ondokuz Mayıs, 55139 Samsun, Turkey
2
Bahri Dagdas International Agricultural Research Institute, 42020 Konya, Turkey

ABSTRACT
This study was conducted at the Bahri Dagdas International Agriculture Research Institute in the Central Anatolia region of Turkey over a 4-year period to evaluate the
effects of tillage on grain yield, yield components, quality
and energy indices of winter wheat production. The study
utilized a randomized block design with three tillage systems [moldboard plough + combined cultivator and tooth
harrow + combined spring tooth harrow and rotary harrow
+ seeding machine (CT); rotary tiller + seeding machine
(RT) and no-till (NT)] in three replications. The tillage system had a significant effect on grain yield (GY), thousand
kernel weight (TKW), plant height (PH), number of grains
m–2 (NG), number of grains per spike (NGS) and particle
size index (PSI), but no significant effect on biomass yield
(BY), harvest index (HI), number of spikes m–2 (NS), hectoliter mass (HM), protein content (PC) and dry gluten
(DG). Grain quality was affected, to a greater extent, by
agro climatic conditions than by tillage system. Energy indices were significantly affected by tillage systems, with
NT consuming the least energy for wheat produced (8.20
MJ/kg), and CT consuming the most (11.74 MJ/kg for CT).
NT was found to be the most efficient overall tillage system
in the region studied; however, conservation tillage of winter wheat can be used to increase productivity with only a
minimum energy input.

KEYWORDS:
Tillage, energy indices, yield, grain quality, winter wheat

1. INTRODUCTION
Agriculture activity is affected by numerous natural
and cultural factors including soil, management conditions,
* Corresponding author

pests, diseases, weeds, degree of mechanization, weather,
field sizes, oil prices, livestock production, and the interaction of these and many other factors [1, 2]. Energy plays an
important role in agriculture, with energy use and agricultural production showing a significant correlation [3]. The
energy utilized in agricultural production can be classified
as either direct (plowing, sowing, fertilization, irrigation,
plant protection, hoeing, harvesting and threshing) or indirect (fertilizers, seeds, pesticides, concentrates, farm machinery). Direct energy is measurable and is comprised
mainly of diesel, natural gas and electricity [4].
The use of energy in agriculture has been a subject of
increasing public debates in recent years. Not only the increased use of energy in agriculture is contributing to a depletion of non-renewable energy resources, but also the application of chemical fertilizers and pesticides to the pollution of the aquatic environment [5]. Agricultural profitability is also dependent upon energy consumption, which is
directly related to mechanization, quantity and cultivability
of land [6]. Thus, effective energy use is necessary to ensure agricultural sustainability by providing financial savings, conserving fossil resources, and reducing air pollution [4].
Wheat (Triticum aestivum L.) is perhaps the most important cereal crop grown in the world, and a major crop in
Turkey, where wheat cultivation accounts for 6.3 million hectares of agricultural production, with an annual total production of 16.8 million tons, or an average yield of 2650 kg/ha
[7]. The energy used for tillage in wheat production is a
major direct expense in terms of fuel costs to farmers.
While tillage systems used in agricultural production vary
across the world, in the Central Anatolia region of Turkey,
continuous wheat production is conducted mainly with intensive conventional tillage (CT), especially mold-board
plowing.
Conventional tillage clearly uses more energy than
other systems. Yalcin and Cakir [8] reported on conventional tillage to have the highest level of fuel consumption,
and direct seeding the lowest one. Marakoglu and Carman [9]
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reported that conservation tillage had the lowest energy input in terms of labour, tractor and other machinery inputs,
and Aykas et al. [10] reported similar results. Kosutic et al.
[11] found that a no-till system required 85.1% less energy
than a conventional tillage. Similarly, Chaplin et al. [12]
reported that no-till and reduced tillage systems decreased
drawbar energy use by 84 and 54%, respectively. Kumar et
al. [13] reported that conservation tillage improved specific energy by 17%, and energy usage efficiency by 13%
when compared to conventional tillage. Arvidsson [14] reported that energy used in tillage as a proportion of total
energy used for crop production ranged from 5% for direct
drilling on silt-loam soil to 25% for mold-board ploughing
on clay soil.
Bonari et al. [15] reported that reduced tillage resulted
in 55% less fuel consumption than conventional tillage,
with no significant difference in crop yields, whereas Salem et al. [16] reported that conservation tillage entailed
the least amount of field operation and energy requirements
with higher yields than conventional tillage. Moreover, in
a study investigating the effects of different tillage systems
on energy consumption in wheat production of Iran, Tabatabaeefar et al. [17] found that among 5 different tillage systems (moldboard plow + roller + drill; chisel + roller +
drill; cycle - tiller + roller + drill; sweep + roller + drill; and
no-till), the most intensive tillage system had the highest
level of energy consumption (11.8 MJ/kg) and the lowest
energy productivity and energy ratios, whereas no-till had
the lowest level of energy consumption (8.8 MJ/kg), and a
moderately reduced system had the highest energy productivity and energy ratios.
Zugec et al. [18] reported that conventional tillage such
as mold-board plowing required significantly more energy
and labour than other systems, making it to one of the most
expensive tillage systems. Similarly, other studies have
shown that conservation tillage can secure clear reductions
over conventional tillage in terms of input costs such as fuel,
labour, machinery repair and depreciation [19].
Studies show that continuous soil tillage is characterized by low yields and very high production costs, and has
a negative effect on soil properties, crop growth and the
environment, resulting in soil degradation and water and
wind erosion [20-22]. These findings highlight the importance of utilizing appropriate tillage systems [23] and
more timely planting [24, 25].
In addition to environmental factors, such as soil and
climatic conditions [26], crop yield is heavily dependent
upon weed control, residue management and cultural practices [21]; however, the literature includes somewhat conflicting reports on the effects of tillage systems on crop yield.
Some authors have found crop yields with conservation tillage to be equal to, or better than yields with conventional
tillage [27, 28], while others have reported lower yields with
conservation tillage when compared to conventional tillage
[29, 30]. Both Li et al. [31] and Bonfil et al. [32] found dryland winter wheat yields to be higher with conservation tillage than with conventional tillage.

Studies examining the effects of tillage systems on
wheat quality have also reported conflicting results regarding important quality parameters, such as protein content,
hectoliter mass, gluten and particle size index of wheat,
which are important quality parameters. Protein content
stands for the prime measure of wheat quality. Some authors found that protein content was not significantly affected by tillage systems [25, 33-36], while others reported
that protein content was affected by tillage systems [3739]. Findings with regard to hectoliter mass are also inconclusive, with some studies [35, 39] reporting that hectoliter
mass is unaffected by a tillage and other systems [25, 37,
38], but also reporting higher hectoliter mass values for a
conservation tillage when compared to conventional tillage. Wheat quality is also affected by factors, such as variety, soil, climate, cropping practices and grain storage conditions [39-42].
Conservation tillage systems, such as no-till and reduced tillages have recently become more prevalent for a
variety of reasons. Conservation tillage protects soil from
wind and water erosion [43-45], improves soil physical
[46, 47], chemical [48] and biological [47, 49] properties,
saves time in seedbed preparation [24, 50], conserves soil
moisture [51], and reduces production costs [21, 52].
There is limited information available on long-term
energy balances for winter wheat related to tillage. Longterm energy balance information would be useful for improving the efficiency of winter wheat production. The effects of different tillage systems on different aspects of
wheat production need to be evaluated all together to develop a more sustainable wheat production. Based on the
needs stated above, the aim of this study were to assess and
compare the energy indices, wheat yields, yield components and quality parameters for different tillage systems
used in rain-fed regions like the Central Anatolia region of
Turkey, in which the study was conducted.
2. MATERIALS AND METHODS
This study was conducted at the Bahri Dagdas International Agriculture Research Institute in Konya, Turkey’s
Central Anatolian Region under rain-fed conditions over
the 2003/2004, 2004/2005, 2005/2006 and 2006/2007
growing seasons. The experimental field had a sandy-loam
texture and a pH of 7.8. Konya has a semi-arid climate with
cold winters, rainy springs, and hot and dry summers. The
prevailing winds in the Konya Basin tend to be dry, resulting in an average relative humidity value of below 50%
[53], with long-term data indicating a mean annual precipitation level of 321 mm. Monthly rainfall recorded during
growing seasons and long-term data are shown in Fig. 1,
and average temperatures are shown in Fig. 2.
2.1 Experimental design and tillage systems

This study was conducted using Karahan, a popular
bread winter wheat variety in Turkey that is suitable for
dryland cultivation. Winter wheat was planted in a contin-
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FIGURE 1 - Monthly average rainfall data for the years of the study and a long-term period.

FIGURE 2 - Monthly mean temperature data for the years of the study and a long-term period.

uous cropping system. Seeds were planted in 15 x 8 m plots
with 14.5 cm row spacing at a rate of 550 seeds m2 (the rate
for rain-fed conditions). Fertilizer was applied at planting
(27 kg N ha–1 and 69 kg P2O5 ha–1), and 42 kg N ha–1 in
spring. Herbicides were used for weed control; however,
no fungicide or insecticide was applied. Plots (1.2 x 5 m in
size) were harvested with a combine harvester.

