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DEVELOPMENT OF A REGRESSION MODEL TO FORECAST
OZONE CONCENTRATION IN ISTANBUL CITY, TURKEY
Lokman H. Tecer1, Ferruh Ertürk2 and Orhan Cerit3
1

2

Karaelmas University, Eng. Fac. Environmental Eng. 67100, Zonguldak, Turkey
Yıldız Technical University, Eng. Fac. Environmental Eng. Beşiktaş, Istanbul, Turkey
3
Cumhuriyet University, Eng. Fac. Environmental Eng. 58140, Sivas, Turkey

SUMMARY
In this study, an air quality model including pollutants (NOx, non methane hydrocyarbons (NMHC)) and
meteorological parameters (wind speed, solar radiation,
rain, relative humidity and temperature) has been developed for the formation of ozone in Istanbul City. This
model has been used to predict the daily ozone concentrations at different time periods and to examine various
control strategies.
The ozone prediction model sufficiently explained the
change of diurnal and seasonal ozone formation. The diurnal pattern of ozone increases from 12 at noon to 4 a.m.
Moreover, the seasonal change of ozone has increased
from April to July and reached its maximum level in
August. In July and August, the mean ozone concentrations were 11.4 and 10.3 ppb, respectively. In the period
of the study, the measurement of the ozone showed that
the exposition level to photochemical smog was relatively
lower than in other Metropolitan Areas of the world.

KEYWORDS:
Photochemical smog, predicting of ozone, regression model.

Campaign of Photochemical Tracers – Transport and
Chemical Evolution (MEDCAPITOT – TRACE) was
carried out in coastal, urban and industrial Mediterranean
areas to contribute to the improvement/evaluation of
available mesoscale photochemical dispersion models and
to the design of rational strategies to abate severe photochemical air-pollution episodes [1]. Moreover, in the
United States, Canada and European Countries, significant efforts (detrimental effects of ozone on human
health, control of ozone precursors, modelling of photochemical air quality) have been directed to reduce the
actual ozone concentrations [2-5].
In this study, an air quality model for daily ozone
prediction, based on the chemical and physical processes
in the atmosphere, has been developed and simplified as
possible for Istanbul City during different time periods.
For diurnal ozone formation processes, the structure
of the model has been formulated explicitly. Ozone prediction model equation and its parameters were calibrated
by using the multiple regression least square procedure.
The purpose of the calibration process was to perform
determination adequacy of the model. The principle objective of this study was to develop a model that could be
used to examine several control strategies related to ozone
formation.

INTRODUCTION
THE STUDIES OF AIR QUALITY MODELLING

It is well-known that ozone formation can be used as
an indicator of photochemical smog processes. In addition
to 300 or more chemical processes, its formation is influenced by atmospheric conditions, such as wind speed,
temperature and solar radiation. Pollutants in the atmosphere and their physical and chemical characteristics
directly affect the photochemical smog formation.

Several methods have been used for air quality modelling. The literature survey was divided into various
categories: mathematical models [6], meteorological
models [7-8], dispersion models [9], empirical kinetic
modelling approach [10-16] and statistical models.

In urban and industrial areas many studies were carried out on formation of photochemical smog, modelling
of air quality and control strategies. The Mediterranean

The statistical models are commonly used to forecast
air pollution. Several investigators have analyzed air
pollution for different pollutants by using statistical mod-
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els [17-21]. The statistical models, based on atmospheric
pollution data and simplified physical and chemical assumptions, have been used for the relationship between
ozone precursors and meteorological parameters. The
mechanism of ozone formation for different regions,
various time periods and different data sets have been
developed in several studies [22-36].
In this study, the multiple linear regression method
has been used to predict the ozone concentration. This
method assumes that correlations between a dependent
variable and independent variables act additively and
independently and have a linear relationship that is described with regression coefficients and perhaps a constant term. The standard method for determining the coefficients is ordinary least squares (OLS). This method
provides an estimation of the regression coefficients giving the lowest prediction error.
MATERIALS AND METHODS
Data Collection

Istanbul is the most-crowded city of Turkey with
9 million inhabitants. The data from different locations
were collected between April and September, 1999.
Aerometric Data

Although there are ten constantly monitoring stations
in Istanbul City, only two of them have the possibility of
aerometric measurement (Figure 1). In addition, gaps
were to be found in the data of these two stations due to

equipment and power failures or human errors. The data
of nitric oxide, nitrogen dioxide and the total nonmethane hydrocarbon (TNMHC) were obtained from
Esenler station and those of ozone from Saraçhane station.
Appropriate estimation procedures were used to calculate
the missing data. All aerometric data were available for
each day at time intervals of 2-h-averages from 7 a.m. to
5 p.m., which means that the aerometric samples were
collected as averages from 7-9 a.m., 9-11 a.m., 11 a.m. 1 p.m., 1-3 p.m. and 3-5 p.m. The time periods are shown
in the model as 700, 900, 1100, 1300, and 1500.
Standard methods were used for the determination of
all pollutants: the chemiluminescence for NO and NO2,
the UV absorption method for O3 GC-FID analysis for
NMHCs.
The data of O3 were obtained from Saraçhane station, located very close to Esenler station, where NO, NO2
and NMHCs were measured. Although 915 measurements
were required for each pollutant during the study period,
the number of available measurements for O3, NO, NO2
and TNMHC were only 783, 766 and 732, respectively. In
order to ensure a sufficient and continuous data base for
the O3 prediction model, the missing cases were estimated
by using a regression approach. The variable of the missing case is the dependent one, and all other variables in
the data set are considered as candidates for insertion in
the regression equation. The regression equation obtained
by a forward selection procedure was used to calculate
values for the missing cases. Table 1 shows the estimated
average values before and after the missing cases.

N

SARIYER

ALİBEYKÖY
ESENLER

BEŞİKTAŞ

YENİBOSNA

ÜSKÜDAR

ÜMRANİYE

SARAÇHANE
KADIKÖY

KARTAL

FIGURE 1
Map of Istanbul City showing the locations of monitoring stations.
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TABLE 1
Estimated averages before and after the missing cases.

Parameters
O3
NO
NO2
TNMHC

Two-hour averages (ppb)
Before
After
8.93
8.90
28.30
28.23
23.81
23.30
261.24
255.47

Location
Saraçhane
Esenler
Esenler
Esenler

TNMHC = total non-methane hydrocarbons

Meteorological Data

Meteorological data (wind speed, solar radiation,
temperature, relative humidity and rainfall) were obtained
from the Istanbul City Göztepe Meteorology Management. Similar to the aerometric data, all meteorological
data, except rainfall and relative humidity, were available
at intervals of 2-h averages from 7 a.m to 5 p.m. Due to
incomplete hourly precipitation data for all days - it is
difficult to forecast hourly rainfall - the 24-h accumulation from midnight to midnight was used as the predictor
variable for each time period. The averages of relative
humidity from 7 a.m. to 2 p.m. were used in the O3 prediction model for each time period.
MODEL FORMULATION
The model formulation should possess a structure explicitly taking into account the principal physical and
chemical phenomena of the ozone formation process.
These phenomena should be in agreement with observations from smog chambers and other experiments. The
simplified chemical reactions between ozone, nitric oxides and hydrocarbons may firstly be incorporated into the
structure of the model as a principal chemical phenomenon. The effects of physical factors (wind speed, solar
radiation, etc.) may also be incorporated in the model’s
structure as a further phenomenon. Thus, the model can
effectively be used to predict ozone concentrations.
The principle chemical factors are represented by reactions between O3, NO, NO2 and TNMHC and the principle physical factors by the temperature, solar radiation,
wind speed, rainfall and relative humidity. For the ozone
equation, the following factors contribute in determining
its concentration in the present interval (O3(t)):
1) A combination of a chemical and a physical factor is
the product of interaction of NO2 and solar radiation
[37-38].
NO2 + hν

→

O2 + O + M →

NO + O

(1)

O3 + M

(2)

In the model, the interaction can be represented as
NO2(t)*SR(t); t is the present time interval.

2) The nitric oxide, a chemical factor, reacts rapidly with
the ozone to generate nitrogen dioxide [39-40].
NO + O3

→

NO2 + O2

(3)

The nitric oxide can be represented as NO(t); t is the
present time interval.
3) Another chemical factor is the total non-methane
hydrocarbon. Hydrocarbons convert the nitric oxide
to nitrogen dioxide through a series of complex reactions and, thus, favour increased ozone formation
[41-44]. The contribution of the hydrocarbons to the
ozone formation depends on their reactivity classification, which consists of the sum of hydrocarbons,
and the conversion rate of hydrocarbons is much
slower than the reactions involving NOx, solar radiation and ozone [45-47]. Based on these factors, it was
decided to lag the hydrocarbon variable for one time
period. The total non-methane hydrocarbon variable
can be represented as TNMHC (t-1), where t-1 is the
previous time interval.
4) O3 was reduced due to chemical and physical factors
through a series of complex removal processes. However, the accumulation of ozone concentration in the
previous time period should be considered [48-49]
and has been included in the model as a chemical factor, represented by O3(t-1), where t-1 is the previous
time interval.
5) The other physical factors (wind speed, relative humidity, temperature, and rainfall) have been directly
incorporated into the model’s structure. Thus, it was
aimed to determine the contribution of the physical
factors on the ozone formation.
The ozone equation can be obtained by combining the
five factors explained above and, therefore, the mathematical representation of the ozone equation takes the following form:
O3 (t) = β0 + β1 . NO2(t)*SR(t) +β2 . NO(t) + β3 . TNMHC (t-1) +
β4.O3(t-1) + β5 .WS(t) + β6. TEMP(t) + β7 . RH(t) + β8.TR(t)
where β0 - β8 are the parameters of the model, SR the
solar radiation, WS the wind speed, TEMP the temperature, RH the relative humidity, and TR the total rainfall.
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The model parameters β1 and β2 - β5 will be estimated by
multiple regression least square procedures.

concentration of ozone [37-38]. The best functional transformation was found to be a sixth-order polynominal
function, where R² of the transformation was 0.0804.

EXPLORATORY ANALYSIS OF
THE PREDICTOR VARIABLE
Multiple linear regression models are based on the
existing linear relationship between dependent and independent variables. Although the actual relationship may
not be a linear function in some cases, the linear regression can still be performed by transforming the independent and/or the dependent variables [50].
Using regression and graphical methods to determine
the parameters that correlated most strongly with day-today fluctuations in daily O3 concentrations, an exploratory
analysis of the predictor variables was performed. These
analyses were carried out to identify the important predictor variables and to determine suitable functional transformations that may be useful in developing a multiple
parameter ozone-forecasting model. The correlation between ozone and each of the predictor variables can then
be explained. The low coefficient of determinations (R2)
found in the exploratory analysis shows that ozone concentration cannot be explained by only one predictor
variable, because the accuracy of ozone forecast models
has shown to be rather limited by the standard meteorological data sets. The preference should be given to these
variables even though they may not produce the highest
R2. Useable transformations of the independent and dependent variables are needed to satisfy the necessary conditions for a multiple-linear regression, which was accomplished by transforming the predictors into parametric
functions such as exponential and polynomials [25].
NO (t)

NO was found to be the strongest single predictor of
ozone concentration. It reacts rapidly with ozone by NO2
photolysis and causes its removal. In the presence of
hydrocarbons, NO also regenerates NO2 and favours
increased ozone formation. In the absence of hydrocarbons, the steady-state ozone concentration is [51]:

FIGURE 2
Logarithmic regression of O3-NO.
Total Non-methane Hydrocarbon (TNMHC(t-1))

The chemistry of the ozone formation process is very
complex, involving 300 or more reaction steps. In the
presence of hydrocarbons, radicals are formed that provide additional pathways through chain reactions to convert nitric oxide back to nitrogen dioxide and, thus, favouring increased ozone formation [52-58]. Within the
total non-methane hydrocarbon classification, several
subclasses exist, which have different senses of ozone
formation [59]. The best transformation was found to be a
sixth-order polynominal one, which gave an R² of 0.0258.
The Previous Ozone Concentration (O3(t-1))

It is known that the previous ozone concentration has
an effect on the present one [49]. There are several removal processes for photochemically produced ozone.
The main removal process of ozone is the photolysis by
sunlight and the removal of O atoms, leading to ozone by
different pathways [60]. Furthermore, the reaction with
H2O and O3, dry and wet depositions of ozone, causes the
ozone removal. During the formation time, the produced
ozone has accumulated in the atmosphere [61, 62]. A
third-order polynominal function gave the relationship
between O3(t) and O3(t-1), with an R² of 0.0258.

[O3]ss = J4.1 [NO2] / J4.3.[NO]
A negative, but nonlinear correlation between O3 and
NO is expected. Linear and nonlinear functional forms
consisting of exponential, logarithmic and power terms
were investigated and a logarithmic transformation with
R2 = 0.3076 was found to be the best (Fig. 2).
NO2 Solar Radiation (NO2(t) SR(t) )

When NO and NO2 are present in sunlight, ozone
formation occurs as a result of NO2 photolysis. It is expected that regression parameters of the NO2(t)*SR(t) have
a positive sign, since an increase in NO2 and intensity of
solar radiation should contribute to an increase in the
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MODEL DEVELOPMENT

Wind Speed (WS(t))

The analysis of pollutant dispersion shows that the
concentration of pollutants is inversely related to wind
speed. However, ozone formation and transport is a complex phenomenon, and the best functional relationship
between wind speed and O3 concentration depends on the
particular meteorological data set [25, 63]. In a linear
regression, the wind speed was positively correlated to O3
with an R² of 0.3721 in the Istanbul City (Figure 3).
Temperature

Like in most of the other studies, temperature is the
strongest predictor of ozone concentration. These studies
show that the rate of photochemical reactions is highly
sensitive to temperature. High air temperatures are associated with conditions on the backside of slow moving high
pressure systems – clear and sunny skies, stagnant circulation and subsiding upper air, which are all conducive to
the production and accumulation of O3 [64, 65]. The best
relationship between O3 and temperature was found to be
a third-order polynominal with an R² of 0. 2339.
Relative Humidity (RH(t))

Relative humidity is an effective predictor in the
ozone model. Model statistics show that high ozone concentrations are generally associated with low mid-day
relative humidity [63]. In a straight-line regression, the
relative humidity was correlated negatively to O3 with an
R² of 0.1049.
Rainfall (TR(t))

Precipitation is associated with reduced ozone levels
for several reasons. The most important factor is due to
wet scavenging that occurs when O3 and its precursors
are removed from the air and/or converted to nonreactive compounds. Although precipitation occurred,
short wet scavenging is expected to have a maximum
effect on O3 removal [62]. The best transformation was
found to be a sixth-order polynominal, which gave an R²
value of 0.0273.

Suitable functional transformation of important predictor variables that could be useful in the development of
a multiple linear regression model was carried out by
exploratory analyses. The data for the selection of the
final model are summarized in Table 2.
In the next steps the equation of the model will be obtained by estimating the model’s coefficients and performing various validity checks to determine its adequacy.
The general form of a multiple linear regression model with Yi as the dependent variable and Xi as the independent variable is:
Yi = β0 + β1 Xi1 + β2 Xi2 + .. + βk Xik + εi;

i = 1..n, k>1

where n is the sample size, β0 is the intercept, βj are
the regression coefficients, and εi are the errors. The following assumptions are required for satisfactory prediction by the regression model: (1) the model function is
accurately specified; (2) the errors are normally distributed with mean = 0 and have constant variances; (3) the
errors are independent to each other [50]. Under some
limited conditions, these assumptions can be tolerated. If
it is enough to predict the strategies of the subject, then
the model can be applied.
The model equation for O3 prediction, including the
transformation of the dependent and independent variables, was formulated as follows:
LogO3 (t) = β0 + β1 NO2(t)*SR(t) + β2 NO(t) + β3
TNMHC (t-1) + β4 O3(t-1) + β5 WS(t) + β6 TEMP(t) + β7
RH(t) + β8 TR(t)
The multiple regression equation consists of an intercept, eight regression coefficients and eight explanatory
variables.

TABLE 2
Predictor variables considered in the regression model.

Variables
O3
NO
NO2* Solar Rad.
Total non-methane
hydrocarbon
Previous Ozone
Wind speed
Temperature
Relative humidity
Rainfall

Representation
in the model
O3(t)
NO(t)
NO2*SR(t)
TNMHC(t-1)

Transformation

Timing

ppb
ppb
NO2; ppb
SR; Cal/cm2

2-h average
"
"

766

6 order pol.

0.0804

ppb –C

"

732

6th order pol.

0.0258

O3(t-1)
WS(t)
TEMP(t)

ppb
km/saat
0
C

RH(t)

%

TR(t)

The number of
data
797
783

Unit

mm

"
"
"
Averages from 7 a.m. to
2 p.m.
The 24-h accumulation

1137

Logarithmic
Natural Log.
th

rd

R²
0.3076

797
899
909

3 order pol.
3rd order pol.
6th order pol.

0.2258
0.3036
0.2339

905

6th order pol.

0.1099

915

th

5 order pol.

0.2730
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TABLE 3
The statistics of O3 prediction model.

N
571

R
0.84

Overall equation statistics
R2
Standard Error
0.715
0.2297
Individual

The Model Parameters
Intercept
β0
LnNO(t)
β1
Wind Speed
β2
R. Humidity
β3
Wind Speed3
β4
Temperature
β5
Temperature6
β6
Rainfall3
β7
O3(t-1)2
β8
O3(t-1)3
β9
NO
β10
2(t)SR(t)

Representation
in the model
LnNO(t)
WS
RH
WS3
TEMP
TEMP6
TR3
O3(t-1)2
O3(t-1)3
NO2(t)*SR(t)

F-Statistic
127.266

Significant
0.000

Coefficients Statistics *
Coefficient
values
1.715
-0.277
8.450.10-2
-8.749.10-3
-2.302.10-3
-1.991.10-2
3.148.10-10
1.191.10-5
2.483.10-3
-1.048.10-4
8.729.10-5

The statistical parameters with respect to the O3 prediction model were estimated by using SPSS 8.0 software. The overall model statistics include R² (multiple
coefficient of determination), standard error of the estimate and the F-Statistics, whereas individual coefficient
statistics include the standard error of the coefficients,
beta weights and t-statistics [66, 67].
Table 3 presents the results of the ozone equation.
The overall statistics indicate a relatively good fit with R²
of 0.715, the standard error of the estimate of 0.2297 and
the F value of 127.266. The F value indicates that the regression equation is significant at the 99% level and, therefore, a strong relationship exists between the dependent
variable (ozone) and the set of independent variables.
The individual coefficients' statistics imply that the hypothesis, where all individual coefficients are zero, is rejected for all variables in the model. As a guide to find out
useful predictors, look for t-statistic values estimated for
the individual coefficients well below –2 or above +2 [68].

Standard
error
0.153
0.019
0.010
0.001
0.000
0.004
0.000
0.000
0.000
0.000
0.000

Beta

t statistic

Significant

-0.544
0.958
-0.262
-0.573
-0.220
0.155
0.063
0.749
-0.665
0.132

11.235
-14.703
8.531
-9.234
-5.322
-4.586
3.215
2.663
7.159
-6.618
4.175

0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.008
0.000
0.000
0.000

MODEL VALIDATION
Before reaching any conclusion on the adequacy of the
model results, an analysis of errors was performed. The
errors were examined by plotting the equation of the model's errors against the predicted dependent variable and a
histogram of the errors. From this, it was evident that the
errors had a mean zero; constant variants, and approximately followed a normal distribution (Figs. 4 a, b, and c).
The analysis was complemented by the Durbin Watson Statistic to examine the possible problems of autocorrelation. The test results indicated that the April and July
data did not show statistically significant levels of correlation. Applied to the data of other months, the Durbin –
Watson test gave inconclusive results.
MODEL RESULTS

The individual coefficients are statistically significant
at the 99% level. Therefore, each variable contributes in
explaining the magnitudes of the dependent variable observed.

The goal of this study was to develop a statistical air
quality model including the major simplified chemical
and physical assumptions involved in the ozone formation
process to predict the ozone concentrations for different
days at various time periods and to determine the level of
photochemical pollution of Istanbul City.

Because the standard error values were low, the individual coefficients contribute to their accuracy. In addition, the beta weights and t-statistics provide an indication
of the relative significance of each coefficient and both
indicate that the most significant variables are wind speed
(WS(t)), the previous time period of ozone (O3(t-1)), the
relative humidity (RH) and nitric oxide (lnNO(t)).

During the study, the results obtained for each month
have been considered to determine the daily ozone change
and the sensibility of the model. It was observed that the
maximum ozone concentrations were reached approximately at the period of 1 - 3 p.m. diurnally. The predicted
ozone concentrations agreed closely with the observed at
each time period (Figs. 5 a and b).
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FIGURE 4
Analyses of the errors: (a) studentized residual vs. predicted dependent variable,
(b) the histogram of the standardized residuals, (c) normal distribution of the residuals.
The points would fall on a straight line, if the distribution of the residuals were exactly normal [68].

FIGURE 5
The diurnal change of the ozone concentrations in Istanbul City – (a) June 1999 and (b) July 1999.
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FIGURE 6
Time series comparison of observed and forecast O3 during April and September, 1999.

The results show, that the ozone prediction model effectively explains the change of ozone concentrations
within the days.
The accuracy of the model is depicted graphically in a
time series of ozone concentrations for all months. Fig. 6 a
presents the observed ozone concentrations versus the
model-predicted concentrations for April 1999. As seen
from Figs. 6 b–f, the predicted ozone concentrations agree
quite closely with the observed concentrations on most of
the days. The best results were obtained in June. The
ozone concentrations are relatively high in June, July and
August. They have increased due to temperature, solar
radiation and O3 precursors in June, July, August and Sep-

tember. Especially solar radiation has initiated the ozone
formation in the summertime [22-24]. The averages of the
observed ozone concentrations are 11.4 and 10.3 ppb in
July and August, respectively.
The observed and forecasted ozone concentrations
show that the level of the photochemical smog pollution
in Istanbul City is lower than in other big cities of the
world. From April to September 1999, the maximum
observed ozone concentration reached 29.6 ppb in July. In
a study exerted in the Baltimore Metropolitan Area between 1983 and 1993, O3 concentrations were, or even
exceeded, 120 ppb on 22 days [69]. In Houston, Texas,
the highest O3 concentrations associated with different
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meteorological conditions were measured as 88, 69,
75.23, 77.74, and 64.94 ppb [70]. The main ozone concentration in the Northern Hemisphere at Mace Head was
estimated as 35 ± 4.3 ppb [71].

[3]

Ryan, W.F. (1995). Forecasting severe Ozone Episodes in the
Baltimore Metropolitan Area. Atm. Env. 29(17), 2387-2398.

[4]

Langner, I. (1996). Regional Scale Modelling of Photochemical Oxidants at the Swedish Meteorological and Hydrological Institute (SMHI), Regional Modelling of Air Pollution in
Europe. Proceedings of the first REMAPE, September, Denmark, 109-114.

[5]

Killsholm, S. (1996). Forecasting Surface Ozone in Denmark,
Regional Modelling of Air Pollution in Europe. Proceedings of
the first REMAPE, September, Denmark, 181-190.

[6]

Zanetti, P. (1998). Air Pollestion Modeling; Theories, Computational Methods and Available Software. 444 pp. The
Looseleaf Compnay, Midsomer Norton, U.K.

[7]

Pielke, R.A. and Uliasz, M. (1998). Use of Meteorological
Models as Input to Regional and Mesoscale Air Quality
Models – Limitations and Strengths. Atmospheric Environmental 32(8), 1455 – 1466.

[8]

Kumar, N. and Russel, A. G. (1996). Comparing Prognostic
and Diagnostic Meteorological Fields and Their Impacts on
Photochemical Air Quality Modeling. Atmospheric Environmental 32, 1989-2010.

[9]

Reynolds, S.D. and Seinfeld, J.H. (1975). Interm Evaluation
of Strategies for Meeting Ambient Air Quality Modeling.
Atmospheric Environmental 9(4), 433-447.

CONCLUSIONS
An ozone forecast model based on non-methane hydrocarbons, aerometric and meteorological variables was
developed using multiple regressions. The chemical mechanisms among ozone, nitric oxides and hydrocarbons were
incorporated into the model’s structure by the specification
of a simplified chemical kinetics and mechanism. The
effects of meteorological parameters were incorporated into
the structure by principal physical factors. The explained
variance (R²) was equal to 0.715 for the April – September
1999 data set of ozone concentrations in Istanbul City and
the standard error of the estimate was 0.4265. The coefficients representing NO, NO2, NMHC, solar radiation, temperature, wind speed, relative humidity and rainfall were
significant at the 99% level.
The developed model explained the diurnal changes
of the ozone concentrations and effectively predicted the
observed ozone concentrations in Istanbul City.
The most important variables impacting on observed
O3 concentrations were wind speed, NO, relative humidity and the previous time period of O3 concentration. The
contribution of the solar radiation, NO2, TNMHC and
other meteorological variables on ozone formation was
relatively low. However, all these variables are required
to predict accurately the ozone concentration.
The model was also used to simulate the level of the
pollutants over different periods of days and time, and to
evaluate several ozone formation control strategies. These
strategies involving reductions in traffic volumes, redistribution of the traffic pattern and reductions in the hydrocarbons can be applied by using the results of the ozone
prediction model under some meteorological conditions.
The monthly, daily and/or hourly ozone concentration can
be predicted depending on the forecast of meteorological
conditions. Thus, the risk periods in which ozone concentrations reach the maximum can be determined and necessary precautions can be taken.
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SUMMARY

INTRODUCTION

The neurotoxins and hepatotoxins are the most dangerous cyanobacterial compounds. These poisons periodically contaminate the water bodies and drinking water.
Information on the genotoxic effects of these compounds
is ambiguous. In our present study the genotoxicity of
cyanobacterial extracts was studied using SOS Chromotest. Cyanobacteria were homogenized and extracted using
SEP PAK C18 or XAD-2 columns. The genotoxicity in the
SOS Chromotest was expressed as induction factor (IF) or
SOS-inducing potency (SOSIP). The induction of IF (up to
1.9) was observed when the cyanobacterial extract (CE)
was tested without metabolic activation. The genotoxicity
expressed as SOSIP correlated well with the contents of
cyanobacterial toxins. The toxicity of CE expressed as
inhibition of alkaline phosphatase activity also depended
on toxin contents. CE was neither genotoxic nor toxic
when it was incubated in vitro with S9 fraction from livers of male B10 A mice, pretreated with Aroclor 1254.
The SOS Chromotest appears to be a convenient test
system for routine screening of the genotoxicity and toxicity of cyanobacterial toxins.

KEYWORDS:
cyanobacteria, SOS Chromotest, genotoxicity, toxicity.

ABBREVIATIONS
CE: cyanobacterial extract
IF: induction factor
TF: toxicity factor
SOSIP: SOS inducing potency
ST: strength of toxicity
MC-LR : microcystin LR

In many countries occurrence of cyanobacterial (bluegreen algae) blooms are becoming an important water
quality problem. Rivers and reservoirs frequently contain
sufficient nutrients for cyanobacterial abundance. The
neurotoxins and hepatotoxins are the most dangerous
cyanobacterial compounds [1 - 3]. Microcystins, which
are the most common cyanobacterial hepatotoxins are
produced mainly by Microcystis species [4 - 6]. The lethal
effect of the microcystins is mediated by liver damage,
which leads to hepatic blood pooling and hypovolemic
shock [7, 8]. The symptoms of microcystin toxicity are
fever, vomiting, diarrhoea, gastroenteritis and acute liver
damage [9]. Moreover, microcystins have been reported
to be tumor promoters in the liver and other organs [10,
11]. Microcystin inhibition of protein phosphatase 1 and
2A induces hyperphosphorylation of the cytosolic and
cytoskeletal proteins [12 -14]. This action disturbs the
homeostatic balance of the cell.
Neurotoxins are the second group of dangerous cyanobacterial compounds [3, 8]. They are mainly produced
by Anabaena flos-aquae and Aphanizomenon flos-aquae.
Neurotoxins are compounds, which generally damage the
nervous system. The symptoms of poisoning are muscle
fasciculation, collapse, heavy abdominal breath, cyanosis
and convulsion [15]. The lethal doses of neurotoxin cause
death within a few minutes and it is mediated by paralyzing skeletal respiratory muscles.
The mutagenicity of cyanobacterial extracts containing microcystins was analyzed with the Ames bacterial
assay (Salmonella typhimurium). The results obtained in
this test are inconsistent. Grabow et al. [16] and Repavich
et al. [17] reported that cyanobacterial extract with and
without metabolic activation did not have mutagenic
properties. But Collins et al. [18] and Ding et al. [19]
presented positive effects in Ames test with and without
S9 fraction.
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As data about mutagenic properties of cyanobacterial
toxins are ambiguous we have been trying to use the SOS
Chromotest to determine if an cyanobacterial extract (CE)
is genotoxic and toxic. The SOS Chromotest is a bacterial
(Escherichia coli PQ37), colorimetric assay to evaluate
genotoxic activities in vitro of wide variety mutagens as
well as environmental samples such as water, sewage and
sediments [20]. Additionally, because cyanobacterial
homogenate required being concentrated we used two
common methods of concentration: with SEP-PAK C18
column and XAD-2 resin.

SOS Chromotest procedure

The SOS Chromotest with E. coli PQ37 strain was
performed according to Quillardet and Hofnung [20] with
our modifications - pH of B buffer was changed from 7
to 8.6. We performed the test in two ways - with and
without activation mixture. The activation mixture was
prepared according to Maron and Ames [21] with the
exception of S9 fraction, which was prepared from livers
of male B10 A mice, pretreated 5 days earlier with a
single dose (500 mg/kg b.w.) of Aroclor 1254.
Collection of cyanobacterial samples

The cyanobacterial bloom samples were collected
from Sulejow Reservoir (Central Poland). Phytoplankton
samples, in which the cyanobacterial species Microcystis
aeruginosa and Aphanizomenon flos-aquae dominated,
were collected from the reservoir surface water (0 to 0.5
m depth) with a 64 µm plankton net. The samples were
concentrated, frozen upon arrival in the laboratory,
freeze-dried and stored at –20 oC before analysis. For
application in the bacterial test, purified cyanobacterial
extracts of bloom samples were prepared.

MATERIALS AND METHODS
Reference compounds

4-Nitroquinoline-N-oxide (NQO) (Sigma, Germany)
Aflatoxin B1 (AFB1) (Sigma, Germany)
Standard in HPLC method

Analytically pure microcystin-LR (Sigma, Germany)
Escherichia coli tester strain

The tester strain was Escherichia coli PQ37. The genetic markers of this strain are sfiA::Mud (Ap lac) cts,
lacΔU169, mal+, uvrA, galE, galY, PhoC, rfa, F-, thr, leu,
his, pyrD, thl, trp::Muc+, srl300::Tn10.
Media for the culture and the maintenance of the tester strain

L medium consisted of Bacto tryptone (Difco) 10 g,
Bacto yeast extract (Difco) 5 g and NaCl (Merck) 10 g
per 1000 ml of distilled water. Just before use, L medium
was supplemented with 20 µg/ml ampicillin.
Buffers and reagents for the SOS Chromotest

B buffer: Na2HPO4 (Riedel-de Haen, Germany) 21.5 g;
NaH2PO4*H20 (Merck) 5.5 g; KCl 0.75 g; MgCl2*7 H2O
0.25 g; sodium dodecyl sulfate (SDS) (Serva, Germany) 1 g;
and β-mercaptoethanol (Sigma, Germany) 2.4 ml per
1000 ml of distilled water and adjusted to pH 8.6.
P buffer: tris(hydroxymethyl)aminomethane (Sigma,
Germany) 121 g and sodium dodecyl sulfate (SDS) 1 g
per 1000 ml of distilled water and adjusted to pH 8.8.
Phosphate buffer pH 7: 61 ml Na2HPO4*7H2O, 0.1
Mol/L solution and 39 ml NaH2PO4*H2O 0.1 Mol/L solution.
o-Nitrophenyl-ß-D-galactopyranoside (ONPG, Sigma,
Germany) solution (4 mg/ml) was 5 mg ONPG per 1.25
ml of phosphate buffer pH 7.
p-Nitrophenylphosphate (PNPP, Sigma, Germany)
solution (4 mg/ml) was 5 mg PNPP per 1.25 ml phosphate
buffer.
In the SOS Chromotest 1Mol/L Na2CO3 solution,
0.25 Mol/L HCl solution and 2 Mol/L tris(hydroxymethyl)
aminomethane solution are also required.

Preparation of cyanobacterial extract

Because genotoxic compounds are generally found in
low concentration in environmental samples, a concentrating step was necessary before genotoxicity test has
been running. The lyophilized cyanobacteria (Microcystis
spp. and Aphanizomenon flos-aquae) were homogenized
for 10 min in a glass homogenizer (200 mg/4 ml of H2O)
and cyanobacterial extracts (CE) were stored 24 h in a
refrigerator. CE was centrifuged and the supernatant was
passed (1 ml/min) through columns filled with XAD-2
resin (0.2 g; Serdolit AD-2; 0.3-1.0 mm - Serva) or SEPPAK C 18 (Millipore). After a washing step (10 ml H2O)
the elution was performed with 5 ml of methanol. The
extract was then evaporated under reduced pressure at
37 0C and re-suspended in 200 µl DMSO. 1 µl of DMSO
contained compounds from 1 mg of lyophilized cyanobacteria.
Detection of microcystins

Microcystin concentrations in cyanobacterial bloom
samples were determined by high performance liquid
chromatography (HPLC) - Hewlett Packard 1050 system
with diode-array detection at 200-300 nm, using a
Spherisorb ODS2 column, 250 × 2 mm. The mobile phase
consisted of a gradient of solvent A (water and 0.05%
trifluoroacetic acid) and solvent B (acetonitrile and 0.05%
trifluoroacetic acid). Separation of microcystins was
achieved using a linear gradient programme: 25% B at 0
min, 70% B at 35 min, 70% B at 37 min, 25% B at 38
min. The sample volume was 20 µl, flow rate 0.25 ml/min
and column temperature 40°C.
The method was based on the work of Lawton et al. [22].
Microcystins were identified by microcystin-characteristic
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UV spectra. Analytically pure microcystin-LR (Sigma,
Germany) was used as an external analytical standard.
The results are expressed as micrograms of microcystin-LR
per g- dry weight of cyanobacterial biomass (µg/g DW).
Because only microcystin-LR was available as analytical
standard, the concentration of other microcystins was determined as concentration equivalents of microcystin-LR.
RESULTS
Microcystin (MC-LR) determination in cyanobacteria

The concentrations of all microcystins were calculated as microcystin-LR equivalents.
The concentration of microcystins in cyanobacterial
bloom samples from Sulejow Reservoir (Table 1) used in
SOS Chromotest was in the middle range of those reported in other countries in the world [23].
TABLE 1 - Concentration of MC-LR and
other microcystins in cyanobacterial samples.

All Microcystins
(µg/g)
207 ± 7

Microcystin-LR
(µg/g)
102 ± 2

Other Microcystins
(µg/g)
105 ± 5

Estimation of genotoxicity of cyanobacterial extract (CE)

In the SOS Chromotest the genotoxic potency of
compounds is measured by determination induction level
of the SOS repair system. This is measured as βgalactosidase activity, which strictly depends on expression of SOS function.
Because certain compounds may be toxic for the tester strain (may inhibit protein synthesis), we also measured
alkaline phosphatase activity.
The ratio of activity of these two enzymes (βgalactosidase to alkaline phosphatase) is defined as specific activity of β-galactosidase, which depends also on
the genotoxic and toxic properties of compounds.

The genotoxicity of CE was calculated as the IF,
which is the ratio of specific activity of β-galactosidase at
a given compound concentration (in this study CE concentration) to specific activity of β-galactosidase at concentration 0 of the compound (without CE). IF per mg of
compound, i.e. lyophilized cyanobacteria, is defined as
SOSIP and it is the slope of the linear region of the dose
response (IF) curves [20].
Because genotoxins are generally found in low concentration in environmental samples, a concentrating step
is necessary before the genotoxicity test is running. Thus,
we used two methods of concentration for CE, with SEPPAK C18 or XAD-2 resin.
To estimate the genotoxicity of CE DMSO samples
concentrated to 10, 25 and 50 µl were used. The samples
were equivalent to 10, 25 and 50 mg of cyanobacteria,
respectively.
Table 2 shows the results (enzyme activities) for extraction on SEP-PAK C18 column and XAD-2 resin. For
both methods the alkaline phosphatase showed similar
activity, but decreased with increasing CE concentration.
It is well-known that cyanobacteria are toxic and inhibit
protein synthesis. In our experiments this toxicity is indicated by a decrease of alkaline phosphatase activity. For
both extraction methods the basic β-galactosidase activity
for concentration 0 of CE was similar and the enzyme
activity increased proportionally with increasing CE concentration indicating that CE induces SOS response. Also
IF increased for higher CE concentrations (Fig. 1). Because compounds can change their activity on biotransformation way we also performed a test with activation
mixture (S9mix). The results are shown in Table 3. The
activities of the enzymes and IF were not changed for all
concentrations of CE. The results show also that metabolic activation neutralized the genotoxicity of the samples.
After extraction on XAD-2 resin we obtained slightly
higher values of SOSIP compared to SEP-PAK C18 column (Table 4).

TABLE 2 - Dependence of enzymatic activity on
concentration of cyanobacterial extract (without S9).

Concentration of
cyanobacterial extract
(mg/ml)
0
10
25
50

Activity of
phosphatase
U
SEP-PAK C18
XAD-2
1867 ± 382
1658 ± 184
(100%)
(100%)
1583 ± 148
1700 ± 411
(91%)a)
(95%)a)
1455 ± 16
1611 ± 344
(86%)
(88%)
1460 ± 428
1359 ± 100
(78%)
(82%)

a) - % ratio of sample given to the control sample.
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Activity of
galactosidase
U
SEP-PAK C18
XAD-2
148 ± 3.5
157 ± 25
(100%)
(100%)
177 ± 21
171 ± 22
(116%)
(113%)
185 ± 22
182 ± 30
(123%)
(118%)
216 ± 32
202 ± 11
(146%)
(129%)
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TABLE 3
Dependence of enzymatic activity on concentration of cyanobacterial extract (with S9).

Concentration of
cyanobacterial extract
(mg/ml)

Activity of
phosphatase
U
850* ± 163
(100%)
872 ± 147
(103%)a)
900 ± 212
(106%)
904 ± 197
(106%)

0
10
25
50

Activity of
galactosidase
U
121 ± 19
(100%)
123 ± 22
(102%)
125 ± 27
(103%)
122 ± 18
(101%)

a) -% ratio of sample given to the control samples.
* - Results are means of data for both types of extraction method.

2,0

XAD-2; -S9
SEP-PAK C18; -S9
SEP-PAk C18 & XAD-2; +S9

1,8

1,6

IF 1,4

1,2

1,0
0

10

20

30

40

50

60

Cyanobacterial extract (mg/ml)

FIGURE 1
Effect of cyanobacterial extract concentration
and method of extraction on induction factor (IF).

TABLE 4
Dependence of SOSIP on method of extraction.