The study used a randomized complete block design
with three tillage treatments and three replications. Treatments varied from most to least intense tillage, as follows:
Conventional tillage (CT): Moldboard plough + combined cultivator and tooth harrow + combined spring tooth
harrow and rotary harrow + seeding machine, Reduced tillage (RT): Rotary tiller + seeding machine, and No-till (NT).
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For CT, moldboard ploughing (tillage depth close to
25 cm) was used after harvesting in early spring, followed
by two cultivator passes (tillage depth of almost 10 cm) before planting, with plots sown using a seed drill. For RT, a
rotary tiller was used before planting (tillage depth of almost 10 cm), and plots were sown using a seed drill. For
NT, a seed drill was used for sowing, without any prior tillage.
2.2 Plant yield and quality parameters

The following parameters relating to plant yield, yield
components and energy indices were assessed for each replicate: Grain yield (GY), biomass yield (BY), harvest index
(HI, biomass yield/grain yield), number of spikes m–2 (NS),
number of grains m–2 (NG), number of grains per spike
(NGS), plant height (PH), thousand kernel weight (TKW),
hectoliter mass (HM), protein content (PC), dry gluten
(DG), and particle size index (PSI). BY, NS, NG and NGS
were calculated from 50 whole plants, randomly collected
a few days before harvest [54], whereas PH was measured
from 10 randomly chosen plants per plot [55], and TKW
was obtained as the mean weight of 4 sets of 100 grains.
HM was determined using the AACC 55-10 method [56].
PC, DG and PSI were determined using near infrared reflectance (NIR), AACC 39-10 [57].

ChE = FE + TE
(3)
where FE is fertilizer energy and TE is toxin energy.
Field operation energy (FOE) was calculated for farm
machinery operations, such as tillage, planting, plant protection and including both machine operation and transportation.
Energy related to tractor or machine operations was
calculated as follows [17, 58] (Eq. 4):
MaE = (m x EE) / (T x Fe)
(4)
where, MaE is energy for a machine or tractor, m is
mass, T is work hours per year, Fe is operational work capacity, and EE is energy equivalent.
Energy output (Eo) was calculated using grain and
straw energy, as follows:
Eo = Eg + Es
(5)
Where, Eg is wheat grain energy and Es is straw energy [17, 58].
2.4 Energy Indices

Energy use efficiency (energy ratio), energy productivity, specific energy, net energy and energy profitability
were calculated based on the energy equivalents given in
Table 1, as follows [17]:

2.3 Energy input-output

Energy productivity

Energy equivalents of wheat production inputs and
outputs are given in Table 1. Energy inputs (Ei) were classified as either direct-use energy or indirect-use energy,
and were calculated using the following equations [17, 58]:
Ei = BE + ChE + FOE
(1)
where, BE is biological energy (human labour, seed),
ChE is chemical energy (fertilizer, herbicide), and FOE is
field operational energy (Table 1).
TABLE 1 - Energy equivalents of wheat production inputs and outputs.
Particulars
A. Inputs
Human labor
Machinery
Diesel fuel
Nitrogen (N)
Phosphorus (P2O5)
Herbicide
Seed (wheat)
B. Outputs
Wheat grain
Wheat straw

Unit

Energy
equivalent
(MJ/unit)

References

h
h
L
kg
kg
L
kg

1.95
62.70
56.31
78.23
13.07
120
14.7

[17]
[59]
[59, 60]
[58]
[17]
[60, 61]
[58, 60]

kg
kg

14.7
12.5

[62]
[60, 62]

Net energy

Energy input
Product output

Energy output

Energy profitability

Energy input

Net energy
Energy input

6
7
8
9

Statistical analysis of data was conducted using analysis of variance (ANOVA), and F-test protected least significant difference (LSD) values were used to compare
means, with significance levels of P < 0.05 and P < 0.01.

3. RESULTS AND DISCUSSION
3.1 Grain yield and yield components

BE for tractor and combine operators and farm labour
was calculated using Eq. 2:
BE = labor x EE

Specific energy

Product output
Energy input

(2)

Chemical energy (ChE) was calculated as follows [17,
58] (Eq. 3):

Wheat grain yield was found to be significantly affected by tillage treatment and year (P ≤ 0.05) (Table 2).
Grain yield was lower for CT than for NT and RT treatments, with a mean overall yield of 1309 kg/ha. The higher
grain yields for NT could be the result of an increase in soil
moisture achieved by covering the soil surface with straw
mulch [63]. The low average grain yield in our study, when
compared to other studies, can be attributed to the variability of climatic conditions during the growing season and to
inadequate rainfall during the reproductive period in March
and at the grain-filling stage. The lowest grain yield was
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obtained in 2004/05 (1054 kg/ha) and the highest in
2003/04 (1703 kg/ha). Tabatabaeefar et al. [17] reported
winter wheat grain yields of 1588 kg/ha for CT (moldboard plow) and 1854 kg/ha for NT. Hemmat and
Eskandari [64] stated that wheat grain yields are significantly affected by tillage, and reported winter wheat 3-year
mean grain yields of 1014 kg/ha, 1266 kg/ha, 1077 kg/ha,
1183 kg/ha and 1435 kg/ha for conventional, reduced, minimum, no-tillage with standing stubble and total residue,
respectively. Reduced, minimum and no-tillage with standing stubble and total residue practices resulted in grain yields
that were, respectively, 25, 6, 17 and 41% higher than under
conventional tillage. Hernanz et al. [24] reported 4-year
mean grain yields of 2350, 2490 and 2790 kg/ha for winter
wheat with CT, RT and NT, respectively. Kumar et al. [13]
reported significant (P ≤ 0.05) differences in grain yields
by tillage treatment, with mean yields of 4090 kg/ha for
CT, 4240 kg/ha for RT and 4490 kg/ha for NT treatment.
A 4-year study by Lawrence et al. [27] found that zero till
provided consistent advantages over conventional till in
terms of grain yield for all 4 years. Huang et al. [22] reported grain yields of 6404 kg/ha and 6972 kg/ha, respectively, for CT and NT treatment. Saharawat et al. [65] also
showed no-till to result in higher wheat grain yields when
compared to other tillage systems.
Statistical analyses of yield components confirmed
that some traits were highly dependent on tillage treatment,
others on year, and others on both treatment and year; however, the interaction between treatment and year was not
significant (Table 2).
Biomass yield (BY) was not significantly affected by
tillage treatment. NT had the highest BY value (3959 kg/ha),
and CT had the lowest (3013 kg/ha). Similarly, Hemmat and
Eskandari [64] stated that NT resulted in a higher BY than
other treatments, and Tabatabaeefar et al. [17] found win-

ter wheat BY to be 4895 kg/ha for CT (mold-board plow)
and 5698 kg/ha for NT.
Harvest index (HI) was not significantly affected by
treatment; however, it was significantly affected by the
year (P ≤ 0.05). NT had the highest HI value (0.367) and
RT the lowest (0.341). Similar results were reported by
Tabatabaeefar et al. [17].
Thousand kernel weight (TKW) was significantly affected by both tillage treatments (P ≤ 0.05) and years (P ≤
0.01). In terms of treatment, TKW was higher for NT than
for CT and RT. In terms of the year, TKW was highest in
2004/05 (32.35 g). Jug et al. [54] reported winter wheat
TKW values of 32.8 g for CT and 33.3 g for NT. Kumar et
al. [13] reported significant (P ≤ 0.05) differences for TKW
by tillage treatment, with values of 37.44, 38.42 and 38.12 g
for CT, RT and NT, respectively. Tabatabaeefar et al. [17]
reported TKW values of 38.81 g for CT (mold-board plow)
treatment and 38.2 g for NT treatment. Di Fonzo et al. [37]
and De Vita et al. [38] also reported higher TKW for notill than for conventional tillage.
Plant height (PH) was significantly affected by tillage
treatments (P ≤ 0.05). The mean overall PH was 45.91 cm,
with PH for CT and RT treatments lower than PH for NT
treatment. Hemmat and Eskandari [64] stated that winter
wheat plant height was significantly affected by tillage and
reported 3-year mean plant heights of 40.3, 42.8, 40.5, 42.6
and 40.7 cm for conventional, reduced, minimum and notillage with standing stubble and total residue, respectively.
Kumar et al. [13] reported plant heights of 93.8 cm for CT,
92.7 cm for RT, and 93.2 cm for NT treatment.
Number of spikes m–2 (NS) was not significantly affected by tillage treatment. NT had the highest NS (325) and
CT the lowest (284) ones. Jug et al. [54] reported number of
spikes m–2 to be 341 for CT and 353 for NT treatment.

TABLE 2 - Effects of tillage systems on wheat grain yield and yield components.
Tillage
Year (Y)
2003/04
2004/05
2005/06
2006/07
Tillage (T)
CT
RT
NT
Means
LSD values

GY
(kg/ha)

BY
(kg/ha)

HI
(%)

TKW
(g)

PH
(cm)

NS

NG

NGS

HM
(kg)

1703
1054
1362
1114

2665
4380
3229

0.393
0.313
0.348

32.35
28.37
26.18

42.14
50.78
44.83

268
324
339

3216
4791
4191

12.46
14.86
12.19

79.66
77.12
73.58

1151 b
1331 ab
1443 a
1309

3013
3303
3959
3425

0.344
0.341
0.367
0.351

28.55 b
28.34 b
29.99 a
28.96

43.72 b
42.44 b
51.58 a
45.91

284
322
325
310

3507 b
3929 ab
4761 a
4066

12.30 b
12.67 b
14.53 a
13.17

77.16
75.91
77.27
76.78

0.056*
ns
ns
0.85
8.10

2.99**
1.16*
ns
0.93
3.92

ns
3.86**
ns
0.86
8.18

ns
ns
ns
0.58
22.78

ns
871*
ns
0.79
20.87

ns
1.65*
ns
0.82
12.2

2.27**
ns
ns
0.91
1.74

472*
ns
Y
218*
ns
T
ns
ns
YxT
0.83
0.76
R2
19.25
26.08
CV
ns: not significant; *: P ≤ 0.05, and **: P ≤ 0.01.
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TABLE 3 - Correlation coefficients among grain yield and yield components.
GY