SOSIPa ± SD
SOSIPb ± SD

SEP–PAK (2)
-S9
0.0136 ± 0.0016
0.0160 ± 0.0038

XAD–2 (2)
-S9
0.0190 ± 0.0044
0.0214 ± 0.0083

SOSIPa – determined as a difference of IF between following concentrations of cyanobacteria.
SOSIPb – determined as a difference of IF between the first and following concentrations of cyanobacteria.
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Both extraction methods
+S9
0
0
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In each assay one positive control was included.
Without metabolic activation the positive control was
NQO (0-0.18 nmol/ml). With metabolic activation the
positive control was AFB1 (0-0.09 nmol/ml). Solutions of
these reference compounds were passed through XAD-2
resin or SEP-PAK C18 column and examined in the SOS
Chromotest. Both compounds are known as strong mutagens and SOSIP for NQO was 14, for AFB1 –40 (data not
shown).
In our experiments we also included negative control,
which was distilled water. Samples of distilled water were
examined in the SOS Chromotest before and after passing
through XAD-2 resin or SEP-PAK C18 column. The enzymes activity - alkaline phosphatase and β-galactosidase were found to be at basic values (data not shown) and did
not depend on the amount of water. The numbers indicated that samples of distilled water were not genotoxic for
the tester strain and no genotoxic washout from the resins
was observed.
Estimation of toxicity of cyanobacterial extract (CE)

TF=

Uap (C1)

Uap - activity of alkaline phosphatase;

c 0 - alkaline phosphatase activity of control sample
(without cyanobacteria);
c 1 - alkaline phosphatase activity for samples with
different concentration of cyanobacteria.
In the SOS Chromotest for genotoxic compounds IF
rises with the growth of compound concentration. Similarly, increasing TF indicated that CE toxicity increased
for the following CE concentration (Fig. 2).
In the SOS Chromotest SOSIP is a parameter, which
directly determines the inducing potency of compounds
and it is a base to distinguish between weakly and strongly genotoxic compounds. Thus, we created a new factor,
which determines the strength of toxicity (ST) and can be
calculated as:

The results presented in Table 2 show the correlation
between concentration of cyanobacteria and alkaline
phosphatase activity - enzyme activity decreased for the
following, higher CE concentration.
In the SOS Chromotest IF is the normalized value,
which allows to compare different experiments and compounds. For us it was a basis to create a formula of the
toxicity factor (TF). This factor is the ratio of alkaline
phosphatase activity at CE concentration 0 to alkaline
phosphates activity at the following concentration as
depicted below.

Uap (C0 )

ST =

TFc1 − TFc0
c1 - c0

TF - toxicity factor

c 0 - concentration of cyanobacteria (mg/ml) in control samples ( c 0 = 0)
c 1 - concentration of cyanobacteria (mg/ml) in fol-

lowing samples.

1,4

XAD-2; -S9
SEP-PAK C18; -S9
SEP-PAK C18 & XAD-2; +S9

1,2

TF

1,0

0

10

20

30

40

50

Cyanobacterial extract (mg/ml)

FIGURE 2
Effect of the cyanobacterial extract concentration
and method of extraction on toxicity factor (TF).
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TABLE 5 - Dependence of the Strength Toxicity factor (ST)
on concentration of cyanobacteria and methods of extraction.

SEP–PAK
-S9
0,0065 ± 0,0029
0,0068 ± 0,0021

STa ± SD
STb ± SD

XAD–2
-S9
0,0105 ± 0,0070
0,0105 ± 0,0072

Both extraction methods
+S9
0
0

STa – determined as a difference of TF between the following concentrations of cyanobacteria.
STb – determined as a difference of TF between the first and following concentrations of cyanobacteria.

0,025

0,020

y = 8,5567*10

SOSIP

0,015

(-4)

+ 1,91608 * x

r=0,9831

0,010

0,005

0,000
0,000

0,002

0,004

0,006

0,008

0,010

0,012

ST

FIGURE 3
Dependence between SOSIP and ST.

The data presented in Table 5 show that ST obtained
after extraction on XAD-2 resin was about 62% higher
compared to the extraction on SEP- PAK C18 column,
similarly as SOSIP, which was about 40% higher after
extraction on XAD-2 resin.

results are shown in Fig. 3 and indicate that SOSIP is
closely correlated with ST (r = 0.9831).

Both positive controls (4-NQO and AFB1) in the concentration examined were not toxic for the tester strain.
The activity of alkaline phosphatase for all concentrations
was at the same level (data not shown).

The SOS Chromotest (reviewed in more than 100 publications corresponding to the testing of 751 chemicals) is
a bacterial (Escherichia coli PQ37), colorimetric assay to
evaluate the genotoxic activities in vitro of wide variety
mutagens as well as environmental samples, such as water, sewage and sediments [20]. In the present study the
possibility of using SOS Chromotest for the examination
of genotoxicity and toxicity in cyanobacterial extracts was
investigated.

Similarly, for the samples of distilled water the activity of alkaline phosphatase before and after passing
through resins was at basic level. This indicated that the
sample was not toxic and there was also no toxic washout
from the resins (data not shown).
Because the results show a high correlation between
CE concentration and SOSIP as well as between CE concentration and ST we tried to calculate the dependence
between these two parameters, i.e. SOSIP and ST. These

DISCUSSION

Because different compounds can change their activity
as a result of biotransformation and additionally, cyanobacteria produce microcystins, which are hepatotoxic, CE was
investigated without and with metabolic activation with S9
fraction from the liver of male Black B-10-A mice.
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The obtained results showed that the investigated CE
containing microcystins are genotoxic and toxic for Escherichia coli PQ37 strain (Tables 4 and 5). For both extraction methods we observed the increase of galactosidase
activity together with the increasing concentration of CE
and as a result the rise of IF (Table 2 and Fig. 1). Depending on the increasing concentration of CE, the decrease of
the alkaline phosphatase activity and increase of the toxic
factor (TF) was observed (Table 2 and Fig. 2).

Further experiments are in progress to determine the
SOS Chromotest genotoxicity and toxicity of particular
cyanotoxins, which were isolated in our laboratory with
the method of HPLC.

The data showed that CE was genotoxic and toxic only without metabolic activation. This means that S9 fraction from the liver of male Black B-10-A mice neutralized
the action of cyanotoxins because there is no increase in
IF and TF.
SOSIP obtained for CE in our experiments evidenced
that CE is very weak mutagen and comparable to known
mutagens, e.g. anthracene or N-nitrosodipropylamine. The
experimental data also indicate that the method of extraction influenced the values of SOSIP and ST (Tables 4 and
5). CE after extraction on XAD-2 resin showed a higher
genotoxicity and toxicity in comparison with the extraction on SEP-PAK C18 column.
Because the results obtained with the Ames test in
previous publications are inconsistent, the possibilities of
applying other bacterial tests, not only the Ames test, to
estimate genotoxicity of cyanotoxins have been extremely
important. For example, Grabow et al. [16] and Repavich
et al. [17] reported that cyanobacterial extracts with and
without metabolic activation did not have mutagenic
properties. But Collins et al. [18] and Ding et al. [19]
presented positive effects in Ames test with and without
S9 fraction. Different results can be connected with using
S9 fraction from other animals (rats or mice) and different
types or strains of bacteria (Salmonella typhimurium instead of Escherichia coli PQ37). Additionally, the Ames
test enables only the analysis of stable mutation, while
DNA damages can be examined by means of SOS
Chromotest even though they might not result in a mutational event. Moreover, in Ames test a few bacterial
Salmonella typhimurium strains, such as TA 96, TA 97,
TA 98, TA 100 or TA102, have to be used together,
because each of them estimates only one type of mutation. Therefore, if the mutagenicity of CE is weak, the
probability of obtaining negative results increases. Finally, the brilliant advantage of SOS Chromotest is the
examination of total cyanobacterial genotoxicity and
toxicity using only one bacterial strain (Escherichia coli
PQ37).
Summarizing should also focus on the correlation between SOSIP and ST when genotoxicity and toxicity of
cyanobacterial extracts were investigated. The high value
of correlation (r=0.9831) indirectly evidenced that the
same cyanotoxins from CE were probably responsible for
genotoxicity and toxicity of the investigated blooms.
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CONCLUSIONS
1) SOS Chromotest is a convenient method to evaluate genotoxicity and toxicity of cyanobacterial
extracts.
2) CE is genotoxic and toxic only without metabolic activation; fraction S9 from the liver of male
Black B-10-A mice neutralized cyanotoxins action.
3) The extraction on XAD-2 resin seems to be more
efficient compared to the SEP-PAK C18 column
method.
4) High correlations between SOSIP and TF suggest that probably the same cyanotoxins from CE
are responsible for genotoxicity and toxicity.
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SUMMARY
Carbon monoxide (CO), unburned hydrocarbons (HCs),
and oxides of nitrogen (NOx) are the major pollutants of
motor vehicle emissions. The main fuel used in vehicular
transportation is gasoline; the use of liquefied petroleum
gas (LPG) is an alternative fuel, which can reduce the
environmental impact on the transportation sector. Today,
about 700.000 light-duty vehicles circulate in Istanbul and
most of them are using aftermarket conversion systems.
In this study we have surveyed 41 vehicles of that fleet.
Twenty-six vehicles with carburettor systems were chosen, 11 were equipped with fuel injection and the remaining four vehicles with the newest technology avail-able
for air pollution control. From the study, it can be concluded that due to poor maintenance, many of the in-use
vehicles exceed the environmental regulation standards
required for certification. After the tuning up of 41 vehicles, the emission values were reduced below the environmental regulation values. In addition, it was found that CO
emission of LPG was 44% less than that of gasoline fuel.

KEYWORDS:
Alternative fuels, CO and HC emissions, LPG-fueled vehicles.

INTRODUCTION
In the past two decades, alternative fuels have
emerged as important components in many air pollution
control strategies. While research has provided many
benefits to air pollution controlling technologies, many
uncertainties still exist about alternative fuels and their
real impact. For the Istanbul Metropolitan Area, where
one-fifth of the national population lives in an area of
approximately 5,712 km2, it is mandatory to reduce the
emission of pollutants from vehicles. In 1990, The Marmara University Technology Center published the characterization of emission sources [1]. The data indicate that
vehicles produce 39% of CO emissions, 47% of total HC
emissions and 47% of NOx emissions.

Many countries have stimulated the use of clean-fuel
Liquefied Petroleum Gas (LPG) with their energy policies.
Italy is having the highest number of LPG fueled-vehicles
with a count of 1.200.000. The number in Holland is
800.000, in U.S.A. 500.000, and in Japan 350.000 [2].
LPG, being a by-product in petrol refineries, emerges
in short term as a good alternative for petroleum derived
liquid fuels such as gasoline and diesel. Today, LPG in
internal combustion engines is used in forklifts, tractors,
automobiles, pickups, buses, and many stationary power
stations. However, it is clear that a radical change from
present fuels to alternative fuels is impossible. Therefore,
designing of powering vehicles with gasoline and LPG by
mounting LPG conversion systems and the determination
of the performance and emission characteristics of these
vehicles are the basic topics of this study.
Today, the use of LPG in highway motor vehicles has
increased enormously. The emission data acquired in this
study elucidated what the performance of LPG conversion
systems can be in practice and what can be done for a
better performance. In the literature, it is reported that CO
emission rate of the vehicles using LPG is less than that
of those using gasoline or diesel fuel. Because CO is a
toxic gas and NOx and HC cause photochemical smog,
these emissions acquire a vital significance in terms of air
quality. This study will investigate the motor vehicle
emissions from LPG as an alternative motor vehicle fuel.
A similar research on this subject was carried out in
Mexico [3]. The study aimed to evaluate the effects of a
national program, which was launched to introduce more
energy-efficient modes of transport, such as the use of
alternative and less polluting fuels. With that perspective
in mind, it was concluded that more than 95% of the vehicles using LPG presented emissions which exceeded the
environmental regulation values, required for certification. The poor maintenance of the vehicles and the type of
conversion kit installed could have been culprits of the
results obtained.
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In our study, we aimed to find out, if the in-use vehicles can be adjusted and, thereafter, if the required environmental regulations can be achieved for certification.
THE CHARACTERISTICS OF LPG

forms LPG from liquid phase into gaseous phase as it
reaches the engine. Afterwards, the gas under atmospheric
pressure passes the gas-air mixer, which provides the
necessary Air to Fuel Ratio (AFR). Lambda (λ) is defined
as the ratio of actual AFR to stochiometric AFR (LPG
stochiometric AFR = 15.8).

LPG, a compressed natural gas (CNG), methanol and
ethanol are wide spread fuels as alternatives to gasoline in
engines. The alternative fuels without HC can be hydrogen, electricity and solar energy. LPG has been used all
over the world since the beginning of the 1860s as a
moveable fuel resource and the use of it has increased
ever since.

The electronic LPG conversion system performs the
closed circle λ checking. Such systems in comparison to
the first basic systems, include a λ indicator. In addition,
there are electronic control units, which evaluate the signals of this indicator and the valve for flow adjustment,
changing the gas flow. This valve works according to the
signals coming from the electronic control unit in order to
reach the λ=1 requirement.

LPG is mainly formed from mixtures of propane
(C3H8) and butane (C4H10) and is a by-product of petrol
refineries and natural gas production process. Therefore,
its physical and chemical characteristics change according
to the quantity of propane and butane. The proportion of
propane-butane is about 30-50% propane and 50-70%
butane.

Emission tests were carried out on the in-use vehicles, which were mounted with LPG conversion system in
TGS Auto Gas Co. (the distribution company of Holland
Prins Autogassystemen Co.). An Infrared Exhaust Gas
Analyzing Device Mod 2000 G-486 was used to measure
the emissions. The main characteristics of this device are
given in Table 1.

LPG is much cleaner in comparison to other fuels,
primarily, because there is no lead in the fuel and lead
emission is not a subject of discussion and, secondly,
there are no aromatic hydrocarbons and polymers, which
are used to increase the octane number of gasoline without lead. The absence of sulphur and the remarkably low
production of NOx air toxics and particles during combustion make LPG to one of the world's most environmentally friendly source of energy.
LPG does not cause any problems in terms of motor
life in the vehicles that use gasoline without lead as fuel.
However, in the vehicles using gasoline with lead, there
may be a small amount of metal wearing away in the
vehicle’s valve. In order to prevent this, gasoline with
lead can be used or the blank valve should be adjusted to
minimize the wear [3].
Combustion fruitfulness is a parameter that indicates
how well the fuel burns. Maximum combustion emerges
completely by means of the fuel’s evaporation and its
mixing with air. This can be enabled by the position of
stochiometric air-fuel ratio (AFR). Combustion fruitfulness of well-adjusted vehicles is high for all velocities and
for all burdens, because the fuel evaporates completely
and mixes with air.
The octane number of LPG is higher than that of gasoline. In this case, the performance of the engines that
have been devised according to LPG can be increased by
means of high squeezing rates in the engines.

MATERIALS AND METHODS
Fuel feeding of an LPG conversion system takes
place by the LPG’s own steam force. In this way, LPG
reaches the regulator in liquid form. The regulator trans-

TABLE 1
Characteristics of the test device.

Measurement

Measurement range

Sensitivy

CO
CO2
HC
O2
Lambda

0-12%
0-25%
0-20,000 ppm
0-25%
0.5-2

0.01%
0.01%
1 ppm
0.01%
0.001%

AFR
Oil temp.
RPM
(rotation per min)

5-30
0-200°C

0.01%
0.01%

0-10000 rev/min

1 RPM

rev = revolutions

After the LPG conversion system is mounted, the λ
adjustments of all vehicles are done for LPG and, first of
all, it is required that the λ adjustments of these should
be optimized for gasoline. The optimum value of λ is 1.
Technically, the acceptable values of λ are given as
follows:
For the vehicles with carburettor:

λ = 0.90–1.10

For the vehicles with injection system:

λ = 0.97-1.03

In practice, acquiring the value of λ=1 is not possible
for the in-use vehicles because of their engines’ poor
maintenance. Therefore, in this study, in order to determine the emissions’ values for the value of λ=1 more
correctly, the optimum value correction (OVC) was performed. To perform OVC, the emission changes in comparison to changes in λ values were observed acquiring
the following data for Δλ = 0.01.
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ΔCO = 0.15%, ΔHC = 15 ppm

2) The vehicles with single point injection (SPI): between 27-34.

For the vehicles with injection system:
ΔCO = 0.05%, ΔHC = 5 ppm.

3) The vehicles with single point injection and catalyst
(SPI & C): 35 and 36.

In addition, the following test measures were evaluated:

4) The vehicles with multi point injection (MPI): 3739.

Δλ = ±0.01 as "optimum"

5) The vehicles with multi point injection and catalyst
(MPI &C): 40 and 41.

Δλ = ±0.02 as "good"
Δλ = ±0.05 as "valid"
RESULTS AND DISCUSSION
The test results were lined up according to the fuel
systems of the vehicles as follows:
1) The vehicles with carburettor (Car.): 1-26.

In Istanbul, most of the vehicles’ engines are not
maintained well enough. If the adjustment of a vehicle’s
engine is not optimized, an additional system cannot be
adjusted for the optimum. Therefore, vehicles that were
between the acceptable performance values were taken
into consideration for OVC in order to acquire an efficient
outcome. All the emission values are given in Tables 2-3
and Figure 1.

TABLE 2 - Emission values.
Vehicle
1-Şahin 1986 Car.-Optimum
2-Şahin 1992 Car.-Good
3-Şahin 1993 Car.-Valid
4-Şahin 1995 Car.-Valid
5-Şahin 1995 Car.- Optimum
6-Şahin S 1996 Car.- Optimum
7-Şahin S 1996 Car.- Optimum
8-Şahin S 1996 Car.- Optimum
9-Şahin 1997 Car.- Optimum
10-Şahin 1997 Car.- Optimum
11-Doğan SLX 96 Car.-Good
12-Doğan SLX 97 Car.- Good
13-Doğan SL 998 Car.- Good
14-Doğan SL 998 Car.- Good
15-Kartal 1992 Car.- Optimum
16-Kartal SLX 95 Car.- Optimum
17-Toyota Cor. 92 Car.- Good
18-F. Escord 997 Car.- Good
19-Renault 9 995 Car.-Good

Fuel
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG

CO (%)

CO2 (%)

HC(ppm)

O2 (%)

λ

CO(OVC)

HC(OVC)

1.58
0.88
3.68
3.14
2.00
2.36
3.02
1.98
1.46
0.46
2.40
1.60
1.09
0.82
0.75
0.30
1.37
1.35
1.58
0.91
2.67
1.94
2.63
0.40
1.58
0.33
2.92
0.76
2.95
2.18
1.20
0.42
2.2
1.40
2.45
1.73
2.10
0.95

13.8
13.5
10.9
10.6
12.6
11.4
12.3
11.5
14.8
14.2
13.2
13.1
15.3
14.1
15.4
14.4
15.2
13.6
14.4
13.6
13.1
12.7
14.3
14.4
14.7
14.3
14.3
14.2
12.7
12.1
13.9
15.6
14.2
13.0
13.9
13.1
14.4
13.6

133
123
120
138
77
108
292
290
56
50
174
306
97
105
86
88
60
80
148
214
346
369
105
104
77
77
109
120
89
129
100
184
212
262
77
70
46
54

1.2
0.6
2.9
2.2
2.4
2.1
1.9
2.2
0.4
0.3
1.7
1.1
0.6
0.5
0.5
0.5
0.6
0.4
1.0
0.8
1.5
1.1
0.3
0.5
0.3
0.4
0.5
0.7
1.7
2.0
0.6
0.9
0.9
1.4
1.0
0.9
0.6
0.6

1.01
1.00
1.02
1.00
1.05
1.03
0.98
1.04
0.98
1.00
1.00
0.99
0.99
0.99
1.00
1.01
0.99
0.98
1.00
1.00
0.98
0.98
0.94
1.01
0.97
1.01
0.94
1.01
0.99
1.02
0.99
1.02
0.97
1.01
0.97
0.99
0.97
1.00

1.70
0.85
4.00
3.10
2.75
2.50
2.75
2.20
1.20
0.45
2.40
1.40
1.00
0.70
0.75
0.30
1.27
1.10
1.58
0.91
2.40
1.75
1.80
0.40
1.20
0.35
2.00
0.75
2.80
2.35
1.10
0.65
1.80
1.40
2.10
1.60
1.70
0.90

140
120
150
130
140
150
250
320
50
50
174
220
90
90
86
92
50
55
148
214
315
330
60
100
60
75
90
110
80
145
90
200
180
250
50
55
35
45
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TABLE 2 - Emission values.
Vehicle

Fuel

20-Renault 9 997 Car.- Valid
21-Renault 9 996 Car.- Valid
22-Renault 9 996 Car.- Valid
23-Renault 9 997 Car.- Optimum
24-Renault 9 999 Car.- Valid
25-Renault 12 92 Car.- Optimum
26-Renault 19 95 Car.- Optimum
27-Doğan SLX 99 SPI- Optimum
28-Kartal 1999 SPI - Valid
29-Kartal 2000 SPI - Optimum
30-Fiat Palio 00 SPI - Optimum
31-Renault 9 998 SPI - Valid
32-Renault 9 998 SPI - Valid
33-Renault 9 998 SPI - Valid
34-Renault 9 998 SPI - Good
35-Şahin 1999 SPI & C – Opt.
36-Şahin 2000 SPI & C – Opt.
37-Opel Vectra 97 MPI – Good
38- Opel Vectra 98 MPI – Good
39-Ford Esc. 97 MPI - Optimum
40-Megane 2000 MPI & C – Opt.
41-Marea 2000 MPI & C – Opt.

Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG
Gasoline
LPG

CO (%)

CO2 (%)

HC(ppm)

O2 (%)

λ

CO(OVC)

HC(OVC)

2.56
0.36
0.99
1.02
1.28
0.52
0.72
0.34
4.06
0.97
1.58
0.99
1.14
1.00
0.16
0.24
0.52
0.61
0.12
0.13
0.65
0.96
0.17
0.40
0.21
0.44
0.24
1.38
0.42
0.62
0.00
0.00
0.02
0.04
0.47
0.29
1.31
0.8
1.28
0.51
0.01
0.02
0.20
0.09

13.8
13.8
13.8
12.5
13.2
13.6
15.3
13.9
12.9
13.7
13.9
13.4
14.5
13.3
15.8
14.5
15.4
14.2
15.7
14.5
15.6
14.0
14.8
13.7
15.5
13.8
15.3
13.4
14.9
13.8
16.3
14.4
16.5
14.9
15.1
13.5
14.5
13.6
13.1
12.3
15.8
13.9
16.0
14.2

68
79
54
65
259
75
95
111
113
76
687
254
227
100
67
54
80
116
42
40
80
151
53
71
46
83
82
106
75
91
6
2
17
23
42
45
34
36
56
113
14
24
40
15

0.7
0.9
2.0
1.8
2.3
0.6
0.8
0.7
0.4
0.7
1.9
1.1
1.0
0.8
0.2
0.1
1.0
0.5
0.2
0.2
0.8
0.5
1.6
1.0
1.0
1.0
1.4
0.7
0.9
0.5
0.1
0.1
0.1
0.1
0.8
0.9
0.7
1.3
1.0
0.6
0.2
0.2
0.3
0.1

0.96
1.03
1.06
1.06
1.06
1.01
1.01
1.02
0.91
1.00
1.01
1.01
1.0
1.0
1.0
1.0
1.03
1.00
1.01
1.01
1.02
0.99
1.07
1.04
1.04
1.03
1.05
0.99
1.03
1.00
1.01
1.00
1.01
1.01
1.02
1.04
1.00
1.07
1.01
1.01
1.01
1.01
1.01
1.01

2.10
0.45
1.80
1.50
2.00
0.50
0.75
0.45
2.80
0.90
1.65
1.00
1.14
1.00
0.16
0.24
0.75
0.50
0.15
0.13
0.80
0.80
0.70
0.60
0.70
0.60
0.70
1.00
0.70
0.50
0.00
0.00
0.03
0.05
0.50
0.30
1.31
0.50
1.35
0.50
0.01
0.01
0.20
0.08

58
80
125
110
350
75
100
120
70
70
700
250
227
100
67
54
95
100
45
40
100
130
120
90
66
90
140
80
100
80
6
2
20
25
44
44
34
60
60
115
18
24
45
15

TABLE 3
Average emission values for gasoline and LPG.

Vehicle Group
Fuel
CO (%)
Difference (%)
HC (ppm)
Difference (%)

Vehicles with
carburetor
Gasoline
LPG
1.98
1.11
-44
151
142
-6

SPI
Vehicles
Gasoline
LPG
0.34
0.55
59
67
87
29

SPI & C
Vehicles
Gasoline
LPG
0.01
0.02
100
12
13
9
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MPI
Vehicles
Gasoline
LPG
1.12
0.52
-53
49
84
72

MPI & C
Vehicles
Gasoline
LPG
0.11
0.06
-48
27
20
-27

© by PSP Volume 12 – No 10. 2003

Fresenius Environmental Bulletin

FIGURE 1
Average emission values for gasoline and LPG.

In order to determine the average values of the emission data, the following formula was applied. In this formula some emission values were multiplied with some
coefficients. These coefficients were determined according to their definite degree (for example, optimum values
being multiplied with 3, good values being multiplied
with 2, and valid values being multiplied with 1).

E=

( AOV ) x3 + ( AGV ) x2 + AVV
6

where,
E = Average emission value (vol/vol % for CO; ppm for HC)
AOV = the average of the optimum values
AGV = the average of the good values
AVV = the average of the valid values.
The results obtained from this study can be summarized as follows:
1) In the vehicles with carburettor, CO emission and
HC emission were reduced to 44% and 6% for LPG
in comparison to those for gasoline. CO emission for
LPG is under the California Motor Vehicle Pollution
Control Board Standards with the value of 1.11%
(CO emission standard is 1.5%; HC emission standard is 275 ppm), while CO emission for gasoline exceeds this standard with the value of 1.98%.
2) Regarding the vehicles with single point injection, CO
emission increased by 59% and HC emission by 29%
for LPG in comparison with those using gasoline.
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3) For the vehicles with multi point injection, CO emission was reduced by 53%, while HC emission increased by 72% for LPG in comparison to those for
gasoline. The reason for the increase in HC emission
is the insufficient technology used. Fuel is sprayed
from the injection valve for gasoline. However, LPG
is supplied through a mixer towards the combustion
chamber. This means that the engine runs with LPG
like a carburettor system. The systems which enable
the spray of LPG fuel from the injection valve were
developed, but the costs increased up to 1533-2045
Euro. In Turkey, such systems cannot be mounted
because of their high cost.
4) For the vehicles with single, or multi point injection
plus catalyst, CO and HC emissions are very low for
the two fuels.
5) In general, all emissions are under the TS 11366 exhaust gas emission standards. LPG, which does not
include lead, PM, sulfur, aromatic hydrocarbons,
and olefins emerges as alternative fuels for the vehicles with carburettor in the short-term, because of
the reduction in CO emission by 44% in comparison
to gasoline. The emissions of LPG fuel in the vehicles with single and multi point injection are low
like those of gasoline and, thus, it again emerges as a
good alternative fuel.
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CONCLUSIONS
When looking at the information obtained from this
study, the following conclusions have inferred to take
under control motor vehicle emissions:
(1) The use of LPG should be encouraged, especially for
the vehicles with carburettor with high emission levels. LPG is a clean alternative fuel if the conversion
system of it is mounted correctly and the engine is
adjusted properly. Therefore, necessary controls
should be carried out.
(2) Catalysts provide 80-90% purification of the emission and, therefore, vehicles with catalysts should be
encouraged. In addition, the public should be made
aware of the most significant features of vehicles
with catalysts, e.g. the use of convenient fuel and
engine maintenance.
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SUMMARY
Level-determined sampling of groundwater is important for the detailed study of groundwater hydrology.
This methodology has been increasingly used in recent
years as hydrological research focused on detailed processes for design and development of remediation techniques.
The use of in situ groundwater sampling devices would
help to alleviate this problem. In this paper the application
of a well-proven commercial system to select leveldetermined samples called BAT system is represented,
also its installation and operation results. The devices
were utilized to collect level-determined samples from a
coastal, shallow and unconfined aquifer with an intensive
use of a nitrogen fertilizer in Northern Greece.

KEYWORDS:
Groundwater contamination, monitoring, multilevel sampler.

INTRODUCTION
An accurate measurement of the vertical distribution
of solute concentrations in an aquifer is a major problem,
especially when observation wells are fully screened.
Nearly all types of pollutants show a vertical concentration
gradient. Level-determined groundwater samples are important for all the scientists involved in monitoring [1, 2].
These samples are collected from a known, usually small
depth interval in an aquifer. Most of the successful examples of level-determined sampling were to be found in
shallow unconsolidated deposits where simple, cheep
sampling devices have been used. Specially constructed,
small diameter boreholes are dedicated to these devices.
All the procedures of level-determined sampling involve
the drilling and construction of a dedicated borehole
which is costly, time-consuming and represents a permanent installation. On the other hand, existing boreholes
offer a convenient and cost-effective option for obtaining

groundwater samples with the advantage that the borehole
can be used for pumping, trace and other tests. However,
it is difficult to obtain level-determined samples from
existing open boreholes, owing to problems of induced
flow in and around the borehole which causes mixing of
groundwater from different levels in the aquifer [3, 4].
Many previous reviews of sampling techniques have
concentrated on the technology for retrieving water and
several methods have been developed in the recent years
for measuring the vertical solute concentration profile in
aquifers [4-8]. A careful recovered sample will be worthless if it has been obtained without understanding the
local hydrogeological environment. These local hydrogeological environments play an important role for the
choosing of sample methods. For example, a rapid observation of a high porosity system with vertical hydraulic
gradients would be ill-advised if low pumping rate methods were used because of their poor flushing. The well
established and easy to use tool is the multi level sampling well or piezometer nest [9].
A number of different methods have been presented
for getting depth-resolving measurements when only fully
screened observation wells are available. The published
methods include the multiport sock samplers [10], packer
systems [11], separation pumping technique [12, 13], a
modular passive multilevel sampler [14] and the dual
pumping technique [15, 16]. Methods like the drive point
sampling technique [17] do not require the construction of
a borehole and can be used to extract groundwater samples from a defined depth. A similar technique was introduced and applied by Pitkin et al. [16] for groundwater
sampling.
Groundwater sampling is conducted to provide accurate information on the conditions of subsurface water
resources. The reliable detection and assessment of
groundwater contamination require minimal or nondisturbance of geochemical and hydrogeological condi-
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tions during sampling. The subsurface environment is not
as readily accessible as surface water systems and so a
minimal disturbance is inevitable. Therefore, “representative” or error-free or artifact sampling is really a function of
the degree of detail needed to characterize the groundwater
hydrologic and geochemical conditions and the care taken
to eliminate disturbance of these conditions in the process.

The sampling devices may be categorized as a) grab or
bailer samplers (Fig. 1a), b) positive displacement mechanism (Figs. 1b, 1c, 1d) and c) in situ devices (Fig. 1e).
Bailer or grab samplers consisted of a bailer, which is
lowered to the desired sampling depth in a well. The sample is mixed water in the well and is not level-accurate
(not representative) [5]. Positive displacement mechanisms such as: a) packer systems [19], b) multi port sock
samplers [6], c) baffle systems [6] and d) separation
pumping [12] used for level-determined sampling and the
samples are level accurate. In situ devices such as: a)
dedicated multi level system [13] and b) individual wells
and nests [20] are also level-determined sampling methods and the samples are level-accurate (representative). It
must be noted that there is not a perfect method for all
occasions and the final choice will depend on combinations of a) the location, size and purpose of the sample
required, b) the hydrogeological environment to be sampled and c) the choice of the available equipment and the
performance of the sampling methods.

The groundwater environment is dynamic over extended time frames and the processes of recharge and
groundwater flow are very important to gain a thorough
understanding of the system. Short term investigation
may only provide a snapshot of contaminant levels or
distributions. It is very important to use reliable collection
methods for high data quality over the course of the investigation with the assumption that the water quality monitoring data are collected normally on discrete dates. The
reliability of the sampling methods should be intensively
investigated during the preliminary phase of monitoring
network implementation.

flowmeter

Concrete

Concrete

clay seal

bailer

flowmeter

Concrete

clay seal

gravel pack

water sample

rising main
packer

gravel pack

clay seal

gravel pack
top pump

pump
sampling pump

bottom pump

(α)

(b)

(c)

casing
piezometers

open hole
sampling port

packer

filter screen

packer

(d)

(e)

FIGURE 1
Level determined sampling methods a) depth samplers b) pucker system
c) separation pumping d) dedicated multi level system e) individual piezometers.
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FIGURE 2
Location of the study area.

In categorizing of the groundwater samples the flux
and volume samples can be noted [21]. A volume sample
could be obtained by coring and would capture the water
within an aquifer volume independent of its mobility. A
flux sample is captured by pumping. Concentrations in
flux and volume samples will differ, if there are permeability and concentration variations in the aquifer. In homogeneous aquifers, solutes may be located in low permeability zones, where movement is mainly controlled by
diffusion. Volume samples, which give the total mass, are
often useful when investigating a polluted site for possible remediation or for scientific purposes. On the other
hand, flux samples are important when assessing a polluted water supply well. The difference between flux and
volume samples is smaller for low pumping rates.
In this paper a study case in Northern Greece, where
a well-proven level-determined sampling system was
installed and operated to observe the pollution caused by
agricultural activities, is described. The locations of the
samplers have been organized after a detailed reconnaissance of the hydrogeological environment.
SITE DESCRIPTION
The study area considered in this paper occurs in a
coastal, shallow, phreatic aquifer which is located in the
south-western part of Chalkidiki Peninsula in Northern
Greece (Fig. 2). The aquifer under study is a part of a
large watershed, which drains to Thermaikos Gulf. A
large part of the area is used as a agricultural land. Intense

agricultural activity during the last decades sustained by
heavy nitrogen fertilization has caused severe nitrate
contamination in groundwater abstracted from shallow
irrigation wells and deeper boreholes [8, 22, 24].
The structure and hydrogeology of the system are typical of a coastal multi-aquifer system in Greece [22, 23].
The upper part, which is the object of this study, is characterized by alternating sands and gravels with small pebbles
in some places. These formations are underlain by clayey
layers at depths that vary from 5 to 25 meters. Geophysical
prospecting methods were used in conduction with lithological data from various wells in order to estimate the
thickness of various layers and consistency of the geological deposits. The groundwater flow direction is towards the
coast and the average gradient of the water table has been
found by resent groundwater level measurements to be on
an order of 0.006. A number of pumping tests performed in
the aquifer leads to a range of hydraulic conductivity values
between 4 and 45m/d in the permeable strata. Recharge
calculations using precipitation data for the last two decades result to an annual average of 150 mm.
Visual in situ observations and land use information
by a farmer interview survey the collected data in the
dtudy area. The main observation was a definite rotation
of crops throughout the year and that the cereals (mainly
wheat) and vegetables dominate among other crops. The
data were taken into account in the numerical simulations
by applying the annual nitrate concentrations of groundwater recharge.
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Finally additional data, particular from geology and
hydrogeology and land use, can by found in previous
publications [22-24].
Ground water samples have been collected from shallow wells during the period 1993-1996 from an innovative system for groundwater sampling and monitoring
called “BAT system” and described below. This technique is well-adapted to collect accurate and representative data without the necessity of pre-sampling from different strata. This system guarantees a vertical sampling
with no need to pump from different depths in contrast to
traditional techniques of groundwater sampling that lead to
vertical mixed samples by pumping from existing standard
wells. The major advantage of the BAT system is that only
a small amount, contained in the filter tip itself, must be
purged from the system prior to sampling [23, 25].

sonal basis water levels decline rapidly following the start
of the irrigation season and recover during the nonirrigation season. This is a pattern which can contaminate
a deeper aquifer. Under such conditions rates of downward movement would depend on pumping patterns.
The field data indicate that the water level changes during the years. Figure 4 shows the water table contours
for 1995. This map was produced by applying geostatistical methods. The flow system can, therefore, be assumed to be temporarily at steady state at some point
within those periods. We will assume that the hydraulic
data for those periods represent steady state conditions
in the phreatic aquifer.
Tap
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Water levels for three observation wells.
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Water table elevations (meters above sea level).

The water levels in phreatic aquifers declined by
about 3 meters during the last decade (Fig. 3). On a sea-

A representative commercial available system for
level-determined sampling is the BAT system (Best
Available Technology - Fig. 5). The BAT ground water
monitoring system was developed in Sweden by BAT
Envitech, Inc. Individual boreholes are installed at different depths and used independently for sampling. The
classical designs, where drilling a few small diameter
boreholes and a large diameter one and installing the
piezometric nest separating each level by bentonite layers,
have been used in practice. The BAT monitoring system
is an integrated system for a) sampling groundwater, b)
measurement of groundwater pressure, c) in situ permea-
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bility testing and d) tracer tests [25]. The BAT system
contains three basic components: 1) a permanently installed, sealed filter tip attached to an extension pipe,
2) an evacuated and sterilized sample container of glass
and 3) a disposable double-ended hypodermic needle.
Ground-water samples are collected in sealed, pressurized
glass vials which may be sent directly to the laboratory.
The system makes it possible to collect pressurized water
and gas samples without the necessity of purging large
amounts of well water. The primary feature of the system
is the filter tip (the standard configuration consists of a
thermoplastic body and a filter of high density polyethylene). This filter tip is reinforced with a core of Teflon
coated stainless steel and sealed with a flexible disc of
resilient material. The filter tip is threaded onto the bottom of an extension pipe and additional lengths of pipe
are added when needed. The major advantage of the system is that only a small amount contained within the filter
tip itself must be purged from the system prior to sampling. Ground water samples are obtained by inserting a
pre-sterilized, pre-evacuated sample vial into a sample

0.00

container which is then lowered down the extension pipe.
At the lower housing is a spring loaded guide sleeve and
the filter tip cap causes the needle to puncture the septa in
both the cap and the sample vial. The guide sleeve mechanism causes the needle to withdraw from the sample vial
first, thus preventing a loss of sample fluid or gas. Filter
samples are obtained by the use of an in-line filter adapter.
IN SITU SAMPLING PROCEDURE
The drilling of individual piezometers relies upon
standard drilling technology. To install the BAT system
seven individual piezometers at four different locations
across to the principal direction of groundwater flow are
drilled. Any piezometer nest in a signal borehole requires
careful placing to avoid leakage. In Figure 6 the geological sections at the location where the BAT system was
installed arte shown and Table 1 represents the depths
where the filter tip of the system is installed.
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FIGURE 6
Geological sections of BAT system installation.
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TABLE 1
Technical elements of BAT system installation.

Number of
individual boreholes
3

a/a

Depth installation filter

Thickness of aquifer layer

2.0
11.5
8.2
9.5
12.5
20.0
5.4
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3.6
0.5
3.0
4.0

1
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2
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2
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2
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3
4
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FIGURE 7
Nitrate concentration versus time for four different locations and different depths at each location.

RESULTS AND DISCUSSION
This study presents the vertical nitrate concentration
profiles of nine different groundwater locations. The
concentration profiles were measured with the individual
piezometer method and a well-proven commercial technique called BAT system.
The plots of concentration versus time (almost for
two sampling years) for the nitrate graphically illustrate
the correlation between nitrate and depth of the aquifer. In
Figure 7 the results of the samples analyzed for nitrate
concentration and collected from the nine individual pie-

zometers at different locations versus time are shown. The
gaps for selection data are caused to innate problems
during the field application of the sampling system. The
lack of correlation in nitrate concentration versus depth
for the samples of the piezometer group (B) is believed to
be caused by mixing water, the small thickness of the
stratum and the long-time period between two sequential
samplings. The results of this study confirm some of the
conclusions reached by previous studies [26-28]. These
results are from a field orientated study, a true assessment
of accuracy and, therefore, are acceptable as “representative samples” or level-determined samples. The large
variance of nitrate concentration during the sampling
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period is a result of the intensive irrigation from the boreholes which are spread at the coastal agricultural area, the
intensive use of fertilizers all over the year and from the
small thickness of the phreatic aquifer. Reliable sampling
is based on the hydrogeologic setting of the study area
and the degree of analytical details required by the monitoring program. Finally, according to the chemical analysis of the samples, the plotted piper diagram presents the
quality characteristics of the groundwater (Fig. 8). Temperature, pH and electrical conductivity were measured in
the field while all common ions were analyzed in the
laboratory using standard methods [29]. The nitrate was
measured with a portable equipment, type Eijkelkamp
(Marckoquant 10020), and sporadically verified using
analytical methods in the laboratory.

The results from the field study confirm the ability of
a commercially available in situ groundwater sampling
device to collect accurate and representative data without
the necessity of a pre-sampling purge of large quantities
of stagnant well water. Quality control begins with the
evaluation of the hydraulic performance of the sampling
point (borehole or well) and the proper collection of the
mechanisms and materials for well purging and sample
collection, The in situ devices allow samples to be collected quickly and with a minimal amount of exposure to
sampling personnel. The applicability of such a device to
a variety of monitoring situations can be proved by the
usefulness to form and use a detailed mathematical model
for prediction of the nitrate concentration or to develop
remediation techniques.

FIGURE 8
Piper diagram of groundwater sampling.
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RADIAL PASSIVE SAMPLERS FOR AIR QUALITY MONITORING
IN FIELD COMPARISON WITH A BTEX AUTOMATIC ANALYSER
PRELIMINARY RESULTS
L. Angiuli, P. Bruno, M. Caputi, M. Caselli, G. de Gennaro, M. de Rienzo
Dipartimento di Chimica, Università degli Studi di Bari, Via Orabona 4, 70125 Bari, Italy.

SUMMARY
The more frequent usage of passive sampling techniques in air quality monitoring campaigns demands for
more control of the results obtained. This can be achieved
by employing this sampling methodology in field studies,
or at least by its comparison with reliable techniques,
commonly used for monitoring of atmospheric pollutants.
In this paper we evaluate the reliability of the results
obtained by using radial symmetry diffusive samplers. In
particular, we test Radiello , radial symmetry samplers for
determining BTEX (benzene, toluene, ethylbenzene,
(m+p)-xylene, (o)-xylene). The tests have been also performed to evaluate the reproducibility of measurements
carried out with Radiello and to verify their constant uptake rate versus sampling time. BTEX analyses were
performed by chemical desorption and GC-MS. Differences between benzene, toluene and o-xylene concentrations simultaneously measured with passive samplers and
conventional automatic analysers (Chrompack CP-7001)
were 16.5% on average. Concerning toluene and oxylene, the differences were 24.0 and 22.5 % lower, respectively.

Earlier types of diffusive samplers, the so-called “axial” samplers, were characterised by a diffusion path parallel to the adsorbent axis [1]. Nowadays, passive samplers with a radial symmetry, such as Radiello , are available. These have a hollow cylindrical diffusion surface, in
which a coaxial cylindrical adsorbent cartridge is contained and the diffusion path is parallel to the cartridge
radius [7] (Fig. 1).




diffuser

adsorbent



rint rext
rext

FIGURE 1
Layout of a radial diffusive sampler.
KEYWORDS:
Diffusive samplers, BTEX (Benzene, Toluene, Ethylbenzene,
(m+p)-Xylene and (o)-Xylene), air quality monitoring.

A larger diffusive surface provides a sampling rate
value higher than that of ‘axial’ samplers, and, thus, they
have a higher sensitivity [7-10]. In this work, Radiello
(Fondazione Salvatore Maugeri, Pavia, Italy) diffusive
passive samplers for sampling of volatile organic compounds (VOCs) have been tested. Benzene, toluene, xylenes and ethyl-Benzene were considered for the tests.
This choice was motivated by our research interest, focussed on vehicular pollutants in urban air. The data obtained from the Radiello samplers were compared to those
obtained simultaneously from an automated BTEX analyser.


INTRODUCTION
Over the last years, the use of diffusive samplers for
air quality monitoring has notably increased. Acknowledging their feasibility and other numerous advantages,
they represent an interesting alternative to conventional
‘active’ sampling systems [1-6]. They are, for example,
constituted of inactive materials and many of their components can be reused. Their costs are low in field calibrations and maintenance is not necessary. Furthermore, they
do not need any power supply.

In the official validation protocols, the comparison
between passive sampling and automatic analysers often
fades into the background, but it is helpful to verify the
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reliability of these samplers under real sampling conditions. In the literature, there are to be found a lot of
works, e.g. the review from Krupa and Legge [11], about
comparisons of results obtained from co-located passive
samplers and continuous monitoring of the most important classes of pollutants.

where l is the length of the cylindrical diffusive body.
Therefore, the flux is constant across any cylindrical
surface between rint and rext, since the increase of the gradient towards the internal surface is exactly balanced by
the decrease of the surface. On the adsorbing surface, the
flux is equal to the mass increment per unit of time:
⎛
C (rext ) ⎞
m
⎟ = Dk ' C (rext ) = QC (rext )
= −2πDlk = 2πDl⎜⎜ −
(
t
ln
rint rext ) ⎟⎠
⎝

Theory of passive sampling

Diffusive samplers represent a practical application of
Fick’s laws concerning the matter of flux, which is driven
by a concentration gradient [12-13].
Using cylindrical coordinates under stationary conditions, and taking into account that the gas concentration C in
the zone between the diffusive body and the adsorbing cartridge only depends on the radial coordinate r, we can write:

∂ 2C
∂r

2

=−

1 ∂C
r ∂r

(1)

(1)

The solution of equation (1) is:

⎛ r
C (r ) = C (rext ) + k ln⎜⎜ int
⎝ rext

⎞
⎟⎟
⎠

(6(6)
)

where k’ is a geometrical constant of the sampler and
Dk’ = Q is the uptake rate.
MATERIALS AND METHODS
The Radiello passive sampling system for VOCs is
constituted of a polycarbonate and microporous polyethylene cylindrical diffusive body, and of a 100 mesh net
cylindrical adsorbing cartridge, o.d. 5.9 mm, containing
530 mg of activated charcoal (35-50 mesh). The adsorbent cartridge is introduced into the diffusive body, which
is screwed on a polycarbonate supporting plate with a clip
and a transparent label pocket.


(2)

(2)
A polypropylene mountable shelter is used to protect
the sampler from bad weather and against direct sunlight
where C(rext) is the gas concentration outside the dif- during outdoor samplings. In general, exposure times
ranging from 8 hours to 14 days are possible.
fusive body.
If a strong adsorbent is used, the gas concentration on
the adsorbent surface C(rint) can be considered equal to
zero during the whole sampling and, then, it is possible to
calculate k:

k =−

C (rext )
r
⎞
ln⎛
⎜ int r ⎟
ext ⎠
⎝

(3)

(3)

According to Fick’s first law, and taking into account
the previously discussed conditions, it will lead to the
following equation:

J =-D

∂C
k
=-D
∂r
r

(4)

The Q values (uptake rate) for each pollutant are provided by the manufacturer, who estimates these values by
performing a large number of tests with Radiello samplers. Such tests are performed inside an atmospheric
generation system, at several concentrations of the considered pollutants and at a constant temperature of 25 °C.
The response of Radiello samplers does not change significantly inside the wind speed range usually verified at
urban sites with a relative humidity of 40 - 90% [14].




During real sampling, the temperature may be strongly different from that of Q-value determination. In this
case the correct value of Qt is calculated from the following equation:
1.5

⎛ 273 + T ⎞
Qt = Q25 ⎜
⎟
⎝ 298 ⎠

(7)

(7)

where J is the flux of matter through a surface of unit
area and D is the diffusion coefficient.

where Q25 is the Q value at 25 °C and T is the temperature in K.

The flux Φ (mass unit per second) of matter across a
surface S is given by:

Desorption of BTEX was performed by introducing the
cartridge into a glass tube, containing 2 ml of a 10 mg l-1
bromobenzene (internal standard for GC analysis) solution in carbon disulfide. The tube was stirred from time to
time for about 30 min. CS2 was chosen as a desorption
solvent, because it is rapidly eluting during GC analyses.

Φ=

2π
l
k
k
=
∫∫S - D r ds ∫0 dθ ∫0 D r rdz = - 2 π D k l (5)
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Therefore, it does not interfere with BTEX determinations.
The analysis was performed using a GC-17-AGCMS-QP5050 combination (Shimadzu, Kyoto, Japan),
equipped with a quadrupole analyser and an electronic
multiplier detector. The column was a 60 m x 0.25 mm
i.d. x 0.25 µm MDN-5S (5% diphenyl / 95% dimethyl
siloxane bonded phase) purchased by Supelco (Milwaukee, WI, USA).

pletely desorb the analytes, which are then focussed on a
precolumn and transferred to the analytical column.
The analytical specifications of Chrompack CP-7001
used were as follows:
carrier gas:
precolumn
analytical column:
oven temperature:
detector:
detector range :
detection limit:

The analytical conditions were as follows:
ion source:
acquisition

injector temperaure
transfer line temperature
carrier gas:
linear velocity:
flow rate
injection system:
injection volume:

EI;
SIM mode using the mass
values corresponding to the
molecular ions of the different VOCs: benzene (78);
toluene (92); ethylbenzene
(106); xylenes (106);
240 °C
230 °C
He
27 cm s-1
1.1 ml min-1
split mode (25:1)
2 µl.

N2
CP-Wax 52 CB Ultimetal –
5m x 0.53 mm – df = 1.0 µm
CP-Wax 52 CB Ultimetal,
45 m x 0.53 mm x 1.0 µm
80 °C
FID
0 – 1000 µg m-3
0.1 µg m-3 (benzene)

The quantitative determination was carried out using
a two-point calibration curve, which was obtained from
the analyses of hydrocarbon-free zero air and a mixture
containing known concentrations of benzene, toluene and
o-xylene (65 µg m–3, 306 µg m-3 and 176 µg m–3, respectively). The mixture was the same as used in the air quality monitoring network of Bari. In this mixture, ethylbenzene, m-xylene and p-xylene were not present.

The temperature program was as follows: Initial temperature 35 °C (5 min), then ramped to 110 °C with a rate
of 5 °C min-1 and, finally, eold for 8 min.
The quantitative determination was carried out by using a calibration curve, obtained by spiking with a known
amount of the compounds to be investigated on an unexposed cartridge, successively subjected to the same analytical procedure for real samples.
A series of 20 unexposed cartridges were analysed
and considered as blanks for the analytical procedure. The
mean values of the investigated compound concentrations
in these blanks were subtracted from the sample and
standard values to give a true zero baseline. The mean
blank values calculated corresponded to concentrations of
0.07-0.5 µg m-3 of the considered pollutants in the atmosphere with standard deviations of 0.01-0.05 µg m-3. The
drift observed during each run required correction injecting recalibrant standards once every 10 unknowns.

The calibration of the automatic analyser was carried
out twice: before starting the comparison test with the
passive samplers and at the end of the sampling period.
The tests have been performed in the urban area of Bari, a
town in Southern Italy with about 300.000 inhabitants. The
sampling site, a station of the air-quality monitoring network of Bari municipality, equipped with a BTEX automatic analyser, was located at a high-density traffic street
in the centre of the city.
A test of repeatability of retention times and peak areas based on a standard with 100 µg m-3 per compound
was also performed to control the CP-7001 system used.
The RSD of the repeatability data of the signals and retention times were less than 1 % analyzing ten samples for
all investigated compounds.
RESULTS
Reproducibility test

In order to evaluate the reproducibility of Radiello
sampling, three samplers have been exposed at the same
time in the chosen place.

The automatic BTEX analyser used for the comparison was a Chrompack model CP-7001, equipped for air
quality monitoring network of Bari, Italy.
This automatic system is generating results every
half-hour. Within this cycle, the system pre-concentrates
the BTEX contained in the sampled air volume by a factor
of 500 on a trap (TENAX GR) at a temperature of 40 °C.
In a second step, this trap is heated up to 230 °C to com-
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TABLE 1
Reproducibility test for a sampling time of 24 hours.
Concentrations (µg m-3)
Compounds

Sampler
I

Sampler
II

Sampler
III

Mean

RSD
(%)

Benzene

6.6

6.8

6.4

6.6

2.9

Toluene

35.7

38.2

35.4

36.5

4.2

Ethylbenzene

11.5

12.1

10.9

11.5

5.1
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(m+p)-Xylene

17.5

o-Xylene

13.0
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18.7

16.3

17.5

6.8

13.9
12.4
13.1
5.9
TABLE 2
Reproducibility test for a sampling time of three days.
Concentrations (µg m-3)

Compounds

Sample
I

Sampler Sampler
II
III

Benzene

6.8

7.1

Mean

RSD
(%)

7.5

7.1

4.5

Toluene

30.0

30.0

31.4

30.5

2.7

Ethylbenzene

7.7

8.1

8.3

8.0

4.0

(m+p)-Xylene

13.8

14.6

15.0

14.4

4.3

o-Xylene

10.0

10.1

10.9

10.4

4.2

TABLE 3
Reproducibility test for a sampling time of four days.

Sampler Sampler Sampler
I
II
III

Three replicates are not enough for giving a correct
estimate of the real standard deviation, but these preliminary results already show that passive samplers are sufficiently reliable for BTEX monitoring in the atmosphere.
Uptake rate vs sampling time

Concentrations (µg m-3)
Compounds

The Tables 1-4 show the concentrations detected by
the three diffusive samplers for each compound, their
mean values and relative standard deviations for the different sampling times (24 hours, 3-4 days, 1 week).
The relative standard deviation for each compound is
lower than 10% and seems to be independent on the sampling time, except for benzene, because its RSD value
increases with sampling time, but is still remaining lower
than 10%.

Mean

RSD
(%)

Benzene

6.5

7.2

6.8

6.8

5.5

Toluene

27.7

28.2

28.0

27.9

1.8

Ethylbenzene

7.4

7.3

7.4

7.4

0.8

(m+p)-Xylene

13.7

13.5

13.7

13.6

0.6

o-Xylene

9.9

9.8

9.9

9.9

0.6

In order to verify the constancy of the uptake rate, a
large number of samplers (provided by the manufacturer) were exposed simultaneously for a sampling times of
1 day, 3 days and 6 days.
The mean values of three and six consecutive 24-h
samples were compared with the results of the 3-days and
6-days sampling peroids, respectively. The precision of
the triplicate measurements were calculated as the mean
percentages and estimated by equation (8):
3

∑ (Xm

TABLE 4
Reproducibility test for a sampling time of 1 week.
Concentrations (µg m )
Compounds

Sampler
I

Sampler
II

Sampler
III

Mean

RSD
(%)

Benzene

6.6

7.6

6.9

7.0

7.2

Toluene

26.1

29.5

28.0

27.9

6.1

Ethylbenzene

6.6

7.2

6.8

6.9

4.3

(m+p)-Xylene

12.6

13.7

13.1

13.2

4.2

o-Xylene

9.2

9.9

9.5

9.6

3.8

(8)

The differences and correspondent standard deviations for three independent tests are shown in Table 5.

Comparison with the automatic instrument used

6-days sampling

PRECISION (%) SD

*100

Except for benzene, the concentrations obtained during a 3-day and 6-day sampling period were lower than
those, calculated as averages of the daily concentrations.
This suggests that the uptake rate slightly decreases with
time (except for benzene). This decrease can be due to a
possible reduction of efficiency of the adsorbing cartridge, to back diffusion phenomena caused by an increasing temperature or analyte amount on the sorbent surface.

TABLE 5
Summary of three independent comparisons between the
means of three and six consecutive 24-h samples (Xmi)
with the results of 3-days and 6-days sampling (X i ).

BTEX

− X i ) Xmi
3

-3

3-days sampling

i

i =1

PRECISION (%)

SD

Benzene

-5.0

1

-7

2

Toluene

16.5

0.5

21

1

Ethylbenzene

28.5

0.6

36.2

2

(m+p)-Xylene

12

3

18

3

o-Xylene

23

1

27

0.9

The results obtained by diffusive samplers exposed
for 24 h were compared with the daily mean concentrations, calculated from measurements that were carried
out by a simultaneously operating automatic BTEX
analyser (CP-7001).
The concentrations of compounds determined by diffusive samplers are lower than those from the automatic
analyser (Table 6). A one-sided t-student test shows that
the means of the differences between the diffusive and the
Chrompack sampler is different from zero (p = 0.01).
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By using this test we do not aim to show the equivalence between radial diffusive samplers and an automatic
BTEX analyser, but to verify, if diffusive samplers can be
considered as reliable tools for BTEX determination in
the atmosphere.
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TABLE 6
Comparison between diffusive samplers and automatic analyser determinations.
Passive samplers
X (µg m-3)

24-25/05/01

26-27/05/01

27-28/05/01

28-29/05/01

29-30/05/01

30-31/05/01

X − Xv
×100
X

Benzene

6.62

6.43

2.9

Toluene

36.51

36.66

-0.4

O-Xylene

13.16

11.88

9.7

Benzene

6.32

6.88

-8.9

Toluene

34.63

35.79

-3.3

O-Xylene

12.90

17.24

-33.6

Benzene

7.10

8.65

-21.8

Toluene

31.46

43.71

-38.9

O-Xylene

11.14

14.97

-34.4

Benzene

7.30

9.05

-24.0

Toluene

32.26

43.31

-34.3

O-Xylene

11.34

14.99

-32.2

Benzene

6.09

7.21

-18.4

Toluene

34.44

45.81

-33.0

O-Xylene

12.64

14.52

-14.9

Benzene

5.89

7.59

-28.9

Toluene

34.15

45.84

-34.2

O-Xylene

13.73

17.78

-29.5

Benzene
Toluene

Automatic samplers
Xv (µg m-3)

-16.5
Mean %difference

O-xylene

root mean square
%difference

-24.0
-22.5

It is important to underline that the values obtained
by the automatic analyser have to be considered as reference values, but not as ‘true values’. In fact, the
Chrompack automatic analyser, which is employed for
BTEX analysis in air-quality monitoring network of Bari,
is conventionally calibrated by using just one point calibration with a gas standard mixture and forcing the intercept to zero. Besides, the standard concentrations of the
benzene/toluene/o-xylene mixture, routinely used for
calibrating the automatic Chrompack analyser, were 65
µg m–3, 306 µg m–3 and 176 µg m–3, respectively. One of
these values is one order of magnitude higher than the
concentrations effectively measured.

19.6
28.8
27.5

pling method, the differences are not so relevant to influence the air quality assessment significantly.
As it concerns benzene, the difference is not higher
than 16.5% on average, whereas the differences for toluene and o-xylene are 24.0% and 22.5%, respectively. In
addition, their low costs and small sizes allow to plan
monitoring campaigns for getting concentration maps on a
closer sampling grid. Further efforts have to be made to
perform the same tests on new adsorbent materials allowing a quantification of a larger number of VOCs without
the use of solvents (for instance using thermal desorption).
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SUMMARY
Air pollution continues to be a major problem in
many countries. Mathematical models are useful in relating emissions to air quality under a variety of meteorological conditions and source emission concentrations over
an urban area. Meanwhile, the forecasting capability of
sophisticated models is limited to very large and complex
terrains. In this study, an adaptive neuro-fuzzy logic
method has been developed to estimate the impact of
meteorological factors on SO2 pollution levels. The model
satisfactorily forecasts the trends of SO2 concentration
levels with a performance between 78-90%.

KEYWORDS:
SO2 pollution, neural networks, fuzzy logic, modeling.

INTRODUCTION
In recent years, the prevention of air pollution has become more and more important, since the knowledge of
polluting sources and their pollution levels increased. SO2
is one of the most important air pollutants, because it
causes urban air quality problems during winter in Turkey
as well as in other countries all over of the world. Air
pollution phenomenon takes place within the atmospheric
planetary boundary layer under the combined effects of
meteorological factors, earth surface topographic features
and the release of air pollutants from various sources.
Mathematical ambient air quality models are powerful tools in relating emissions to air quality under a variety of meteorological conditions and source emission concentrations over an urban area. When developing an environmental warning system (EWS), two key points should
be considered:

a)

The forecasting capability of the model: This is the
main problem of most published studies. To improve the model’s performance extra input variables, such as past-day SO2 emission data, meteorological data and including inversion layer size,
have been proposed.

b) The extent of false positive alerts set off by the
model: This is a very important issue and not many
clues exist to improve on this drawback.
In brief, a reliable EWS should be set up having a
large percentage of successful forecasts and a percentage
of false alerts being as small as possible.
In recent years, Artificial Intelligence (AI) based
techniques have been proposed as alternatives to traditional statistical ones in many scientific disciplines. Artificial neural networks (ANN), one of the most popular AI
methods, are considered to be simplified mathematical
models of brain-like systems. A summarized review of
the applications of ANN in atmospheric sciences has been
carried out by Gardner and Dorling [1]. ANN models
have been studied by various investigators regarding the
concentration forecasting of SO2 [2-7], NO, NO2 and
NOx [8, 9], ozone [10-12] and PM2.5 [13, 14].
On the other hand, new AI techniques have been developed, e.g. “Soft computing”, which aims to integrate
such powerful artificial intelligence methodologies as
neural networks and fuzzy inference systems. While fuzzy
logic performs an inference mechanism under cognitive
uncertainty, neural networks offer exciting advantages
such as learning, adaptation, fault-tolerance, parallelism
and generalization. To enable a system to deal with cognitive uncertainties in a manner more like humans, one may
incorporate the concept of fuzzy logic into the neural
networks. The resulting hybrid system is called neurofuzzy network [15]. A literature survey revealed that this
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method was not fully investigated for the prediction of
SO2 or other pollutant concentrations.
This study aims to estimate SO2 pollution levels depending on meteorological parameters such as relative
humidity, wind speed, precipitation and temperature by
using an artificial intelligence method known as ANFIS.
This method is supposed to be a universal approximator,
able to represent highly non-linear functions more powerfully than conventional statistical methods [16] and the
most reliable forecasting method comparing to neural
network and time series [11].
It should be emphasized, that by this modeling approach, it is intended to forecast the daily trend of pollutant concentration as correctly as possible, with a minimum number of false alerts. Thus, it might be possible
that in the context of an environmental warning system, to
reschedule urban activities in the case of critical estimations above air quality standards.

ANFIS - Adaptive Neuro-Fuzzy Inference System

A neural network structure consists of a number of
nodes connected through directional links. Each node is
characterized by a node function with fixed or adjustable
parameters. The training phase of a neural network is a
process to determine values of optimum parameters to fit
the training data sufficiently. The basic learning rule is the
well-known back-propagation method that seeks to minimize some measure of error, which is usually a sum of
squared differences between the outputs of a network and
the desired outputs. Meanwhile, “over-training” diminishes
the forecasting capability of the network, because the structure of it excessively adapts to the training data. The model’s performance is always checked by means of distinct test
data, and relatively good fitting is expected especially in this
testing phase.

THEORETICAL SURVEY
Fuzzy inference and Fuzzy modeling

Fuzzy inference is a method that interprets the values
in the input vector and assigns values to the output by
means of some sets of fuzzy IF-THEN rules:
IF x is A THEN y is B
where A and B are labels of fuzzy sets, e.g, “low”,
“high”. Each fuzzy set is characterized by appropriate
membership functions that map each element to a membership value between 0 and 1. The IF part (antecedent)
and THEN part (consequent) of a rule can have multiple
parts linked by Boolean operators (AND, OR).
A fuzzy inference system consists of a rule base containing fuzzy rules, a database defining the membership
functions of the fuzzy sets used in the fuzzy rules, and a
reasoning mechanism that performs the inference procedure. A suitable fuzzy inference system for sample databased fuzzy modeling is the Sugeno’s system. The output
of it is crisp, so, without the time consuming the operation
of defuzzification, it is by far more suitable and it lends
itself to the use of adaptive techniques [17, 18]. In the
Sugeno's system, the output of each rule is a predetermined function of input variables. For example, in a
first-order model with two inputs, the IF-THEN rule is
described as:
IF x is Xi AND y is Yi,
THEN fi = pi,0 + pi,1, x + pi,2, y

FIGURE 1 – The ANFIS model structure used in training
and testing of the model. Five input parameters, 8 Gaussian
membership functions and 8 rules of first order Sugeno type.

Figure 1 depicts ANFIS as a five-layered feedforward neural structure; the functionality of nodes in
these layers can be summarized as follows:

(1)

where lowercase variables (x, y) denote the inputs,
uppercase variables (X, Y) stand for the fuzzy sets corresponding to the domain of each linguistic label and pi is a
set of adjustable parameters.
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Layer 1: Nodes are adaptives; membership functions of
input variables are used as node functions, and
parameters in this layer are referred to as antecedent parameters.
Layer 2: Nodes are fixed with outputs representing the
firing strengths of the rules.
Layer 3: Nodes are fixed with outputs representing
normalized firing strengths.
Layer 4: Nodes are adaptive with node function given
by Layer 1 for a first order model and with
parameters, referred to as defuzzifier or consequent parameters.
Layer 5: The single node is fixed with the output equal
to the sum of all the rules’ outputs.
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This special structure of ANFIS allowed Jang et al.
[16] to develop a hybrid-learning rule which combines the
gradient method and the least squares estimate to identify
antecedent and consequent parameters. It is stated that this
hybrid rule, which is described in details by Jang et al. [16],
is faster than the classical back-propagation method.
MATERIALS AND METHODS
Zonguldak is a coastal city, located in the western
Black Sea region of Turkey and surrounded by mountains
in the south, east and west. It has a current population of
about 108 000. Although the city is located on the shore,
the hilly landscape surrounds the city center from SE and
SW. Around the city, there is mainly forest.
Air pollution measurements carried out by the
Zonguldak Public Health Center for the last 12 years have
shown a high level of pollution in the city during the
winter season between November and March [19]. In the
city, far away from each other, two air quality measure-

ment stations were established by the local authority to
observe air quality trends. While station 1 was set up
around the hospital, houses and some social clubs, station
2 was placed directly at the city’s busiest traffic road and
close to schools and other offices. There may be also
some contamination reaching station 2, coming from coalfired power generation due to wind speed direction and
long transport of pollutants, which is unknown. Because
of the uncertainty of data from traffic and industrial related SO2 pollution, only station 1 was considered for the
modeling study. It is considered that pollution from traffic
vehicles has very small contribution to station 1 and that
domestic heating is the main source of pollution. The
meteorological station is also very close to station 1 with
a distance of about 100 meters. The acidimetric method
was applied for analysis of sulfur dioxide [20]. The daily
values of SO2 concentrations used in the model as training
and testing data were collected from station 1 (see Fig. 2).
The daily meteorological data were provided by the Department of Meteorology of Zonguldak as 8-hour average
values. Arithmetic averages were used to represent daily
mean of meteorological values.

FIGURE 2
Topographic structure of City of Zonguldak and location of pollution measurement stations and meteorological
station. M stands for meteorological station and AQS1 and AQS2 stand for station 1 and station 2, respectively.
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RESULTS AND DISCUSSION

⎧⎪ ⎛ x − c
i
µ ii ( x) = exp⎨− ⎜⎜
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⎬
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45

SO2 Concentration, µg/m3

Model building, training and testing are performed by
means of a graphical user interface supplied in
“MATLAB Fuzzy Toolbox”. Fuzzy rules set of the ANFIS structure is generated by a subtractive clustering
method. First order Sugeno model is preferred as inference system for the simplicity of it. Neural networks are
trained by hybrid method as suggested by Jang et al. [16].
By considering the statistical aspect of the air pollution
modeling, Gaussian type membership functions are used
in this study, described by the following equation:
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FIGURE 3 - Daily variation of SO2 and ambient
air temperature in August, 1997 (summertime).

(2)

This study focused primarily on two important questions:

where ai, and ci are the membership function parameters.

1. What is the ideal set of input parameters?

In order to evaluate the performance of the neural
fuzzy model, two statistical indices shall be employed: the
root-mean-square error (RMSE) and the index of agreement (IA), defined as

2. How can we use large data accumulated over the past
years to train ANFIS in such a way that good forecasting performance is obtained?
Input variable selection

1
2
∑ (oi − pi )
N i =1
N

RMSE =
N

IA = 1 −

∑ (oi − pi )

2

(4)

i =1
N

[

'

'

∑ oi + pi

i =1

(3)

2

]

where oi and pi are the observed and forecasted SO2
concentration values on day i, N is the number of days in
the test set, pi’= pi – om and oi’= oi – om with om the average SO2 concentration observed. The index of agreement
is a dimensionless index between 0 (showing no agreement at all) and 1 (perfect agreement of the time series).
Both indices make assessments of the global performance
of the model; in order to check the accuracy of the forecast, the number of successful forecasts and the number of
false positives shall be used [11].
In our preliminary study, we found no distinct pattern
of SO2 pollution between weekends and weekdays. This
may be due to the presence of a hospital, social clubs and
private education schools in the neighbourhood of the
station, showing ongoing activity during the whole week.
The domestic heating is the cause of the increase of SO2
ambient levels during the winter season compared to the
summer season (see Fig. 3 for the summer season, SO2
concentration).
Approximately 150 data of each winter season were
used for the model estimation. Preliminary tests showed
that approximately 50 training epochs were sufficient for
good training and testing performances.

The SO2 concentration cannot be attributed to a single
cause, but it may be the result of the main sources of SO2
(domestic heating, industrial combustions and traffic
vehicles) and some meteorological variables. For a coastal
region, the behavior and characteristics of the mixing
height might be important, but it could not be considered
in this study due to the lack of some data. The criteria
considered for the model input variables are decided to be
cross-correlation coefficients employed by many investigators (e.g. [7]). Cross-correlation coefficient is the relation between the pollutant and meteorological variables
such as wind speed, temperature, relative humidity, etc.,
and is described as:

C x, j =

〈 x ( t ) y j ( t )〉 − 〈 x〉〈 y j 〉
(〈 x 2 〉 − 〈 x〉 2 )(〈 y 2j 〉 − 〈 y j 〉 2 )

(5)

where 〈 〉 means the average over the whole series,
x(t) is the SO2 series, yj(t) is the series for the meteorological variable (j=1 wind speed, j=2 precipitation, j=3 temperature, j=4 relative humidity), and t in equation (5) runs
through the whole series. Cxj varies between +1 (total
correlation) and -1 (anti-correlation). A value of zero
indicates no correlation at all.
In this study, cross-correlation was calculated between SO2 as a pollutant and some meteorological values
such as wind speed, temperature, relative humidity and
precipitation. For the data of the 1996-97 winter season,
the following values were found: Cx1 = -0.35, Cx2 = -0.09,
Cx3 = -0.35 and Cx4 = 0.18. The cross-correlation coefficients for the other winter season were found to be similar to
those of the 1996-97 winter season. These results indicate
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that there are anti-correlations between SO2 pollution and
wind speed, temperature and precipitation, and positive
correlations between SO2 and relative humidity. In other
words, SO2 concentrations increases with relative humidity
and decreases with increasing wind speed, temperature and
precipitation.
In addition to meteorological parameters, which are
naturally included in the input set, the SO2 concentration of
the previous day was also taken into account. It is obvious
that pollutional emission is a continuous process, and, therefore, it is intended to reflect this fact by the model, which
then becomes equivalent to a second order ARX model [21].

method used in the S02 concentration measurement. Thus,
it can be concluded that, statistically, ANFIS modeling is a
valid approach of variations between model outputs and
measured values, resulting greatly from measurement errors of random nature. To reinforce this conclusion, model
outputs and measured data are given in Figs. 4-7 as timetrends for 1997-1998, 1998-1999, 1999-2000 and 200020001 winter seasons, respectively. Table 3 represents the
statistical evaluation of the neural fuzzy model for station 1,
indicating acceptable forecasting limits between 78-90%.
RMSE and IA assessment parameters show that the forecasting capability of the model increases gradually.
TABLE 2
Use of yearly progressive training sets and related performances.

TABLE 1 - Effect of input set on the
training and test performances of ANFIS.
Training
Average
error
test error
RH, WS, P, T, SO2, j-1
15
16
WS, P, T, SO2, j-1
17
27
RH, WS, P, T
18
26
WS, P, T
19
27
RH: relative humidity, WS: wind speed, P: precipitation,
T: temperature, SO2, j-1: previous day's SO2 concentration

Test sets

Training sets

Model input set

1996-1997
1996-1997, 1997-1998
1996-97,1997-98, 1998-99
1996-97,1997-98, 1998-99,
1999-2000

Test
Error
16
18
18

2000-2001

17

15

165

Use of yearly progressive train sets
1997-1998 winter season
Estimated
Measured

150
135

SO2 concentration, µg/m3

In order to find an optimal input set that minimizes test
error given by equation (3), all combinations of input variables have been considered. For this purpose, the accumulated data of the past year’s winter seasons have been used for
training, and each data from the following winter seasons
(1997-98, 1998-99, 1999-2000, 2000-2001) have been used
separately for testing purposes. Typical results are represented in Table 1. It is clear that wind speed, relative humidity, temperature and previous day’s SO2 concentration are
parameters required for an acceptable model performance.
The input set consists of five parameters, namely: wind
speed, temperature, relative humidity, precipitation and
previous day’s SO2 concentration. An ANFIS structure with
five input variables is given in Fig. 1. Each input variable is
characterized by 8 Gaussian membership functions, thus,
the total number of antecedent parameters is 80. The rule
base contains 8 rules of first order Sugeno type, and, therefore, the total number of consequent parameters is 24.
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1999-2000

Training
Error
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120
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45
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160

FIGURE 4 - Time plot of measured and predicted SO2 concentration values for 1997-1998-winter season. Training data: 199697 winter season; 150 data for each variable. Testing data:
1997-98 winter season; 150 data for each variable.
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Use of yearly progressive train sets
1998-1999 winter season
Estimated
Measured

220
200
180

SO2 concentration, µg/m3

Data accumulated over the past years offer a great potential as training data in order to obtain a well-trained ANFIS. It is clear that with more data used in the training
phase, ANFIS is more adapted to nonlinear functional dependency between input variables and the output. Various
alternatives exist to benefit from the large number of data.
The obvious way is to use accumulated data of the past
years for training and those of the following year for testing
purposes. The results of this way are shown in Table 2.
Training and test performances are close in magnitudes,
which means that the ANFIS structure is not over-, but
optimally trained. On the other hand, test errors, which
assess the variance between measured and predicted values
according to equation (3), is of the same order in magnitude
when compared with the standard error of the analytical
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FIGURE 5 - Time plot of measured and predicted SO2 concentration values for 1998-1999-winter season. Training data: 1996-1997
and 1997-98 winter seasons; 300 data for each variable. Testing
data: 1998-1999-winter season; 150 data for each variable.
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FIGURE 6 - Time plot of measured and predicted SO2 concentration values for 1999-2000-winter season. Training data: 19961997, 1997-1998 and 1998-1999-winter seasons; 450 data for
each variable. Testing data: 1999-2000-winter season; 151 data
for each variable.

FIGURE 7 - Time plot of measured and predicted SO2 concentration values for 2000-2001-winter season. Training data: 19961997, 1997-1998, 1998-1999 and 1999-2000-winter season; 601
data for each variable. Testing data: 2000-2001-winter season;
150 data for each variable.

TABLE 3
Statistical evaluation of the neural fuzzy model for station 1.

Test Period
N=153
1997-1998 winter season
1998-1999 winter season
1999-2000 winter season
2000-2001 winter season

RMSE
(µg/m3)
20.3
25.5
20.1
19.9

As expected, the model forecasts successfully the timetrends and, furthermore, the magnitudes of pollutant concentration can also be estimated within acceptable limits. It
can be seen that most SO2 peak concentrations are recognized by the model, despite the existence of slight shifts
between measured and predicted values for some winter
seasons. Meanwhile, large positive or negative discrepancies exist also in some situations and various causes may be
cited to explain these failures, but it is hoped that with more
accumulated data in future years, the real performance of
the model will be more clearly assessed.

IA
(0-1)

Number of
successful forecasts

Number of
false positives

0.685
0.695
0.713
0.787

134
128
130
138

19
25
23
15

When different combinations of data sets were examined from the test performance point of view, it was found
that cumulated input sets of five years gave the best statistical results. The measured and estimated SO2 pollutant
concentrations showed peak points together within 15%
testing error limits. With a better set of training patterns, it
is possible to predict the SO2 concentration with high
accuracy.
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CONCLUSION
In this study, a new methodology based on neural
fuzzy method has been proposed to estimate the concentrations of daily SO2 pollution over an urban area. Effective input variables in the model can be ranked as temperature, SO2 concentration of the previous day, wind speed,
relative humidity and precipitation. It can be seen that
temperature and previous day’s SO2 concentration are
indispensable parameters for an acceptable performance
of the model.
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DESIGN AND OPERATIONAL CONTROL OF SUSPENDEDGROWTH REACTORS AND RECOVERY OF NUTRIENTS
UNDER VARIABLE FLOW CONDITIONS
Süleyman Mazlum
Süleyman Demirel University, Engineering and Architecture Faculty,
Environmental Engineering Department, Isparta 32260, Turkey

SUMMARY

NOMENCLATURE

This article aims to delineate the approach towards
the design and operational control of municipal
wastewater treatment plants to maintain nitrogen in ammonia-nitrogen form and phosphorus in orthophosphate
form in the effluent of the suspended-growth biological
systems and, thereby, both of these nutrients in the secondary treatment effluent can be recovered at a subsequent stage in a chemically precipitated form with twovalent cationic ions. Undoubtedly, such biological systems should be designed high-loaded to prevent the development of nitrification, a process which biochemically
converts ammonia-nitrogen to mainly nitrate-nitrogen.
The chief parameter to control such biological systems
towards preventing the nitrification is sludge age. Nevertheless, difficulties towards nitrification control will be
encountered in variable flow cases, if flow equalization
may not be uniformly applied, which will result in changes at sludge age in the system. Constant sludge age operation under variable flow conditions can be maintained to
an extent by maintaining a constant horizontal velocity in
the aeration chambers with parabolic cross-section. At
high-loaded suspended-growth systems a remarkable
portion of organic pollutants is also removed by adsorption on mixed-liquor suspended solids other than biooxidation, which contributes to decrease in operational
cost due to less need of aeration supply. Additionally,
high-loaded systems enhance the specific growth rates of
micro-organisms, which will give rise to high biochemical
substrate conversions at relatively short hydraulic retention times.

KEYWORDS: biological treatment, suspended-growth, variable
flow, sludge age, nutrient recovery.
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'' : diffusive mass flux
FAX

of species A in x-direction
(kg.m-2.s-1)
DAB: mass diffusivity of species A in B (m2.s-1)
CA,0 : input concentration of species A (kg.m-3)
CA : concentration of species A at any time (kg.m-3)
Vx : bulk velocity in x-direction (m.s-1)
Acs : transitional surface area (m2)
∂C AX : the change in the concentration of A in course
∂t

of time in x-direction (kg.m-3.h-1)
rAX : reaction rate of species A in x-direction
''
∂FAX
: total flux (kg.m-3.h-1)
∂x

∀: reactor volume (m3)
Q: flowrate (m3.h-1)
Cz: mass concentration of species A at z-distance (kg.m-3)
Cz+dz: mass concentration of species A at z+dz-distance
(kg.m-3)
µ: specific growth rate (h-1)
µmax: maximum specific growth rate (h-1)
S0: initial substrate concentration (kg.m-3)
S: substrate concentration at any time (kg.m-3)
k: reaction rate constant
Ks: half-saturation constant (kg.m-3)
X: microorganism concentration (kg.m-3)
kd : decay rate (day-1)
θ: hydraulic retention time (h)
⎛

D: dilution rate (h-1) ⎜ D =
⎝

1 ⎞
⎟

θ ⎠

Yx: true yield factor
rx: biomass formation rate (kg.m-3.h-1)
-3 -1
rx' : net biomass formation rate (kg.m .h )
rs: substrate consumption rate (kg.m-3.h-1)
Yx'' : overall yield factor
ms: maintenance factor(h-1)
Yobs: observed yield factor
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Qr: recycled flow (m3.h-1)
Xr: biomass concentration in recycled flow (kg.m-3)
R: sludge recycle ratio

parameters such as hydraulic retention time [2]. It is wellknown that those systems with low sludge ages produce
appreciable results in biochemical substrate removal at
short hydraulic retention times, since oxidation of carbonaceous material follows first-order reaction kinetics.
Additionally, high-loaded systems will remove noticeable
amounts of substrate by adsorption on mixed-liquor suspended solids, and, thereby, lowering oxygen supply
demand. From the operational cost-point of view, high
growth rates of micro-organisms accompanied by high
adsorption capacity at high-loaded biological systems,
may be considered as supplementary benefit for such
nutrient recovery systems [3]. However, high-loaded
systems will produce relatively high amounts of sludge,
which may be useful, considering the by-products to be
achieved in the subsequent anaerobic digestion, or composting processes, if applied.