BY

HI

TKW

PH

NS

NG

NGS

BY

0.21**

HI

0.11

–0.94*

TKW

0.82

0.27

0.40**

PH

0.27**

–0.00**

–0.09*

NS

0.28**

–0.47**

–0.54*

0.09*

–0.08**

NG

0.78**

0.35**

0.44

–0.93

–0.20**

0.27**

NGS

0.31**

–0.50**

–0.53

0.09

0.05**

–0.95

0.24

HM

0.18

–0.12

–0.25

0.16**

0.13

–0.46**

0.02

–0.29

Number of grains m–2 (NG) was significantly affected
by tillage treatment (P ≤ 0.05). NT had the highest value
(4761), and CT had the lowest value (3507). Number of
grains per spike (NGS) was also significantly affected by
tillage treatment (P ≤ 0.05). The overall mean NGS was
13.17. NGS with CT and RT was lower than with NT treatment.
Hectoliter mass (HM) did not differ significantly
among treatments; however, HM was significantly affected
by the year (P ≤ 0.01). HM was lower with RT than with
NT and CT treatments. The highest HM was obtained in
the 2004/05 growing season (79.66 kg). In line with these
findings, Wozniak [66] stated that HM was significantly
affected by the year but not by tillage treatment, reporting
HM values of 75.6 kg for conventional tillage, 75.2 kg for
reduced tillage, and 75.2 kg for herbicide tillage. Jug et al. [54]
reported winter wheat HM values of 79.4 kg and 79.3 kg with
CT and NT, respectively. Studies by Troccoli and Di Fonzo
[67] and De Vita et al. [38] also found HM to be less affected by tillage treatments than by weather conditions,
mainly in terms of the effects of climatic conditions during
the grain-filling stage, on grain shape and size.
Correlation coefficients for grain yield and yield components are given in Table 3. Grain yield showed significant, positive correlations with BY, PH, NS, NG and NGS.
3.2 Quality parameters

Data for wheat quality parameters are given in Table 4.
Overall, this study found that agro climatic conditions had a
greater effect on wheat grain quality than tillage treatment.
Growing season (year) had a significant effect on particle size index (PSI), protein content (PC) and dry gluten
(DG) (P ≤ 0.01 and P ≤ 0.05), and tillage treatments had a
significant effect on PSI (P ≤ 0.05), but not on PC or DG.
The interaction of year x tillage had no significant effect on
any of the quality parameters tested. PC in 2004/05 and
2005/06 was higher than in 2006/07, with a mean PC of
14.13% for the overall study period. DG was highest in the
2005/06 growing season (13.2%). PSI was higher in 2004/05
and 2006/07 than in 2005/06. In addition, PSI was highest
with RT (36.36) and lowest with NT (32.41).

–0.47

TABLE 4 - Some quality parameters of wheat under various tillage
treatments.
PC
(%)

Tillage

DG
(%)

Year (Y)
14.54
12.0
2004/05
14.49
13.2
2005/06
13.38
12.4
2006/07
Tillage (T)
14.24
12.64
CT
14.55
12.84
RT
13.6
12.12
NT
14.13
12.54
Means
LSD values
0.93*
0.70*
Y
ns
ns
T
ns
ns
YxT
0.65
0.65
R2
6.19
5.8
CV
ns: not significant, *: P ≤ 0.05, and **: P ≤ 0.01

PSI
34.68
31.61
35.57
33.07 b
36.36 a
32.41 b
33.95
1.98**
2.47*
ns
0.73
7.1

Numerous previous studies [25, 33-36] have reported
different tillage systems to have similar grain PC outcomes.
Wozniak [66] found significant differences (P ≤ 0.05) in
wheat PC by the year, but not by tillage treatment. Other
studies [41, 42] also reported on differences in wheat cultivar PC, in response to agro climatic conditions, but not in
response to tillage treatment. These results are consistent
with those of our study.
Correlation coefficients among GY, PC, DG and PSI
are given in Table 5. Grain yield showed a significant, negative correlation with PC. DG showed a significant, negative correlation with PSI, and a significantly positive correlation with PC.
TABLE 5 - Correlation coefficients among grain yield and some quality parameters.
PC
DG
PSI

GY
–0.48**
0.18
–0.19

PC

DG

0.72**
0.14

–0.40*

3.3 Energy Indices

Tillage treatments had a significant (P ≤ 0.01) effect
on all energy parameters. However, growing season (year)

1468

© by PSP Volume 24 – No 4a. 2015

Fresenius Environmental Bulletin

TABLE 6 - Energy indices of wheat production under different tillage treatments.
Energy
Input
(GJ)

Energy
Output
(GJ)

Net
Energy
(GJ)

Year (Y)
12.57
53.59
41.02
2003/04
12.58
45.70
33.13
2004/05
12.57
47.99
35.41
2005/06
12.56
44.93
32.36
2006/07
Tillage (T)
13.52 a
42.04 c
28.53 c
CT
12.35 b
49.17 b
36.80 b
RT
11.83 c
52.94 a
41.11 a
NT
12.57
48.05
35.48
Means
LSD values
ns
ns
ns
Y
0.015**
3.42**
3.42**
T
ns
ns
ns
YxT
0.99
0.88
0.89
R2
0.14
8.22
11.14
CV
ns: not significant, *: P ≤ 0.05, and **: P ≤ 0.01

Energy Use
Efficiency

Energy
Productivity
(kg/MJ)

Specific
Energy
(MJ/kg)

Energy
Profitability

Human Energy
Profitability

4.29
3.67
3.85
3.61

0.14
0.09
0.11
0.09

7.55
12.55
10.24
12.97

3.29
2.67
2.85
2.61

6660.81
5784.95
6103.70
5711.74

3.11 c
3.97 b
4.47 a
3.85

0.08 b
0.11 a
0.12 a
0.1

13.13 a
10.35 b
9.00 b
10.82

2.11 c
2.97 b
3.47 a
2.85

2967.38 c
6262.77 b
8965.74 a
6065.3

ns
0.27**
ns
0.92
8.33

ns
0.018**
ns
0.85
20.54

ns
1.89**
ns
0.88
20.17

ns
0.27**
ns
0.92
11.25

ns
496.04**
ns
0.97
9.44

and the interaction between growing season x tillage had
no significant effect on any of the energy parameters examined (Table 6).
Energy input was lower with NT than with RT and CT
treatments, with a mean overall energy input of 12.57 GJ
for all 3 treatments. Energy output was highest with NT
(52.94 GJ) and lowest with CT (42.04 GJ). NT also had the
highest net energy value. Tabatabaeefar et al. [17] also reported NT to have the highest energy output, and CT the
lowest energy output for wheat production. Kumar et al.
[13] found significant differences (P ≤ 0.05) in net energy
by tillage treatment.
In the present study, energy use efficiency was highest
(4.47) with NT and lowest (3.11) with CT. Energy use efficiency was also higher in the first year than in other years,
due to higher grain yields in the first year. Hernanz et al.
[24] found that energy use efficiency for winter wheat to
be 2.74 for CT, 3.19 for RT and 3.62 for NT. A study by
Borin et al. [68], conducted in northeastern Italy, reported
that energy use efficiency tended to increase with reductions in soil tillage operations, with values of 4.09, 4.18 and
4.57 reported for CT, RT and NT, respectively. Tabatabaeefar et al. [17] found significant differences in energy
use efficiency among tillage treatments [CT (mold-board
plow): 3.65; NT: 4.87]. Different values have also been reported in different locations; for example, Ghorbani et al.
[69] reported an energy use efficiency value of 3.38 for
dryland wheat production, whereas Singh et al. [70] reported an average energy use efficiency value of 4.1 for
wheat production in India.
Energy productivity values represent the output obtained per unit of input into a production system. In the present study, NT had the highest energy productivity value
(0.12 kg/MJ) and CT the lowest one (0.08 kg/MJ). Previous studies have reported similar findings. Tabatabaeefar

et al. [17] reported significant differences (P ≤ 0.01) in energy productivity between tillage treatments, from a low
one of 0.085 kg/MJ for CT (mold-board plow) and a high
one of 0.114 kg/MJ for NT. Kumar et al. [13] reported significant differences (P ≤ 0.05) in energy productivity
among tillage treatments, with values of 0.176 kg/MJ for
CT and 0.222 kg/MJ for NT. Hernanz et al. [24] found energy productivity for winter wheat production with CT, RT
and NT to be 0.20, 0.23 and 0.26 kg/MJ, respectively.
Soltani et al. [71] reported energy productivity values ranging from 0.16 kg/MJ to 0.40 kg/MJ for dry-land wheat production, whereas Ghorbani et al. [69] reported a slightly
lower energy productivity value of 0.11 kg/MJ. In addition
to differences among tillage systems, Ziaei et al. [72] found
energy productivity values varied by crops, with values of
0.056 and 0.066, respectively, for wheat and barley fields.
The present study found specific energy values ranging from 9 MJ/kg (NT) to 13.13 MJ/kg (CT), and energy
profitability values ranging between 2.11 (CT) and 3.47 (NT).
Previous studies reported similar findings. Ghorbani et al.
[69] found a specific energy value of 8.96 MJ/kg for dryland wheat production. Singh et al. [70] reported that specific energy for wheat production in Western Rajasthan
was 9 MJ/kg, whereas a specific energy value of 5.24 MJ/kg
was reported for wheat production in the Antalya region
[61]. Also in line with the findings of the present study,
Tabatabaeefar et al. [17] showed significant differences (P
≤ 0.01) in energy profitability between tillage treatments,
with energy profitability values of 2.65 and 3.87 for CT
(mold-board plow) treatment and NT treatment, respectively. Specific energy has been found to vary by crop, with
a value of 17.80 MJ/kg obtained for wheat production,
compared to a value of 15.14 MJ/kg for barley production
[72].
In the present study, the NT treatment had the highest
human energy profitability value (8965.74). A previous study
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by Tabatabaeefar et al. [17] found significant differences
(P ≤ 0.01) between tillage treatments in human energy
profitability for wheat production in the northwest of Iran,
with values of 3209.5 for CT (mold-board plow) and 4010
for NT treatment.
The present study’s findings for energy input and output equivalents in wheat production are given in Table 7.
At 5.91 MJ/ha, NT had the lowest human labour energy
equivalent, and CT had the highest, at 14.17 MJ/ha - a
value 139% higher than that of CT treatment. CT also had
the highest machinery energy value, 949.71 MJ/ha, which
was 56.68% higher than that of NT. Fertilizers accounted
for the largest percentages of total energy input, with a
mean overall value of 6299.70 MJ/ha. In terms of energy
output, NT had the highest (21212.10 MJ/ha), a value
25.36% higher than that of CT treatment.

When all tillage treatments are considered together, fertilizer was found to account for the greatest share of energy
input in wheat production (50.26%), followed by seed
(26.97%), diesel fuel (15.42%), machinery (5.92%), herbicide (1.34%), and human labour (0.07%). Fertilizer, seed
and diesel fuel together accounted for 92.62% of the total
energy input. These findings are consistent with previous
studies. Canakci et al. [61] found fertilizers to have the highest share of energy input (54.1%), followed by seed energy
(25.2%) and diesel fuel (17.4%). In a study conducted in
Central Anatolia, Marakoglu and Carman [9] found the most
important inputs in wheat production to be fertilizer
(40.92%), seed (41.98%) and diesel fuel (12.24%). Ghorbani
et al. [69] reported that fertilizer, seed and diesel fuel energy
consumed about 88.86% of total energy inputs in dry-land
wheat production in Iran, and, similarly, Alhajj et al. [58]
found fertilizer, seed energy and diesel fuel to account for
the majority of energy inputs in wheat production of Italy.

TABLE 7 - The total energy equivalent of tillage systems for wheat production.

Parameters

CT

RT

NT

(MJ/ha)

(%)

(MJ/ha)

(%)

(MJ/ha)

(%)

Human Labor

14.17

0.10

7.85

0.06

5.91

0.05

Machinery

949.71

7.03

695.34

5.62

606.12

5.12

Inputs

Diesel Fuel

2701.24

19.99

1817.92

14.70

1372.57

11.60

Fertilizer

6299.70

46.62

6299.70

50.93

6299.70

53.24

Herbicide

168

1.24

168

1.36

168

1.42

Seed (wheat)

3381

25.02

3381

27.33

3381

28.57

Wheat grain

16919.70

40.24

19565.70

41.63

21212.10

40.07

Wheat straw

25125

59.76

27438

58.37

31725

59.93

Outputs

In terms of energy consumption, the present study found
significant differences in the amount of energy consumed for
1 kg of wheat grain production using different tillage systems, with CT consuming the most energy (11.74 MJ/kg)
and NT the least (8.20 MJ/kg) (Fig. 3). Tabatabaeefar et al.
[17] found winter wheat grain production with CT (moldboard plow) and NT to have energy consumption values of
11.78 and 8.81 MJ/kg, respectively. Both Zugec et al. [18]
and Kosutic et al. [11] reported conventional tillage to consume significantly higher amounts of both energy and labour, when compared to conservation tillage wheat grain
production.

FIGURE 3 - Energy consumed for 1 kg of wheat production.

The previous studies reported that the expected benefit
of reduced tillage depends on climatic conditions. The
amount of rainfall recorded during the period of this study
was lower than its long-term average. This low rainfall was
the reason for the occurrence of relatively low wheat yields

1470

© by PSP Volume 24 – No 4a. 2015

Fresenius Environmental Bulletin

obtained herein (Table 2), and brought no-till into prominence. The positive effect of no-till on wheat yield is
thought to be caused by the fact that the stubble fields protect the soil moisture well, and provide moist conditions to
the germination of wheat seeds. In addition, energy use
efficiency was determined to be higher for no-till than
other tillage methods (Table 6). All these results clearly
show that conservation tillage is a must for the sustainable
wheat productions in rain-fed regions like the Central Anatolia region of Turkey.

Marakoglu, T. and Carman, K. (2010). Energy balance of direct seeding applications used in wheat production in middle
Anatolia. African Journal of Agricultural Research 5, 988-992.

[10] Aykas, E., Yalçın, H. and Çakır, E. (2003). Conservation tillage and direct seeding at the present time. Workshop of conservation tillage and direct seeding. İzmir, TURKEY pp: 1-8,
(In Turkish).
[11] Kosutic, S., Filipovic, D., Gospodaric, Z., Husnjak, S., Kovacev, I. and Copec, K. (2005). Effects of different soil tillage
systems on yields of maize, winter wheat and soybean on albic
luvisol in north-west Slavonia. Journal of Central European
Agriculture 6, 241-248.
[12] Chaplin, J., Jenane, C. and Lueders, M. (1988). Drawbar energy use for tillage operations on loamy sand. Transactions of
the Asae 31, 1692.

4. CONCLUSIONS
This study examined the effects of different tillage systems on energy indices, grain yield, yield components and
quality of winter wheat produced in Konya, Turkey. NT
was found to result in the highest grain yield and CT in the
lowest. Tillage system had a significant effect on GY,
TKW, PH, NG, NGS and PSI; however, BY, HI, NS, HM,
PC and DG did not vary significantly by tillage system.
Grain quality was also affected to a greater extent by
agro-climatic conditions than by tillage systems.
Tillage treatment had a significant effect on energy use
(P ≤ 0.01), with NT treatment resulting in the lowest energy
index (8.20 MJ/kg) and CT the highest one (11.74 MJ/kg).
In view of the significantly higher energy gain when compared to other tillage treatments, NT can be recommended
for dry-land farming of winter wheat in the study region.
The authors have declared no conflict of interest.

[13] Kumar, V., Saharawat, Y.S., Gathala, M.K., Jat, A.S., Singh,
S.K., Chaudhary, N. and Jat, M.L. (2013). Effect of different
tillage and seeding methods on energy use efficiency and
productivity of wheat in the Indo-Gangetic Plains. Field Crops
Research 142, 1-8.
[14] Arvidsson, J. (2010). Energy use efficiency in different tillage
systems for winter wheat on a clay and silt loam in Sweden.
European Journal of Agronomy 33, 250-256.
[15] Bonari, E., Mazzoneini, M. and Peruzzi, A. (1995). Effects of
conventional and minimum tillage on winter oil seed rape. Soil
& Tillage Research 33, 91-108.
[16] Salem, A.A., Luigi, T. and Giuseppe, D.M. (2013). A comparison of the energy consumption of rainfed durum wheat under
different management scenarios in southern Italy. Energy 61,
308-318.
[17] Tabatabaeefar, A., Emamzadeh, H., Varnamkhasti, M.G.,
Rahimizadeh, R. and Karimi, M. (2009). Comparison of energy of tillage systems in wheat production. Energy 34, 41-45.
[18] Zugec, I., Stipesevic, B. and Kelava, I. (2000). Ratio al soil tillage for cereals (winter wheat-Triticum aestivum L. and spring
barley-Hordem vulgar L.) in eastern Croatia. In: Proceedings of
The 15th ISTRO Conference, Fort Worth, Texas, USA.
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ABSTRACT
Environmental pollution caused by food waste has become increasingly prominent. How to effectively treat food
waste has become one of the most important problems that
must be addressed in the future development of China’s
cities. At present, the collection, transport and treatment of
urban food and other waste in China are primarily implemented by municipal environmental protection department
as a public service, but its market-oriented operation and
enterprise-style management have not been practiced.
Moreover, its treatment technique and method are based
mainly on landfills. Therefore, the level of resource recovery, energy utilization and harmless treatment of food
waste is low, while food waste treatment is still in the primary stage of development. This paper investigates the
choice of food waste treatment technologies and its practical application. The results demonstrate that food waste
treatment should focus on its generation reduction from the
source. At the same time, an integrated waste management
from the waste generation, collection, transport to the latest
treatment must be implemented. To this end, it is necessary
to carry out a major innovation in relevant system, technology, management and policy to achieve an advanced and
innovative waste treatment.