⎛
Q ⎞
⎜⎜ R = r ⎟⎟
Q ⎠
⎝

θc: sludge age (day)
Mx: net sludge production (kg.day-1)
E: BOD removal efficiency (%)
F/M :sludge loading rate (kg BOD5.kgMLSS-1.day-1)
T: wastewater temperature (°C)
B: water surface width in the chamber (m)
H: water depth in the chamber (m)
L: chamber length (m)
Vh: horizontal velocity in the chamber (m.s-1)
W: weir width at the outlet of the chamber (m)
INTRODUCTION
Biological systems in general may be classified as attached and suspended growth systems with respect to
utilization of substrate by biomass [1]. The most commonly applied suspended-growth reactors in terms of
flow conditions may be categorized as batch-reactors as
well as fed-batch reactors, continuous-flow stirred-tank
reactors, plug-flow reactors and nonideal-flow (mixedflow) reactors. Batch reactors are not frequently used in
biological treatment applications, but rather in food biotechnology, where the continuous flow reactors are most
commonly installed. When empirical approaches are not
desired to be the leading, the control parameters of suspended-growth biological systems towards the design and
operation are to be extracted from mathematically expressed mass balance statements, being composed of the
system’s flow and biokinetic conditions. Mathematical
mass balance statements can be constituted for any major
element such as substrate, nutrient, biomass as well as for
the product terms of the defined systems. The procedure
may target the extraction of the representative parameters,
dominating the control of the system, for which the flux
terms are initially needed to be approximated for the defined conditions.
The mass balance equations may yield the sludge age,
a generally accepted criterion for the control of nitrification, together with substrate removal efficiency and
sludge-digestion capacity as the chief design and operational control parameter of suspended-growth biological
systems. Consequently, at biological systems where nitrification is aimed to be avoided, the process should be
operated at high-load rates which coincide with relatively
low sludge ages. A relationship between the sludge age
and growth rate of microorganisms implies a procedure
for the design and control of a nitrification process as
such having determined the sludge age limits to prevent
nitrification, where nitrification reaction is considered to
be zero order the relationship between growth and substrate removal can be used to establish the other design

However, it is commonly known that municipal
wastewater flow rates show remarkable daily changes,
also during the seasonal periods of the year [4]. Assuming
that substrate concentration in any municipal wastewater
will be more uniform as compared to flow-variations,
then the technical approach to keep sludge age almost
constant should take into consideration flow fluctuations
rather than concentrations, if a proper flow equalization is
not uniformly applied or applicable. Considering the fact
that the main argument will concentrate on maintaining
the sludge age almost constant under these variable flow
conditions, the aeration chamber having a parabolic crosssection and a diffused aeration system, can overcome this
bottle-neck to a large extent, where flow variations will be
reflected to those of water levels. From a structural viewpoint, the parabolic cross-section, approximated to trapezoidal perspective, will help to maintain an almost constant horizontal velocity, resulting in a rather constant
hydraulic retention time and, subsequently, constant
sludge age in the system.
MATERIALS AND METHODS
Matter Flux and Biokinetic Fundamentals in SuspendedGrowth Reactors

The flux states the amount of matter passing through
a particular surface area resulting from diffusion and
convection. Diffusive flux is caused by differences in
concentration, resulting in internal relocation of matter, in
which the fractions move relative to one another [5].
Diffusive flux is the result of multiplication of diffusivity
with the driving force, which is caused by differences in
concentration. Convective flux is the external relocation
of matter, where an entire body of matter is moved by
relocation of the fractions. Diffusive flux may be more
significant in stagnant lake water and convective flux in a
stream. However, these two modes of transport in a fluid
medium are often occurring simultaneously. Fick’s first
law of diffusion states that diffusive mass transport be-
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tween two locations occurs as a result of their differences
in mass concentration [6], when the matter flows from the
location of high to that of low concentration. This results
in a negative concentration gradient, while convective
flux is related to concentration of matter through the velocity. Hence, the total flux becomes the sum of diffusive
and convective flux as expressed in Eq.1.
''
FAZ
= − DAB .

dC A
+ Vz . C A
dz

(1)

If the volume of a rectangular reactor is chosen so
small that differences in concentration do not exist, then
the balance equation derived for this infinitely small
volume is appropriately called a microbalance. Considering that accumulation will be the net transport of matter into the reactor, in addition to the conversions taking
place within the reactor, the mass balance in this rectangular coordinate system (x,y and z) for species A, reacting in a rectangular volume element (Δx.Δy.Δz ) and flowing in the z-direction, is derived as in Eq.2. This equation expresses mathematically that accumulation is a
function representing the transfer of matter into and out
of the reactor.
∂C AZ
''
''
.Δx.Δy.Δz = FAZ
.Δx.Δy − FAZ
.Δx.Δy
+ rAZ .Δx.Δy.Δz
z=z
z = z + Δz
∂t

2)

∂C AZ
∂C
= − AZ .Vz + rAZ
∂t
∂z

In the sanitary engineering applications of the suspended-growth processes, flows in x- and y-directions
are negligible relative to that in z-direction. As flow is
assumed to be one-dimensional, Vz will be the single
dominant velocity within the reactor and, hence, CA will
be only a function of time. Thereby, the above partial
differential statement (Eq.6) can be stated in an ordinary
differential equation as in Eq.7.
dC A C A,0 − C A
=
.Vz + rA
dt
Δz

Δz
and the limits are taken as Δz → 0 , yields
Δz

the following:
lim

Δz → 0

''
FAZ
.Δx.Δy.

Δz
Δz
∂F ''
''
− FAZ
.Δx.Δy.
= − AZ .Δx.Δy.Δz (3)
Δz z = z
Δz z = z +Δz
∂z

Replacing the resulting term of Eq.3 with Eq.2 and
dividing all the terms of this statement to the control volume of ∀ (with dimensions of Δx.Δy.Δz ), the following
term for a one-dimensional flow is produced.
∂C AZ
∂F ''
= − AZ + rAZ
∂t
∂z

(4)

The total flux term given in Eq.1 can be replaced,
which leads to the following form:
∂C AZ
∂ 2C AZ ∂ (Vz . C AZ )
= DAB .
−
+ r AZ
∂t
∂z
∂z 2

(5)

However, in practice the contribution of the diffusion
component is negligible relative to the convective component [6], as in suspended-growth reactors, which may
be of relevance only when transport is considered at micro-scale. Therefore, Eq.5 can be simplified as in Eq.6.

(7)

Multiplying both sides of the equation with the control volume and considering that Vz .Δx.Δy = Q , Eq.7 takes
the following general mass balance equation form:
dC A
.∀ = Q.C A,0 − Q.C A + r A .∀
dt

(8)

Eq.8 states that accumulation in a reactor is equal to
the net rate of matter transport into the reactor plus conversions taking place there, which results in Eq.9 for
stirred-tank reactor conditions.
CA = CA,0 + rA.θ

If the terms of this mathematical expression are multiplied by

(6)

(9)

In these expressions, r indicates the general term for
any biochemical reaction rate regarding consumptions as
well as formations. This means that the growth pattern of
microorganisms follows the conversion of carbonaceous
matter and nutrients to live cells, a process called cell
synthesis. If it is attempted to take biochemical parameters into account to describe the process in more detail,
the growth limited by half-saturation constants as well as
decay of micro-organisms are to be delineated. Considering the growth limited by the substrate or any nutrient
concentration, where Ks is the limiting substrate or nutrient concentration at which the specific growth rate is half
of its maximum, it may reach to maximum at infinite
substrate and nutrient concentrations. However, in highloaded nutrient recovery systems, nutrient concentrations
are not expected to be rate-limiting, since their removal is
not targeted within the biological system. Knowing that
microorganisms multiply logarithmically and consume
substrate at a logarithmic scale at high-loaded biological
systems, growth is only slightly limited by the overall
substrate concentration, but is never limited by ammonianitrogen or phosphorus macronutrient concentrations.
Since the biological system is high-loaded, flow conditions within the reactor will approximate the stirredtank reactor conditions, because short hydraulic retention
times will result in a relatively small reactor volume,
where the longitudinal distance will not be much different
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from perpendicular distances in an engineered design.
Hence, mass behaviours for such conditions may be approximated to stirred-tank reactors, for which a substrate
removal expression can be obtained from Eq.9 (assuming
that biological oxygen demand (BOD) removal is first
order-basing upon a k overall reaction rate constant).
S0
S=
1 + k.θ

(10)

The biomass balance equation solved for stirred-tank
reactors, without sludge recycling, yields D = µ for
steady-state conditions, where biomass concentration in
the influent is habitually neglected and growth rate is
represented by rx = µ . X . Similarly, substrate mass balance in a stirred-tank reactor for steady-state conditions
yields the following equation:
(11)

D.(S0 − S ) = − rs

Considering D = µ and replacing substrate conµ.X
sumption rate term of rs = −
, where the true yield
Yx

factor signifies the ratio between biomass production and
substrate consumption, the concentration of microorganisms produced will result in X = Yx . (So − S ) . However, if the amount of substrate used for maintenance
needs to be determined, the substrate consumption rate is
µ. X
re-expressed as rs = −
− ms . X . Then replacing rs in
Yx

Eq.10, the dilution rate can be expressed as follows:
⎛ µ
⎞
⎜ + ms ⎟. X
⎜ Y
⎟
⎠
D = ⎝ x
(S0 − S )

(12)

When considering µ = D under steady-state conditions, the overall yield statement is as follows:
1
Yx''

=

1 ms
+
Yx
µ

(13)

Considering the decay of microorganisms, which will
not be remarkable at high-loaded systems, the net growth
rate under substrate-limited conditions, by taking into
account Monod equation [7], is expressed as
rx' = µmax .

S
. X − kd . X . The biomass balance equation
Ks + S

under these conditions will yield the following.

D = µ − kd

(14)

Replacing substrate consumption rate in the substrate
mass balance equation of Eq.11 into Eq.12 will yield the
dilution rate as in Eq.15 for steady-state conditions.
⎛ 1 ms ⎞
⎟
X .µ.⎜⎜
+
Yx
µ ⎟⎠
⎝
D=
(S0 − S )

(15)

where ms can be computed knowing that θ = θ c in
systems without sludge recycling, since solid materials
show the same flow behaviour as ambient fluid media.
Replacing Yx'' from Eq.13 and µ from Eq.14 into Eq.15
yields the following equation:
D=

X .(D + kd )

(16)

Yx''.(S0 − S )

To be able to compute the dilution rate from Eq.16 for a
system, the pertaining stoichiometric and kinetic parameters
Yx , K s , kd , µ max are needed to be experimentally determined
for specific wastewater by simulating stirred-tank reactor
conditions without sludge recycle. Biomass balance of
stirred-tank reactors for steady-state conditions will yield
the following, which can be sketched out by a first-order
graphical representation as expressed in Eq.17.
θ
1 + kd .θ

=

1

µmax

+

Ks

µmax

.

1
S

(17)

This first order mathematical statement helps for the
determination of K s and µ max kinetic values by computing or by graphical representation. But the kd value
should be known first. A similar mass balance of the
substrate yields the following derivation (Eq.18), which
can be transferred to a linear regression line, being similar
to Eq.17, on a semi-logarithmic paper, where Yx and
kd kinetic values can be found.
S 0− S
1 kd
=
+ .θ
X
Yx Yx

(18)

However, in suspended-growth systems, where dilution rate will be dominant for defining, the recycling of
sludge becomes necessary to keep the desired biomass
concentration in the biological reactor constant. At highloaded systems, where µ < D + kd , a sludge recycle becomes also necessary to keep the reactor conditions
steady. The general biomass balance of the biological
system is

1

µ − kd

=

X .∀
which can also be
(Q + Qr ). X − Qr . X r

rearranged as in Eq.19 if
ing sludge recycle.
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X ⎞
1 ⎛
.⎜1 + R − R. r ⎟
θ ⎝
X ⎠

Eq.19

can

also

(19)
be

rearranged

as

⎛ X
⎞
µ + R.D.⎜ r − 1⎟ = D + kd to sketch out the contribution of
⎝ X
⎠

sludge recycle and to compensate the dilution effect in the
system guaranteeing steady-state operation.
Constant Sludge Age Design and Operation for Variable Flow

To maintain steady-state conditions in the system,
operational parameters should be kept unchanged to an
attainable extent. In this context, to maintain concentrations of mixed-liquor and suspended solids constant in the
aeration tank, the net sludge (surplus sludge) produced in
the system (mathematically expressed in Eq.20) should be
removed continuously at periodic intervals from the final
sedimentation tank or from the biologically active aeration unit after reaching steady-state operational conditions.
M x = Yx''.Q.S0.E − kd .X .∀

Knowing that X =

(20)

1
.Yx''.D.(S0 − S ) and stating the
D + kd

observed yield factor as Yobs =

Yx'' . D
, Eq.20 can be reD + kd

arranged to give Eq.21.

M x = Q.(S0 − S ).Yobs

(21)

As mentioned before, dilution rate is inversely related
to hydraulic retention time, to which sludge age is also
related, as outlined in Eq.19. Sludge age is commonly
considered to be the chief design criterion towards BOD
removal efficiency, nitrification control and sludge digestion capacity of the system. Considering the net sludge
being produced during an interval, e.g. on hourly basis,
for which withdrawal should be applied for steady-state
operation, the sludge age expression is as follows:
θc =

X .∀
Yx''.Q.S0 .E − kd . X .∀

(22)

logically active unit, a sludge recycle is not required,
which means that hydraulic retention time will be equal to
sludge age in the growth tank. It is habitually expected
that high-loaded systems will require the recycle of sludge
from final sedimentation to the aeration tank to compensate the dilution effect, since the biological unit will not
operate at µ < D + kd conditions. Considering that at
high-loaded systems the effect of microbial decay will be
negligible, the required recycle ratio from Eq.19 can be
extracted and expressed as in Eq.23.
R=

X .(θ − θ c )
θ c .(X − X r )

(23)

Since the growth of nitrifying bacteria is strongly affected by wastewater temperature and suspended-growth
biological reactor design, the aim to control the nitrification should take the sludge age into consideration. It is
apparent that sludge age in the system is maintained under
certain levels depending on changes in temperature and
flow variations. It was suggested that an empirical equation towards the determination of critical sludge age required for nitrification depends on wastewater temperature (as given in Eq.24). This reveals that the required
sludge age for nitrification at 6 °C wastewater temperature is 16 days, while it decreases to 4 days at 18 °C [8].
However, to guarantee the prevention of nitrification,
which should be strictly avoided in such nutrient recovery
systems, the system’s actual sludge age should be remarkably lower than the empirically computed sludge age
from Eq.24 regarding the highest possible wastewater
temperature.

θ c,empirical = 3,05.(1,127)20−T

(24)

Consideration of hourly as well as seasonal fluctuations in wastewater flowrates will result in some variations at hydraulic retention time in the biological unit.
Therefore, concomitant changes at system’s sludge age
will be unavoidable. Assuming that municipal wastewater
displays almost uniform quality characteristics, at least
following a concentration equalization, hydraulic retention time should be maintained unchanged as much as
possible. This may be ensured at suspended-growth biological systems by designing the aeration chamber with a
parabolic cross-section.
Hydraulic retention time in the chamber can be stated

Giving priority to substrate (BOD) discharge standards in the effluent of the biological treatment process, the
required hydraulic retention time can be extracted from
S0
Eq.9 as: S =
, where k needs to be determined
1 + k .θ
from an experimental study simulating the process with
identical wastewater and process conditions. S0 signifies
the residual substrate concentration following the presedimentation unit, if available. If µ = D + kd in the bio-

as θ =

L
. Taking the length of the reactor constant, it
Vy

suggests that constant hydraulic retention time in a chamber can only be maintained under fluctuating flow rate
conditions by keeping the horizontal velocity constant.
With a fixed reactor volume, it can only be succeeded by
reflecting the flow rate changes to the variations of water
levels in the chamber, which can be accomplished by
designing a longitudinal aeration chamber with a parabol-
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ic cross-section. Considering the changes at the crosssectional area through its elevation, the flow in the chamber at any depth may be the integral result of the infinite
cross-sectional area.
h

∫

(25)

Q = V h . B . dh

∫

0

Acs = a 2 .B 4 . dB ⇒

∫

0

1/ 2

⎛ 1 ⎞
B = ⎜ .h ⎟
⎝ a ⎠

and the flow in the chamber will be stated as

in Eq.26.
h

Q=

1

∫

a

0

.Vh . h1 / 2 . dh ⇒

2 1
.
.Vh . h3 / 2
3
a

(26)

Knowing that h

too high, it can be divided into several parallel chambers
for design purposes.

sharp-edged rectangular weir, which takes place at the
end of the longitudinal chamber, is represented by
Q = 1,7 . w . h3 / 2 . Thus, considering the continuity of flow
in the channel and outlet weir, the flow will be equal in
both, which can be stated as follows:

In systems where substrate removal efficiency becomes limited, higher substrate removals can be provided
for the same sludge age, or coinciding hydraulic retention
times by replacing stirred-tank reactor conditions with
plug-flow reactor conditions. Under plug-flow conditions
considering the change of concentration of any species
which takes place longitudinally, an infinitely small reactor volume with a cross-sectional area perpendicular to
the flow direction will result in a bulk mass change in dz
direction as expressed in the following statement for an
infinitely small volume in flow direction.

1
.h
Vh

(28)

Q
and replacing it in the equaB.h
tion, it takes the form of Q = 2,55 . w . h2 . Taking the
width of the outlet weir as e.g. 0,05 m, the water depth in
the chamber depending on the flow rate is represented by
Q = 0,1275 . h 2 . Representing the volume as ∀ = Acs . L ,
where the cross-section area may be computed by
Knowing that Vh =

x

∫
0

B

y 2 . dx

or

Acs = h 2 . dB , since

∫
0

statement results in Eq.29.

h2 = B 4 , this

.∀ = Q .C A, z − Q .C A, z + dz + rA .∀

(30)

At steady-state conditions, the expression takes the
A . dz
form of C A, z − C A, z + dz = −rA . cs
. When taking the
Q
limit for dz → 0 , the change of concentration at dz distance will give rise to the following.

(27)

Eq.26 yields the chamber width, depending on the
water depth in the chamber as in Eq.28.

B = 2,55 . w .

dt

lim

2
. Vh . B . h = 1,7 . w . h3 / 2
3

Acs =

DISCUSSION AND CONCLUSIONS

= a .B , Eq.26 can also written as

2
. Vh . B . h . The flow passing through the effluent
3

(29)

∀
. However, if the total length of the chamber is
B.h

dC A, z
1/ 2

Q=

Q=

1 2 5
. a .B
5

Then, the length of the chamber may be computed by

Considering the geometry of the cross-section represented by y = a.x 2 , which can be transformed to the structural dimensions of the aeration chamber as h = a.B 2
(then the desired constant horizontal velocity will be
equal to Q = Vh . Acs ), an infinitely small cross-section
area can be defined as dA = B . dh . Then, from the geometry of the cross-section its width can be represented as

Acs =

0

L=

h

Q = Vh . dA ⇒

B

C A, z + dz − C A, z
dz → 0

Replacing

dz

=

dCA
dz

(31)

Q
with the horizontal velocity term, the
Acs

equation describes the change of concentration at dz distance as given in Eq.9.
dC A
r
=
dz
Vz

(32)

Assuming that substrate removal follows first order
reaction kinetics, BOD removal in plug-flow reactors can
be described by S = S0 . e−k.θ , obtained from Eq.32. It
becomes obvious that the substrate removal in plug-flow
reactors at identical hydraulic retention times will be
higher as compared to stirred-tank reactors, since removal
will be at logarithmic scale under plug-flow conditions.
The substrate removal efficiency can be accurately
computed from the system’s kinetic parameters, extracted
from substrate mass balance equations or by considering
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first order removal rate. However, at practical applications, an approximate BOD removal efficiency for a system can also be predicted by using an empirical equation
based upon the sludge loading rate [9] as given in Eq.33.
E = 0,98 −
1+

0.28
0.2174

(33)

(F / M )2.5

[7]

Leslie Grady, C.P., Daigger, G.T. and Lim, H.C. (1999). Biological Wastewater Treatment. Marcel Dekker Inc. ISBN 08247-8919-9, pp.78-87.

[8]

Veenstra, S. (1994). Wastewater Treatment. IHE Lecture
Notes, Delft. EE010/94/1. p.4.10.

[9]

Mazlum S. and Mazlum N. (2000). Enhanced Bio-P Removal
in Two-Stage Biological Treatment. Fresenius Environmental
Bulletin, Vol. 9, pp.287-296

The hydraulic retention time or sludge age control parameters are needed to be transformed to a sludge loading
rate term. Multiplying each term of Eq.22 with
equation takes the form of θ c =
expressing

1
, the
X .∀

1
. When
Q
.
S
0 .E − k
Yx''.
d
X .∀

Q.S0
F
and replacing it in the equation, a
=
X .∀ M

relation between sludge age and sludge loading rate can
be delineated as given in Eq.34.
θc =

1
F
Yx''. .E − kd
M

(34)

Considering the concentrations of NH4-N and PO4-P
in the biologically active unit, it is obvious that half saturation constants of these nutrients will never limit the rate,
since their concentrations at high-loaded systems will be
highly above of these levels. However, in some cases
prolonged pre-sedimentation may be required to help
meeting the effluent substrate discharge standards to a
required degree in such high-loaded systems.
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SUMMARY
Electron Spin Resonance (ESR) spectra are interpreted for VO(II)-, Cu(II)- and Mn(II)-HA (humic acid) complexes prepared by mixing metal sulphates with pure HA
extracted from surface horizon of Moroccan soil
(Chaouia) to obtain information on sites symmetries. The
data indicated that VO(II) and Cu (II) bound to HA in
inner-sphere complexes and appear co-ordinated with HA
in fully oxygenated ones. The functional groups involved
in complexation can originate from carboxylates and
carbonyl groups. Furthermore, Mn(II) ions are immobilised by 6 molecules H2O coordinated to HA by electrostatic bounding. Also, the competition between Cu (II)
and Mn (II) shows that Cu (II) is more strongly bound to
HA. Our findings clearly show that the HAs under study
can exert a considerable influence on the behaviour of
heavy metal ions in the environment.

KEYWORDS:
Retention, VO(II) , Cu(II), Mn(II), HA, ESR.

Humic substances of the humic acid (HA) and fulvic
acid (FA) type are the most widely distributed natural
organic matters on the surface of the earth [1, 2] and
thought to play an important role in the environment. One
of their important characteristics is the ability to complex
many heavy metals [3-5], which would provide much
needed information on the mobility, transport and immobilisation of these elements in terrestrial and aquatic environments. Furthermore, this complexation by humic substances can enhance or retard uptake and toxicity of these
compounds by organisms [1]. Transition metals such as
Vo, Cu, and Mn are biologically essential at trace levels,
but can be toxic when present in excess amounts. They
are found in soil to be incorporated into the structure of
HAs [1, 4].
ESR spectroscopy is an adequate technique for the
study and for obtaining structural information about transition metal ions in soil organic matter. It can also provide
unique information on the oxidation states of paramagnetic metals and their mechanisms of binding to HAs [6-9].
Therefore, an ESR study of the interaction between
VO(II), Cu(II) and Mn(II) with HAs can provide environmental information.

INTRODUCTION
Soils and groundwater can become contaminated with
trace metals as a result of numerous industrial and agricultural activities. The fate of these contaminants in subsurface water through migration, accumulation and remobilization depends upon the physico-chemical behaviour of
these metals. Since complexing substances like humic acids
are involved in the interaction with trace metal ions, a more
detailed knowledge about the role of humic substances
(HS) on the retention of these contaminants is needed.

MATERIALS AND METHODS
Humic acid (HA)

The HAs used in this investigation are from surface
horizon (0-20 cm) of soil originating from ChaouiaMorocco, the main agricultural and industrial area. A
number of field and analytical identifications of the samples from which HAs were extracted are characterized by
Ctotal = 1.56, Ntotal = 0.16, pH (H2O) = 7.7.
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Extraction was carried out with 0.1 M NaOH + 0.1 M
Na4P2O7 (v/v) mixture under nitrogen [5]. In brief, the dry
sample was suspended in 2N HCl to remove carbonate,
the above mixture was added with stirring for 16 h (4-4x)
with a separate alkaline solution. The solution was centrifuged to eliminate suspended clay and then acidified to
below pH 2 with 6N HCl and the HA precipitate was
separated by centrifugation and purified by HCl/HF
(0.5%, v/v) treatment. The dissolution into alkaline solution and precipitation by acid was repeated three times.
The final alkaline solution was passed through an Amberlite IRN 77 cation exchange resin column to obtain an
acidic form of HAs, dialysed against distilled water and
freeze dried. The characterisation of the HAs was achieved
by elemental analysis and determination of their acidities
with the techniques described earlier [6] (Table 1).

below 2. After centrifugation the fresh coagulates were
separately mixed with solutions of VO(II), Cu(II) and
Mn(II) ions. The pH value was adjusted in the range 4-5
by addition of HCl or NaOH. This region of pH corresponds to the dissociation of carboxylic acid groups of HAs
[7]. In aqueous systems HAs are normally insoluble at pH
values lower than 6.5. This insoluble HAs are able to react
with trace metal ions more efficiently than solubilised HAs
[7]. Exceptionally for Mn(II)-HA, in order to study the
simultaneous competition of Mn(II) and Cu(II) and to identify which is more strongly bound to HA, amounts of
Cu(II) ions (<1mg) were added to Mn(II)-HA solutions.
The mixtures were shaken for 24 h at room temperature.
After this procedure, each mixture was centrifuged. The
precipitates were separated from the supernatant solutions
and washed alternatively with distilled water and 1N HCl
in order to remove the non-complexed ions.

TABLE 1
Analytical characteristics of the humic acids (HAs) extracted.

C (%)
H (%)
N (%)
O% (by difference)
Total acidity (meq g-1)
Phenolic acidity (meq g-1)
Carboxylic acidity (meq g-1)
Mineral acidity (meq g-1)

ESR Analysis

ESR spectra were recorded at –170 °C, on powder,
by a VARIAN spectrometer operating at X band frequency. The spin Hamiltonian parameters of ESR spectra (e.g. g-values and hyperfine coupling constants A)
were calculated. For g determination, DPPH (2,2-Di-(4tert-octaphenyl)-1-picryhydrazyl) was used as reference
substance.

41.70
2.51
2.47
53.32
6.04
0.77
3.93
1.34

The C, H, N and O contents are similar to the elemental compositions of HAs reported in the literature [1],
whereas the total acidity and contents of carboxyl groups
were higher than some of those cited in the literature [1].

RESULTS AND DISCUSSIONS
The spin Hamiltonian parameters (A and g) were calculated from spectra according to the literature data [8].
From all complexes formed, the A and g parameters are
listed in Table 2. The values of these parameters calculated provide no significant difference from each complex at
different percentages (Figures 1-3). This result indicates
that incorporated Metal ions occupied the same site in the
HAs.

Metal ion-HA complexes

Solutions of VO(II), Cu(II) and Mn(II) were prepared
by dissolving sulphates in distilled water to produce concentrations of 1, 3, and 5 % (wt-metal ion/wt-HA).
Samples containing 100 mg of HA were dissolved in
0.1 M NaOH and precipitated by 6N HCl at pH values

TABLE 2
ESR data for Vo(II)-, Cu(II)-, and Mn(II)-HA complexes.

ESR data
M(II)-HA
Vo (II) -HA
1%
3%
5%
Cu (II)-HA
1%
3%
5%
Mn (II)-HA
1%
3%
5%

A // (G)

A (G)

A iso (G)

g //

g

197.8
193.5
194.8

75.8
75.7
73.2

116.5
115.0
113.8

1.9354
1.9193
1.9340

1.9878
1.9863
1.9855

1.9703
1.9640
1.9684

135.8
135.2
136.7

nd

nd

2.3292
2.3324
2.3364

2.0759
2.0759
2.0759

2.1603
2.1614
2.1627

nd

nd

96.0
96.4
96.4

nd

nd

2.0036
2.0036
2.0036

⊥

nd = not detected
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The results from the ESR data (A and g parameters)
for the investigated complexes (Table 2) show:
• For the Vo(II)-HA complex, vanadyl Vo(II) ions are
strongly immobilized in inner-sphere complexes by
HA, with four oxygen donor atoms in equatorial
plane of the Vo(II) group [9, 10].

[9]

Boucher, L.J., Tynan, E.C. and Yen, T.F. (1969) In: ESR of
metal complexes, Ed. Plenum, New York.

[10] McBride, M. B. (1978) Soil Science 126, 200.
[11] Szalay, A. and Szilagy, M. (1967) Geochim. Cosmochim Acta 31, 1.

• For Cu(II)-HA complexes, Cu(II) ions are also associated with four oxygen donor atoms.
• For Mn (II) complexes, Aiso and giso suggested that
Mn(II) ions are incorporated as [Mn(H2O)6]2+ by
electrostatic bounding only [ 9, 10].
Oxygen functional groups involved in the complexation of Vo(II) and Cu(II) ions can originate from two
carboxylates or two hydroxy-phenol for neutralising the
charge of the ions, two other oxygen groups can provide
carbonyls or methoxyls [11].
Consequently, Vo(II) and Cu(II) ions are bound with
oxygen ligands to HAs, while the Mn(II) complex occursd as [Mn(H2O)6]2+. Also, Cu(II) ions are more strongly bound than Mn(II) ions to soil HAs. These results are
in correlation with literature data [4, 9, 10].
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SUMMARY
Many geothermal waters in Turkey contain an excess
of boron. Although boron is normally available in low
amounts in soil and irrigation waters, it accumulates very
fast in soils irrigated by geothermal waters containing
boron because of the diffuculty of washing it out. This
stuation badly affects the plantation of many agricultural
products.
In this study Amberlite IRA 743 was selected as a boron-specific resin to remove boron from thermal waters.
The experiments were carried out in a batch reactor and
the ratio of resin/boron solution, boron concentration,
stirring speed and temperature were selected as influencing parameters.
The results showed that boron removal increased with
increasing ratio of resin/boron solution and decreasing
boron concentration in the solution. Stirring speed and
temperature had not significant effects on the percentage
of total boron removal, but they increased the starting rate
of boron removal. At optimal conditions 99 % of boron in
the geothermal water could be removed.

KEYWORDS: Boron removal, thermal water, boron selective
resin, batch reactor.

INTRODUCTION
Boron is available in nature mostly as sodium and
calcium borate or boric acid. Therefore, the source of
boron is often linked to the volcanic activities via the
agency of hydrothermally generated boron-rich springs
that are mixed with the playa waters and precipitate borates [1, 2]. In Turkey many geothermal fields and boronrich thermal springs exist. Their boron species are undissociated boric acid (H3BO3) and borate anions (B(OH)4-).
H3BO3 is the dominant at low pH values and B(OH)4- is
dominant at high pHs (>8-9) [3]. Gemici et al. [4] have

examined the state of boron in the aquifers of the geothermal systems in the geological environments in Western Turkey and determined their environmental impact.
They have found boron concentrations from 1-63 mg/L in
CO2–rich thermal waters in the studied fields [4].
Thermal waters generally are discharged to agricultural areas for irrigation after being used in the thermal
baths. Their boron contents are accumulated in the soils
irrigated changing the chemical, biological and physical
properties of the soils. Also; these waters mix with underground waters by passing through the soil and constitute
complexes with some heavy metals ions, such as Pb, Cu,
Ni, Cd, during this process. The toxicities of these complexes are higher than those of the heavy metals forming
them. Consequently, the thermal waters cause some environmental problems in discharge areas and their boron
contents should be removed by an appropriate method.
Numerous researches have been carried out concerning
boron removal [5, 6]. The main processes that have been
studied; precipitation-coagulation, adsorption on oxides [7],
adsorption on active carbon or cellulose [8], ion exchange
with the basic ion exchangers [9], solvent extraction after
complexation[10],or membrane filtration after complexation
[11], used boron-selective resins with diols as boron complexing agents, particularly Amberlite XE 243 [12] and then
the macroreticular resin Amberlite IRA 743 [6, 13-15].
Since boric acid dissolves to form various borate ions
in water, the composition of borate ions should be calculated to understand the solution behavior, which depends
on a number of factors, including the concentration of
boric acid, the temperature and pH. For calculating the
composition, three types of equations are needed; a mass
balance equation, an electroneutrality condition, and relations for ionic equilibria [16].
In this study, the content of boron in geothermal water sampled from Ilıca-Erzurum in Turkey and boron
removal from these water samples by ion exchange method are investigated.
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MATERIALS AND METHODS
Geothermal water samples used in the experiments
were provided from Ilıca-Erzurum, Turkey. The chemical
analysis of Ilıca geothermal water is given in Table 1. The
samples filtered with blue band filter paper at room temperature were used for the ion exchange experiments.
TABLE 1
Chemical analyses of Ilıca geothermal waters.
Component
Al3+
Na+
K+
Mg2+
Ca2+
Fe3+
Mn2+
NH4+
Temperature (oC)

mg/l
0.17
1731.34
226.50
37.80
61.60
1.22
0.98
1.65
9.00

Component
Cl
F
SO4=
NO3Hydrophosphate
HCO3Free CO2
Boron
pH

mg/l
1988.20
0.83
2.50
9.61
0.96
1876.50
1085.00
19.00
6.50

Amberlite IRA 743, which is a weak-base anion exchange resin, was used as an anion-exchanger throughout
the experiments. Its characteristics are listed in Table 2.
This resin has a macroporous polystyrene matrix, on
which N-methylglucamine functional groups are attached
as seen in Fig. 1.

B(OH)4- + 2-CHOH-CHOH- = 4 H2O + B-(OCH) 4(Boron complexation)

(2)

-CH2-N(CH3)-CH2- + H+ = -CH2-N+H(CH3)-CH2(Amine protonation)

(3)

The batch reactor seen Fig. 2 was used to remove boron from geothermal water by the exchange reaction. The
temperature of the reactor was controlled with a HAAKE
D8 thermostat connected to the reactor. The stirring speed
of the reactor was controlled with a COLE PARMER
stirrer motor with tachometer. The experiments were
carried out at 10-70 oC, 5/500 to 50/500 g resin/ml boron
solution solid/liquid ratio ranges and at 350-750 rpm
stirring speed. In the experiments, 500 ml boron solution
with a given concentration was put into the batch reactor.
The reactor was maintained at the desired temperature
(differing within 0.5 oC). Then, a weighted amount of the
resin was put into the reactor. The system was stirred at the
desired speeds for 1, 3, 5, 10, 15, 30, 45, 60 and 90 min
periods. The amount of boron adsorbed on the resin was
calculated after analysing boron in the solution. The analytical determination of boron was carried out spectrophotometrically by means of the carmine method at 585 nm
using a SHIMADZU 160 A spectrophotometer [17].

TABLE 2
Characteristics of Amberlite IR-743 resin.
Parameter
Exchange capacity
Particle size
Effective size
Moisture content
pH range
Uniformity cofficient
Max. Operation temperature
Ionic form
True density(wet)

Value
0.60 meq/ml
0.40-0.60 mm
0.52 mm
56 %
0 - 14
1.40
100 oC
OH0.68 g/cm

-[CH-CH 2]nFIGURE 2
Schematic view of the experimental system.

CH3

RESULTS AND DISCUSSION

CH2 - N - CH 2 - [CHOH] 4 - CH 2OH

The effects of parameters
FIGURE 1
Scheme of the Amberlite IRA 743 resin.

It is commonly known that boron is retained according to the following reaction scheme; borate ion is complexed by sorbitol groups and a part of it is retained by a
tertiary amine site that behaves as a weakly basic anion
exchange [15]. The reactions can be expressed as follows:
H3BO3 + H2O = B(OH)4- + H+
(Boric acid dissociation)

In the experimental runs the effects of parameters
such as temperature, ratio of resin/solution, and stirring
speed under constantat reaction time conditions have been
investigated.

(1)

1194

1) The effect of temperature: The effect of temperature
on the boron removal was examined at 10, 25, 40
and 60 oC. Solid/liquid ratio, 10/500 g/ml; boron
concentration, 19 ppm and stirring speed, 550 rpm
were kept constant in the experiments. The results
obtained are shown graphically in Fig. 3.
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350, 550 and 750 rpm. In the experiments, boron
concentration, 19 ppm; temperature, 25 oC and ratio of resin/solution, 10/500 g/ml were kept constant (see Fig. 5).
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FIGURE 3
Effect of temperature on the removal of boron.

1,0

For the non-catalytic reaction of particles with the
surrounding fluid, the suggested and most important
models are: the progressive conversion model and the
unreacted-core model. Since ion exchange particles do not
change in size during reactions, both the unreacted core
model of unchanging size or progressive conversion model can be applicable for this system. According to the first
model, one of three mechanisms can control the reaction
rate [18]. For spherical particles the relationships between
time and fractional conversion are as follows,
when fluid film resistance controls
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t / t* = XB

(4)
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FIGURE 4
Effect of resin/ geothermal water ratio on the removal of boron.
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FIGURE 5
Effect of stirring speed on the removal of boron.

2) The effect of solid/liquid ratio: The effects of ratio
of resin/solution were examined as 5/500, 10/500,
20/500 and 30/500 mg/l. In the experiments, temperature, 25 oC; boron concentration, 19 ppm and
stirring speed, 550 rpm were kept constant and the
results are shown in Fig. 4.
3) The effect of stirring speed: The effect of stirring
on boron removal was determined at speeds of

(6)

where t is time, t* is the time required for the complete conversion, and XB is the fraction of boron ions
caught by ion exchange resin. In accordance to the second
model, one of the pseudo-homogenous models can be
applied. In the progressive conversion model, the rate is
controlled by diffusion. In an ion exchange process, ions
of the same charge, but of different species, are exchanged between two phases. Because of the electroneutral requirement, any ions that leaved the ion exchanger
should be replaced by an equivalent amount of other
counter-ions. In most of the cases that have been studied
so far the rate-determining step was estabilished to be
diffusion of the counter-ions. The resistance to mass
transfer may be confined to both phases, although in
many practical cases one or the other phase may be dominant. The results obtained using various reaction parameters were used to investigate the ion exchange kinetics of
boron removal and various reaction models were tested
statistically for this purpose.
By statistical analyses it was found that the best equation representing the reaction rate is a second-order pseudo-homogeneous reaction model as follows:

dX B / dt = k(1 − X B ) 2

(7)

Integrating Eq. (7), the values of XB/(1-XB) versus t
were plotted for each parameter. The plot of XB/(1-XB)
versus t for various temperatures is given in Fig. 6.
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The plot of predicted X versus observed X, given in
Fig. 7, shows that the kinetics model obtained fits very
well with the experimental results.
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FIGURE 6
Plot of XB/(1-XB) versus t for various temperatures.
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There was a linear relation between XB/(1-XB) and t
as can be seen from Fig. 6. The plots of XB/(1-XB) versus
t for all the other parameters also exhibited linear variation. To obtain an equation including all parameters used
throughout the experiments, the relation between k and
the reaction parameters was examined. For this purpose,
the initial reaction rates, Vo, were found. Assuming that
the relation between Vo and the temperature is as follows:

[ ]

Vo = k1 Y

a

FIGURE 7
Plot of predicted X versus observed X.

CONCLUSIONS
The following results can be summarized by evaluation of the data obtained:

(8)

1) The removal of boron from geothermal water
sources increased with increasing temperature.
More effectively results were obtained by removal
of boron at high temperatures for the first 30 min.

where Y is any reaction parameter, the values of ln Vo
versus ln [Y] were plotted. The slope of the straight line
of this figure also shows that the temperature affects the
rate constant exponentially. From the plot of ln Vo versus
ln [Y] it was found that all the parameters affect the rate
constant exponentially. So the orders of the parameters
for the solid/liquid ratio, S/L, and the stirring speed, S,
were found to be 1.86 and 0.66, respectively. Thus, the
apparent rate constant can be written as

k = [ S / L]1.86 [ S ]0.66 k t

(10)

Assuming that the relation between kt and the temperature has the form of an Arrhenius equation, the values
of kt versus1/T were plotted and, from the slope of the
straight line obtained, the value of activation energy and
the Arrhenius constant were calculated as 21.335 kJmol-1
and 31247.9 s-1, respectively. Finally, the rate equation for
the removal of boron by ion exchange method can be
expressed by the following model:
1.86 0.66 0.94
X B /(1 − X B ) = 3125[ S / L ]
[S ]
t
exp( −21.34 / RT )

3) The process is a film-diffusion controlling one and
its activation energy and Arrhenius constant are
21.335 kJ/mol and 31247.9, respectively.