KEYWORDS: Food waste, waste generation, waste resource recovery, waste treatment technologies, environmental protection,
environmental industries

1. INTRODUCTION
With the continuous improvement of people's living
standards, the amount of urban food waste generated is increasing. In 2012, China’s life waste generated reached 272
million tons, while the amount of waste clean-up was 171
million tons, being equivalent to 63% of amount generated.
Moreover, the processing capacity of waste was only 145
million tons in 2012, being equivalent to 53% of generation
amount and 85% of clean-up amount. It indicates that

nearly half of life wastes are in an untreated or simply
treated state [1]. However, about 50% of life wastes are
food waste and a huge amount of food waste generated has
brought a serious threat to city's overall environment and
the health of urban residents. Therefore, how to comprehensively treat urban food and other waste to fully realize
its resource recovery, energy utilization and harmless treatment has become one of the most important strategic objectives for China’s urban municipal administration in the
future [2, 3].
The treatment technologies and methods of food waste
include landfill, high-temperature sterilization or microbiologic fermentation into animal feed, aerobic composting,
anaerobic digestion into biogas and fertilizer, pyrolysis
conversion into organic matter, and incineration and power
generation. At this stage, sanitary landfill is more used by
most of China's cities, accounting for about 73% of harmless processing. Incineration and power generation technology has begun to get promotion and application in some
cities, but only accounting for a small proportion (about
25% of harmless treatment capacity at this stage). In later
20th century and early 21st century, aerobic composting
technology has been promoted and applied in many cities,
but it is merely the application of the test [1]. Others are
rarely used with the example of success. However, in practice, the application potentials of other treatment technologies and methods other than landfill in China are huge, as
they have not only great environmental benefits but also
substantial economic benefits.
At present, the collection, transport and treatment of
urban food and other waste in China are implemented by
municipal environmental protection department as a public
service. However, in the U.S., the EU, Japan, South Korea
and other countries, the treatment of municipal food and
other waste has early realized market-oriented operation
and enterprise-style management, and become a mature environmental industry [4]. Considering future development
trend, the treatment of China’s urban food and other waste
must make progress towards a market-oriented operation
and enterprise-style management track. In fact, since the
state and relevant ministries jointly issued the “notice on
organizing and implementing experimental work of recycling recovery and harmless treatment of kitchen waste” in
2010, many cities in China have undertaken experimental
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work, which has created good conditions for the system,
technology, management and policy innovation of food
waste treatment [5].
How to achieve the market-oriented operation and enterprise-style management of municipal food waste treatment is one of the most important contents of China’s future municipal management innovation, which will involve
many theoretical and practical issues. However, domestic
research is now focused on technical aspects [6-9], while
systematic and macro-strategic level research is relatively
fewer. This paper is to explore the selection and application
problem of food waste treatment technologies from two aspects of environmental and economic benefits, focusing on
strategic issues of resource recovery, energy utilization and
harmless treatment of food waste, as it is an essential demand and also a fundamental problem that China has to
address to realize sustainable development in the future for
the resource-poor countries like China.

2. MATERIALS AND METHODS
2.1 Study objectives and food waste management system

This paper examines the generation and management
issue of urban food waste. Food waste includes three parts
of food processing and expired food waste, restaurant
kitchen waste (e.g., produced in hotels, restaurants and
large canteens, etc.) and household kitchen waste. As the
waste of food processing and expired food generated is relatively concentrated, so its treatment is relatively simple, and
it can be treated directly by the relevant producer or through
cooperation with applicable environmental enterprises.
However, the treatment of restaurant kitchen waste and
household kitchen waste is more complicated. Since many
restaurant companies have a smaller size and are scattered
to different corners of the city, this makes the collection
and transport of food waste more difficult. At this stage,
universal measure is that, food waste is collected and transported by restaurant companies themselves to a designated
site, and then collected, transported and treated by municipal environmental protection department again.
At present, the classification collection and treatment
system of waste in China have not been set up, and household food waste and other waste are mixed together. Further, at this stage, China's municipal household food waste
management including the construction of community facilities, waste collection, waste transport and treatment is
implemented primarily by local government’s municipal

department. In some communities, waste treatment from
the collection and transport to the final treatment is completely taken by municipal authorities, while families do
not bear any responsibility. However, in some recent commercial residential areas, waste treatment fees are shared
between municipal authorities and households.
2.2 The generation and recovery of food waste in China

As shown in Table 1, in 2013, China's municipal solid
wastes (MSWs) reached 272 million tons. Among them,
food waste is 141 million tons, accounting for about 52%.
Obviously, food waste in life waste has a larger proportion.
In addition, because the amount of food waste (especially
household food waste) produced by each household, restaurant and food processing firm is relatively small and
scattered throughout the city, food waste treatment is more
complex and treatment costs are relatively higher, too.
From the perspective of food waste treatment, most of
food wastes are taken to landfills or incineration processing
presently, and thereby resource recovery and energy utilization levels are low. As shown in Table 1, the resource
recovery rate of food waste is only 1% to 2.1%. In fact,
because food waste contains a lot of organic matters, it can
be taken into a high-quality animal feed if treated properly.
In 2010, the state’s relevant ministries jointly issued
the “notice on organizing and implementing experimental
work of recycling recovery and harmless treatment of
kitchen waste”, and intended to select some fair cities to
carry out the experimental work of recycling recovery and
harmless treatment of kitchen waste to explore an effective
solution way of China’s kitchen waste, but practical effect
is not ideal. How to achieve the recycling recovery and
harmless treatment of food waste will be a part of the most
influential works in China's future environmental protection [10].
2.3 Technologies for source-separated organics recovery

At present, China’s techniques and methods of food
waste treatment have landfill, high-temperature sterilization or microbiologic fermentation into animal feed, aerobic composting, anaerobic digestion into biogas and fertilizers, pyrolysis conversion into organic matter, incineration and power generation.
2.3.1 Landfill

Landfill is one of the most simple ways of food waste
treatment. The advantage of this approach is less investment, lower processing costs, major handling capacity and

TABLE 1 - Generation and recovery of food waste in China
Waste generated
Waste recovered
(millions of tons)
(millions of tons)
Municipal solid waste
272
46
Food waste
141
1~3
Sources: original data from http://www.stats.gov.cn and http://www.cncxhw.com
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Recovery rate
(%)
17%
1~2.1%
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easy operation. However, it (especially simple landfill)
could not only occupy a large area of land, but also cause
groundwater pollution because of the leakage of hazardous
substances contained in food waste [11]. Nevertheless, due
to the uncomplicated operation and low costs of landfill, in
a long time, it has been the most important method of food
and other waste treatment for many China’s cities.
Of course, with the increasing number of municipal
solid waste, environmental pollution and occupied land
problems caused by landfills have become increasingly
prominent, resulting in the selection and application of
other food waste treatment methods.
2.3.2 High-temperature sterilization or microbiologic fermentation

In addition to water (about 73%), food waste still contains a lot of protein (about 12%), fat (about 6%), sugar
(about 4%), salt (about 1%) and other available nutrient
substances, and they may be made into animal feed by the
way of high-temperature sterilization or microbiologic fermentation technique [9, 12]. According to preliminary estimation, dry matter contents in China's food waste generated each year are equivalent to 5 million tons of high quality feeds, and the energy output of 10 million mega units
(mu) of farmland [4]. Visibly, the recycling recovery potentials of food waste are enormous.
High-temperature sterilization may effectively kill
germs and harmful micro-organisms in food waste, mainly
through high-temperature heating to reduce the probability
of subsequent pollution. Food waste sterilized through
high-temperature may not only avoid second pollution of
food waste, but also better retain nutrients in food waste to
make recycling recovery again. Of course, high-temperature sterilization treatments of food waste need to consume
some energy, but net energy from them is far greater than
that consumed, which is feasible in economy [13, 14].
Microbiologic fermentation mainly uses sustainable
and rapid propagation of microbes to produce high-protein
feed. It has the properties of less investment, low energy
consumption, simple and convenient utility, and no second
pollution. However, opposed to high-temperature sterilization technique, it needs longer processing time and occupies a larger space [15, 16].
Through high-temperature sterilization or microbiologic fermentation techniques to make food waste into animal feed may not only eliminate their pollution to the environment, but also turn food waste into treasure to fully
realize the material recycling process of resource recovery
and quantity reduction of food waste, which is one of the
best manners of food waste treatment.
2.3.3 Aerobic composting

Although food waste contains a lot of organic substances, it also contains harmful substances and bacteria
and thereby is unfit directly as fertilizer. Aerobic composting makes food waste to fully contact with air to make use

of the role of aerobic bacteria to absorb, oxidize and decompose food waste to get the effect of killing harmful bacteria and insects, and deodorization. Through aerobic fermentation treatment, it may not only make a harmless treatment for food waste, but also increase the efficiency of fertilizers through the action of micro-organisms [17, 18].
Aerobic fermentation composting technology has the
property of technical applicability, large-scale and low energy consumption. In particular, it can be used in combination with other wastes such as sewage sludge, livestock manure, agricultural waste and so forth, which are conducive
to realize a large-scale operation. However, aerobic fermentation composting (especially simple aerobic composting) is difficult to completely decompose organic matters
in food waste, and has the shortcomings of incompletely
harmless treatment, long composting time periods, large
land occupation and poor fertility, restricting the promotion and application of aerobic fermentation composting
technology.
2.3.4 Anaerobic digestion

Anaerobic digestion is to place food waste in a closed
environment to use anaerobic bacteria to absorb and decompose food waste. In this process, food waste is decomposed into two parts: one part is methane, and methane gas
collected can be used to generate electricity or as a cooking
gas; another part is fermented liquid and residues, and fermented liquid may be used directly for feeding pigs and
other livestocks, while biogas residues are a high-quality
organic fertilizer [19].
Anaerobic digestion of food waste into biogas and manure is a high resource recovery approach, and has the
property of small land occupied, simple processing technology and more nitrogen stored. However, it has a relatively longer period of treatment. In addition, it needs relatively higher investment and operating costs, which affects
its promotion and application, too [20].
2.3.5 Pyrolysis conversion

Pyrolysis conversion of food waste at high temperature
into fuel oil, grease, gas and other organic materials is another effective way of recycling recovery of food waste.
Through pyrolysis conversion for food waste, it may not
only recover a lot of energy, but also has smaller environmental pollution, effectively reducing secondary pollution
caused by simple burning and the quantity of waste required for landfill treatment [21].
2.3.6 Incineration and power generation

Organic hydrocarbons in food waste may be completely burned to ashes in a sufficient temperature and oxygen conditions, generating a lot of heat for heating or
power generation. To make an incineration and power generation treatment for food waste may not only generate a
lot of power, but also completely kill bacteria, making most
of organic matters into inorganics [22]. In addition, after
food waste is processed through incineration and power
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generation, its volume will be reduced about 85% to 95%,
which makes a better solution to the problem of site selection and ultimate landfill costs.