(9)

where kt is the rate constant which depends on the
temperature only. Finally, the rate equation can be written
as follows:

X B /(1 − X B ) = [ S / L]1.86 [ S ]0.66 k t t

2) The removal of boron increased with increasing
the ratio of resin/solution. This is an expected result because resin-solution contact surface was increased.

It should be known unambiguously, that in the ranges
of stirrer speed covered, the value of the mass transfer
coefficient increases with an increase in stirring speed.
The concentration of the solution will have a direct effect
on the rate of film-diffusion-controlled process. On the
other hand, particle diffusion-controlled process will be
independent of the solution concentation [19]. The
mathematical model obtained statistically, the effects of
stirring speed and concentration in the exchange process
clearly demonstrate that it is film-diffusion controlled.

(11)
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KINETIC MODELLING OF PILOT PLANT PHOTOMINERALIZATION OF AQUEOUS CIBACRON CR
AS MODEL MOLECULE OF INDUSTRIAL AZO DYES
ON TITANIUM DIOXIDE-IMMOBILIZING MEMBRANES
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SUMMARY
The kinetics of photobleaching by spectrophotometric
analysis and of photomineralization by total organic carbon (TOC) analysis of Cibacron CR in aqueous solutions
were studied using titanium dioxide-immobilizing membranes. The experiments were carried out in a pilot plant
under monochromatic irradiation.

KEYWORDS: Cibacron CR (C.I. Reactive Red 238), azo dyes,
photocatalytic membranes, immobilized titanium dioxide, photoreactor modelling, hydrogen peroxide.

From the rate data as a function of initial concentration,
the kinetic parameter k and the pseudo-thermodynamic
parameter K for photobleaching were evaluated by complying with the Langmuir-Hinshelwood equation. These
parameters were employed to optimize a kinetic model,
which considered the mineralization of substrate S to CO2
through one single intermediate I, as being able to represent and mediate the behaviour of all the intermediates
effectively formed, both S and I acting as competitive
apparent adsorption agents on the immobilized semiconductor surface. By this way, the two couples of constants –
k1 and K1 as well as k2 and K2 - were obtained. With these
two couples of parameters the calculated curves fitted very
well to the experimental ones, both for photobleaching and
photomineralization, whereas the formal Langmuir model
was unable to predict rates other than those at the beginning
of the bleaching process. Therefore, the Langmuir model
alone is unsuitable to infer temporal disappearance of TOC
during the photomineralization process.

The widespread interest in azo dyes is firstly due to
the fact that they represent the largest class of dyes used
in industry [1]. Furthermore, they have received great
attention from a theoretical aspect with regard to the sensitivity of their physical and chemical properties to
change in the substituents and the medium, as well as
other perturbing agents [1, 2]. As to the environmental
protection, it is estimated that 10-15% of the dye is lost
during the dyeing process and released as effluent, resistant to aerobic degradation [3]. On the other side, the
chance for azo dyes to be converted under anaerobic conditions into carcinogenic, aromatic amines as well as in
mammals has been highlighted [4].

The influence of the membrane’s position within the
annular photoreactor at several distances from the irradiating lamp was systematically studied with optical paths
varying from 2.5 to 12.8 cm.
The optimum pH value in order to reach the maximum degradation was around 6, whereas at lower and
higher values, a monotonous decrease in rate occurred.

INTRODUCTION

Among the most efficient and advanced oxidation
processes for transforming azo dyes in wastewaters into
harmless carbon dioxide, water, and inorganic ions, (such
as halides, sulphates, nitrates and ammonium), photocatalytic methods have been successfully tested. They are
based on the use of titanium dioxide semiconductors,
immobilized onto microporous composite membranes
prepared by photografting [5]. In this research, the kinetics of photobleaching and integral mineralization of azobenzene and several substituted azobenzenes in aqueous
solution were observed [5].
In the present paper, the kinetic study was carried out
on a pre-industrial pilot plant, equipped with a single
photocatalytic membrane module as described in a previ-
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ous work [6]. Cibacron CR, a bireactive vinylsulphonic
fluorotriazine dye, has been used as a model molecule of
the latest generation of azo dyes. By using stoichiometric
hydrogen peroxide as the oxygen donor, both photobleaching (by spectrophotometric analysis) and integral
photomineralization (by the analysis of total organic carbon, TOC) were followed kinetically.
The influence of pH, both on initial photodegradation
rates and isotransformation times of integral photomineralization, has also been tested, as well as the positioning of the membrane within the annular photo-reactor
at several distances from the irradiating lamp.

power within the absorption range of the semiconductor
was virtually monochromatic at 254 nm and corresponded
to 14±1 W – . The radiation source and the membrane
were placed coaxially. The position of the membrane
within the annular photoreactor could be regulated at
several distances, varying from 2.2 to 12.5 cm.
The reacting solution (100 L in each trial) was circulated continuously at a constant flow rate (3.1 + 0.3 m3/h)
from and to a reservoir and a sampling device, from
which the samples could be withdrawn for analysis. The
ratio of the overall reacting volume (in the photoreactor
and in the reservoir) and the apparent geometrical surface
area of the irradiated side of the membrane was 0.962 m.
The optical path from the outer surface of the lamp
cladding jacket and the photocatalytic membrane surface
was 0.3 cm longer than the positioning of the membrane
within the reactors.

MATERIALS AND METHODS
Materials

Cibacron
CR
(C.I.
Reactive
Red
238),
(C29H15ClFN7O13S4Na4; 944.2 g/mol), a bireactive vinylsulphonic fluorotriazine dye, was supplied by Ciba Specialty Chemicals, and has been used as received by the
supplier with a stated purity degree of 95±1%.
Aqueous solutions (0.339-2.67 10-4 M) of this dye in
100 L of distilled water were used for each trial, to which
stoichiometric hydrogen peroxide was added as the oxygen
donor. Due to the chemical structure of the molecule, the
buffering of these solutions was satisfactorily carried out by
adding small amounts of 1 N sulphuric acid (pH values 2–6)
or 1 N sodium hydroxide (pH values 6.5 – 9.4).
No variation of pH values higher than -0.25 was observed during the photodegradation. This small decrease
might have been due to the formation of hydrogen chloride or fluoride from chlorine or fluorine atoms present in
the molecule. Nitric acid, corresponding to about 20-25%
of the nitrogen, might also have caused this slight decrease of pH. The balance is represented substantially by
ammonium ions.
The calculation of the stoichiometric hydrogen peroxide, however, was always done on the basis of the oxidation
to nitrate ions of all nitrogen present in the dye molecule.
Photocatalytic membranes

The photocatalytic membranes (PHOTOPERM®
CPP/313), supplied by Chimia Prodotti e Processi, Muggiò
(Milan, Italy), were standard membranes with immobilized
30±3 wt.% of titanium dioxide (P25 by Degussa, D) and
with no photocatalytic promoter; they are described in
detail in a previous study [7].
Pilot plant

The pilot plant scale reactor (supplied by Chimia
Prodotti e Processi, Muggiò, Milan, Italy) consisted of a
single membrane module, mounting a geometrical membrane surface of 0.130 m2 and a low pressure mercury arc
lamp, having a nominal power of 40 W – the absorbed

During irradiation, the temperature was 303 ± 4 K.
Kinetic Modelling

As has been done in previous works [8, 9], the Langmuir-Hinshelwood kinetic rate law, combining apparent
adsorption equilibrium and apparent zero-order surface
reaction, was used to interpret initial rate data of the experimental results in the linearized form of the following
equation:

1 1
1
= +
r0 k k ⋅ KC 0

(1)

where r0 is the initial rate of substrate disappearance,
measured by direct analysis of the substrate itself or by
the rate of decrease of total organic carbon (TOC) as a
function of time; C0 is the initial concentration of the
organic compound photodegraded; k the reaction rate
constant; and K the apparent adsorption constant of the
substrate on the photocatalytic membrane.
The thermodynamic significance of K has been seriously questioned, both by a critical assessment regarding
the theoretical mechanisms of semiconductor-mediated
photocatalysis [10], and on the basis of all recent experimental findings in a series of papers [11, 12].
It has been ascertained that this parameter depends on
the kind or wavelength of radiation, on the flow rate and
on the kind of chemicals employed as oxygen suppliers
during photodegradation. Following these considerations,
a kinetic significance is, therefore, more appropriate to the
K parameters. Thus, Eq. (1) should be regarded as a convenient and well fitting model, rather than attributing to it
a truly physical meaning in the sense of adsorption. The
Langmuir-Hinshelwood equation is able to fit results only
when initial rate of substrate photodegradation are contemplated, so that no application of Eq. (1) to practical
modelling of kinetics during the whole run of photomineralization is possible.
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If mineralization of substrate S to CO2 is supposed to
occur through one single intermediate I, following the
scheme:
S à I à CO2

(2)

and if both S and I show a competitive apparent adsorption on the immobilized semiconductor surface, as expressed by the apparent adsorption constants K1 and K2,
then it leads to the following differential rate equations:
dC S
CS
= −k1 ⋅ K1 ⋅
dt
1 + K1 ⋅ C S + K 2 ⋅ C I

(3)

dC I k1 ⋅ K1 ⋅ C S − k 2 ⋅ K 2 ⋅ C I
=
dt
1 + K1 ⋅ C S + K 2 ⋅ C I

(4)

dC CO2

(5)

ing approximation. With this approximation, Eq. (3) can
be simplified to Eq. (9):
r0 = k1 ⋅ K1 ⋅

C0
1 + K1 ⋅ C 0

(9)

where C0 represents the initial concentration of substrate S.
Eqn. (9) has exactly the same form of the LangmuirHinshelwood model (see Eq. (1)). Moreover, being initially CI = 0, then from Eqns. (5) and (6) at t = 0 one obtains
the following equation:

dC CO2
dt

=−

dCTOC
=0
dt

(10)

Furthermore, the conservative balance of carbon has to
be accounted for and experimentally verified, all concentrations of substrate and intermediate being expressed in terms
of carbon content, as obtained from TOC analysis:

In other words, the formation of carbon containing intermediates, and if they do not photodegrade yielding CO2
at a higher rate than that of the substrate, gives rise to a
characteristic plateau of TOC content vs. time. This behaviour is only approximated experimentally. Firstly,
because there is often a preferential, even if not prevailing
route to rapid CO2 formation from S, and, secondly, because intermediates are often more reactive than the substrate itself towards photodegradation (TOC disappearance is initially low, usually around one order of magnitude lower than that of the substrates, but still measurable
– see also Results and Discussion).

CC (at time t) = CTOC (at time 0) = CS (at time t) + CI
(at time t) + CC02 (at time t)
(6)

Supposed that a time t* exists, such as that for t > t*,
CS << CI, then at time t*, Eq. (4) becomes:

dt

CI
= k1 ⋅ K1 ⋅
1 + K1 ⋅ C S + K 2 ⋅ C I

where C denotes concentrations of species to which
the pertinent suffix refer, t is the time, and k1, k2 the kinetic constants relative to degradation of S and I.

CTOC (at time 0) being equal to CS (at time 0).
The major limitation of Eq. (6) is to regard only intermediates containing carbon, which is anyway the most
common condition in the degradation of organics. If this
should not be the case, Eq. (6) should be substituted by
Eq. (7):
C C (at time t) = C TOC (at time 0) = C S (at time t) +
C C02 (at time t)

dt

=−

dC S
dt

(11)

and, as for Eq. (6) under the conditions CTOC = CI, Eq.
(11) becomes:

k 2 ⋅ K 2 ⋅ CTOC
dC TOC
=−
dt
1 + K 2 ⋅ CTOC

(12)

(7)

and Eq. (5) by the following Eq. (8):

dC CO2

k2 ⋅ K 2 ⋅ CI
dC I
=−
dt
1 + K 2 ⋅ CI

(8)

Integration of Eqns. (3)-(6) may constitute a suitable
method to model temporal disappearance of TOC, which
is a relevant analytical parameter to follow environmental
pollution problems.
In order to provide a simple numerical integration, it
may be considered that when t = 0 (beginning of photodegradation), CI is completely negligible with respect to
C S. Furthermore, the hypotheses that k 1 ≅ k 2 and, symmetrically, K 1 ≅ K 2 are not far from being verified in the
greatest part of experimental situations, at least as a start-

An important experimental result is thus substantiated
and rationalized, as applied to treatment from k and K
parameter data: CTOC vs. time explicitly follows a Langmuirian type rate law, where k and K parameters acquire
the physical significance of k2 and K2, as stated above.
That time t* effectively exists as a time where the
substrate is completely converted into intermediates, even
with a modest decrease of TOC content and nearly complete mineralization of heteroatoms present in the substrate. This is experimentally recognised, both by literature data [13] and results of our preceding work and the
present study.
In some favourable cases, when both k and K couples
are accessible experimentally, the values drawn from Eq. (1)
may be used as starting values to optimise the whole temporal kinetic curves of substrate and TOC, until consistency

1201

© by PSP Volume 12 – No 10. 2003

Fresenius Environmental Bulletin

is reached and the best fitting of all experimental curves is
obtained. In other cases, when only k2 and K2 values are
available experimentally by TOC analysis, the approximation above ( k1 ≅ k 2 and K1 ≅ K 2 ) will be the starting point.
A rapid fitting of experimental curves in the whole
course of kinetic runs until complete disappearance of
organic carbon, may be attained by placing K1 ≅ K 2 , as
has been suggested on a theoretical basis, and reducing
research of the best fitting to the k1 parameter only.
Variation of parameters to optimize the fitting may be
restricted within the expected range of experimental
uncertainty. Also chemical considerations may be of
great help to optimize the fitting, as well as simultaneous consideration of k and K parameters for other chemically related substrates and/or intermediates, studied by
the same methodology.

RESULTS AND DISCUSSION
Photobleaching and photomineralization kinetics of
Cibacron CR as a model molecule of the latest generation
of industrial azo dyes have been studied in a pilot plant,
already described in previous investigations [14]. Experimental concentration profiles vs. time for both types of
kinetics are collected in Figs. 1 and 2.In these curves, the
concentrations are expressed in ppm of carbon to compare
the data referring to bleaching of the dye molecule with
those of the experimental TOC analysis.

FIGURE 2
Concentration of total organic carbon (TOC), expressed in ppm (mass/
volume), during photomineralization of Cibacron CR solutions (pH=
6.0) as a function of time in pilot plant runs (optical path 2.5 cm).

Initial rates of photobleaching as a function of initial
concentrations of the substrate are evidenced, in the form
of the usual Langmuir-Hinshelwood double reciprocal
plot (Fig. 3).

As expected for a substrate containing many aromatic
moieties, the TOC profile shows a very evident initial
plateau, corresponding to the attack of the aromatic rings
from hydroxyl radicals, to yield intermediates possessing
the same number of carbon atoms as those of the starting
substrate. Only at times of the order of those needed to
complete bleaching of the dye molecule, the transformation of carbon atoms into carbon dioxide occurs at a
considerable rate.

FIGURE 3 - Langmuir - Hinshelwood plot, Eq. (1), of reciprocal initial rates (1/ r0) as a function of initial reciprocal concentrations (1/ C0 ) of Cibacron CR, relative to photobleaching
of the dye in pilot plant runs (optical path 2.5 cm).

Owing to the good correlation coefficient of 0.990,
obtained by regression analysis, the k and K values may
be calculated as 5.74±0.5 10-5 mol min-1 and as 3.6±0.1
104 M-1, respectively, when referred to molar concentrations of dye. By these values, however, the whole profile
of dye mineralization cannot be accounted for.

FIGURE 1
Concentrations of Cibacron CR, expressed as ppm (mass/volume)
of carbon, during photobleaching of aqueous solutions of the dye
(pH= 6.0), as function of time in pilot plant runs (optical path 2.5 cm).

If the mineralization of substrate S to CO2 is supposed
to occur through one single intermediate I, able to represent
and to mediate the behaviour of all intermediates formed by
following Scheme (1), the two couples of constants, k and
K, could be obtained to yield carbon dioxide, water, halide,
sulphate, nitrate and ammonium ions. Expressed as molar
concentrations of dye, these couples were calculated as

1202

© by PSP Volume 12 – No 10. 2003

Fresenius Environmental Bulletin

37±4 µmol min-1 and 0.065±0.009 µM-1 for photobleaching; 0.38±0.08 µmol min-1 and 0.022±0.004 µM-1 for
integral photomineralization of all intermediates containing carbon.
It can be observed, as expected, that the first k1 and
K1 couple keeps the same order of magnitude as the k and
K values above, relating to the same process (bleaching);
k1 is slightly smaller than k, and K1 slightly greater than
K. On the contrary, the k2 value is smaller by one order of
magnitude than k1. This is perfectly consistent with the
TOC profiles of Fig. 2 (as stated above). The similarity of
K1 and K2, the latter being about one third with respect to
the former, again favourizes the substantial correctness of
the kinetic model adopted, notwithstanding its extreme
simplification. As may be clearly remarked in Figs. 1 and
2, the continuous curves calculated by the couples of the
parameters above fit very well the experimental ones,
both for photobleaching and photomineralization.
While the formal Langmuir-Hinshelwood model is
unable to predict rates other than in the very beginning of
the photocatalytic process, the model derived from equations (3)-(12), in spite of its apparent limitation, constitutes a valid and suitable method to infer temporal disappearance of TOC and overall the whole photomineralization process.
Under the experimental conditions of the present
study and within the concentration range examined, the
treatment of experimental data of Figs. 1 and 2, both for
bleaching and mineralization by the method of the
isotransformation times (30%, 50%, and 80% transformation, respectively) yielded a substantially zero value
for the reaction order (ranging from 0.0 to 0.1, the higher
values referring to higher reaction times). This is in full
agreement with the model, owing to the values of the k
and K couples.
The influence of pH on rates was also studied and the
results for bleaching are shown in Fig. 4.

In Fig.4 the initial rates of photobleaching, together
with uncertainties expressed as standard deviations, relative
to the series of runs that were carried out at the same substrate concentration, are reported as a function of pH. Similar curves have been obtained for photomineralization.
The optimal pH to reach the maximum rate of photodegradation was around 6. At lower and higher pH values,
a monotonous decrease in rate occurred. The decrease
was more marked at pH values higher than the optimal
one. This same kind of behaviour has been observed for
phenol and, more generally, for compounds containing
the aromatic ring [15] and for n-alkanoic acids [16], when
the experiments were carried out on photocatalytic membranes with immobilized titanium dioxide in the presence
of hydrogen peroxide. One possible explanation probably
relies on the influence of the pH on adsorptive effects of
intermediates in the substrate and/or of the oxygen donor
on the catalytic surface. Another explanation may rely on
the acid base equilibrium of the • O2 H / O2 • couple at
pH less than 6, together with the influence of the pH value
on the rate of hydroxyl radicals with the substrate, or
between themselves, to yield hydrogen peroxide.
−

Regarding that the pilot plant allowed us to place the
membrane at several known distances in the annular reactor,
with the real optical path being only 3.0 mm longer than
these distances, a systematic study of the influence of the
membrane distance within the reactor was also carried out.
The results are summarized in Fig. 5 and show the
isotransformation times (30%, 50% and 80% transformation) for photobleaching and photomineralization processes as a function of the membrane distance.
For the bleaching reaction, it can be noted that within
distances less than about 45 mm (optical path of about
48 mm), the same times and, consequently, the same rates
were observed. From this distance up to 80 mm, the reaction time for 80% transformation was nearly doubled.
Even more remarkable was the effect of withdrawing
the membrane from the lamp for the mineralization process. In this case, no plateau effect was observed at small
distances like in the case of bleaching. On the contrary,
a monotonous increase in times and decrease in rates
was evident throughout the experimental curve. An about
7-fold increase in 80% transformation time was measured
at a membrane distance of 80 mm, with respect to mineralization time corresponding to the lowest possible distance in the reactor (22 mm; 25 mm of optical path).

FIGURE 4
Mean initial photobleaching rates, expressed as µM· min-1
(uncertainties expressed as standard deviations), relative to
100 L of 5.75 x 10-5 M Cibacron CR solutions, as a function of
pH in pilot plant runs (optical path 2.5 cm).

A first explanation regarding the effect of membrane
distance on rates is that under the experimental conditions
of the present work, the main processes contributing to
photodegradation were photochemical homolytic cleav
ages of hydrogen peroxide into • OH radicals and photocatalytic production of these radicals onto the immobilized semiconductor surface. Due to this fact, at a membrane distance greater than about 4.5 cm from the irradia

1203

© by PSP Volume 12 – No 10. 2003

Fresenius Environmental Bulletin

tion source, a considerable decrease of efficiency was
observed during bleaching of the dye, because the heterogeneous reaction on the membrane was progressively
suppressed. At great distances of the membrane from the
lamp, the radiation was almost entirely absorbed by the
dye or by its intermediate degradation products and was
no longer available to induce any photoprocess on the
semiconductor surface.

with hydrogen peroxide alone and no other contribution
by any photocatalytic process, the costs should be twice
as high, at the minimum.
All the above evaluations hold, of course, for the use
of a membrane immobilizing titanium dioxide, but with
no other catalytic promoter, like the membrane used in
this work. If suitable photopromoters of the semiconductor are added to the membrane, the quantum yields may
be remarkably increased [16], thus gaining further advantages for the heterogeneous reaction.
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HIGH PRESSURE-HIGH TEMPERATURE CO2 ELECTROREDUCTION ON Sn GRANULES IN A FIXED-BED REACTOR
Fatih Köleli, Tuncay Yesilkaynak and Didem Balun
Mersin University, Department of Chemistry, 33342 Mersin, Turkey

SUMMARY
In a fixed-bed reactor, the electrochemical reduction
of CO2 has been investigated on Sn granule electrodes at
high pressure and high temperatures (electrode potentials
–1.6 to –2.1 V) by using aqueous 0.2 M K2CO3 as electrolyte. Only formic acid was found as reaction product. The
maximum Faradaic efficiency of the product was found to
be 91% at –1.9 V (saturated calomel electrode).

Reviews on the subject mentioned including proven
or suggested reaction paths are given by Kaune [18] and,
recently, by Tryk and Fujishima [19].
In the present work, we have carried out the experiments in a stainless steel bed reactor at different high
pressure values and temperatures, in order to achieve
higher current densities and efficiencies on the way to a
technical process.

KEYWORDS: Electrochemical reduction, carbon dioxide, bedreactor, Sn granule electrodes, HCOOH formation.

INTRODUCTION
In connection with energy production and use of natural sources, the reduction of CO2 is one of the most important topics in chemistry. In the electrochemical processes, the products obtained via reduction depend on
electrode material, electrode shape (i. e. smooth metal, gas
diffusion setups), solvent (aqueous, non-aqueous), supporting electrolyte and assistance used (mediators, irradiation, ultrasonics) [1–16].

MATERIALS AND METHODS
For high-pressure experiments a cell, which was constructed from 316L stainless steel and had divided (Nafion® 417 membrane) anode and cathode compartments,
was used. A glass vessel with approximately 100 cm3 of
volume having the same shape like the steel mantle was
placed in the cell for electrical isolation. In order to supply a constant pressure within the cell, a teflon ring was
placed between the head and the body (Fig. 1).

The reported reaction products for instance are CO,
HCOOH, CH4, C2H4, C2H6, (CO 2 ) 22− , MeOH, EtOH and
even (CH3)2CO, depending on the factors above. They
originate either as main products or – more frequently –
as mixtures. The use of Hg, In, Pb or Sn as electrode
material leads to the formation of only one product, namely formic acid [1, 4–7].
However, most of the cited works have been done in
H-cells with metal plate electrodes. In a previous study
we attempted to reduce CO2 at Pb and Sn granules in an
undivided fixed-bed reactor at ambient conditions [17].
The aim was to extend the electrode surface as much as
possible within a relatively small volume. Furthermore,
the effectivity of CO2-consumption in a bed electrode
should be improved in comparison to the plate electrodes.
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FIGURE 1 - Electrochemically fixed-bed reactor
(consisting of 316L stainless steel).
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The electrodes have been sealed and electrically isolated from the body of the cell by teflon fittings (Swagelok).
Furthermore, a manometer was fitted to monitor internal
pressure and a safety valve was also installed. In all experiments the counter electrode was a platinium plate (3 cm2).

negative values. During the electrolysis, significant
changes of the current densities have been observed on Sn
granule electrodes between -1.5 and -2.1 V. Depending on
the applied pressure, the current densities increase from
ca. 0.3 mA/cm2 at 1 bar up to ca. 1.7 mA/cm2 at 50 bar in
the selected potential range (Fig. 3).

The thickness of the fixed-bed is approximately 20 mm.
Sn granules of ca. 3 mm in diameter, yield a total bed surface of 76 cm2. Gas outlet and mountings for electrodes and
thermometer were placed at the top of the cell. Prior to each
electrolysis, Sn granules (Merck, 99.99%) were washed
with 0.01M HCl and activated electrochemically for 2 hours
at – 2.5 V (saturated calomel electrode, SCE). After activation, the granules showed their characteristic shiny metallic
colour.
Prior to the electrolysis, CO2 was sent into the cell
filled with electrolyte and and the potential was applied.
During the preparative electrolysis, samples with a
volume of 1–2 mL were taken from the electrolyte in the
cell. The products dissolved were analysed by HPLC
(Perkin Elmer LC 200, ODS-18 column) and by gas
chromatography (Hewlett-Packard 6890, TCD, FID,
Porapak Q and QS columns). The product detected was
formic acid. No gaseous products were detected in the
solution and in the cell atmosphere.

FIGURE 2 - Current efficiency-potential diagrams
for CO2 reduction at different pressure values at ambient
temperature in 0.2 M K2CO3 aqueous electrolyte solution.

RESULTS AND DISCUSSION
Kyriacou et al. [5] have investigated the influence of
CO2 partial pressure and the supporting electrolyte cation
on the product distribution in CO2 reduction and found a
current efficiency value of 5% for formic acid formation
on copper electrodes in KHCO3 solution.
The experimental results obtained from CO2 reduction on Sn granule electrodes at different pressure values
in 0.2 M K2CO3 are presented in Fig. 2.
As can be seen in Fig. 2, the current efficiencies for
the formation of HCOOH increase gradually from 47% at
1 bar to the maximum value of 91% at 50 bar. During the
CO2 reduction, HCOOH has been detected as the only
hydrocarbon product in the cell atmosphere and in the
solution at negative potentials between –1.5 and –2.1 V vs.
SCE in aqueous solution. The maximum current efficiency
of ca. 90% has been observed at –1.9 V after 30 min. Due
to the H2-evolution, the Faradaic efficiencies for
HCOOH formation decrease slightly with extending
electrolysis time.
The maximum current density of ca. 1.7 mA/cm2 for
CO2 reduction on Sn granules in carbonate solution has
been obtained at –2.1 V and 50 bar (Fig. 3). It has also
been observed that competitive H2 evolution on Sn granules increased as the electrode potential shifts to more

FIGURE 3 - Current density-potential diagram
of HCOOH formation of CO2 reduction at different
pressure values in 0.2 M aqueous K2CO3 electrolyte.

The current densities are relatively constant over the
electrolysis time at different pressure values, even when
the concentration of HCOOH has reached the maximum
value of 2.2 mmol after 2 hours (Fig. 4).
Azuma et al. [7] have investigated the temperature influence on CO2 reduction at low temperature in KHCO3
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solution. At about 2 oC and –2.2 V, they have found a
current efficieny of 3.8% for HCOOH formation on Pb
electrodes. At 0 oC and –1.8 V, this value is arising to
16.7% and, at –2.0 V, to 16.5%. Also the low-temperature
experiments have given no reasonable results regarding
the current efficiencies.

As aimed in the present study, we were able to increase the current densities with increasing temperatures
and pressures (Figs. 6a and b). Although increasing of the
temperature leads to decreasing of the current efficiencies
for the HCOOH formation because of the H2 evolution,
the increasing of the pressure at room temperature leads
to an increase in both, current densities and current efficiencies, ca. five times more compared to the ambient
conditions.

FIGURE 4 - Current density time diagrams for the HCOOH
formation on Sn granule electrodes at different pressure
values under ambient temperature in 0.2 M K2CO3 solution.

In contrast to the studies conducted for CO2 reduction
on metal plate electrodes until now, we have carried out
the experiments at high temperature and a constant pressure value of 50 bar in a divided fixed bed reactor for the
first time in literature. The results of the investigations at
80 oC show that the current efficiencies are in the range of
40–50% due to increasing H2 evolution at different potential values applied throughout the measurements (Fig. 5).
The current efficiencies are increasing with decreasing
temperatures. The explanation of this behaviour lies in the
accelerated H2 evolution at the electrode with increasing
temperature.

FIGURE 6 - The current density temperature (a)
and current density pressure diagrams (b) during
the CO 2 reduction at various potential values
on Sn granule electrodes in a fixed bed reactor.
FIGURE 5 - The current efficiency-potential
diagrams for HCOOH formation at different
temperatures in 0.2 M K2CO3 aqueous electrolyte.

In Table 1 and 2, the results obtained in the fixed bed
reactor at high pressure and temperature are presented.
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TABLE 1 - Current efficiencies for the HCOOH formation from the electroreduction
of CO2 at Sn electrode under various pressure values at 25 oC. Electrolysis time: 60 min.

E/V (SCE)
-1,6
-1,7
-1,8
-1,9
-2,0
-2,1

1 bar
33
41
44
47
42
32

%η
20 bar
48
54
58
65
58
47

10 bar
41
48
50
56
47
41

40 bar
61
68
72
78
72
58

50 bar
67
77
82
91
83
65

TABLE 2 - Current efficiencies for HCOOH formation from the electroreduction of CO2 at
Sn electrode at different temperature values under a constant pressure of 50 bar. Electrolysis time: 60 min.

E/V (SCE)
-1,6
-1,7
-1,8
-1,9
-2,0
-2,1

25oC
67
77
82
91
83
65

40oC
51
56
67
82
74
65

CONCLUSION
In a divided fixed-bed reactor, the electrochemical
reduction of CO2 on Sn granule electrodes in aqueous
K2CO3 electrolyte has been studied for the first time in
literature. A predominant single product, formic acid, was
observed in the working potential ranges on Sn electrodes. The highest current efficiency of 91% for formic
acid production has been obtained at –1.9 V.
Compared to the values given in literature, we have
achieved convenient results with respect to the current
efficiencies and the applied overpotential values in the
bed-reactor. Also the current densities could be increased
ca. five times compared to the ambient conditions.
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THE EFFECT OF A THERAPEUTIC BATH IN MALACHITE
GREEN ON SOME HAEMATOLOGICAL PARAMETERS OF
RAINBOW TROUT (Oncorhynchus mykiss, Walbaum, 1792)
Naim Saglam, Unal Ispir and M. Enis Yonar
Dept. of Fisheries, Faculty of Fisheries, Firat University, 23119, Elazig- Turkey

SUMMARY
This study investigated the effect of a therapeutic
bath in 1/15000 (66.67 mg/L) and 1/200000 (5 mg/L)
concentrations of malachite green on the values of selected haemotological indicators of rainbow trout, Oncorhynchus mykiss. During five days the fish were exposed to
the above concentrations of malachite green for 30 seconds and 15 minutes, respectively. After the 5-days bath,
in all the treated fish a significant decrease in leukocyte
(p<0.001) and leucopaenia numbers, but no important
decrease in that of erythrocytes (p>0.05), compared with
control group findings, could be observed. In fish treated
with 1/15000 malachite green, also a significant increase
in haemoglobin, haemotocrit, and mean corpuscular volume (MCV) levels (p<0.01 and p<0.001) and in trouts
exposed to 1/200000 malachite green a significant decrease in haemotocrit and MCV (p<0.001) and no significant decrease in haemoglobin (p>0.05) was found in comparison with control group findings. In fish exposed to both
concentrations of malachite green also a significant increase of mean corpuscular haemoglobin (MCH) and mean
corpuscular haemoglobin concentration (MCHC) levels
(p<0.01 and p<0.001) could be observed.

KEYWORD: malachite green, Oncorhynchus mykiss, haematological parameters.

INTRODUCTION
Aquaculture is an important and rapidly expanding
industry in many parts of the world as attempts are made
to supplement the dwindling supplies of natural fish resources in me sea and inland waters [1]. In the case of
freshwater fish, it is mostly the rainbow trout, Oncorhynchus mykiss, which is cultivated on a large scale for the

local market. With the large scale production of Oncorhynchus mykiss juveniles problems arose with occasional mass mortalities caused by fungal and protozoal
infections. Therefore, malachite green is inevitably used
to overcome these problems in the area where this study
was carried out.
Although not approved by the Food and Drug Administration (FDA) for use in the aquaculture industry,
malachite green has been used since the early 1930s to
combat ecto-parasites and control fungus on fish eggs,
fish fingerlings, and adult fish because of its anti-parasitic
and anti-microbial properties [2-8]. Malachite green is
reduced to leuco-malachite green which is eliminated at a
very slow rate. Srivatava et al. [8] demonstrated the acute
toxicity and negative effects of malachite green on certain
blood parameters of catfish, Heteropneustes fosilis. Zhan
and Braunbeck [9] showed cytotoxic effects of sublethal
concentrations of malachite green in hepatocytes isolated
from rainbow trout. The dye malachite green (C23H5N2) is
produced for therapeutic use against protozoal ectoparasites of fish by applying it as medical bath or orally
[9]. It is now known to be highly toxic to mammalian
cells and to act as a liver tumour promoter [10].
In Europe, to prevent ectoparasitic fish disease in aquaculture, tons of malachite green have been used [11].
Therefore, considerable amounts of malachite green have
been detected in soil and river sediments as an ecological
consequence [3].
The effects of malachite green on blood cells of rainbow trout, 0. mykiss, are not clear in literature. Thus, the
aim of the present study was to determine the effects of
various concentrations of malachite green on blood cells
and to observe its behavioural effects on rainbow trout.
Several parameters have been chosen as criteria of dosedependent lexicological effects of malachite green on the
rainbow trout.
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MATERIAL AND METHODS
The mean length and weight of fish examined were
10.82 ± 0.82 (10.46 – 11.19 cm) and 20.60 ± 0.40 (19.79 –
21.41 g), respectively. Fish (O. mykiss) examined were
obtained from a local commercial fish farm (Keban,
Elazig) and acclimated to laboratory conditions at 18 °C
for 15 days. Fish were fed with a commercial pellet, those
in tanks by hand at a rate of approximately 2 % fish body
weight per day. In this study, 30 rainbow trout were used
and 10 fish for each experimental group placed in three
different 350 L aerated tanks, one of them used for control group and two for the experimental groups. During
five days, the fish were daily exposed to 1/15.000 and
1/200.000 concentrations of malachite green for 30 seconds and 15 min, respectively. Malachite green was
supplied from a chemist.
After the 5-day bath, the fish were anesthetized with
benzocaine. One ml blood from the rainbow trout was
collected from the caudal peduncle into citrated tuberculin
syringes and immediately analyzed determining the numbers of erythrocytes (RBC, x 106/mm3) and leucocytes
(WBC, x 104/mm3), haemoglobin (Hb, g/ 100 ml; estimated by using cyanmethaemoglobin method as described
in [12]), haematocrit (%), the mean corpuscular volume
MCV (µ3), the mean corpuscular haemoglobin MCH (pg)
and the mean corpuscular haemoglobin concentration
MCHC (%). The last three parameters were calculated
using the following formulas according to Jain [13] and
Dorucu and Girgin [14]:
MCV = packed cell volume as percentage/ RBC in
millions x 10 µm3
MCH = Hb in grams/ RBC in millions x 10 pg
MCHC = Hb in grams/ packed cell volume x 100 g
per 100 ml

The data were analysed for statistical significance between the controls and malachite green exposed fish by
analysis of variance (one-way ANOVA) using Minitab
Statistical Software Release 10. Significant differences
were established at the 0.05, 0.01 and 0.001 levels. The
physico-chemical characteristics of the experimental
water were also measured during this study.
RESULTS
The exposure to malachite green elicited hyperactivity characterized by rapid pectoral and opercula
movement, and erratic swimming. But, no fish was dead
after the 5-day period of daily exposure to 1/15.000
(66.67 mg/L) and 1/200.000 (5 mg/L) of malachite green
for 30 seconds and 15 min, respectively. Some blood
parameters of rainbow trout, such as erythrocyte and
leukocyte mean levels, decreased with an increase in
exposure time (Table 1), but the levels of MCH and
MCHC increased. The mean levels of haemoglobin,
haematocrit and MCV of the fish exposed to 1/15.000
(66.67 mg/L) of malachite green increased, but decreased
in those exposed to 5 mg/L of malachite green.
According to the control group, the level of erythrocytes of fish exposed to each of the two malachite green
concentrations decreased, but there is no significant difference (p>0.05). Exceptionally, the level of leukocytes
was found to be lower than that of the control group
(p<0.001). Statistical analyses of data showed that there is
a significant difference in leukocyte levels of fish exposed
to 1/15.000 and 1/200.000 concentrations of malachite
green at the 0.1 % level (p<0.001). According to these
results, in the fish treated with each of the two concentrations the occurrence of leucopaenia (62.39-67.26 %; Table 1) could be observed.

TABLE 1
Changes in some haematological parameters of rainbow trout (O. mykiss) exposed
to 1/15.000 (66.67 mg/L) and 1/200.000 (5 mg/L) concentrations of malachite green.
Each value is a mean ± standard error of 10 individual observations.

Concentrations of Malachite green
Blood parameters
6

Control (± S. E.)

1/15.000 (66.67 mg/L)

1/200.000 (5 mg/L)

Erythrocyte (10 )

1.49 ± 0.04

1.43 ± 0.05 (4.03)

1.37 ± 0.08 (8.05)

Leukocyte (104)

4.52 ± 0.10

1.70 ± 0.09 (62.39)c1

1.48 ± 0.04 (67.26)a2, c1

Haemoglobin (g/100 ml)

7. 00 ± 0.09

9.14 ± 0.47 (30.57)c1

6.42 ± 0.34 (8.29)c2

Haematocrit (%)

32.10 ± 0.48

37.40 ± 1.57 (16.50)b1

23.20 ± 0.57 (27.73)c1, 2

3

c1

174.04 ± 8.79 (19.66)c1, 2

MCV (µ )

216.64 ± 6.79

262.39 ± 7.90 (21.12)

MCH (pg)

47.04 ± 1.15

65.14 ± 4.73 (38.48)b1

47.59 ± 2.47 (1.17)b2

MCHC (%)

21.83 ± 0.35

24.78 ± 1.59 13.51

27.69 ± 1.31 (26.84)c1

(%) represents the percent changes over the control; Significant differences (a = p<0.05; b = p<0.01; c = p<0.001) between control
(1: control) and experimental groups (2: 1/15.000 malachite green, 3: 1/200.000 malachite green).
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After the 5-day bath, in trout treated with 1/15000
malachite green, a significant increase in haemoglobin
(p<0.001) and in trout exposed to 1/200000 malachite
green no significant decrease in haemoglobin (p>0.05)
was found (Table 1). According to these results, fish exposed to 1/15000 malachite green were defined to have
hyperchromic anaemia.
According to the control group, in hematocrit levels
of fish treated with 1/15000 malachite green, a significant
increase (p<0.01) and 1/200000 malachite green a significant decrease (p<0.001) were determined (Table 1).
Exceptionally, the mean level of MCV after 30 seconds exposure to 1/15.000 concentration of malachite
green was higher than in the control group and that exposed to 1/200.000 malachite green (p<0.001). This result
indicated that exposure of fish to 1/15.000 malachite
green led to symptoms of macrocytic anaemia. But, MCV
levels of fish treated with 1/200.000 concentration of
malachite green were found lower than that of the control
(p<0.001). A significant increase in MCH levels of fish
exposed to 1/15.000 and 1/200.000 concentrations of
malachite green were determined (p<0.01 and p<0.001),
respectively. The mean level of MCHC increased with an
increase in exposure time to malachite green. Statistical
analyses of data showed that there is a significant difference between the control group and trout exposed to
1/200.000 malachite green (p<0.001) (Table 1).
The physico-chemical characteristics of the tank water used for experiments were dissolved oxygen 9.3 –
10.8 mg/L, pH 7.1 – 7.5 and temperature 16 ± 1 oC.

Oncorhynchus mykiss exposed to 66.67 mg/L of malachite green in the present study showed hyperchromic and
macrocytic anaemia. But, in fish exposed to 5 mg/L, anaemia symptoms could not be defined. Anaemia in fish
caused by exposure to pesticides has been reported by
several workers [14-17]. An anaemic condition in rainbow trout after a short-term exposure to 1/15000 malachite green in this study may be due to the disruptive
effect of malachite green on the haematopoietic tissues.
Glagoleva and Malikova [18] reported the occurrence of severe lecopaenia in the Baltic salmon, Salmo
salar, 1-2 days after exposure for 20-60 min to 1.33 ppm
malachite green. Bills and Hunn [19] observed only transient leucopaenia in coho salmons, Oncorhynchus kisutch,
4 days after being exposed to 0.1 ppm malachite green for
up to 28 days. Our results showed leucopaenia symptoms
similar to those of Glagoleva and Malikova [18] and Bills
and Hunn [19]. In fish a rapid absorption of malachite
green through the gills and then its persistence for over a
month in the kidney and several weeks in the liver were
described [20, 21] and the decrease in leukocyte number
observed in this study may be due to these effects.
Also the elevation of MCV, MCH and MCHC levels
of fish after being exposed to pesticides has been reported
by severel workers [15, 22, 23]. However, in the present
investigation MCV and MCH was found to increase in
trout exposed to 1/15000 (66.67 mg/L) malachite green
and MCV to decrease in those treated with 1/200000
(66.67 mg/L) (p<0.001). MCHC was observed to increase
under the influence of both concentrations of malachite
green (p<0.001). These results were in parallel to those of
Svobodova et al. [24], who found a significant increase in
MCHC of common carps exposed to malachite green.

DISCUSSION
Malachite green is an organic dye used extensively as
a fungicide and ectoparasiticide in the fish farming industry throughout much of the world.
Despite extensive investigations, no effective alternative to malachite green has yet been found. Although
malachite green is a teratogenic matter, it is still advertised for control of fungi and ectoparasites [3].
Malachite green has been proposed by Post [2] in
concentrations of 1/15000 (66.67 mg/L) for 10 to 30 seconds and 1/200000 (5 mg/L) for control of external pathogens of fish. In this study, rainbow trout were exposed to
1/15000 (66.67 mg/L) and 1/200000 (5 mg/L) concentrations of malachite green for 30 seconds and 15 min,
respectively.
The effect of malachite green on the behaviour of
O. mykiss was similar to that observed in an exposed
catfish, Heteropneustes fossilis [8].
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SUMMARY
13

C CP-MAS NMR is used as a non-destructive technique to measure the distribution of carbon types in humic
substances. Although it is well-known that quantification
of CP-MAS is problematic because different parts of the
spectrum have different optimal contact times, a single
contact time is used in most studies and in such cases 13C
CP-MAS NMR is only qualitative. Using Variable Contact Time experiments and back-extrapolating the signals
for the various chemical shift regions to t=0 significantly
improves quantification. Because signals decrease markedly during the beginning of an experiment, samples need
a steady-state condition before acquisition of the Free
Induction Decay (FID). Well-defined processing of the
raw data significantly improves data quality. The effect of
these various treatments on overall accuracy is shown.

KEYWORDS:
13
C CP-MAS NMR, quantification, variable contact time experiments, steady state, humic substances, FID processing.

INTRODUCTION
NMR is one of the many different techniques that are
used for quantitative or qualitative analysis of humic
substances (HS). The major advantage of NMR spectroscopy is its non-destructive nature. Many authors wrote
about the theory of NMR in general and its application to
soil science in particular [e.g. 1, 2].
Many humic materials cannot be investigated by liquid state NMR because they are not or only partly soluble
in organic solvents, normally used in this technique. Neither can water or a NaOH solution dissolve all humic
substances due to their partially non-polar character and
micelle-like configuration. Humic substances may form

hydrophobic domains in water that behave like immobile
solids and are, therefore, very difficult to detect by liquid
state NMR [3,4]. Solid state NMR is a good alternative to
overcome these problems, because the total sample is
analyzed.
Despite this advantage in solid state NMR, many aspects have to be considered to obtain qualitative and,
especially, quantitative spectra. Magic Angle Spinning
(MAS) is needed to narrow the peaks broadened by the
effect of the low mobility of the molecules in solid state
[2 and references therein]. Nevertheless, line widths in
solid state are still one or two orders of magnitude larger
than those in liquid state NMR [5].
The low natural abundance of the 13C-isotope (~1%)
makes solid state 13C-NMR very insensitive. Therefore,
Cross-Polarization (CP) is used in 13C MAS NMR to
enhance the carbon signal. However, this technique is
only semi-quantitative [3, 6]. Quantification of cross
polarization MAS 13C NMR is subjected to many studies
(e.g. 7 - 10 and references therein), but the discussion is
not yet closed.
Recently a new cross polarization procedure was introduced [11]. In this technique, a high spinning rate was
used to suppress spinning side bands in the spectrum.
These high spinning rates, however, make it difficult to
obtain the Hartman-Hahn condition, needed for good
cross polarization. Therefore, a variable amplitude CP
was used. This new technique is not yet widely available.
Therefore, we concentrate on classic, constant amplitude
CP-MAS experiments by using five different improvements. Some are well-known, others not, but the combination of these improvements makes the accuracy of the
experiments significantly better.
To correct for different optimal contact times, we carried out VCT experiments and back-extrapolation to obtain signal intensities at t=0. To correct for loss of signal
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during the beginning of the experiment, we introduced a
steady-state condition to stabilize the signal intensity.
Oversampling, Linear Prediction (LP), a fixed first-order
phase correction, and a well-defined baseline correction
improved the transformation of the Free Induction Decay
(FID) to the spectrum. This makes the transformation less
operator-dependent and leads to more reproducible and
accurate results. The effect of these improvements is
statistically analyzed.

MATERIALS AND METHODS
Materials

RESULTS AND DISCUSSION
Variable contact time experiments

To increase the NMR signal of the low abundance
C, magnetization of neighbouring protons is transferred
to the carbon nuclei. This transfer of magnetization is
called cross polarization (CP). The increase of signal
intensity in time is approximated by an exponential function. The parameter characterizing cross polarization is
called TCH. The time used for the transfer of the magnetization is called the contact time (t). During the cross polarization period the protons will relax. This process is
described by a decreasing exponential function. The parameter characterizing this function is called T1 (H).
13

ρ

Two sets of samples were used in the experiments.
One set was from the peat deposit of Penido Velho in NW
Spain. Detailed analysis of this peat deposit [12, 13] indicated that while the peat reflects the local vegetation development and climate, air-borne dust reflects the occupational
history of the Iberian Peninsula. Since all samples contain
low amounts of mineral material (less than 2% in most
samples), and especially of iron (less than 0.1% total Fe in
most samples), analyses could be performed without previous extraction and purification. The samples were air-dried
and milled to a very fine powder using an agate mortar.
The second set of samples was from a Brazilian cerrado vegetation, before and after planting of riparian
forest [14]. These samples were extracted by a NaOH/Napyrophoshate solution. The extracts were treated with a
HCl/HF mixture to increase the organic matter content
and to reduce the mineral and, especially, paramagnetic
components [15].

The combination of the two mechanisms mentioned
above is described by [5]:

⎧
⎛ − λt ⎞⎫ ⎛ − t ⎞
⎟
⎟⎟⎬ exp⎜
I t = I 0 λ−1 ⎨1 − exp⎜⎜
⎜ T
⎟
T
⎝ CH ⎠⎭ ⎝ 1ρ ( H ) ⎠
⎩

(1)

While

⎛ TCH
⎝ T1ρ (C )

λ = 1 + ⎜⎜

⎞ ⎛ TCH
⎟ − ⎜
⎟ ⎜ T
⎠ ⎝ 1ρ ( H )

⎞
⎟
⎟
⎠

in which
It = intensity at t
I0 = intensity at t=0 (theoretical maximum intensity)
t = contact time

Methods

TCH = cross polarization time constant

All experiments were performed on a Bruker AMX300
spectrometer operating at a 1H frequency of 300 MHz. The
MAS probe is for 7 mm o.d. double bearing zirconia spinners with a KelF cap. The samples were spinning at 5 kHz
using ambient temperature-air for drive and bearing pressure. The 90° pulse length was 4.5 µs. The Hartmann-Hahn
condition was determined using glycine as a standard. Cross
polarization was achieved using contact times ranging from
0.1 to 7 ms. A 2 µs extra delay was used to prevent overloading of the pre-amplifier. An acquisition time of 33 ms and a
5.7 µs pre-scan delay with a spectral width of 125 kHz. A
recycle time of 1 s was used to obtain fully relaxed spectra.
The number of scans ranged from 500 to 4000. The processing of the FID and the spectra were done using Bruker’s
WINNMR software package version 6. A backward Linear
Prediction of six points was used to reconstruct the start of
the FID. Prior to Fourier Transformation, the FID was multiplied by an exponential function producing a line broadening of 50 Hz. Spectra were phased by adjusting the zero
order phase correction and a fixed first order phase factor.
Prior to integration, a sixth order baseline polynomial correction was applied. For extrapolation of the VCT-curves
WinSigmaPlot by Jandel Scientific was used.

T1 (H) = relaxation time constant of the 1H nuclei in the
rotating frame
ρ

T1 (C) = relaxation time constant of the
the rotating frame
ρ

13

C nuclei in

We assume that T1 (C) and T1 (H) are of the same order
of magnitude [5]. Moreover, in many cases TCH << T1 (H)
and, therefore, the factor λ can be approximated by a
value of 1 [5]. Equation 1 is then reduced to
ρ

ρ

ρ

⎧
⎛ − t
I t = I 0 ⎨1 − exp⎜⎜
⎝ TCH
⎩

⎞⎫ ⎛ − t ⎞
⎟
⎟⎟⎬ exp⎜
⎜ T
⎟
⎠⎭ ⎝ 1ρ ( H ) ⎠

(2)

The maximum of this function is called the optimal
contact time [3]. For each peak in the spectrum this optimal contact time may be different.
A contact time of 1 ms is often used as standard for
all kinds of humic materials [e.g. 6, 16]. Previous work
already showed that a significant part of the signal intensity is lost if the optimal contact time is not used [3]. But
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even at the optimal contact time there is a loss of signal
intensity (LSI). This loss is described by:

LSI =

I0 − It
*100%
I0

a type of carbon is proportional to the number of 13C
nuclei of this type in the sample, this extrapolation reduces the quantification error in 13C CP-MAS NMR.

(3)

signal intensity

173 ppm
130 ppm
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33 ppm

signal intensity
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130 ppm
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33 ppm

0

1

2

3

4

5

6

7

contact time (ms)

FIGURE 2 - Back-extrapolation to t=0 of
VCT curves of sample pv46 (dashed lines).
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FIGURE 1 - VCT curves of various carbon types of sample pv46.
Number of scans:2000

As Figure 1 shows, the cross polarization rates (start
of the curve) as well as relaxation rates (tail of the curve)
are different for the various types of carbon in one sample. Therefore, the relative loss of signal intensity is not
identical for each type of carbon in a sample. The cause of
different cross polarization rates is the number and distance
of neighbouring protons. Quantification of CP-MAS NMR
can be improved by a Variable Contact Time (VCT) experiment [e.g. 6]. In such an experiment, the signal intensities are measured at different contact times (Figure 1). As
we observed, cross polarization with a contact time of 2
ms or larger is in most cases completed. Therefore, equation 2 can be reduced to

⎛ − t ⎞
⎟
I t = I 0 . exp⎜
⎜ T
⎟
⎝ 1ρ ( H ) ⎠

(4)

Using this equation, the I0 for each carbon type can be
found by extrapolation to t=0 (Figure 2). Because the I0 of

To show the influence of the use of the VCT approach, Table 1 compares the quantification of nine
chemical shift regions, using a 1 ms contact time and
using back- extrapolation to Io for 100 samples from the
Penido Velho peat sequence. The data clearly show that,
in general, the left side of the spectrum (>110 ppm) is
underestimated while the right part (0-96 ppm) is overestimated when using a single contact time. From the data
of the separate chemical shift regions, it can be seen that
the differences vary with each sample, even in a data set
as homogeneous as a peat sequence.
From this we concluded that I0 must be determined
for every single sample and for every region in the spectrum. In the Penido Velho samples, we observed LSI
ranging from 0 to 48% when using a contact time of 1 ms.
Table 2 shows the different valley-to-valley regions of the
spectra. The relatively low loss of signal intensity for
aliphatic carbons indicates that these are most efficiently
cross-polarized. For all samples in this study, the loss of
signal intensity shows the same trend:
LSI(aliphatic)<LSI(oxidized)<LSI(aromatic)<LSI(carbonylic).

TABLE 1 - Relation between the relative distribution of I0
and I1 (I0 =100%) for nine spectral regions of 100 peat samples.

Average
rel st dev
Min
Max

250-186
90
26
39
167

186-160
92
7
75
113

Chemical shift range (ppm)
160-140
140-110
110-96
96-67
91
96
100
103
7
4
2
2
74
87
91
95
106
107
106
109
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67-58
103
4
94
115

58-46
101
5
89
114

46-0
104
5
91
119
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TABLE 2 - Loss of absolute signal intensity using a 1 ms contact
time compared to I0 for nine spectral regions of 100 peat samples.

Total
intensity

Chemical shift range (ppm)
250-186

186-160

160-140

140-110

110-96

96-67

67-58

58-46

46-0

32
72
2

28
48
7

27
45
1

24
36
2

21
36
5

18
33
5

18
34
3

20
30
8

18
27
0

Median
Maximum
Minimum

The majority of authors have based their (semi-)
quantitative 13C CP-MAS NMR results on a single contact
time [e.g. 16 - 18]. Because the LSI for the various carbon
types vary between samples, 13C CP-MAS NMR is only a
semi-quantitative technique if a single contact time is
used. Therefore, conclusions based on comparison of such
data might be doubtful [19].

signal intensity (relative to first experiment) (%)

100

104 ppm
98

74 ppm
33 ppm

96

20
32
6

hardware and calibration of the acquisition parameters.
We concluded that only spectra acquired after reaching
steady-state can be used for mutual comparison.
Transformation of the FID to the spectrum

Because of their complex nature, humic substances
give NMR spectra with broad, overlapping lines. The Free
Induction Decay (FID) of a humic substance is short, and
problems occurring in CP-MAS are caused by the influence of leakage of high power pulses and other factors: as
shown in Figure 4, the first points of the FID are distorted
[20]. In this figure, the “original” curve shows that both
the “real” and the “imaginary” signal are distorted.

94

real FID original

92

imaginary FID original
90

real FID after linear prediction
imaginary FID after linear prediction
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FIGURE 3
Stability of NMR signal after start of CP-MAS experiment. Signal intensity of various carbon types as function of experiment
number; sample pv02. First experiment has started directly after reaching the spinning rate of 5 kHz. Experiment time: 9
minutes. Contact time: 1 ms. Signal intensities are normalized
by setting the amplitudes of the first experiment at 100%.
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FIGURE 4
Distorted and “repaired” FID in CP-MAS experiment. First
80 points of a FID of a Cerrado humus extract (Original is
measured FID. After Linear Prediction is the “repaired” FID
with 6 points backward Linear Prediction. Both the real and
the imaginary part of the complex data are shown.

Steady state condition

When testing the reproducibility of the VCT experiments, we observed for all samples a decrease in signal
intensity with time. A series of short experiments (500 scans
per experiment) of sample pv02, using a 1 ms contact
time, shows this decrease of signal intensity for the first
experiments (Figure 3). A contact time of 1 ms was used,
because it was the optimal contact time for this sample.
After about 5 experiments (=2500 scans in total) the intensity levelled off at 90 to 93% of the initial intensity.
Due to the low number of scans and the resulting low
signal-to-noise ratio, the scattering in the normalized
signal intensities is rather high. This decrease in signal
intensity was found even after a thorough check of the

Because of this distortion the Fourier Transformation
(FT) of the FID results in a spectrum with a so-called
rolling baseline. Therefore, it is difficult to transform the
FID to an absorption spectrum.
After Fourier Transformation the spectrum contains
distortions similar to the true NMR signals. This often
leads to the dilemma of whether or not intensities and line
shapes reflect the true NMR signal or the distortions. This
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requires judgement by the operator in the phasing procedure, which may introduce bias. For quantitative work it
is important that the final result is independent of the
values of the user-selected parameters. At least the process should be executed in a consistent way, such as the
operator does not influence the outcome.
To illustrate the importance of an independent transformation, a FID of a Cerrado humus extract was transformed in such a way that the spectrum looks correct. We
used six different combinations of phasing parameters and
automatic baseline corrections with a sixth order polynomial to produce the final spectrum. At first, the sight of all
spectra were more or less the same (Figure 5), but the
relative integrals of the different chemical shift regions of
the six spectra showed rather large differences (Table 3).

300

250

200

150

100

50

0

-50

chemical shift (ppm)

We found in our samples that six points (real PLUS imaginary = three complex points) of the original FID are distorted. Therefore, we recommend a Linear Prediction starting
at point 6 backward to point 0. As shown in Figure 4, the
FID after Linear Prediction is more realistic than the FID
before the Linear Prediction. The Fourier Transformation
of this FID gives a good starting point for further processing of the FID, because the rolling baseline is eliminated. Therefore, phasing of the spectra is simpler, so that the
final result will be more reliable and reproducible.
As shown above, one of the conditions causing differences in quantitative data is phasing of spectra. Phasing is
done by judging, by eye, the result of the real Fourier
Transformation and adjusting the phase until the result is as
close as possible to the absorption spectrum. As Figure 6
shows, the baseline of the spectrum after Linear Prediction
is almost flat and good phasing is possible. We observed
that a fixed first order phase correction factor could be used
for all spectra obtained with the same acquisition parameters, even when different contact times are used. As stated
by Tauelle et al. [24], a first order phase correction factor
must not be too large. We used glycine as standard to obtain the value of the first order phase correction after LP
and found a correction factor of –45°. Now only the zero
order phasing is still needed. When using the Linear Prediction and the fixed first order phase factor we can easily
create reproducible spectra of humic substances.

FIGURE 5
Six spectra resulting from the same FID of a Cerrado humus extract.
Phase- and baseline corrections are all different (see Table 3).

To avoid such an arbitrary choice of transformation
parameters, Linear Prediction is used. Linear Prediction
(LP) is a tool within NMR to predict parts of the FID that
are not measured. The signal in the time domain (the FID)
is assumed to be a summation of several exponentially
damped sinusoids with a certain phase. LP uses the recorded part of FID to construct points, which are not
measured. This tool is used especially in 2D NMR [21,
22]. LP is also used in 1D NMR, but to our knowledge
this tool has never been used to correct the first part of
distorted FID’s in CP-MAS NMR of humic substances
[23]. LP has the advantage that the phase and the shape of
the peaks are not changed, and that, therefore, there is no
alteration to the spectrum of the HS.

spectrum without linear prediction
spectrum with linear prediction

900

700

500

300

100

-100

-300

chemical shift (ppm)

FIGURE 6
Two spectra of the same FID. Phased spectra with or without
Linear Prediction of a Cerrado humus extract (zero order
phase correction factors are obtained from the spectrum
with Linear Prediction). The full spectral width is shown.

TABLE 3 - Relative intensities of five spectral regions after different combinations
of phase factors and baseline corrections of the same FID (see also Figure 5).

zero order
phasing
91.1
87
84
82
74.3
123.8

first order
phasing
28.7
38.7
48.7
58.7
68.7
-45

250-160
11.0
10.6
9.1
8.5
9.2
14.9

Chemical shift region (ppm)
160-117
117-92
92-46
7.5
14.7
57.6
7.1
14.5
58.3
6.2
14.0
60.1
5.5
13.1
60.4
5.9
13.8
60.2
10.2
15.8
52.3
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-500

46-0
9.1
9.6
10.6
12.5
11.0
6.9
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TABLE 4 - Repeatability of the relative intensity for nine different spectral regions of
sample pv76, using steady-state in VCT experiments and well-defined data processing (N=7).

Absolute intensity
(mg sample)-1

Chemical shift (ppm)

Average
St dev
Rel st dev

250 185
3.9
0.4
10.8

185 160
5.7
0.2
4.1

160 –
140
6.8
0.3
3.7

140 110
12.7
0.4
2.9

110 95
7.3
0.2
2.5

95 67
18.7
0.4
2.0

67 60
4.3
0.2
4.5

60 46
6.0
0.1
1.8

46 0
34.6
0.8
2.4

995
42
4.2

As explained by Heuer and Haeberlen [25], Linear
Prediction cannot correct the FID in such a way that the
resulting baseline of the spectrum is perfectly flat. Especially in the case of broad peaks there is a dip at both
sides of the peaks. The reason of these dips is the fact that
Linear Prediction calculates “isolated” Lorentzian peaks
and not broad peaks. To make the LP and the correction
of the baseline more reliable, we have chosen to take a
high spectral width (125 kHz). This high spectral width is
more than required to record the spectrum of HS’s (oversampling) [26]. The result is that the FID is acquired with
more detail, in other words, the shape of the baseline is
very clear and, therefore, easier to correct. We found that
the remaining baseline distortion of the spectrum can be
corrected using a 6th order polynomial correction. For this
correction, the whole spectral width is used except the
part between 300 and –100 ppm, where we can expect the
desired spectrum.

sample. Reaching a steady signal takes about 45 min and
the reproducibility of the signal intensity is increased to
±1%. Errors in the transformation of the FID to the spectrum can be reduced by Linear Prediction, a fixed first
order phase correction and a well-defined baseline correction. Therefore, the best quantitative results in classic 13CCP-MAS NMR can be obtained as follows:

To check the final results of all the processes mentioned above we analyzed a peat sample seven times. This
included sample packing, steady state before VCT experiment and FID transformation as discussed before. The
results are shown in Table 4. Even the absolute intensity
per milligram of total sample is very reproducible. A
relative standard deviation of only 4% is obtained. All
regions of this spectrum give relative standard deviations
of the relative intensity below 5%, except for the region
from 250 to 185 ppm, which has the lowest signal intensity. Part of the mentioned deviations originates from the
limited reproducibilty of the intensities due to the specific
signal to noise ratios.

• Use Linear Prediction to reconstruct the distorted FID.
After Fourier transformation, a fixed first order phase
correction factor is used and, finally, the zero order
phase correction is adjusted. The value of the first order phase correction is obtained by processing glycine
in the same way.

• Start every experiment with at least 2500 dummy
scans. These scans are not used for the quantification of
the carbon distribution. Then start the “real” NMR experiments with 4 to 6 different contact times, from 2 ms
upwards. These experiments are performed in a random order to avoid systematical errors. Use these
spectra to extrapolate the signal intensity of each spectral range to t=0 using Eq. 4. In principle, the same result can be obtained by performing fewer experiments,
but we prefer to take more steps to be able to check
the shape of the relaxation curve.

• After this a sixth order polynomial baseline correction
is used to correct the remaining “dips” in the spectra.
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SUMMARY
Three commercial coagulants, Αl2(SO4)3, PACl and
FeClSO4, were investigated to identify the parameters
affecting the coagulation process of the Aliakmon River
water and to determine the optimum operational conditions.
The efficiency of the coagulants was evaluated on the basis
of the quantitative removal of suspended solids and organic
matter. All coagulants were efficient in removing about
60% of dissolved natural organic matter (DNOM) at pH 5.5
for the maximum dosages of 15 mg L-1 Fe or Al tested.
Regarding particle removal, FeClSO4 could not significantly reduce particle count below 500 particles mL-1 under all
conditions investigated in this work. PACl, in connection
with sand filtration, appeared to be the most efficient coagulant for the removal of suspended matter, even at the low
dosage of 2.5 mg Al L-1, since it resulted in less than 200
particles mL-1 at pH 7.5 and less than 100 particles mL-1 at
pH 7.

KEYWORDS: Coagulation, particulates, organics, drinking water
treatment, particle count.

INTRODUCTION
The subsurface water resources that serve the Greater
Area of Thessaloniki are steadily depleted or downgraded,
as in many other urban areas. In order to meet the increased demands for water of the inhabitants and industry
of Thessaloniki, a water conduit is under construction to
bring water from Aliakmon River to the city’s supply
system. All surface waters, apart from inorganic suspended matter, usually contain significant amounts of Dissolved Natural Organic Matter (DNOM), which are
known to produce dangerous trihalomethanes during the
chlorination process. For this reason efficient water treatment is necessary to remove most of these contaminants
so that the drinking water standards are met.

Aliakmon River is the longest river in Greece with a
total length of about 310 km. It originates from Northwestern Macedonia and discharges into the Thermaikos
Gulf. Its drainage basin is approximately 9.6x103 km2 and
includes mountainous terrain, agricultural regions and
urban areas. The major sources of possible contaminants
of the river water come from agricultural, cattle-raising,
urban and industrial activity [1]. Three hydroelectric dams
have been constructed so far, intercepting the river flow
between the Prefectures of Kozani and Imathia and causing an extended homogenisation of the water. The three
water dams constitute a large water reservoir, which serves
for hydropower generation, irrigation and water supply.
The Aliakmnon River water is a typical surface-water and
is characterised by a high content of suspended solids of
inorganic, organic and biological origin [2, 3]. The more
troublesome part of the suspended matter in the Aliakmon
water consists of asbestos fibres (chrysotile) due to the
petrography which is part of the catchments area. The
concentration of such fibres with lengths larger than 1 µm
at the intake port of the conduit is constant around the
year and was estimated to be about 106 fibers m-3 [3].
Other water quality characteristics, such as trace elements
and nutrients, are found in concentrations significantly
lower than those recommended for drinking water [1, 2].
In the past half-century, the use of various surface
waters for domestic or industrial purposes was made
possible, due to the development of efficient water treatment technologies. Coagulation and flocculation after the
addition of chemicals are the most common pre-treatment
methods for the removal of fine particulate matter which
cannot settle in the suspension by gravity alone, because
of its small (usually less than 10 µm) size. Inorganic
chemicals used include salts of aluminium and iron,
which are hydrolyzed rapidly in aqueous solutions to form
positively charged monomeric and polymeric hydroxy-Al
and Fe complexes. These complexes are adsorbed on the
negatively charged surface of the particulates. In this case
they weaken the repulsive forces between the particles by
neutralising the negative charge or serve as bridges for
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linking the particles together, thus promoting aggregation.
The aggregates formed are removed from the water by
physical methods, such as gravity sedimentation or filtration through porous media. A tool, that is rapidly gaining
acceptance for monitoring and assessing water treatment
processes, is the number of suspended particles measured
by the particle counter, which simultaneously counts and
sizes individual particles. It can be used for analysing
raw-water particulates, optimising the dosage of chemicals, measuring particulates in filter effluents, determining
filter efficiency and for many other applications [4, 5].
The scope of the present work was the identification
of a cost-effective treatment of Aliakmon River water in
terms of coagulant type, dosage and pH conditions, using
a particle counter for particle size measurements and UV
measurement at 254 nm for DNOM estimation.
MATERIALS AND METHODS
Sampling

All samples were collected at a depth of 1 m in the
Asomata Dam, which is close to the intake port of the conduit. The analysis of samples was carried out on the day of
sample collection at room temperature (20-25 ºC). The
quality parameters measured on a regular basis in the laboratory were pH, conductivity, particle count and concentration, and UV absorbance at 254 nm. Table 1 presents a
typical chemical analysis of the Aliakmon River water.
Coagulant type

Three commercial coagulants were tested, Al2(SO4)3·H2O
with 9.3% w/w Al referred as Alum henceforth, polyaluminum chloride (PACl solution, with the empirical formula
Aln(OH)mCl(3n-m), product of Loufakis Chemicals S.A.)
containing 5.5% w/w Al with a density of 1230 kg m-3, and
iron chlorosulfate solution (FeClSO4, product of
Alslanidis S.A.) with 12.4% w/w in Fe with a density of
1490 kg m-3. Working coagulants were prepared daily by
diluting 10 g L-1 Al or Fe in distilled water.

was 0.7 m and the sand grain size ranged between 0.4 and
0.8 mm, having an effective size of 0.55 mm and a uniformity coefficient of 1.6. Back washing of the bed was
carried out with tap water at an empty bed velocity of 30 m
h-1, resulting in a bed expansion of ~25%.
Particle counter

Particle counting and particle size distribution of the
suspended solids in the range of 2-400 µm were measured
in duplicate by a CHEMTRAC PC 2400D particle counter.
Its operation is based on the concept of light blocking or
light extinction using a laser light. In this work, total particle counts larger than 2 µm were considered.
UV/Vis measurement

The absorbance at 254 nm was measured using a Perkin-Elmer UV/Vis Lamda 2 spectrophotometer using a
quartz cell of 100 mm optical path and its magnitude
served as a quantitative estimate of dissolved natural
organic matter (DNOM) concentration. All samples were
filtered through a 0.45 µm membrane prior to the absorbance measurement.
Sample characterization

The concentration of suspended solids, pH, conductivity and other physicochemical characteristics in water
samples were measured according to the Standard Methods of Examination of Water and Wastewater [6].
Total organic carbon (TOC)

A Shimadzu 500 TOC analyser was used to measure
the TOC content of several samples prior and after treatment.
Residuals

The residual aluminium and iron, as well as trace elements, were measured by atomic absorption spectrophotometry using a Perkin Elmer instrument (model
AAnalyst 800) equipped with a Graphite Furnace
(GFAAS).

Coagulation tank

A 10 L tank (diameter = 0.2 m, height = 0.35 m) was
used for the coagulation and sedimentation experiments. At
desired intervals, water samples were withdrawn from a
sampling tap located 0.1 m above the bottom of the tank for
particle counting and absorbance measuring at 254 nm.
MIXER

A four-paddled stirrer with paddles at an angle of 45º
was used. In the flocculation stage, the solution was rapidly
mixed at a rotation speed of 500 rpm for 5 min (~200 Wm-3),
followed by a 15 min slow mixing at 100 rpm (5 W m-3).

RESULTS AND DISCUSSION
Quality characteristics of the water

The quality characteristics of Aliakmon River water
exhibit no significant seasonal variations at the intake port
of the conduit to Thessaloniki [1, 2]. A typical analysis of
the water with emphasis to trace elements is presented in
Table 1. It can be concluded that:
• Total dissolved solids (TDS) concentration is relatively low.
• Na+, Ca2+ and Mg2+ concentration is relatively low.

Sand filtration

A 1 m long pipe with a diameter of 0.08 m filled with
sand grains was employed as a sand filter. The bed depth
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TABLE 1
Typical chemical analysis of Aliakmon river water

Physicochemical Parameters
PH
-1

Conductivity, µS cm
TDS, mg/L

8.1

mg L-1
7

450

K+

1.5

HCO3-

229

Ag

<0.2

Fe

7

44.4

SO42-

22.5

As

3

Mn

8

23.4

NO3-

2.5

Ba

3

Ni

2

0.0

NO2-

0.1

Cd

<0.1

Pb

3

Sr

0.2

PO43-

0.8

Co

<1

Se

<1

NH4+

0.1

Br-

0.6

Cr

1

Zn

2

2+

235
o

Total hardness, F

Ca

2+

20.7
o

Carbonate hardness, F

Chemical parameters
Anions
mg L-1
Dissolved Trace Elements, µg L-1
Cl8.6
Al
12
Cu
4

Cations
Na+

Mg

+

18.8

Li

2+

TOC, mg L-1

3

• Total nitrogen and phosphorus concentration is uncommonly low for surface water.

ranged between 0.25 to 0.45 dm-1, while TOC concentration
was in the range of 1.5-3.0 mg L-1.

• Concentrations of dissolved and total trace elements
are also very low.

Particles destabilisation

The concentration of suspended solids in the range of 250 µm, during the period July 7, 2000 to January 15, 2002,
varied between 5 x 103 to 12 x 103 particles mL-1, as illustrated in Figure 1. The largest percentage of these particles
(>70%) was smaller than 10 µm. DNOM concentration, as it
was estimated from absorbance measurements at 254 nm,

The treatment of the Aliakmon River water aims at the
highest possible removal of suspended solids, including
asbestos fibres and the reduction of natural organic materials.
Coagulation, sedimentation and/or filtration are the critical
processes for the removal of the above pollutants. An optimisation procedure for the whole process involves, firstly,
the establishment of the optimum pH for coagulation and,
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FIGURE 1
Particle counts and absorbance at 254 nm of water samples from Aliakmon River.
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FIGURE 2
Influence of pH on particles and DNOM removal by sedimentation using 10 mg L-1Al or Fe.

secondly, the specification of the optimum coagulation
dosage for each coagulant at the optimum pH. Optimum
coagulation conditions are those that maximise turbidity,
particles, DNOM and pathogen removals and minimise Al
or Fe residual [7]. The coagulant dosage depends mainly
on the physical and chemical characteristics of the water,
as well as the capacity of the settling tanks and filters. In
addition, the degree of purification desired and the cost of
the whole process also play a critical role in the final
decision.
In this work, three groups of tests were performed in
order to determine the optimum coagulation conditions
and particle count measurements were employed as the
criterion to evaluate the removal of the suspended solids.
The first group of tests involved the use of a coagulant
dosage of 10 mg L-1 (expressed in terms of metal concentration) in order to establish the optimum pH for each
coagulant. The second group includes tests carried out at
the optimum pH in order to determine the optimum coagulant dosage. The last group addressed the economics of
the process by attempting to determine the most costeffective treatment. It is noted that small differences in the
removal quantity of both pollutants are explained by the
natural variability of water sample parameters.
pH for optimum coagulation

Several researchers have recognized that the pH of
coagulation is probably the most critical parameter affecting turbidity reduction and, especially, TOC removal [810]. The results of this study appear to support these findings. All tests were carried out at a constant coagulant

dose of 10 mg L-1 (expressed in terms of metal concentration), while pH varied from 5.5 to 8.0 by addition of
H2SO4. The pH values lower than 5.5 were not selected,
because at low pH the residual concentration of the metals
would increase to levels not meeting the drinking water
standards. The optimum pH for coagulation was considered as that value at which maximum removal of particles
and organic matter was achieved. Figure 2 illustrates the
pH scans conducted for the removal of suspended matter
and DNOM with the three coagulants. The graphs show
that the removal of both pollutants, especially DNOM,
varied with pH and the most effective pH for DNOM
removal for all coagulants was between 5.5 and 6.5, while
for particle removal it was between 5.5 and 7.5. This
relationship is in agreement with similar results reported
in the literature [7-10].
The curve describing PACl behaviour with respect to
particle removal exhibited a smooth shape, while an optimum pH of 5.5 resulted in 92% particle removal. A
satisfactory DNOM removal (55%) was also achieved at
the same pH value. In contrast to the small effect of pH
on particle removal, DNOM removal with PACl exhibited
a strong dependence on pH. DNOM removal decreased
steadily with increasing pH, reaching a value of only 14%
at pH 8.0. Similar trends in DNOM removal were also
observed for Alum. In contrast, Alum resulted in significantly lower (<60%) particle removal than the other two
coagulants, which, in turn, depended highly on pH.
FeClSO4 curve had also a smooth shape similar to
PACl with respect to particle removal. A satisfactory
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removal (75-92%) was achieved in the pH range 5.5-7.5,
with optimum pH at 6.5 (92% removal), while at pH 8.0 a
significant drop in the removal was observed. On the
contrary, DNOM removal was rather poor, with the best
yields (45 ± 3) obtained at pH range 5.5 - 6.5.
The second group of experiments dealt with the optimization of the coagulant dosage. The tests were limited
to one pH value for each coagulant, the optimum one. All
coagulants were tested at pH 5.5 with respect to their
efficiency in removing suspended solids and organic
matter. Furthermore, two more series of tests were performed; PACl was tested at pH 7 and FeClSO4 at pH 6.5
with respect to particle removal, since treatment close to
the natural pH of the water decreases the operational
costs. Alum was tested only at the optimum pH 5.5, because of its poorer coagulation-sedimentation performance at higher pH values.

PACl behaviour paralleled that of FeClSO4, with the
exception of the maximum dosage of 15 mg L-1 Al, where
a significant reduction of particle removal was observed.
On the other hand, at this dosage the maximum DNOM
removal was achieved. The decrease of the particle removal can be attributed to the formation of gel, which
hinders particle sedimentation. It was also noted that 50%
DNOM removal was achieved at a lower dosage than that
of FeClSO4.
Finally, the most questionable coagulant was alum.
Although its addition resulted in a DNOM removal
similar to that of PACl (>50% yield at dosages higher
than 5 mg L-1 Al), its performance with respect to the
particle removal was erratic. In general, the results indicated that a PACl dosage of only 2.5 mg L-1 Al can be an
economically viable option, since by doubling this dosage
particle removal remains unchanged and DNOM removal
increases marginally only by 5%.

Optimum coagulant dosage

The determination of the optimum dosage was obtained by measuring the residual suspended matter after 1
h sedimentation. Dosages tested ranged from 2.5 to 15 mg
L-1 Al or Fe. The results of these tests are shown in Figure
3. Ιn general, the three coagulants had different effects on
the removal of the two pollutants. FeClSO4 appears to
have the more natural behaviour. Its addition resulted in a
constant and adequate, about 90%, particle removal at all
dosages and in a satisfactory organic matter removal
(>50%) for dosages higher than 7.5 mg L-1 Fe. The maximum DNOM removal (63%) was achieved at the maximum dosage tested.

FeClSO4 at pH 6.5

The performance of FeClSO4 at pH 6.5 in particle
removal was similar to that at pH 5.5, as can be seen by
comparing the curves of Figures 3 and 4. A constant particle removal around 90% was achieved at all dosages.
However, DNOM removal was poor at 2.5 mg L-1 Fe
(only 10%) and became constant, around 40%, at dosages
higher than 7.5 mg L-1 Fe. Comparing the effectiveness of
the coagulant in removing both types of pollutants at both
pH values tested, it was seen that particle removal was the
same, but DNOM removal was reduced by 30% at pH 6.5
for the optimum dosage of 7.5 mg L-1 Fe.
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FIGURE 3
Influence of coagulant dosage on particles and DNOM removal at pH 5.5.
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FIGURE 4
Influence of PACl and FeClSO4 dosage on particles and DNOM removal by sedimentation.