3. RESULTS AND DISCUSSION
3.1 The state of practice
3.1.1 Landfill

2.4 Comparison of different treatment technologies

Table 2 is a summary of the comparison of different
technologies. Landfill occupies maximum land area and
causes maximum secondary pollution (*****), while its resource recovery, utilization and net energy recovery rate is
almost negative, as this method not only cannot get any resources and energy, but also needs a certain amount of energy consumption in transport and landfill process. However, it has the lowest investment and operating costs (*),
so it has become the most common treatment approach of
food waste in a long run.
The resource recovery rate of high-temperature sterilization or microbiologic fermentation of food waste into animal feed is highest (*****) and it occupies less land. At
the same time, its investment and running costs are not
high, too (***). Moreover, it hardly causes secondary pollution (its variance being dependent on skill level). However, its net energy recovery rate is negative, as the
transport and treatment of food waste need to consume a
certain amount of energy [15, 16].
The resource recovery rate of aerobic fermentationcomposting is relatively higher (****), and secondary pollution,
caused by it, is relatively higher, too (***). At the same time,
it will take up more land (***). As the transport and treatment of food waste needs to consume a certain amount of
energy, so its net energy recovery rate is negative.
The investment and operating costs of anaerobic digestion, pyrolysis conversion and incineration and power generation are quite higher (four, five and five stars, respectively), but they barely cause secondary pollution [21]. On
resource recovery rate and net energy recovery rate, both of
anaerobic digestion and pyrolysis conversion are higher
(three and four stars, respectively). However, the resource
recovery rate of incineration and power generation is zero,
while its net energy recovery rate is the highest (five stars)
[22].

At this stage, landfill is the main way of food waste
treatment in China, accounting for 85% of food and other
urban life waste treatment. As the conditions in each region
are different, so specific landfill method is also different,
for example, simple landfill, semi-sanitary landfill and sanitary landfill, etc.
Simple landfill is a habitual one, accounting for over
50% of China's food waste treatment. Because simple landfill does not need any sanitation facilities and only needs to
transport food waste to a landfill site selected, it is the easiest treatment approach with the lowest costs. However,
since it has not made any harmless treatment on food
waste, so it will inevitably cause serious pollution to the
surrounding environment. Especially, with the continuous
expansion of the city, original landfill sites are increasingly
closer to urban district, bringing grave harm to surrounding
residents. At present, some big cities such as Beijing,
Shanghai, Guangzhou and Tianjin, have begun to gradually
get rid of simple landfill method [23], but many small- and
medium-cities in China still mainly use it. This is one of
the important causes resulting in the environmental deterioration of various cities.
Since the mid-1980s, many cities have undertaken to
explore the semi-sanitary landfill way of urban food and
life waste, and a more common approach is to establish a
semi-closed landfill place to take an engineering measure
to reduce environmental harm caused by the waste. This
landfill method currently accounts for about 30% of total
landfills. However, because the facilities of this method are
not complete, or its management measure is not in place, it
still cannot meet environmental standards or technical
specifications.
In recent years, many cities have taken to use sanitary
landfill technology. Its property is that it is not just a more
complete environmental protection measure, but also
meets environmental protection standards. This landfill
method currently accounts for 20% or so of total landfills.

TABLE 2 - Comparison of different technologies.

Landfill
High-temperature sterilization
into animal feeding stuffs
Microbiologic fermentation
into animal feeding stuffs
Aerobic composting
Anaerobic digestion
Pyrolysis conversion
Incineration and power generation

Land
covers


Investment and
operating costs


Resource
recovery rate
-

Net energy
recovery rate
-







-

0







-

0 or 












0



, - and 0 indicate a degree, negative and zero utility, respectively. Generally, the more numbers of , the higher the level of index.
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The most representative cities are Beijing, Shanghai, Guangzhou and Shenzhen. Until 2012, numbers of harmless treatment plants of sanitary landfill have reached 540 [1]. In the
future, it will be one of the important methods in food and
other urban life waste treatment for China’s major cities.
3.1.2 High-temperature sterilization or microbiologic fermentation

High-temperature sterilization or microbiologic fermentation to make food waste into animal feed is the best
way of recycling recovery of food waste. At present, feed
grains in China annually account for about 40% of total
grain output. If China can make a huge food waste into animal feed, it will significantly reduce the pressure of land
resource shortage and the amount of food imports.
In fact, for a long time, the majority of food waste in
many cities is directly used by livestock breeders as livestock feed. After the "SARS" in 2003, although many cities
enacted related laws and regulations that ban restaurant
kitchen waste directly used to feed pigs, the situation has
not yet been completely changed. In fact, the actual rate of
harmless treatment of food waste does not exceed 2%.
In recent years, almost all cities have been actively exploring the use of high-temperature sterilization or microbiologic fermentation technology of food waste into animal
feed, while they strictly prohibited food waste used directly
as animal feed. In 2006, Ningbo City took the lead in conducting an experimental work and achieved good results,
and then, other cities are currently at the pilot stage, too.
Without a doubt, for the countries with limited land resources like China, this technology has still a great application prospect [24].
3.1.3 Aerobic composting

80
60

Number

50

70
61
46

40
30
20
10
0

3.1.4 Anaerobic digestion

Because of higher organic matter and moisture ingredients in food waste, food waste is appropriate for anaerobic
digestion treatment. Compared with aerobic composting, anaerobic digestion period can be reduced to15-20 days. Moreover, the gas collected can be used to generate electricity or
as cooking fuels, and fermented liquid may be utilized directly to feed pigs and other livestock, while biogas residues
are a high-quality organic fertilizer [25]. In the mid and later
1990s, some cities in China established anaerobic treatment
digestion plants, but most plants were closed after the pilot
run for some time due to various reasons.
In fact, anaerobic digestion method has become a
mainstream technology and development direction for the
treatment of food waste in developed countries. However,
high-efficient anaerobic fermentation technology and
equipment needs import from abroad and, thereby, higher
investment costs restrict its promotion and application in
China. However, with the improvement of related technologies and environmental management, anaerobic digestion
method is still one of the most promising techniques of
food waste treatment for Chinese cities in the future.
3.1.5 Pyrolysis conversion

Aerobic composting fermentation processing of
MSWs in China has a long tradition. Among them, food
waste became one of the principal raw materials of aerobic
composting. Aerobic composting since the early 1980s and
the mid-1990s have been applied in a number of cities,
such as Beijing, Shanghai, Tianjin, Wuhan, Hangzhou,
Wuxi, Changzhou and other cities, and dozens of high temperature aerobic composting plants were built.
70

obic composting rate of food waste has been not high, only
accounting for about 10-20%, and almost showing a declining trend. By the end of 2003, there were 70 aerobic
composting plants in China, and the composting rate was
nearly 10%. However, since then, it has been showing a
downward trend, and only 11 aerobic composting plants
were remained by the end of 2010 [1]. Moreover, after
2010, most composting plants were gradually shut down or
discontinued (see Fig. 1).

20
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FIGURE 1 – Number of aerobic composting plants.

However, due to various reasons including poor composting quality, poor product sales and other reasons, aer-

At this stage, pyrolysis conversion technology of food
waste has not been formally promoted and applied on a
large scale in China’s cities. However, there are a variety
of illegal small refineries resulting in the spread phenomenon of illegally recycled waste-cooking oil to dining tables,
which causes serious harm to people's health. In recent
years, despite government has cracked down on the crime
of illegally recycled waste-cooking oil, yet some small illegal refineries are still difficult to get stopped [26].
In fact, for some big cities, they give rise to a greater
amount of food waste every day; so these cities have conditions to build a great pyrolysis conversion plant. In particular, China is in the position of energy shortage. If China
can make a lot of food and other life waste into biomass
energy, then it will undoubtedly produce better environmental and economic benefits [27, 28]. Therefore, pyrolysis
conversion technology and method will play an increasingly
important role in China’s future food waste treatment.
3.1.6 Incineration and power generation

Research and application of incineration and power
generation of food and other life waste began in the mid1980s of the 20thcentury. There are 47 incineration plants
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of harmless treatment for municipal solid waste in 2003.
However, by the end of 2012, 138 plants have been built in
the entire country [1]. With the economic development and
the improvement of low calorific value of food waste,
many cities have ever undertaken to construct the incineration and power generation plant for MSW. It can be expected that this technology and method will be rapidly promoted and applied in the future (see Fig. 2).
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FIGURE 2 – Number of incineration and power generation plants

Of course, at this stage in the harmless treatment of
China’s urban food and other life waste, the share of incineration and electricity generation is just about 24.7%, and
the remaining 72.6% or so are treated through landfills.
Obviously, the potentials of the technology and method of
incineration and electricity generation applied in China are
still significant [29]. However, due to high investment and
operating costs, currently, some less developed cities have
no conditions to exercise this technology and method.
3.2 Implementation problems