PACl at pH 7.0

At pH 7.0, the particle removal with PACl was not
consistent to dosage increase, but the DNOM removal
was similar to that at pH 5.5 and to that obtained with
FeClSO4 (compare the curves of Figures 3 and 4). Accordingly, the optimum result with PACl was achieved at
pH 5.5 at a coagulant dosage of only 2.5 mg L-1 Al.
Sedimentation – sand filtration

Water treatment at a pH range of 5.5 to 6.5 aims, in
general, at optimizing the removal of both suspended
solids and organic matter. It is also well-known that
DNOM removal increases with increasing coagulant

dosage [7-10]. In practice, treatment at low pH was combined with relatively high coagulant dosages (enhanced
coagulation), a technique that causes problems in direct
filtration of precipitates, due to their high concentration
[11]. On the other hand, taking into account the high
initial particle count, it becomes evident that even the
highest particle removal (~92%) is inadequate to give
waters whose quality would comply with potable water
standards. Consequently, a filtration step is required,
following sedimentation, in order to reduce the particle
count to an acceptable number. Table 2 summarises the
removal yields of the combined steps on the basis of optimum removal of suspended matter. At pH 5.5 tests were

TABLE 2
Water treatment by coagulation/sedimentation/filtration using selected coagulant dosage at various pH values
(raw water characteristics: particle count =12x103 mL-1, UV 254 nm =0.25 dm-1; filtration velocity: V=6 m h-1)

Coagulant

pH

-1

PACl, mg L Al
10
2.5
15
-1
Alum, mg L Al
15
10
-1
FeClSO4, mg L Fe
15
5
15

2-50 µm Particles mL-1
Sedimentation
Sand filtration

% DNOM
Removal

5.5
7.0
7.0

1,380
2,270
2,580

150
280
1,040

58
34
41

5.5
7.0

3,520
4,650

135
1,595

53
36

5.5
6.5
6.5

760
2,250
2,150

430
1,500
910

63
46
51
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Residual
-1

µg L Al
170
37
55
-1
µg L Al
480
33
-1
µg L Fe
20
10
10
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performed only with relatively high coagulant dosages,
because the objective was the simultaneous optimization
of removal of both pollutants. For a better understanding
of the removal process, more tests were carried out at pH
7.0. Data in Table 2 confirm the expected high percentage
of particle removal by PACl at a dosage of 10 mg L-1 Al
at pH 5.5 and 2.5 mg L-1 Al at pH 7.0. Under these conditions, the high floc strength allows the efficient separation
of the particles resulting in low particle counts, i.e. 150 and
280 particles mL-1, respectively. The use of 15 mg L-1 Al of
PACl at pH 7.0 yielded a relatively low particle count
after sedimentation, as shown in Figure 4. However, the
particle count of the treated water after filtration was still
high (1050 particles mL-1), as shown in Table 2. This
particular experiment and that with Alum (10 mg L-1 Al at
pH 7.0) reaffirm the notion that using coagulants at concentrations where precipitates are formed with unstable
sedimentation characteristics (gel) also affect the sand
filtration process.
The results of Table 2 further support the high yield
of sedimentation step with Fe3+ at pH 5.5 and 6.5, which
agrees with results, reported previously [7]. After filtration, however, the particle counts measured were significantly higher than those from the use of aluminium coagulants. These results confirm the poor filtration characteristics of ferric sediments.
Direct sand filtration

From the experimental tests it became evident that the
optimum removal of suspended solids could be accomplished at relatively low coagulant dosages, providing that
a concurrent optimum DNOM removal is not required. In
addition, the concentration of suspended matter ranges
from 2 mg L-1 (where 5 x 103 particles mL-1 were counted)
to 7 mg/L (with 12 x 103 particles mL-1 counted). The concen-

tration of suspended solids after coagulant addition and
for several coagulant dosages is shown in Table 3 for an
initial suspended solids concentration of 4.8 mg L-1.
TABLE 3
Suspended solids concentration
resulted from various coagulant dosages.

Coagulant dosage
(mg L-1)
2.5 Al, PACl
5.0 Al, PACl
7.5 Al, PACl
10 Al, PACl
1.0 Al, Alum
2.5 Al, Alum
5.0 Al, Alum
10 Al, Alum
2.5 Fe, FeClSO4
7.5 Fe, FeClSO4

Suspended solids concentration
(mg L-1)
13
19
28
17*
6
9.4
23
22*
5
21

*Restabilization of particles

It can be deduced that, when only the optimisation
of particle removal is required for a coagulant dosage of
5 mg L-1 Fe or Al, the expected highest suspended solids
concentration would not exceed 20 mg L-1, including the
contribution of the coagulant. Under these conditions, the
sedimentation stage is rather unnecessary [11] and direct
filtration of destabilized colloids can be used. The following experimental results (Tables 4, 5 and 6) refer to filtration through a bed filter directly after particle destabilisation. The pH of Aliakmon River water exhibits a seasonal
variation and ranges between 7.6 and 8.5 (relatively alkaline), because of photosynthetic activities consuming
dissolved CO2. On the other hand, all the coagulants used
in this study have “acid” behaviour and their addition
leads to a significant pH decrease, as shown in Figure 5.

TABLE 4
Particles and DNOM removal by coagulation - sand filtration using various coagulant dosages
at ambient pH (raw water characteristics: particle count=10.8 x 103 mL-1, UV 254 nm=0.25 dm–1)

Coagulant

pH

Filtration
velocity, m h-1

Treated water,
Particles mL-1
PACl, mg L-1 Al
500
210
115
65
610
Alum, mg L-1 Al
1,370
860
200
150
160
FeClSO4, mg L-1 Fe
1,180
890
500

% Particles
removal

% DNOM
removal

Residual

1.0
2.5
5.0
7.5
10

7.9
7.6
7.5
7.3
7.2

6.5
6.4
6.7
6.5
6.6

95.4
98.1
98.9
99.3
94.4

17
18
16
14
36

23
46
33
42
550

1.0
2.5
5.0
7.5
10

7.7
7.4
7.0
6.9
6.7

6.7
6.7
7.1
6.8
6.8

87.3
92.0
98.1
98.6
98.5

21
22
35
35
41

35
55
42
38
65

2.5
7.5
10

7.5
7.2
7.1

6.9
6.6
6.6

89.1
91.7
95.4

21
23
41

25
18
30
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TABLE 5
Particle and DNOM removal from water1 of Aliakmon River treated with various PACl dosages
at pH 7.0 (raw water characteristics: particle count=10.8 x 103 mL-1 and UV 254nm=0.25 dm-1)

PACl,
mg L-1 Al
1.0
2.5
5.0
7.5
10

Filtration velocity,
m h-1
6.2
6.2
5.8
5.7
6.0

pH
7.0
7.0
7.0
7.0
7.0

Treated water,
Particles mL-1
250
35
60
25
85

So, the results of Table 4 show particle counts measured in the treated water after direct filtration at the pH
resulting upon coagulant addition. This pH is referred as
operation pH, henceforth. Both Alum and PACl succeeded in lowering the particle count of the treated water to
levels lower than 200 particles mL-1, whereas FeClSO4
resulted in a particle count higher than 500 particles mL-1
for a dosage up to 10 mg L-1 Fe, making this coagulant
apparently less suitable for the treatment of Aliakmon
water. More specifically, the optimal dosage with Alum
for achieving the target of 200 particles mL-1 was 5 mg L-1
Al. The efficient particle removal can be also attributed to
the coagulation pH of 7.0. From Table 4 it is also obvious
that for optimum particle removal Alum dosage must well
exceed 2.5 mg L-1 Al and pH must range from 6.5 to 7.0,
as in that pH range the solubility of Al3+ is at its minimum. PACl at pH=7.0 exhibited the best particle removal
in all experiments, resulting in about 250 particles mL-1 at
a dosage of 1 mg L-1 Al and less than 50 particles mL-1 at a
dosage range of 2.5 to 7.5 mg L-1 Al (Table 5), even at the
highest raw water particle counts (10.8 x 103). The experimental results at operational pH showed that PACl, at a
dosage as low as 1 mg L-1, succeeded marginally in achieving particle counts less than 500 particles mL-1 (Table 4).
At dosages of 5 to 7.5 mg L-1 Al the particle removal
efficiencies became significant and counts less than 120
particles mL-1 were measured. With increasing PACl
dosage (about 10 mg L-1 Al), however, where colloidal
restabilisation occurred, particle counts as high as 610

% Particles
removal
97.7
99.7
99.4
99.8
99.2

Residual,
µg L-1 Al
40
35
35
52
190

particles mL-1 were recorded. This colloidal restabilisation
was observed repeatedly at pH 7.0-7.5. In addition, residual
Al exceeded drinking water standards (200 µg L-1). Overall, PACl appeared to be the most efficient coagulant
because its removal yield was largely independent of pH,
an observation made by several investigators [8, 12, 13].
The optimum dosage, however, with PACl for achieving the
target of 200 particles mL-1 was considered to be 2.5 mg L-1
Al at operational pH 7.5.
It is obvious that a low coagulant dosage and no acid
addition for pH correction will positively affect the operational cost of the treatment plant. Consequently, for the
tests determining the optimum filtration velocity a coagulant Alum dosage of 5 mg L-1 Al at operational pH of 7.0
and PACl dosage of 2.5 mg L-1 Al at operational pH of 7.5
were used. The results of these tests are listed in Table 6.
The above conditions allowed filtration velocities as high
as 12 m h-1, with a particle concentration in the treated
water less than 200 particles mL-1. The constant particle
count decrease with increasing filtration velocity can be
apparently attributed to the aging effect of the sand bed,
since back-washing of the filter was done at the end of
each series of tests for each coagulant and the tests proceeded from the lowest to the maximum dosage tested.
Finally, in all tests the residual aluminium in the treated
water did not exceed 50 µg L-1, confirming the efficient
use of the coagulant for all filtration velocities (Table 6).

TABLE 6
Particles and residual aluminium in the water treated by optimised coagulation conditions
and various sand filtration velocities (particle count in raw water: 5 x 103 mL-1)

Coagulant,
mg L-1 Al

pH

Filtration
velocity, m h-1

2.5
2.5
2.5

7.5
7.5
7.5

6.5
8.0
12.0

5.0
5.0
5.0

7.0
7.0
7.0

6.5
8.0
12.0

Treated water,
Particles mL-1
PACl
200
150
130
Alum
250
170
150
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% Particles
removal

Residual,
µg L-1 Al

96.0
97.0
97.5

27
49
50

95.0
96.6
97.0

51
31
28
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Coagulant, mg L-1Al or Fe

110

40

Alum
PACl
FeClSO4
HCl - 0.1 N

100
90
80
70

35
30
25

60
50

20

40

15

30

10

20
10

5

0
5,4

5,8

6,2

6,6

7,0

HCl 0.1 N, mL L-1
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FIGURE 5
Coagulant and acid titration curves for raw water of Aliakmon River.
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FIGURE 6
Correlation of analysis for organics in treated water from
Aliakmon River determined as TOC vs the absorbance at 254 nm.

CONCLUSIONS

Correlation TOC-UV254 nm

The absorbance at UV254 nm estimates the aromatic
content (humic and fulvic acids) of waters, while TOC
represents the sum of all organic substances. For each
particular water there is usually a correlation between
TOC and UV254 nm, from which one may estimate TOC
content by simply measuring absorbance at 254 nm. In
Figure 6 a comparison of TOC as an UV254 nm function of
more that 10 samples of treated Aliakmon River water is
shown. The two parameters can be correlated as follows:
TOC (mg L-1)/UV254 nm (1 dm-1) ≈ 7.

Three commercial coagulants were tested to determine their efficiency in removing suspended matter and
DNOM from Aliakmon River water. In general, DNOM
removal with all three coagulants appeared to depend on
the pH of coagulation, with best results achieved at pH
5.5, as expected. At pH 5.5 all coagulants could effectively remove at least 60% of DNOM for the highest
dosage used in this work, i.e. 15 mg L-1Al or Fe. The
lowest dosage of 2.5 mg L-1Al PACl resulted in about
50% DNOM removal.
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FeClSO4 showed the most consistent behaviour in the
pH range of 5.5–7.5 at all dosages with about 90% particle
removal. However, it could not significantly reduce particle
count below 500 particles mL-1 by sand filtration. Alum
was able to reduce particle concentration in the treated
water to levels lower than 200 particles mL-1 at pH lower
than 7. Finally, PACl appeared to be the most efficient
coagulant because its removal yield was largely independent of pH.
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HAZARDOUS WASTE INCINERATOR
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SUMMARY

range of 1150-1250 oC and retention time is about 2 s.
The gases leaving the second combustion stage are taken

PCDD/F removal efficiencies of the electrostatic precipitator and the wet scrubbers in IZAYDAS Incinerator
were examined in a trial burn. Both units showed removal
efficiencies higher than 90 % for all congeners and homologues, producing >99 % removal of PCDD/Fs. Congener
and homologue profiles did not change significantly
through ESP, but highly-chlorinated PCDD/Fs dominated
after the wet scrubbers, suggesting that lower-chlorinated
PCDD/Fs with high volatility are removed in higher rates.

KEYWORDS: Electrostatic precipitator, wet scrubber, dioxin
removal, waste incineration.

INTRODUCTION
PCDD/Fs mainly originate mainly from various
thermal processes like waste incineration, fuel combustion, diesel emission etc. Although many countries have
been familiar with waste incineration for about a century,
in Turkey it became the subject of public discussions for
the first time in 1997, when the first hazardous/clinical
waste incinerator of Turkey, namely IZAYDAS, started to
operate in Kocaeli. A detailed evaluation of PCDD/F
emissions and their relationship with some factors like
waste chlorine content, combustion temperatures etc. was
made by Bakoglu et al. [1].
The capacity of IZAYDAS is 35 000 t/y. The plant
has a two-stage combustion system consisting of a rotary
kiln (12 m in length and 4.2 m in diameter; combustion
temperatures are in the range of 950-1050 oC and retention time is 2-2.5 h) and a vertical furnace (12 m in height
and 4.1 m in diameter; combustion temperatures are in the

to a boiler system for steam production. The outlet temperature of the gases from the boiler varies between 180200 °C. Then, they pass through the air pollution control
equipment (APCE) system comprising an electrostatic
precipitator for particle removal and dual wet scrubbers.
In the first stage venturi scrubber, HCl, HF, heavy metals
and organic compounds together with the particulate
matter are removed by absorption. A two-stage pulverization washing is used here and the utilization rate of the
washwater is 170 m3/h. Finally, the flue gases enter to the
second stage wet scrubber in which the gas comes into
contact with the lime solution to remove SO2 and any
remaining pollutants. Flue gases pass through two washing steps in two different levels and 500 m3/h washwater
is used in each step.
PCDD/F emissions of various types of incinerators
have been investigated in detail in previous studies [2-7].
Since PCDD/Fs are partitioned to vapor and particle
phases depending on the temperature, physico-chemical
characteristics of congeners, and available particle surface
area, the operating temperatures and particulate matter
(PM) removal efficiencies of the control units play a significant role in PCDD/F removal. Their enrichment on
finer particles (with high surface area/volume ratio) that
could escape PM control units should also be concerned.
In IZAYDAS, PCDD/F concentrations of flue gas were
measured at three sampling points simultaneously: before
ESP, between ESP and WS, and after WS, i.e., in the
finally emitted gas. PCDD/F removal efficiencies of ESP
and WS, changes in homologue and congener profiles,
and their relationships with the factors mentioned above
were evaluated in this paper.
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MATERIALS AND METHODS
PCCD/F sampling, cleanup and quantification were
conducted in accordance with current European Standard
Protocols [8]. Isokinetic flue gas sampling was performed
by the filter-condenser method with a sampling train
consisting of a quartz fiber filtration medium, in line with
a cooling device, glass cartridges and ZAMBELLI isokinetic sampler. Glass cartridges packed with XAD-2 amberlite resin and supported by a polyurethane foam (PUF)
plug were used to collect PCDD/Fs after condensation of
the gas. Sampling time was about 8-10 hrs in each test,
resulting in sampling volumes of about 10 – 15 m3 of flue
gas. Following extraction and chromatographic cleanup,
PCDD/F analysis of sample extracts was conducted by
HRGC/HRMS after 48-h toluene extraction in a certified
laboratory (Dr. Wessling Laboratory, Germany). Toxic
equivalents as 2,3,7,8-TCDD (TEQ) were calculated by
using international toxicity equivalency factors (I-TEF).
RESULTS AND DISCUSSION
Formation of PCDD/Fs in Post-Combustion Zones

Formation and subsequent emission of PCDD/Fs
from incinerators depend on several factors including
composition and properties of waste, combustion conditions, composition of flue gas, amount of entrained PM,
flue gas time/temperature profile, PM control device
operating temperature, and method of acid gas and PM
control [9]. Since PCDD/Fs could be formed in the postcombustion zones (economizers, air heaters, air pollution
control devices, etc.) by catalytically assisted reactions on
the surface of fly ash at 250 – 350 oC, a proper control
of the composition, PM concentration and temperaturetime patterns of downstream gas have a great impact on
PCDD/F formation. Flue gas time-temperature profile
in İZAYDAS is shown in Figure 1. Flue gas temperature

reduces from 1100-1200 °C to 180-200 °C in 6-8 s in the
boiler, producing flue gas cooling rates between 110170 °C/s. PCDD/F concentration of raw flue gas before
ESP was 0.5 ng I-TEQ/Nm3, which is as low as five times
the emission limit of 0.1 ng I-TEQ/Nm3, in spite of a
waste feed chlorine content higher than 3 %, showing the
efficiency of combustion and post-combustion conditions
in preventing the PCDD/F formation.
Removal Efficiencies of ESP and WS

The results are illustrated in Figures 2 and 3. ESP has
a high PCDD/F removal efficiency (higher than 90 %),
for all congeners. These high removal rates suggest that at
the temperature interval in which ESP operates, i.e., 150200 °C, more than 95 % of the dioxins in the flue gas is
bound on particulate matter. PM concentration at the inlet
was 13 100 mg/Nm3, while it reduced to 521 mg/Nm3,
showing a particulate removal higher than 96 %. ESPs
can function as chemical reactors that generate and emit
PCDD/Fs, depending on the operating temperature. Since
maximum de novo synthesis reaction rates occur at temperatures ranging from 300 to 470 °C, it is reported that lowering operating temperatures to less than 250 °C results in a
major reduction of PCDD/F formation rates and alters the
partitioning of vapor and solid phase PCDD/Fs [9]. There
are some other studies reporting reducing removal rates as
the inlet temperature increases [2] or negative removal
rates, i.e., formation of PCDDFs, in air pollution control
devices operating in a temperature interval of dioxin formation [7]. Low PCDD/F concentrations in raw gas and
high PCDD/F removal rates in ESP observed here show
that temperature is a key factor for formation and removal
of these pollutants.
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FIGURE 1
Time-temperature profile of flue gas after vertical furnace.
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FIGURE 2
Concentrations and removal efficiencies of congeners through Automated Production Control Equipment (APCE).
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FIGURE 3
Homologue profiles and removal rates of PCDD/Fs through Automated Production Control Equipment (APCE).

For vapor/solid phase partitioning, it is reported that a
highly-chlorinated congener is of a lower vapor pressure
compared to a low-chlorinated congener and has a higher
tendency to condense on particles [10]. However, all
congeners and homologues showed similar removal rates
in ESP. The removal rates ranged between 95-98 % for
congeners, and 91-98 % for homologues, producing a
removal rate of about 97 % expressed in TEQ basis. These are very high removal rates for ESP as compared to the
removal rates reported in other studies mentioned above
for PM removal units. The results given here suggest that
proper design of combustion and post-combustion systems could provide an efficient control of dioxin formation, not requiring any active carbon injection. Congeners showed identical profiles before and after ESP, although concentrations of both congeners and homologues
increased with the chlorination level, for dioxins and
furans separately. Since PM removal rate of ESP is very
close to the removal rate of each congener, particle-bound
fraction of them could be suggested as about 95%. This is
valid for homologue groups too, except for TCDDs, the
most volatile homologues, with a removal efficiency of
92 %.
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SUMMARY
By the answers in the two questionnaires of the present work on the research of environmental protection,
inside and outside the hospitals, clinics and medical laboratories of major Thessaloniki and also of the adjacent
prefectures, the common opinion is confirmed that almost
no concern exists for the protection of the environment
from the wastes of hospital units. Beyond the obligatory
rules that are defined by the legislation there is no interest
for the improvement of antipollution technology and for
the employment of specialised personnel.

KEYWORDS: Indoor – Outdoor Pollution, Hospital Waste, Danger Wastes, Management.

INTRODUCTION
The questionnaires given, with regard to the impact of
the hospital units in the environment, were of two types:
One was for the residents who are living near hospitals and
clinics of Thessaloniki and the other one was addressed to
the hospitals of Thessaloniki, to the regional hospitals of
Central Macedonia and to certain Health Centres.
The aim of these questionnaires was to diagnose if
the residents who are living near hospitals or clinics of
Thessaloniki believe that the existence of hospitals creates
problems in the environment or not and, on the other
hand, if the hospitals themselves appreciate that they
allocate the suitable equipment and personnel for the
protection of the environment (indoor and outdoor).
THE ANSWERS TO THE QUESTIONNAIRE
OF THE RESIDENTS WHO ARE LIVING
NEAR HOSPITALS
For the impact of hospital and the clinical units to the
environment a questionnaire to the residents of the areas
around thirteen hospitals and clinics of Thessaloniki was
placed. From the answers given, we may conclude:

A. Place-Position

The residents consider that the position of each hospital plays an important role in the creation or not of environmental problems in their area. For the hospital ‘Agios
Pavlos’, which is placed in the area of Finikas, Thessaloniki and where there are no houses in small distance from
the hospital, the 80% of the residents answered that its
presence does not create problems to the environment.
They had the same opinion, but with smaller percentages,
about the hospitals, which are placed in over-populated
areas (G. Gennimatas, Agios Dimitrios, AHEPA), with
percentages of 68%, 63%, 58%, respectively. The opinions for Theagenio, Ippokratio and Afrodision were
shared (52%, 50%, 48%, respectively), while perfectly
opposite are the opinions for the units, which are placed
in over-populated areas of the city, where the residents
answered that their existence create a problem (Sarafianos
Clinic 73%, Kianous Stavros 72%, Limodon 71% and
Galinos 62%).
B. Wastes

With the exception of the wastewater, which is generally considered as the number one problem of the environment, the hierarchy of the rests is altered from hospital
to hospital. The study of replies shows that:
The waste water is a problem for the 100% of those
who answered for Afrodision hospital, Geniki Clinic and
Limodon Hospital and for the 94% for Galinos Clinic.
The solid wastes represent the bigger (and unique for
them) problem of the residents around the clinic Sarafianos
in percentage of 80%, while the Geniki Clinic, the Afrodision Hospital and Limodon Hospital with percent-ages of
75%, 57% and 53%, respectively. With regard to odors, the
most important problem belongs to the hospital Agios
Pavlos with a percentage of 100% followed by Ippokratio,
Limodon and G.Gennimatas Hospitals, with percentages of
67%, 60% and 50%, respectively. The Galinos clinic was
regarded to cause bigger problems in the atmospheric emissions by 63% of the residents, while 60%, 53% and 50% of
them, respectively, attribute these problems to Limodon
Hospital, Kianous Stavros and G. Gennimatas Hospital.
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TABLE 1
Data for the Public Hospitals and Private Clinics in Thessaloniki, Kilkis, Pella, Piria, Chalkidiki, Imathia Prefectures.
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TABLE 2
Continuation of Table 1, regarding the Hospital Waste Management with emphasis to dangerous wastes.
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Ippokratio Hospital is found to be problematic by a higher
percentage (71%) of the residents as source of noise and
wastewater pollution. Only 50% of the immediate neighbours implicate the above problems with Agios Pavlos, the
G.Gennimatas and the Afrodision hospitals. Finally, the
esthetic aspect is the most important problem for the hospitals AHEPA and Agios Dimitrios with percentages of 57%
and 53%, respectively. From the above results it appears
that the residents near the hospital Agios Dimitrios face the
less environmental problems, while those near the hospital
Limodon face most of these problems.
C. Solution of the environmental problem.

To the question of whether or not the removal of the
incinerators from the hospitals AHEPA, Agios Pavlos and
Ippokratio is an effective confrontation of the environmental problem, the answer was affirmative with percentages of
83%, 80% and 72%, respectively, while for the hospitals
Panagia and Afrodision the percentages were very small
(28% and 32%, respectively). With regard to the priority in
alternative solutions, like the pyrolysis in the hospitals, the
movable units of sterilisation, the collection with urban
garbage trucks and the combustion in central units of incineration, the solution of the central units of incineration is at
first or second place in the preference of residents with
percentages high enough. In specific, the percentages are:
the hospitals Agios Pavlos (74%), Galinos (73%), Agios
Dimitrios (58%), Afrodision (56%), Thegenio (55%), Kianous Stavros (52%), Loimodon (50%), and Sarafianos
Clinic (38%), where the above-mentioned solution has the
first-choice rank in the preference of the residents of each
area, while for the hospitals Panagia, Geniki Clinic, G.
Gennimatas and AHEPA the proposed solution is the collection of the wastes with urban garbage trucks (percentages of 57%, 55%, 40% and 40%, respectively. For the
hospital Ippokratio, 47% of the residents propose the movable units of sterilisation.
For whether there should be an epidemiologic study
of the potential impact of the waste management from the
hospitals themselves, the answer for most of the hospitals
was affirmative. The bigger percentage belongs to Ippokratio (80%) and the smaller to Panagia (20%), followed by Thegenio with 71%, Agios Pavlos with 70%,
Kianous Stavros with 67%, Geniki Clinic with 64%,
Limodon with 57%, G. Gennimatas with 56%, Sarafianos
Clinic with 47%, Galinos with 46%, AHEPA with 38%
and Agios Dimitrios with 33%. With regard to “which of
the problems to the environment caused by the hospitals
should be studied first”, the study of wastewater is coming first, with percentages of 100% for the hospitals Afrodision, Galinos, Geniki Clinic and Limodon, of 92% for
Kianous Stavros, of 79% for Ippokratio, of 68% for Theagenio, and of 67% for Agios Dimitrios. For 78% of the
residents living near Sarafianos Clinic the further study of
wastewater and solid wastes ranks first. For the hospital
Agios Pavlos the residents consider gas emissions as the
most basic environmental subject of study, with a per-

centage of 67%. Regarding the hospital AHEPA, its
neighbours, in a percentage of 44%, consider the problems from the wastewater, the atmospheric emission, the
solid waste and the radiation to be equivalent.
Finally, in the question if the impact of the above environmental issues is important, the Sarafianos Clinic
(74%), the Geniki Clinic (73%), the Kianous Stavros
(72%) and the hospital Agios Pavlos (70%) possess the
bigger percentages, while the Galinos Clinic with 25%
evidenced only a smaller one. According to the ways of
claiming a solution to the environmental problem, the
Mass Media and the newspapers are taking the first place.
In particular, the resident percentages for the Mass Media
and the newspapers referring to the hospitals Agios Pavlos, G. Gennimatas, Afrodision, Panagia, Sarafianos,
Ippokratio and AHEPA are 72%, 69%, 66%, 58%, 56%
and 50%, respectively. The reception of drastic measurements as a solution for the confrontation of the environmental problem is proposed for the Galinos Clinic and for
Agios Dimitrios in percentages of 100% and 64%, respectively. Finally, the appeals to the relating authorities for
the resolution of the environmental problems are proposed for the Limodon hospital and Geniki clinic in percentages of 46% and 44%.
D. Conclusions

Concluding the above, as result can be drawn that
even tough the environmental problem with regard to the
location of the hospitals exists, its impact is either not
intense enough or its extent has not become completely
perceptible. The most basic problems, which the residents
of Thessalonica who live near hospitals are facing, are
first of all the wastewaters and then the atmospheric emissions. As a substitute to the incinerators, the residents
prefer the central incineration. When asked for epidemiological studies, the majority of the residents wants a further study on wastewater, and when asked for claiming a
solution to the environmental problem an overwhelming
majority of the residents wants the declaration of their
problems via the Mass Media and the newspapers.

THE ANSWERS TO THE
QUESTIONNAIRES OF THE
HOSPITALS – CLINICS – HEALTH CENTRES
One of the most important polluters of the environment is the waste of hospitals, which is particularly dangerous, since:
•

they contain wastes coming from the patients,

•

they contain dangerous substances, which are used
in the laboratories for analyses and examinations,
they contain accumulated microbial populations.

•

This particular questionnaire was addressed to the
Hospitals and Clinics of Thessaloniki and the Hospitals
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and Health Centers of Central Macedonia, in order to
come up with a way of hospital waste disposal.
From the answers given, the following results can be
drawn:
A. Waste Management (Wastewater – Solid Wastes)

The hospitals of the city of Thessaloniki
their wastes in the central draining channel of
The hospital G. Papanikolaou in Thessaloniki
hospitals of Polygyros, Veria and Edessa
wastewater treatment plants.

canalize
the city.
and the
allocate

The management of solid waste is done with incinerators, deposition, deposition after sterilisation, collaboration with other hospitals and private individuals. Sixtyfive percent of the hospitals` solid waste is disposed in
incinerators and the types of these are crematory (58%),
for pyrolysis (24%) and sterilizing (18%). In Thessaloniki
the hospitals AHEPA, Theagenio, Afrodision and the
clinics Panagia and Geniki Clinic own crematory incinerators, but from the regional hospitals only those of Polygyros and Giannitsa, as well as the Health Centers of Ionia
and Zagliveri. Incinerators for pyrolysis in Thessaloniki
own the hospitals Ippokratio, G. Papanikolaou and Agios
Dimitrios, while from regional hospitals only that of
Edessa. Sterilizing incinerators in Thessalonica own the
hospital Agios Pavlos and from the regional ones only the
Health Center of Ionia, while in the hospital of Veria the
sterilizing incinerator is inactivated.
Deposition takes place only in the regional hospitals
of Kilkis, Katerini and Giannitsa, as well as in the Health
Centers of N. Madytos, Lagadas and Zagliveri. Sterilization and deposition are carried out in the hospitals
AHEPA, G. Gennimatas and Limodon, in the clinic
Sarafianos and Geniki Clinic in Thessaloniki, and also in
the regional hospitals of Veria and Edessa. Combustion
takes place in the hospitals of Thessaloniki, Agios Pavlos,
Theagenio, G. Papanikolaou, Ippokratio and Agios Dimitrios, but also and regionally in the hospital of Polygyros. The responsibility of dangerous waste management of
the clinic Panagia of Thessaloniki has a private individual, while the hospital Afrodision collaborates with other
hospital units. Finally, the hospital G. Gennimatas also
manages the wastes of the Health Center of Ionia.
A very important role plays the separation of the dangerous and the urban wastes. Separation of dangerous and
urban wastes in the source is realized only by 68% of the
hospitals, the clinics and the Health Centers, mainly with
the use of colored bags (89%). Such separation is not
realized in the hospital of Edessa and the Health Centers
of Koufalia, Chalastra, Thermi, Mihaniona, N. Madytos
and Lagada.
With regard to the particular concern of the management of AIDS patients` wastes, 57% of residents answered affirmatively and only 25% negatively. In Thessaloniki, the Geniki Clinic does not care about this, and in

the region of the City also the hospital of Giannitsa and
the Health Centres of Koufalia, Michaniona, Ionia,
Zagliveri and Lagkada. For their management, 50% use
combustion, 25% sterilisation and deposition in urban
areas, 19% only sterilisation and 6% sterilisation combined with combustion. From the hospitals of Thessaloniki, the hospitals AHEPA, Theagenio, G. Papanikolaou,
Afrodision, Ippokratio, Agios Dimitrios and G. Gennimatas use combustion and from the region only the
hospital of Edessa. Sterilisation and deposition with urban
wastes practise the hospital Limodon of Thessaloniki and
from the regional hospitals those of Veria and Katerini as
well as the Health Centre of N. Maditos. Only sterilisation
use the clinics Sarafianos and Panagia of Thessaloniki and
from the regional ones, the hospital of Kilkis. Finally,
sterilisation and combustion uses only the hospital Agios
Pavlos of Thessaloniki.
B. Laboratories

According to the dangerous substances they use, the
laboratories are to be separated in toxic, radioactive and
those of draft control.
Laboratories working with toxic substances are included in 37% of the hospitals. In the city of Thessaloniki, these are the hospitals Theagenio, G. Papanikolaou
and Ippokratio, while in the region these are the hospitals
of Kilkis, Edessa and Giannitsa, as well as the Health
Centres of Lagkada, Koufalia, Ionia and N. Maditos.
Laboratories, which are using radioactive isotopes,
are incuded in 22% of the hospitals regarded. These are,
in the city of Thessaloniki, the Multidiagnositc Centre of
Thessaloniki Asklipios, the hospitals of Agios Pavlos,
AHEPA, Thegenio, Ippokratio and the Panagia Clinic,
while in the region there is not even one using radioactive
isotopes.
The management of the toxic and radioactive wastes
is practised with sewerage by 58%, special management
by 25% and deposition by 17%. The hospitals Agjos
Pavlos, Theagenio, AHEPA and Ippokratio use sewerage.
The clinic Panagia of Thessaloniki and the regional hospital of Edessa use special management. Finally, the Health
Centres of N. Maditos and of Lagkada use deposition.
Laboratories of draft control are offered by all hospital units. From them, 89% use x-rays, 54% ultrasounds,
25% axial tomographers, 11% γ-cameras and, finally, 7%
ceramic equipment for control. In all these units, without
exception, protection metres for workers and for patients
do exist.
The ways of management of developers are done by
individuals (47%), through ODDY (25%), via sewerage
(14%) and with other methodologies (14%). The developers, just because they contain silver which can be recovered, are given to individuals or to ODDY. The hospitals
of Thessaloniki, which collaborate with individuals, are
G. Papanikolaou and Limodon as well as the clinics
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Sarafianos, Panagia and Geniki, the Multidiagnostic Centre of Thessaloniki Asklipios and the Modern Medical
Diagnosis, bur also the hospitals of Kilkis, Polygyros and
Veria and the Health Centres of Koufalia, Zagkliveri, N.
Maditos and Lagkada in the region. The hospitals, which
collaborate with individuals and ODDY in Thessaloniki,
are the hospitals Agios Pavlos, Agios Dimitrios, AHEPA,
Theagenio and Ippokratio and in the region the hospitals
of Katerini and Giannitsa. Finally, the hospital of Edessa
and the Health Centres of Michaniona and Thermi use
sewerage.
C. Control and Prevention

Antipollution technologies exist in the following hospitals of Thessaloniki:
• G. Papanikolaou, management of liquid and solid
waste,
• Agios Dimitrios, management of solid waste, as well
as measurers for atmospheric emission,
• Panagia Clinic, atmospheric emission and measurers
of atmospheric emission,
• Theagenio, management of solid waste and atmospheric emission,
• AHEPA, measurers of radioactivity,
• Multidiagnostic Center Asklipios, measurers of radioactivity,
• Ippokratio, management of liquid and solid waste, as
well as measurers of atmospheric emission and radioactivity.
From the regional hospitals, antipollution technologies are used by:
• Hospital of Veria, management of solid waste
• Hospital of Edessa, management of liquid waste, as
well as measurers of radioactivity,
• Health Centre of Chalastra, x-ray measurers.
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CONCLUSIONS
From the answers given, it may be concluded that
generally the hospitals create environmental problems
and, indeed, they do not try to solve these problems selfdependently. Remarkable is also the fact that none of the
hospitals, the clinics or the health centers under study has
a laboratory for chemical analysis of environmental pollutants or other methodologies of their determination.
Impressive is also the fact that the answer to the question “Do you consider that cleaning personell of hospitals
are suffiently trained?” only by 29% of the residents was
affirmatively, while 60% of them answered negatively.
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APPLICATION OF PSEUDO SECOND ORDER KINETIC MODEL
TO LEAD(II) BIOSORPTION ON Schizomeris leibleinii
Ayla Özer
University of Mersin, Department of Chemical Engineering, 33343 Çiftlikköy, Mersin, Turkey

SUMMARY
The biosorption of lead(II) ions on Schizomeris
leibleinii was studied in a batch system with respect to
initial pH, temperature, initial lead(II) ion and biomass
concentration. The algal biomass exhibited the highest
lead(II) uptake capacity at the initial pH of 4.5 and 30 oC.
The pseudo second-order kinetic model was applied to the
kinetic data and the rate constants were evaluated in the
concentration range of lead(II) ions examined, but also
biomass at all the temperatures and pH values studied.
The experimental data fitted well to the pseudo second
order kinetic model with a high correlation coefficient
(R2>0.99), which indicates that the external mass transfer
limitations in the system can be neglected and the chemical sorption is the rate-limiting step. The pseudo second
order kinetic constants were also used to calculate the
activation energy of lead(II) biosorption.

KEYWORDS: adsorption, equilibrium, pseudo second order
kinetics, activation energy.

INTRODUCTION
Biosorbent materials are a potential alternative to
conventional processes of metal recovery from industrial
solutions. Many algae, yeasts, bacteria and fungi are
known to be capable of concentrating metal species from
dilute aqueous solutions and accumulating them within
their cell structure [1-9]. The kinetics of metal uptake
have been studied by many researchers and found to
comprise two stages. The first stage, thought to be passive
(i.e. physical adsorption or ion exchange at the cell surface), is very rapid and occurs in a short time after the
microorganisms come into contact with the metal. The
subsequent stage, possibly active (i.e. related to metabolic
activity), is slow. The term biosorption implies a direct
interaction between the biosorbent and the metal sorbate.

As a simple approach in modeling metal uptake by
microorganisms in the batch system, the uptake was due
to surface adsorption only. The metal from the bulk solution moves across the boundary layer around the cell and
attaches to the cell surface. The rate of transfer of the
metal ions is then proportional to the area of the surface
and the concentration difference across the layer [10].
Biosorption of heavy metal ions to microorganisms is
affected by several factors including the specific surface
properties of the microorganisms and the physicochemical properties of the solution. Although the effects
of pH, initial metal ion concentration and biomass concentration on biosorption have been widely studied, process effects which occur are not completely understood,
for instance, the rate limiting step and the heat effect. The
magnitude of the heat effect on the biosorption process is
the most important criterion to develop a thermodynamic
and kinetic relationship for the metal-microorganism
interaction process. The sorption kinetics describe the
solute uptake rate which, in turn, controls the residence
time of sorbate uptake at the solid-solution interface.
Therefore, it is important to be able to predict the rate at
which the pollutant is removed from aqueous solutions in
order to design appropriate sorption treatment plants [11].
Several models can be used in order to investigate the
mechanism of biosorption and potential rate controlling
steps such as mass transport and chemical reaction processes. However, it is often incorrect to apply simple
kinetic models such as first or second order rate equations
to a sorption system with solid surfaces which are rarely
homogeneous and also because the effects of transport
phenomena and chemical reactions are often experimentally inseparable. Numerous studies reported that the
pseudo first-order rate equation of Lagergren and the
pseudo-second order rate equation were avaliable for the
sorption of metals [11-16 ].
The pseudo first-order rate equation of Lagergren was
the first rate equation for the sorption of liquid/solid systems based on solid capacity [11]. As a disadvantage, the
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pseudo first-order equation of Lagergren does not fit well
for the whole range of contact time and is generally applicable in the initial phase (20-30 min) of the sorption
process [11, 15]. Contrary to the other model, the pseudo second-order equation predicts the behaviour over the
whole range of adsorption and is in agreement with an
adsorption mechanism being the rate controlling step
[11, 12]. Ho and McKay [11] have conducted a literature
review containing the use of sorbents and biosorbents to
treat polluted aqueous effluents containing dyes/organics
or metal ions and they noted that the highest correlation
coefficients were obtained by using the pseudo secondorder kinetic model for different metal ion-sorbent systems. The results of the biosorption of Remazol Black B
on dried Rhizopus arrhizus and the biosorption of Cd(II)
ion to Chlorella vulgaris showed that the uptake processes followed the pseudo second order rate expression [14,
15].
The similar phenomena were also observed in adsorption of reactive dyes on cross-linked chitosan beats [16].
Therefore, the biosorption of lead(II) ions on Schizomeris
leibleinii was studied in a batch system with respect to
initial pH, temperature, initial lead(II) ion and biomass
concentrations. The experimental data were analyzed
using the pseudo second-order kinetic model rather than
the pseudo first-order kinetic model in this study.
The two important aspects for parameter evaluation
of the adsorption study are the kinetics and the equilibrium of adsorption. The mechanism involved in the metal
removal is assumed basically, to be complexation and ion
exchange. The simplest way to describe the kinetics of
metal removal, in the absence of stoichiometric data, can
be represented as [17 ]:
S + M < ==> MS

(1)

where M represents the dissolved metal concentration, S
is the available surface sites and MS the concentration of
metal bound to the sorbent.
The reactions involved in pseudo second-order are
greatly influenced by the amount of metal on the surface
of the adsorbent and that of metal adsorbed at equilibrium. It means that the rate of reaction is directly proportional to the number of active sites on the surface of the
adsorbent. The rate expression for the pseudo second
order reaction can be written as [11, 17]:
d(S)t/ dt = k2ad [(S)o – (S)t]2

(2)

where (S)o and (S)t are the number of active sites occupied on the adsorbent at initial time (t=0) and at any time
t, respectively. In terms of adsorbed quantity, the Eq. 2
can be rewritten as [11-15, 18]:
dq/dt = k2ad(qeq- q)2

(3)

where k2ad is the rate constant of sorption (g mg-1 min-1), qeq
and q are the metal uptake per unit mass of algae at equilibrium and at any time , respectively (mg g-1).
Rearranging Eq. 3 gives:
dq / [qeq- q]2 = k2ad dt

(4)

Integrating this for the boundary conditions; at t=0,
q=0 and at t=t, q=q gives:
1/[qeq – q ] =1/ qeq + k2ad t

(5)

Eq. 5 can be rearranged to obtain:
t/q = 1/ k2ad qeq2

+ t/ qeq

(6)

The plot of t/q versus t of Eq. 6 should give a linear
relationship, from which qeq and k2ad can be determined
from the slope and intercept of the plot.
MATERIALS AND METHODS
Preparation of the microorganism and lead(ll) solution for
biosorption

Schizomeris leibleinii, a green alga, was isolated from
the coast of the Mediterranean Sea at Mersin, Turkey. For
the biosorption studies, the harvested fresh cells were
rinsed with tap water, washed several times with distilled
water and then inactivated in an oven at 90 oC for 24 hours.
A 10 g L-1 of inactivated dried S. leibleinii portion was
suspended in double distilled water and homogenized for
45 min in a Waring mixer.
The stock solution of lead(II) was prepared in 1.0 g L-1
concentration using PbSO4 and then diluted to an appropiate amount for experiments. The pH of each solution
was adjusted to the required value with diluted or concentrated H2SO4 and NaOH solutions before being mixed
with the algal solution.
Biosorption Experiments

The experiments were conducted in 250 ml Erlenmayer flasks containing 90 ml of lead(II) ion solution
and 10 ml homogenized algal solution at the desired temperature and pH. The flasks were agitated at 150 rev min-1
on a shaker for 150 min, allowing ample time for adsorption equilibrium. Samples (3 ml) were taken before mixing
the algal and the metal-bearing solution at pre-determined
time intervals (0, 2, 5, 10, 20, 30, 45, 60, 75, 90, 120, 150
min) for determining the residual metal ion concentrations
in the solution. The biomass was separated by centrifugation from the medium and the concentration of lead(II)
ions in the supernatant was measured by using an atomic
absorption spectrophotometer, Perkin-Elmer 370 model.
Each experiment was repeated three times and the results
are given as an average.
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RESULTS AND DISCUSSION
The biosorption of lead(II) ions to Schizomeris leibleinii was investigated as a function of the initial pH, temperature, initial lead(II) ion concentration and biomass
concentration. The pseudo second-order kinetic equation
was applied to the experimental data in order to investigate the biosorption mechanism of lead(II) ions and their
potential rate controlling steps such as mass transport and
chemical reaction processes. The equilibrium and kinetic
results are given as units of adsorbed lead(II) quantity per
gram of dried algae at any time (q, mg g-1), equilibrium
adsorbed lead(II) quantity per gram of dried algae (qeq,
mg g-1) and unadsorbed lead(II) concentration in solution
at equilibrium, (Ceq, mg L-1).