Food waste treatment involves the collection, transport,
processing, recycling recovery of resources and other links.
In the collection links, at this stage, most cities and towns
in China make a hybrid collection of life waste. Different
wastes have specific requirements; thus, hybrid collection
brings some difficulties for subsequent processing and recycling recovery of resources.
From the perspective of technological requirements, to
facilitate subsequent processing, it is necessary to make a
separate collection for food and other life waste from the
source of generation. However, at the present stage, China's urban residents do not establish the habits of separate
collection. At the same time, government has not formulated and implemented effective policies and measures to
encourage classification collection. In recent years, government and community have begun to implement separation recovery system and established appropriate recycling
facilities (e.g., trash, etc.), but, in fact, the results are unsatisfactory and residents’ random littering phenomenon is
still common, which has brought some difficulties for the

selection and application of food waste treatment technology [3].
Overall, the mechanization level of the collection,
clean-up and transport of Chinese municipal solid waste is
not high, and there are the problems of collection and
transport machinery and equipment scarcity and poor performance. It is estimated that about 40% of country's environmental health equipment and vehicles need to be updated. In particular, in some medium and small cities, the
collection and transport of waste mainly rely on the manual
operation of sanitation workers. Due to insufficient and inefficient equipment, every year about 10 million tons of urban waste cannot thereby be shipped to disposal sites in
time, which not only brings environmental problems to the
relevant city, but also raises follow-up treatment costs because of natural deterioration caused from long stacking.
In addition to collection and transport, because of high
investment and operating costs in the resource recovery,
energy utilization and harmless treatment of food waste,
only to rely on companies themselves to practice is not feasible in an economy. This is one of the roots resulting in
the dominance of landfills in China’s current life waste
treatment, too. In fact, at this stage, China's municipal
waste treatment is mainly done by government agencies.
However, due to limited funds and technological innovation ability of government, some new and more effective
waste treatment technologies are sometimes difficult to obtain timely large-scale promotion and utilization.
One of the most important factors constraining a more
effective promotion and utilization of waste treatment technology is the construction of modern investment and operating system. Although the city’s waste treatment has public
service property, certain economic benefits can be obtained
from resource recovery and energy utilization. Therefore, it
is possible to take a public-private partnership (PPP) mode
to treat waste. In this PPP mode, government provides the
necessary policy, organizational and financial security,
while related companies make specific investment and operation, forming an effective management mechanism of reasonable interest distribution and risk sharing [30].
In the long run, whether food waste treatment technologies such as high-temperature sterilization or microbiologic fermentation technique, pyrolysis conversion and
others can or not be promoted and applied, depends on the
willingness of relevant enterprises to actively participate in
those projects, but the premise of enterprise participation is
able to get necessary economic interests. Therefore, as long
as the government provides the necessary policy, organizational and financial security, enterprises will actively promote and apply relevant food waste treatment technologies
driven by profit motives. In fact, at present, some cities in
China have actively carried out the research, development
and promotion of food waste treatment technologies, but
these treatment technologies have not still played a prominent role in the treatment of municipal solid waste, requiring government to give a positive guidance and support.
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3.3 Market issues

Market situation directly affects the promotion and application of food waste treatment technologies. For food
waste treatment, markets mentioned herein consist of the
supply of food waste materials, and the relevant product
demand from food waste treatment. They together determine the scale of operation and the cost effectiveness of
food waste treatment.
Although aerobic composting technology has a strong
necessity and practicality, yet from the perspective of practical results, some institutional and administrative factors
make relevant companies difficultly to obtain sufficient
sources of food and other organic waste, resulting in too
high running costs per unit of treatment. On the other hand,
the reliable sale markets of huge amount of organic fertilizers generated are difficultly to be found, as a huge
amount of organic fertilizers produced from food wastes is
difficultly used by a specific small number of farmers fully
under the existing economic mode of farmer’s operation
and management of agriculture. At the same time, due to
the higher costs of fertilizer transport and use, conventional
farmers are reluctant to buy and use such organic fertilizers. It is the principal reason that original waste composting
plants are eventually closed down. Of course, the low quality of organic fertilizers produced is one of the factors restricting the technology promotion and application, too
[25].
The technology of anaerobic digestion into biogas and
organic fertilizers, necessarily integrated with larger farms,
has only economic feasibility. However, on the one hand,
due to transport and other reasons, an anaerobic digestion
plant can be not too far from the city. If not so, it will not
only lead to high transport costs, but also cause environmental pollution during transport because of too long
transport time and too far transport distance. On the other
hand, even in urban suburban or rural areas, at least at this
stage, the size of agricultural operations in China is usually
small; thus, it is difficult to fully absorb the products of anaerobic digestion plants, especially organic fertilizers.
Currently, pyrolysis conversion technique is mostly
performed by some small businesses. Among them, some
are illegal refining and sale business. The reason for this
phenomenon is that, overall level of development, promotion and application of China's bio-energy technology is
not high [31]. In fact, if China can jointly develop and use
biomass energy, e.g., food and other organic wastes, crop
stalks and other by-products, forestry waste and so forth,
then it may not only improve the level of resource recovery, energy utilization and harmless treatment of food
waste and others, but also reduce China’s dependence on
fossil fuels. Therefore, it is essential, with intense efforts,
to develop biomass energy markets.
Visibly, the promotion and application of food waste
treatment technologies should pay attention to technology
development and facility investment of enterprise as well
as the development of two end markets (raw material
sources and final product sales) after the completion of the

treatment plant. It requires co-ordination management of
all links including the generation, collection, transport and
treatment of food and other life waste to form a new mode
of waste treatment [32].
3.4 Environmental implications

China's food and other waste treatment is still in its infancy, and there are numerous places from the source to the
final processing necessarily to be standardized, including
waste’s classification, recycling recovery, treatment and so
forth. More importantly, at this stage, various cities in China
mainly focus on waste treatment produced. However, for
food waste, its generation control from the source is the best
strategy [33]. In fact, in China's food waste produced, a considerable portion is caused by luxury consumption, and this
part of food waste should be controlled well.
In the future, China's food and other waste treatments
will focus on source control and integrated management.
Source control includes two aspects of the waste generation
reduction and the initial classification and treatment of
waste generated [34]. The core to reduce waste generation
at the source is to cultivate the thrifty ideas of individuals
and families. At the same time, to promote the standardization sales and consumption of primary agricultural products is also an important way, as to remove useless parts
from primary agricultural products before their sales may
not only make them into farmland to maintain the fertility
of land, but also reduce unnecessary transport costs. In addition, to extend the preservation time of perishable agricultural products may reduce waste generation, too. However, the technologies have yet to be explored and researched.
Integrated solid waste management from their generation, collection, transport to final treatment is an inevitable
requirement to solve the problem of food and other waste
treatments. In fact, at this stage, the reasons why many of
advanced technologies of waste treatment have not been
effectively promoted and used are closely associated with
the uncoordinated operation of each link, as the uncoordinated operation of each link results in the higher costs of
each processing link to make the promotion and application
of waste treatment technologies economically infeasible
[2]. Therefore, waste treatment technologies should be reflected in the technology route of each link to reduce waste
treatment costs and raise the recycling recovery rate of
waste resources in future.
Both source control and integrated management need
relevant regulations and policies to support. Although the
state’s relevant ministries jointly issued the “notice on organizing and implementing experimental work of recycling recovery and harmless treatment of kitchen waste” in
2010, and some cities have also formulated and implemented the relevant local regulations and policies, yet there
are still many problems on management system, technical
research and development and promotion, investment and
tax incentives and relevant regulations and policies. Therefore, China still needs to do a lot of work in the future.
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4. CONCLUSIONS
How to effectively treat food waste has become one of
the most important issues that must be addressed in the future development of China’s cities. At present, China's
food waste treatment mainly takes the approach of landfill,
so an effective recycling recovery pattern has still not
formed. Overall, the level of resource recovery, energy utilization and harmless treatment of food waste is low, and
entire food waste treatment is still in the primary stage of
development. Therefore, as a sort of industry, China's food
waste treatment has great environmental and economic potentials.
In fact, for the different techniques and methods of
waste treatment, each has its advantages and disadvantages
and applicability, respectively. Different cities should use
different treatment techniques and approaches based on
their actual conditions. For big cities, they should select a
higher level of techniques and methods of resource recovery, energy utilization and harmless treatment of waste, and
reduce the use of technology and method of landfill as
much as possible.
In the future, China's food waste treatment should be
focused on source control, that is, to establish a thrifty society to decrease food waste generation at the source as
much as possible. At the same time, China needs still to
practice integrated solid waste management from its generation, collection, and transport to the final treatment. To
this end, it is necessary to make a major innovation in the
system, technology, management and policy of waste treatment to achieve an advanced and modern treatment of food
waste.
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ABSTRACT
In this paper, we studied the non-institutionalized
country town domestic sewage pollution treatment conditions of Chongqing municipality from China. We planned
to investigate the number of non-institutionalized country
towns and the basic situation of each non-institutionalized
country town, especially in the treatment facilities of domestic sewage pollution. We took on-site visits, forum,
field sampling and expert consultations to complete the investigation work.The results demonstrated that the non-institutionalized country towns are mainly settlements of
middle and small size population, and there are 78.4% noninstitutionalized country towns without sewage treatment
facilities. There are 24 districts (counties) withsewage
treatment facilities, and artificial wetland system is the
main treatment technology for non-institutionalized country town domestic sewage pollution treatment. The government and the Environmental Protection Agency (EPA) of
Chongqing should construct sewage treatment facilities in
these areas, in the next stage.
KEYWORDS:Non-institutionalized country town, sewage pollution
treatment, non-point pollution, artificial wetland system

1. INTRODUCTION
With China’s rapid economic development, environmental pollution has become a serious issue in China, especially for water resources. Agriculture has not been included in national pollution accounting; however, in 2010,
the national pollution census included agriculture’s contribution to total pollution load that was considered to be
about half of the total water pollution in China, contributing 43.7% of COD, 57.2% of TN, and 67.4% of TP [1].
Agricultural pollution is now receiving much greater attention by the government. Non-point source (NPS) pollution
has been recognized as the largest threat to water resources
* Corresponding author

throughout the world, and NPS pollution has drawn national attention from both research institutes and administrative authorities. Fu et al. (2013) [2] proposed watershed
agricultural non-point source pollution management. Researchers have demonstrated that factors, such as soil characteristics, topography, rainfall intensity and land use, affect the quantity and quality of NPS pollution, and a variety
of NPS models have been developed to account for the integrated impacts of the hydrological cycle and land cover,
in relation to nutrient yield [3-6]. With the aid of various
environmental models, such as the Soil and Water Assessment Tool (SWAT) [7, 8], Agricultural Nonpoint Source
Pollution (AGNPS) [9] and Integrated Watershed Management Model (IWMM) [10], the estimation and control of
NPS pollution in watersheds has been greatly enhanced.
Several studies conducted abroad have shown that
NPS is now an important issue in pollution of water environments, among which agricultural NPS pose the greatest
risk [11]. With the development of agriculture and the increasing amount of chemical fertilizers and pesticides used
in China, the proportion of NPS pollution increases annually. Investigation of eutrophication in Dianchi Lake suggests that the total nitrogen (TN) generated by NPS pollution comprises 44.5% of the total pollution load, while the
total phosphorus (TP) comprises 26.7% [12]. It is apparent
that NPS pollution has become a primary threat to watershed environmental health.
Although the government in China pays more and
more attention to the governance of rural sewage, many
non-institutionalized country town domestic sewage pollution situations are neglected. Chongqing municipality is a
typical areal in China. Since 1997, many institutionalized
country towns have become non-institutionalized towns in
order to optimize the allocation of administration resources.
Now the number of the non-institutionalized country towns
in Chongqing municipality is more than a half of the total
country towns in Chongqing municipality. So, these noninstitutionalized country towns cannot get support from the
government in the construction management, especially in
the treatment facilities of domestic sewage pollution. The
problem of non-institutionalized country town domestic
sewage pollution has resulted in serious pollution for the

1483

© by PSP Volume 24 – No 4a. 2015

Fresenius Environmental Bulletin

Three Gorges Reservoir, and harm to ag-ricultural activities and human health. Humans may swallow contaminate
dwater during swimming or drinking [13]. The Three Gorges
Reservoir Area (TGRA) of China has now become one of
the most ecologically sensitive areas in China. Non-point
source (NPS) pollution tends to dominate pollutant loss in
TGRA agricultural watershed [14]. Transport and deposition of eroded material as well as substances dissolved in
runoff and attached to soil particles lead to negative impacts on agricultural land, and the Three Gorges Reservoir
including water quality decline [15], eutrophication [16],
which are generally thought to be caused by land-use changes
of converting forest resources to agriculture in watersheds
[17]. On the basis of the available field data and existing
practices of cultivation, the Chinese government has carried out sustainable agricultural management practices and
conservation programs, suited to local conditions, to reduce sediment and pollutant loss from agricultural areas.
The programs include conservation tillage practice (CTP)
[18-22], conservation reserve program (CRP) practices,
such as grass filter strips and riparian buffers [23-25], and
the so-called ‘Conversion Cropland to Forestland Program’ (CCFP) [17]. The aim of the study is to investigate
the domestic sewage pollution treatment conditions of noninstitutionalized country towns in Chongqing municipality.
This would provide a basis for exploring effect measures
to solve the problem.

2. MATERIALS AND METHODS
The study area includes all non-institutionalized country towns in Chongqing municipality (Fig. 1). We planned
to investigate the number of non-institutionalized country
towns and the basic situation of each non-institutionalized
country town, especially in the treatment facilities of do-

mestic sewage pollution. We took on-site visits as well as
forum, field sampling and expert consultations to complete
the investigation work.

3. RESULTS AND DISCUSSION
The results of the study are shown in Tables 1-3. Table 1
shows the population division situation of the non-institutionalized country towns. Table 2 is about the situation of noninstitutionalized country towns with or without sewage
treatment facilities, and Table 3 contains information about
the main treatment technology conditions of non-institutionalized country towns with sewage treatment facilities.
The total number of non-institutionalized country
towns is 774, the number of non-institutionalized country
towns (<1000 persons) is 281, the number of non-institutionalized country towns (1000—3000 persons) and the
number of non-institutionalized country towns (>3000 persons) is 140 (Table 1). According to Fig. 2, the proportion
of non-institutionalized country towns (<1000 persons) is
36.3%, the proportion of non-institutionalized country
towns (1000—3000 persons) is 45.6%, and the proportion
of non-institutionalized country towns (>3000 persons) is
18.1%. So, the non-institutionalized country towns are
mainly settlements of middle and small size population.
The total number of non-institutionalized country
towns is 774, the number of non-institutionalized country
towns with sewage treatment facilities is 167, and the number of non-institutionalized country towns without sewage
treatment facilities is 607 (Table 2). According to Fig. 3,
the proportion of non-institutionalized country towns with
sewage treatment facilities is 21.6%, and the proportion of
non-institutionalized country towns without sewage treatment facilities is 78.4%.

FIGURE 1 - Location of study area.
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TABLE 1 - The number of non-institutionalized country towns and the number of non-institutionalized country towns according to the population division.
District(County）
Banan District
Beibei District
Yubei District
Bishan County
Dazu District
Tongliang County
Tongnan County
Rongchang County
Yongchuan District
Hechuan District
Jiangjin District
Dianjiang County
Kai County
Liangping County
Chengkou County
Fengjie County
Wanzhou District
Wuxi County
Wushan County
Yunyang County
Zhong County
Fengdu County
Shizhu County
Qianjiang District
Wulong County
Xiushan County
Youyang County
Pengshui County
Changshou District
Fuling District
Nanchuan District
Qijiang District
Total number

The number of
non-institutionalized
country towns
25
2
17
21
10
7
9
14
22
34
42
17
18
18
17
50
43
36
24
26
40
56
27
22
26
23
44
3
20
20
4
37
774

The number of noninstitutionalized country towns
(<1000 persons)
7
0
6
1
0
2
9
5
0
15
0
5
3
10
9
2
15
25
11
1
6
22
20
18
19
7
36
2
9
2
0
14
281

The number of noninstitutionalized country towns
(1000-3000 persons)
11
0
8
14
7
5
0
7
12
12
10
8
11
8
7
46
19
9
12
18
34
16
3
3
7
12
6
1
11
15
2
19
353

The number of noninstitutionalized country towns
(>3000 persons)
7
2
3
6
3
0
0
2
10
7
32
4
4
0
1
2
9
2
1
7
0
18
4
1
0
4
2
0
0
3
2
4
140

TABLE 2 -The number of non-institutionalized country towns and the number of non-institutionalized country towns according to sewage
treatment facilities.
District
(County)
Banan District
Beibei District
Yubei District
Bishan County
Dazu District
Tongliang County
Tongnan County
Rongchang County
Yongchuan District
Hechuan District
Jiangjin District
Dianjiang County
Kai County
Liangping County
Chengkou County
Fengjie County
Wanzhou District
Wuxi County
Wushan County
Yunyang County
Zhong County
Fengdu County
Shizhu County
Qianjiang District
Wulong County
Xiushan County
Youyang County
Pengshui County
Changshou District
Fuling District
Nanchuan District
Qijiang District
Total number

The number of noninstitutionalized country towns
25
2
17
21
10
7
9
14
22
34
42
17
18
18
17
50
43
36
24
26
40
56
27
22
26
23
44
3
20
20
4
37
774

The number of non-institutionalized
country towns with sewage treatment facilities
20
2
10
10
2
0
1
4
12
8
5
0
5
0
3
1
5
0
6
10
11
23
4
4
0
0
0
0
7
7
1
3
167
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The number of non-institutionalized country towns
without sewage treatment facilities
5
0
7
11
8
7
8
10
10
26
37
17
13
18
14
49
38
36
18
16
29
33
23
18
26
23
44
3
13
13
3
34
607
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TABLE 3 - The main treatment technology conditions of non-institutionalized country towns withsewage treatment facilities.
District (County)
Banan District
Beibei District
Yubei District
Bishan County
Dazu District
Tongnan County
Rongchang County
Yongchuan District
Hechuan District
Jiangjin District
Kai County
Chengkou County
Fengjie County
Wanzhou District
Wushan County
Yunyang County
Zhong County
Fengdu County
Shizhu County
Qianjiang District
Changshou District
Fuling District
Nanchuan District
Qijiang District

Main treatment technology
Artificial wetland system
Artificial wetland system
Artificial wetland system
Artificial wetland system
Artificial wetland system
Artificial wetland system
Artificial wetland system
Artificial wetland system
Artificial wetland system
Centralized collection.
HASN (Efficient composite anaerobic + short cut nitrification town sewage treatment)
Biochemical pool
Ecological wetland
Constructed rapid infiltration and Artificial wetland
system
Artificial wetland system
NLB (New style Landscape & Buried underground
wastewater process)
Artificial wetland system
Artificial wetland system
SBR (Sequencing Batch Reactor Activated Sludge
Process)
Improved oxidation ditch
Artificial wetland system
Artificial wetland system
Artificial wetland system
Artificial wetland system

There are 24 districts (counties) withsewage treatment
facilities, and artificial wetland system is the main treatment technology for non-institutionalized country town
domestic sewage pollution treatment (Table 3, Fig. 4).
This study is useful to know non-institutionalized
country town domestic sewage pollution treatment conditions of Chongqing municipality from China. The conclusion drawn from this study is that there are 78.4% non-institutionalized country towns without sewage treatment facilities; so, the government and the Environmental Protection Agency (EPA) of Chongqing should construct sewage
treatment facilities in these areas in the next stage. According to the investigation, artificial wetland system can be the
first choice in these areas. Gaoet al. (2012) [26-29] reported about an unpowered complex eco-technology composed of an anaerobic baffled reactor (ABR), a composite
soil filling (CSF) system, and a free water surface (FWS)
constructed wetland was developed to treat rural sewage
which had remarkable pollutant removal efficiency. We
could use this technology. and then. we can take some management strategies to manage agricultural non-point source
pollution.

FIGURE 2 - The proportion of non-institutionalized country towns according to the population.

FIGURE 3 - The proportion of non-institutionalized country towns with or without sewage treatment facilities.
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FIGURE 4 - The main treatment technology conditions of non-institutionalized country towns withsewage treatment facilities.
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