(R2=0.995), 0.00763 (R2 = 0.994), 0.00626 (R2=0.998) and
0.00695 g mg-1 min-1 (R2 = 0.998), respectively. An increase in initial pH values led to a variation in the rate
constants; being insignificant. The equilibrium uptakes
calculated from pseudo second order kinetic model plots
(Fig 2) were also found to be 16.98 (R2=0.983), 23.64
(R2=0.993), 32.47 (R2=0.994), 49.02 (R2=0.996) and
50.51 mg g-1 (R2=0.998) at 2.0, 3.0, 3.5, 4.0 and 4.5 values of pH, respectively. The experimental uptakes at
equilibrium were determined as 18.0, 23.74, 32.54, 49.0
and 50.0 mg g-1 at 2.0, 3.0, 3.5, 4.0 and 4.5 values of pH,
respectively. The theorical qeq,cal values also agreed very
well with the experimental qeq,exp values in the case of
pseudo second order kinetic model. The pseudo second
order kinetic model adequately described the kinetics of
lead (II) biosorption with high correlation coefficients
(R2>0.99) at all initial pH values studied.

The effect of initial pH

The variation of equilibrium uptake with time for the
different initial pH values is given in Fig 1. The pH of
adsorption media affected the equilibrium uptake of the
lead(II) ions on S. leibleinii. With the change in initial pH
from 2.0 to 4.5, the equilibrium uptake capacity of algae
increased from 18 to 50 mg g-1. Hence, ‘the optimum
initial pH’ for lead(II) biosorption was determined to be
4.5. At pH values higher than 5.0, precipitation of Pb
hyroxide occurred and so adsorption studies could not be
performed. The initial pH of adsorption medium is related
to the metal-adsorption mechanism onto microorganism
surfaces from water and reflects the nature of the physicochemical interaction of both the ion in solution and the
nature of the cell adsorption sites. At initial pH values in
the range of 4.0-5.0, the electrostatic interactions between
cationic species and the negatively charged cell surfaces
may be responsible for metal binding.
60
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FIGURE 2 - The pseudo second order
kinetic model for different initial pH values.
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FIGURE 1 - The effect of initial pH on biosorption of lead(II) ions on
S. leibleinii (temperature 30 oC, initial lead(II) concentration 100 mg L-1).

Biosorption kinetics of heavy metal ions can be modelled by using the pseudo second order rate equation. The
rate constants (k2ad) calculated from intercepts of plots of t/q
versus t (Fig. 2) obtained at 2.0, 3.0, 3.5, 4.0 and 4.5 values
of initial pH were found as 0.00736 (R2=0.983), 0.0077

The effect of temperature on lead (II) biosorption onto S. leibleinii was studied at initial pH 4.5 with temperatures varying from 20 to 40 oC and a fixed initial lead (II)
ion concentration of 100 mg L-1. According to the literature, the results of studies on the effect of temperature for
different metal-biomaterial systems are disparate. Our
results indicated that an increase of temperature in the
interval 20-30 oC deals with an increase in the equilibrium
uptake capacity of S. leibleinii for lead(II) ions. The decrease of the equilibrium uptake capacity in the interval
30-40 oC means that the lead(II)- S. leibleinii biosorption
processes are exothermic. The equilibrium uptake capacity of algae increased from 41.6 to 50 mg g-1 with a change
in temperature from 20 to 30 oC. Hence, the optimum
temperature for lead(II) biosorption was determined to be
30 oC. The results obtained at different temperatures show
that the time to reach adsorption equilibrium is about 6075 min and the equilibrium uptake did not significantly
change further with time.
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TABLE 1 - A comparison of the pseudo second-order rate constants, experimental
and calculated qeq values and correlation coefficients obtained at different temperatures.

Temperature
o
C
20
25
30
35
40

qeq,exp
(mg g-1)
41.6
46.1
50.0
37.5
29.8

From the slopes and intercepts of plots of t/q versus t
obtained at 20, 25, 30, 35 and 40 oC, the second order rate
constants and qeq values were determined (Fig. 3). The
values of the k2ad, experimental (qeq,exp) and calculated
(qeq,cal), and correlation coefficients (R2) are presented in
Table 1. As seen from Table 1, the pseudo second order
rate constants and the equilibrium uptakes increased with
increasing temperature up to 30 oC and then decreased
with higher temperatures. Also, the experimental equilibrium data for lead(II) ions are in good agreement with
those calculated using the pseudo second order kinetics
(Table 1). In accordance, it has also been reported that, in
the study of biosorption of Cd(II) ions to C. vulgaris, the
experimental equilibrium Cd(II) uptake values agreed
very well with the theoretical values in the case of pseudo
second order kinetics [15]. As also seen in Fig 3 and Table 1, the temperature optima obtained from the pseudo
second order kinetic model confirmed the experimental
temperature optima.

t/q(min.g/mg)

6
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40 C

4

2

0
0

50

100

150

k2ad x103
(g mg-1 min-1)
5.4
5.7
6.9
6.3
5.9

qeq,cal
(mg g-1)
42.6
47.4
50.5
38.0
31.2

200

tim e (m in)

FIGURE 3 - The pseudo second order
kinetic model for different temperatures
The effect of initial metal ion concentration

The rate of adsorption is a function of initial metal
ion concentrations. Two important physico-chemical
aspects for evaluation of the sorption process as a unit
operation are the kinetics and the equilibria of adsorption.
In this study, to determine the effect of initial metal ion
concentration, equilibrium adsorption studies were carried
out at different initial metal ion concentrations. The equilibrium time required at initial lead(II) ion concentrations
of 10, 25, 50, 75 and 100 mg L-1 was determined as 15,

R2
0.998
0.999
0.998
0.997
0.996

20, 30, 45 and 45 min, respectively. Equilibrium occurs
relatively earlier in the solution containing lower lead(II)
concentrations than the higher ones. In our previous
study, the equilibrium for biosorption of lead (II) ions on
S. leibleinii was described as qeq = (2*Ceq)/(1 +
0.0325*Ceq) at pH 4.5 and 30 oC [9].
The equilibrium uptake (mg g-1 biomass) generally
increased with increasing the initial metal ion concentration up to 100 mg L-1. This is a result of the increase in
the driving force of the concentration gradient, as an increase in the initial lead(II) ion concentrations. However,
the percentage biosorption of lead(II) ions on S. leibleinii
decreased from 68.9 % to 25 % as the initial lead(II) concentration was increased from 10 to 100 mg L-1 (Table 2).
This appears to be due to the increase in the number of
ions competing for the available binding sites in the biomass and also the lack of binding sites for complexation
of lead(II) ions at higher concentration levels. At lower
concentrations, all lead(II) ions in solution could interact
with the binding sites and, thus, the percentages of biosorption were higher than those at higher initial lead(II)
ion concentrations. At higher concentrations, the lower
adsorption yield is due to the saturation of adsorption
sites. As a result, the purification yield can be increased
by diluting the wastewaters containing high metal ion
concentrations.
In order to analyze the biosorption kinetics of lead(II)
ions, the pseudo second order kinetic model was applied
to the data obtained at the initial concentrations of 10, 25,
50, 75 and 100 mg L-1, and the second order rate constants (k2ad) and qeq,cal values were determined. The
straight lines (Fig. 4) show a good agreement of experimental data with the pseudo second order kinetic model at
all concentrations studied. Table 2 lists the computed
results obtained from the second order kinetic model and
the correlation coefficients. The correlation coefficients
obtained were higher than 0.99 and the adequate fitting of
theoretical and experimental qeq values for all initial lead
(II) concentrations suggests the applicability of second
order kinetic model based on the assumption that the rate
limiting step may be biosorption in explaining the kinetics
of biosorption. As also can be seen in Table 2, the values
of k2ad decrease with increasing initial metal ion concentrations. The similar phenomena were also observed in
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biosorption of chromium(VI) ions on biomass [19] and
the sorption of divalent metal ions onto peat [13]. The
decrease in k2ad values with an increase in metal concentration is a common phenomenon observed with a variety
of adsorbents, such as chitosan, moss peat and activated
carbon, used for the adsorption of Hg(II), Ni(II) and
Cr(VI), respectively [17].
12

8

t/q(min g/mg)

Equilibrium occurs relatively later in the solutions
containing higher biomass concentrations than in the
lower ones. As a result, the removal of a given amount of
solute can be better accomplished considering the economy of adsorbent when the solution is treated with separate
small batches of adsorbent rather than in a single batch,
with filtration between each stage [20].

10 mg/L
25 mg/L
50 mg/L
75 mg/L
100 mg/L

10

per unit mass of dry cells decreased from 58.8 to 17.8 mg
g-1 (Table 3), which can be attributed to the tendency of
algal cells to form aggregates at higher biomass concentrations, resulting in a decrease in active adsorption area
or a shortage of metal concentration in solution. As is
appearent from Fig. 5, the initial biomass concentration
has an influence on the time of contact necessary to reach
equilibrium.
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FIGURE 4 - The pseudo second order kinetic
model for different lead(II) ion concentrations.
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The effect of initial biomass concentration

0

Fig. 5 shows the variation of adsorbed lead ion concentrations with time for different biomass concentrations. With increasing biomass concentration from 0.25 to
3.0 g L-1, the adsorbed lead(II) ion concentration increased from 14.7 to 53.5 mg L-1 because of increasing
active surface area, whereas the adsorbed metal quantity

0
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200

tim e(m in)

FIGURE 5 - The effect of the initial biomass concentration
on the adsorbed lead(II) ion concentration (initial pH 4.5,
temperature 30 oC, initial lead(II) concentration 100 mg L-1).

TABLE 2 - A comparison of the pseudo second order rate constants, experimental and calculated
qeq values and correlation coefficients obtained at the different initial lead(II) ion concentrations.

Initial Pb(ll) concentration (mg L-1)
10
25
50
75
100

Adsorbed Pb(ll)
(%)
68.9
59.8
37.6
30.1
25.0

qeq,exp
(mg g-1)
13.8
27.0
35.1
45.2
50.0

qeq,cal
(mg g-1)
13.9
28.9
35.9
46.1
50.5

k 2ad x103
(g mg-1 min-1)
32.1
8.2
7.9
7.2
6.9

R2
0.997
0.993
0.994
0.999
0.998

TABLE 3 - A comparison of the pseudo second order rate constants, experimental and calculated
qeq values and correlation coefficients obtained at different initial biomass concentrations.

Initial biomass concentration Adsorbed Pb(ll) concentration
(g L-1)
(mg L-1)
0.25
14.7
0.5
25.0
1.0
38.0
1.5
50.0
3.0
53.5

qeq,exp
(mg g-1)
58.8
50.0
38.0
33.3
17.8

1249

qeq,cal
(mg g-1)
59.2
50.5
38.8
33.6
17.9

k 2ad x103
(g mg-1 min-1)
6.7
6.9
7.1
7.2
25.1

R2
0.995
0.998
0.998
0.998
0.999
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Fig. 6 shows the plot of the linearized form of the
pseudo second order model for the biosorption of lead(II)
ions on S. leibleinii at various biomass concentrations.
The correlation coefficients for the pseudo second order
rate law were obtained greater than 0.99 for all the initial
biomass concentrations for contact times of 120 min.
Table 3 shows that the rate constant values increased with
increasing initial biomass concentrations. These results
suggest that the lead(II)- S. leibleinii biosorption system is
well described by the second order model. Similar results
have been reported for the sorption of Cr(VI) ions by R.
nigricans at different biomass concentrations [21].
10
0.25 g/L
0.5 g/L
1.0 g/L
1.5 g/L
3.0 g/L

1/T

6

-4,5
0,00315

4

-4,7

2

-4,9

ln	
  k

2ad

t/q (min.g/mg)

8

lating the slope of the plot of ln k2ad versus 1/T. The activation energy for the biosorption of lead(II) ions onto S.
leibleinii was calculated for two regions (Fig. 7). In the
first region, the straight line with negative slope was obtained up to 30 oC for which the activation energy was
determined as 21.12 kJ mol-1 (R2 = 0.922). The activation
energy of the second region, the temperature range of 3040 oC, was found to be –12.23 kJ mol-1 (R2 = 0.9913). The
observed values of the activation energy of the biosorption of lead(II) ions onto S. leibleinii were of the same
magnitude as the heat of chemisorption. The adsorption of
lead(II) ions by S. leibleinii is an endothermic process up
to 30 oC and follows an exothermic uptake process with
further increase in temperature. The activation energies
seem to be small and the adsorption rate is not very sensitive to temperatures in the studied range (Table 4).
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FIGURE 6 - The pseudo second order kinetic model
for different initial biomass ion concentrations.
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TABLE 4 - The activation energies calculated at
different temperature ranges for lead(II) biosorption.

The pseudo second order rate constant is expressed as
a function of temperature by the following Arrhenius type
relationship:
k2ad = ko exp [-E/RT]

Temperature range
(oC)
20-30
30-40

(7)

where ko is the temperature-independent factor (g mg-1
min-1), E is the activation energy of sorption (kJ mol-1), R
is the universal gas constant ( 8.314 kJ mol-1 K-1) and T is
the absolute temperature (K). The magnitude of activation
energy may give an idea about the type of sorption. Two
main types of adsorption may occur, physical and chemical. The activation energy for physical adsorption is usually not higher than 1 kcal mol-1 (4.2 kJ mol-1), since the
forces involved in physical adsorption are weak [20, 22].
Chemical adsorption is specific and involves forces much
stronger than in physical adsorption. Therefore, the activation energy for chemical adsorption is of the same
magnitude as the heat of chemical reactions, 5 to 100 kcal
mol-1 (21- 420 kJ mol-1) [20, 22].
The activation energy of lead(II) ions onto S. leibleinii were calculated by using pseudo second order kinetic constants. The activation energy was obtained by calcu-

Activation energy
(kJ mol-1)
+ 21.12
–12.23

R2
0.922
0.991

CONCLUSION
The biosorption of lead(II) ions to S. leibleinii was
studied in a batch system with respect to the initial pH,
temperature, initial lead(II) ion and initial biomass concentrations. The pseudo second order model was used to
describe the kinetic data and the rate constants were evaluated. The results indicated that the experimental data
fitted very well to this kinetic model. This suggests that
the rate-limiting step may be the chemical adsorption, but
not the mass transport. The pseudo second order kinetic
parameters obtained can be used to determine equilibrium
sorption capacity, percent metal ion removal, rate constants and initial sorption rate for bioreactor design. It
may be useful to apply such simple kinetic models to a
well-agitated batch biosorption system consisting of free
cell suspensions neclecting external film diffusion.
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Consequently, dried S. leibleinii is a good adsorbing
agent for metals and has a high adsorption capacity, especially for lead(II) ions. The extraordinary potential for this
natural, abundant and cheap microbial biomass can be
used economically and succesfully in selective removal of
heavy metal ions from wastewaters.

Ceq: the concentration in the fluid at equilibrium (mg L-1)
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RELATIONSHIP BETWEEN AQUIFER NITRATE
CONCENTRATION AND MONITORING BOREHOLES
Panagiotis Anastasiadis
Technological Educational Institute of Serres, Terma Magnisias, 62124 Serres, Greece

SUMMARY
The relationship between monitoring well and aquifer
solute concentration plays an important role to estimate
the magnitude of contamination of a groundwater resource. But more important is to correlate aquifer nitrate
concentration with that in the drinking water well, to
assess the impact of leachate from an irrigated agricultural
area where fertilization is intensive on a down-gradient
drinking water well and, therefore, the true risk more
significantly. A two-dimension finite element flow and
transport model has been applied and combined with an
analytical solution for the flow and field velocity around a
partially penetrating well. The comparison between the
calculated nitrate concentration and that from the monitoring well is presented. Disparities between nitrate concentration in the aquifer and that in the monitoring wells
have been observed.

KEYWORDS:
Groundwater, Monitoring, Nitrate, Numerical simulation.

INTRODUCTION
Disparities between solute concentration in the aquifer and that in monitoring wells have been observed. It is
important to be able to relate concentrations between
monitoring well and aquifer solute concentration for the
design of remediation systems. It has been reported that
solute concentrations in a monitoring well may underestimate the corresponding aquifer concentration by over an
order of magnitude [1, 2]. Contributing factors such as well
screen length, purging procedure, vertical solute concentration profile in the formation and the hydrogeological characteristics of the aquifer were cited. Factors such as chemical reactions, biological processes, adsorption phenomena
and vertical groundwater flow combined with vertical and
longitudinal dispersion also reported to cause the disparities
between monitoring well and aquifer concentration [3, 4].
Groundwater sampling is conducted to provide accurate information of subsurface water resources. The reli-

able detection and assessment of groundwater contamination require minimal or no disturbance of geochemical
and hydrogeological conditions during sampling. Validity
of comparison between aquifer solute concentration and
monitoring wells based to representative or error-free
sampling procedure.
In this paper the primary effort was to compare solute
concentration of extracted mixed-water from a partially
penetrating monitoring well and calculated aquifer solute
concentration as a result of numerical methods. The aquifer solute concentration was calculated as a combination
of a finite element method for the flow and transport
simulation in a vertical section aligned with principal
direction of flow and an analytical solution for describing
the potential φ and the velocity field around a pumping
well. On the other hand, groundwater samples are collected from partially penetrating monitoring wells, the socalled mixed-water samples. These groundwater samples
were analyzed in the laboratory using the standard methods [5]. It must be noted that this work has focused on
nitrate pollution control and nitrate concentrations in the
collected samples were measured with a portable equipment of type Eijkelkamp (Marckoquant 10020) and sporadically verified using analytical methods.
The nitrate pollution has its main origin in agricultural
practices and is a non-point pollution problem, a significant
part of which is the contamination of groundwater resources. The use of fertilizers to supply plan nutrients has
caused nitrate contaminations of groundwater in numerous
rural areas of the world. The increased use of fertilizers
for increased agricultural production cause a combined
detrimental effect on the environment. It is suggestively
noted that in Greece the nitrogen fertilizers increased
from 4.4 kg/ha to 100 kg/ha in the period 1950-1990 [6].
DESCRIPTION OF THE STUDY AREA
The contaminant plume considered in this paper occurs in a coastal, shallow, phreatic aquifer which is located in the south-western part of Chalkidiki Peninsula,
Northern Greece, in an area called Kalamaria Plain (Fig. 1).
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FIGURE 1
Location of the study area.

The aquifer under study is a part of a large watershed,
which drains to Thermaikos Gulf. A large part of the area
is used as agricultural land. Intense agricultural activity
during the last decades sustained by heavy nitrogen fertilization has caused severe nitrate contamination in
groundwater abstracted from shallow irrigation wells and
deeper boreholes.
Kalamaria plain is located in the western part of
Chalkidiki Peninsula, southeastern of the city Thessaloniki. The western part of the Chalkidiki Peninsula belongs
to the Axios tectonic zone and is a part of AxiosThermaikos Basin. The Axios zone is divided into three
sub-zones and the western part of Chalkidiki Peninsula
belongs to the eastern zone, named Peonia.
In Kalamaria plain Neogene sediments have a significant extension as well as quaternary deposits. The Neogene
sediments are consisting of alternated beds of sandstones,
conglomerates, marls, limestones, marly limestones, sands,
and red to brick red clays. Finally, recent coastal deposits
occur along the coast consisting of sand and silts.
The structure and hydrogeology of the system are
typical for a coastal multi-aquifer system in Greece. The
upper part, which is the object of this study, is characterized by alternating sands and gravels with small pebbles
in some places. These formations are underlain by clayey
layers at depths that vary from 5 - 25 meters. Geophysical

prospecting methods were used in conduction with lithological data from various wells in order to estimate the
thickness of the various layers and also the consistency of
the geological deposits. The groundwater flow direction is
towards the coast and the average gradient of the water
table has been found by resent groundwater level measurements to be on the order of 0.006. A number of pumping tests performed in the aquifer led to a range of hydraulic conductivity values between 4 and 45 m/d in the
permeable strata.
Finally, additional data, particular from geology and
hydrogeology and land use, can by found in previous
publications [7-9]
NUMERICAL SIMULATION
OF NITRATE TRANSPORT
The governing equation for advective-dispersive
transport in a cross sectional flow system is:

∂C
∂
∂C ∂
∂C
∂C
= (D xx
)+ (D zz
)-(V )-λC
∂t ∂x
∂ x ∂z
∂z
∂x

(1)

where Dxx, Dzz are the dispersion coefficients, V the
average pore water velocity, C the concentration, λ the
decay coefficient as first order reaction (λ = ln2/t*, where
t* is the half life of reactor).
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In the principal direction formulation the dispersion
coefficients are defined as:

formation of the element with the local element axes,
remaining orthogonal. The symmetric orthogonal deformation can be handled by using an isoparametric transformation. The typical grid-type for the principal direction
model obtained with elements using the symmetric orthogonal deformation conforms to that of flow net consisting of streamlines and equipotential lines (or pseudopotential lines in the case of anisotropic media) meeting at
right angles.

Dxx= αL V+D*
(2)
Dzz= αT V+D*
where αL and αΤ are the longitudinal and transverse
dispersivities, respectively, and D* is the coefficient of
molecular diffusion.

A typical data set of hydrological and hydrogeological
data is required to solve the simulation problem (Table 1).
The long-term precipitation leads to an estimate of the
annual uniform recharge of 100 mm. Two-zone heterogeneity is assumed where sand layers are characterized by a
hydraulics conductivity of 4.3 m/d and grovels by a value
of 43 m/d. Anisotropy is also taken into account by employing a ratio of 10:1, for the dispersivities in the principal directions x and z. Dispersivities are given the values
of αL=10 m and αT=0.001 m, using information from the
available literature [16, 17]. The decay coefficient, λ, is
calculated with t*=0.5 year. The molecular diffusion is
negligible. The applied fertilizers lead to an uniform influx nitrate concentration of 150mg/l along the whole
cross section of the aquifer.

The average pore water velocity is given by the Darcy’s law:

V i = −K ij

∂h
∂xj

(3)

where Vi(x,z) [L/T] is the pore water velocity,
Kij(x,z) [L2] is the tensor of hydraulic conductivity, and
h=p/ρg+z [L] is the piezometric head.
Numerical simulation based at Galerkin finite element formulation [11, 12] is combined with a coordinate
transformation which forms the common basis of the
principal direction method [12-15]. The admissible formulations are a solid-body rotation and a symmetric de-

TABLE 1
Data set for the flow and transport simulation.

Kxx
(m/d)
4.3 - 43

Kzz
(m/d)
Kxx/10

αL
(m)

αT
(m)

λ
(1/year)

Annual water recharge
(mm)

Annual nitrate recharge
(mg/l)

10

0.001

1.386

100

150

10.0

N orth

150 mg/l

South

102

Section I

95

78
0.0

25

-10.0
counter interval 25 mg/l
-20.0
0.00

1000
FIGURE 2
Simulated nitrate concentrations in a vertical section.
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In Figure 2 the simulated distribution of nitrate concentrations for vertical section along the principal direction of flow is shown. Since it takes only a few years to
reach a steady state situation, we accept that the distributions shown in Fig. 2 are representative of the present
conditions.

x=

(8)

ö=

The disparity between nitrate concentration in the
monitoring wells and in the aquifer will be explored
through an analytical flow model for a partially penetrating well and numerical results from the transport model.
The integration of vertical distribution of nitrate concentration combined with the vertical distribution of hydraulic head around to the partially penetrating well was estimated following the next steps and assumptions.
A homogeneous, horizontal isotropic aquifer is considered (Fig. 3). We note that any horizontal to vertical
anisotropy can be handled by the change of variables to
an isotropic system with the following conversion [18]:

where â = Ê Ç / Ê V with KH and Kv are the hydraulic conductivities in horizontal and vertical direction,
respectively, and (X,Y,Z*) are the actual coordinates and
(X,Y,Z) are the coordinates in the anisotropic system. The
equivalent hydraulic conductivity is given as:
(5)

The analytical solution describing the potential, Φ,
within an unconfined domain containing point source or
point sink [19, 20] can be expanded for the confined case
with a small pumping (Q) rate or large saturation thickness
(H) or large hydraulic conductivity (K). The above assumption is described with the following inequality [21]:

q=

Q
<< 1
KH 2

(6)

where, Q is the pumping rate, H is the undisturbed
saturated thickness and K the hydraulic conductivity.
The hydraulic head in an infinite domain is given
as [20]:

ö(x, y, z) =
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Vx* = K

q
1
[
4ð (x -‐ x w )2 + (y -‐ y w )2 + (z -‐ zw )2
+

where (xw, yw, zw) is the location of a point source/
sink and the system is non-dimensionalized as follows:

(x -‐ x w )
+
]
2
[(x -‐ x w ) + (y -‐ yw )2 + (z+ zw )2 ]2/3

∂ö
q
(y -‐ y w )
= −K
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H

(9)

(10)

(11)

and the horizontal velocity of groundwater around a
pumping well is:

V = Vx2 + Vy2

(12)

From the above equation the vertical distribution of
velocities around a pumping well is determined. Combined with the nitrate concentration evaluated by numerical methods, the nitrate concentration in the pumping
water (mixed-water) is described.

RESULTS AND DISCUSSION
A set of hydrogeological data is required to estimate
the aquifer nitrate concentration problem. Two-zone heterogeneity that is assumed can be replaced by a homogeneous model with hydraulics conductivity of 25 m/d. Anisotropy is also taken into account by employing a ratio of
10:1. The pumping charge, not overcoming 5 m3/h, is valid
to constrain equation (6) for a mean saturated thickness
(10 m) of the shallow phreatic aquifer.

(7)

1
]
2
(x -‐ x w ) + (y -‐ y w )2 + (z + zw )2

∂ö
q
(x -‐ x w )
= −K [
2
∂x
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The velocities for a pumping well are given as:

FLOW AND TRANSPORT NEAR
A PARTIALLY PENETRATING WELL

Z=β Z*

X
Y
Z
	
  	
  	
  	
  	
  	
  	
  y = 	
  	
  	
  	
  	
  	
  	
  	
  	
  z =
H
H
H

q=

Q
= 0. 048〈〈1
KH 2

The application of the above methodology to the
cross section of the study area (Fig. 1) was used to calculate the nitrate concentrations near the locations of the
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monitoring wells. The comparison between the available
data from the monitoring wells and the calculated nitrate
concentration in the groundwater is presented in Figure 4.
The extreme variations of the nitrate concentration measured and those calculated, meanly caused the assumption
of the steady-state flow in the aquifer and also steadystate and uniform influx nitrate concentrations along the
whole cross section of the aquifer. On the other hand, it
must be noted that the samples from the monitoring wells
follow a random temporal distribution.

Field data from pumping wells (mixed water) are not
suitable as indicator for the vertically averaged groundwater concentration in the aquifer, but indicate the order of
magnitude of pollution. The relationship between the
monitoring wells and the aquifer nitrate concentration
depends on the field data available. Nitrate as non-point
or distributed pollution must be handled with special care
and from all points of view.

Q

Water table

H

z

Impermeable layer

FIGURE 3
Schematic design of a partially penetrating well.
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FIGURE 4 - Comparison results between calculated aquifer nitrate
concentration and that monitored in wells across the vertical section.
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SUMMARY
Estrogenic activities of samples from two Chinese
lakes, Ya-Er Lake and Donghu Lake, were measured by
in vitro recombinant yeast assay and found in both lakes
polluted with industrial and domestic wastewater. In
methanol extracts of lake water samples the estrogen-like
activity was higher than in toluene extracts. These results
have been inverted for solid samples.. Furthermore, the
EC50 value of the water samples was close to the original
concentration in the lake.

KEYWORDS:
Estrogen activity, recombinant yeast, water, sediment, SPM.

INTRODUCTION
In the last decade, environmental endocrine disrupters
have become a focus throughout the world. Among them,
environmental estrogen is a major one.
Up to the present, a wide variety of chemicals have
been found to have estrogenic-like activities, including
natural products such as sitosterol, pesticides and fungicides [1, 2]. Because these chemicals are spread to the
public wildlife, it is unavoidable that we are dangerously
exposed to a certain degree of estrogenic compounds.
Therefore, it is urgent to assess their harmful effects to
humans and wild animals at a concentration close to its
real one in the environment. Research has been done for
this purpose in different ways [3]. A lot of the studies
focused on the effects of a single compound or synergistic
activity of two or three compounds [4-7], while only few
have focused on environmental samples [8, 9]. Due to the
complexity of the environment, it is no longer possible to
determine the concentrations of all pollutants and predict
their toxicity.

Furthermore, these environmental pollutants interact
with each other and exert estrogenic effects as a whole.
Thus, the measurement of their estrogenic activity in the
environment by analyzing typical environmental samples
is a better alternative.
From this point of view, we measured the estrogenic
activities of several environmental samples including
recombinant yeast cells, which were stably transfected
with a human estrogen receptor (hER) and Lac-Z as a
reporter gene. The in vitro recombinant yeast assay has
proven to be a reliable method in estrogen screening [10 12] and is superior considering that chemicals which
interact directly with ER have the potential to produce
effects at extremely low concentrations.
In the recent years, many Chinese lakes have been polluted either by wastes from factories or by domestic
wastewater. Two of these polluted lakes, Ya-Er Lake and
Donghu Lake, were selected as representatives for this
study. The Ya-Er Lake is now a fishery, but was used before as an oxidation pond for wastewater treatment. It has
been permanently polluted by the discharge of a large
chemical factory between 1962 and 1987. Therefore, the
sewage entrance has been separated from the lake, but there
is still a small pond for sewage effluents which are continually spreading into the nearby surroundings. Although the
sewage has been cut off from the main lake about 15 years
ago, the hazards are still existing.
The Donghu Lake, a famous scenery spot in the city
of Wuhan, is also a major source for fishery and for drinking water. The lake receives 300,000 tons of domestic
wastewater per day with only 50,000 tons being intercepted [13].
This study aimed to find out whether samples from
Ya-Er Lake and Donghu Lake show estrogenic activities
that may expose all creatures, humans and animals, living
in the regions nearby to potentially harmful health effects.

1258

© by PSP Volume 12 – No 10. 2003

Fresenius Environmental Bulletin

FIGURE 1 - Sampling sites illustration.

MATERIALS AND METHODS
Chemicals

ONPG (o-nitrophenyl-β-D-galactoside) and βmercaptoethanol were purchased from Amresco, USA.
Oxalyticase was obtained from Enzogenetics, USA. Yeast
nitrogen base without amino acids was purchased from
Difco Laboratories, USA. The amino acids used were from
Dibco, USA. 17β-estradiol (17ßE2) and C18 reversed-phase
were purchased from Merck, Germany, and dimethylsulfoxide (DMSO) from Promochem, Germany. All chemicals used were of analytical grade.
Two spots in the Ya-Er Lake and three spots in the
Donghu Lake were selected as sampling points (Fig.1). At
each spot, we collected samples from the surface sediment
with a grab sampler and from the surface water with a tube.
The surface sediment samples were then centrifuged at
3,000 rpm for 25 min to separate the sediment from the
water. The sediments were cooled down to -20 °C before
freeze-drying. The surface water samples were filtered
under vacuum to obtain dissolved and scanning probe microscope (SPM) samples. Each sediment and the SPM
sample was dried, divided into two equal parts and extracted by heating for 24 h with 300 mL toluene or 300 mL
methanol, respectively. The extracts were concentrated by
rotary-evaporation and exposed to a gentle stream of nitrogen to remove the remaining solvents and finally dissolved
in DMSO: isopropanol (v/v=4:1). The surface and pore
water samples were extracted using a solid phase extraction
system (SPE) with C-18 as filling. The SPE cartridges were
first washed with 5 mL methanol for activation. Surface
and pore water samples were condensed by passing the
cartridges. Then the cartridges were eluted sequently with
methanol (20 mL), dichloromethane (20 mL) and toluene
(20 mL). The eluates were concentrated by removing the
remaining solvents under a gentle stream of nitrogen and
dissolved in DMSO:isopropanol (v/v=4:1). Finally, the

treated samples were diluted in different volumes of
DMSO. The solvents used for extraction were also condensed and tested by the recombinant yeast assay to control
them for estrogenic activities, which would disturb the
assays of the samples.
Recombinant yeast assay

The yeast strain used was Saccharomyces cerevisae
BJ3505 (a gift from Dr. You Li.) containing the human
estrogen receptor together with the appropriate steroid
responsive elements upstream of the β-galactosidase
reporter gene. The procedure for the yeast assay agreed to
the method of Kevin W. Gaido [1] with some modifications. The yeast cultures were incubated at 30 °C with
vigorous orbital shaking for about 24 hours at 300 rpm in
a selective medium containing yeast nitrogen base without amino acids (6.7 g/L), dextrose (20 g/L), leucine (60
mg/L), and histidine (20 mg/L) to reach the early-mid-log
phase growth. Thereafter, the cultures were diluted to an
OD600 nm value of 0.25 in selective medium and 50 µM
CuSO4 were added to induce receptor production. Then
the diluted yeast was mixed with either different concentrations of estradiol or environmental samples, and added
to a 96-well plate (100 µL/well). A sample with 0.5%
DMSO only served as control and the estradiol doseresponse curves for positive activity were performed in
every experiment. Each sample was assayed in four replicates. After 2 hours of incubation, 100µL/well assay buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1
mM MgSO4, 2 mg/ml ONPG, 0.1% sodium dodecylsulfate
(SDS), 50 mM β-mercaptoethanol, and 200 U/mL oxalyticase) was added and continuously incubated in the shaker
until the yellow colorimetric assay product appeared. Finally, the reaction was stopped with Na2CO3 (106 g/L) to
collect the adsorbance data at 420 nm with a microplate
reader. Then the activity of β-galactosidase was calculated
with the equation Y = OD420/(v•t•OD600) [14].
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Curve fitting

To get a mean value by comparing the relative activity of the samples in these assays, the dose-response data
were fitted by the following equation [15]:

Y=

A− D
⎛ X ⎞
1 + ⎜ ⎟
⎝ C ⎠

B

+ D.

(1)

where A is the baseline, B the relative slope of the
middle region, C the half-effective concentration (EC50),
and D the plateau of the curve (the maximal response).
RESULTS AND DISCUSSION
Sensitivity and reproducibility of the recombinant
yeast assay were assessed by measuring the estrogenic
activity of estradiol in every experiment. The experiments
were carried out 26 times and the averaged EC50 of estradiol is about 192 ng/L. Figure 2 shows the dose-response
curve of estradiol.

β-Galactosidase
activity (u)
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FIGURE 2
Standard curve induced by 17β-estrodial.
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The estrogenic activities of four kinds of samples
from the Ya-Er Lake and the Donghu Lake were measured by in vitro recombinant yeast assay. The EC50s of all
samples are listed in Table 1.
In the Ya-Er Lake, the samples were collected from
two spots. Spot 1 was located at the previous sewage
entrance (now being cut off from the lake) and spot 2 was
set up within the lake. Estrogenic activities were found in
all solvent extracts of the pore water samples, in the
methanol extracts of the surface water samples and in the
toluene extract of one SPM sample. Especially for the
pore water samples, the EC50s of all extracts are about two
times higher than their environmental concentration,
which is close to the conditions in the real environment.
For the water samples, the real estrogenic activities
can be calculated according to the dose-response curve by
fixing the condensation factor as “1”. Estrogenic activity
only existed in the methanol extract of the surface water
samples containing just a few non-polar substances and
the real estrogenic activities at the two spots were similar,
0.015 and 0.014, respectively. The real estrogenic activities of the pore water samples from the Ya-Er Lake are
shown in Fig. 3a. The pore water sample at spot 2 showed
much stronger estrogenic activity than that collected at
spot 1. The results show further that different estrogenic
activities were found in different solvent extracts of the
water samples. The lowest activity was found in the toluene extract and the highest one in the methanol extract.
Although the EC50 value of the toluene extract is lower
than that of other solvent extracts (Fig. 3b), which indicates higher estrogenic activities, it is obvious that the
activity of the toluene extract is the lowest one when
compared to their real estrogenic activities at the environmental concentration (Fig. 3a) and also to any other
concentration in the dose-response curves (Fig. 4). In this
case, it is not appropriate that the EC50 value is the only
standard in assessing the estrogenic activity. Therefore,
we suggest to use the real estrogenic activity and the
dose-response curves to assess estrogenic effects of different samples from a more comprehensive point of view.

TABLE 1
Estrogenic activities of samples from Ya-Er Lake and Donghu Lake.
Sample
EC50*
Sample
Number
TP
DP
MP
Number
Y-PWI
2.0
2.6
2.5
Y-SDI
Y-PWII
1.9
2.3
2.0
Y-SDII
Y-SWI
n.d.
n.d.
21.1
Y-SPMI
Y-SWII
n.d.
n.d.
20.2
Y-SPMII
E-PWI
1.5
n.d.
0.2
E-SDI
E-PWII
n.d.
n.d.
2.2
E-SDII
E-PWIII
n.d.
n.d.
n.d.
E-SDIII
E-SWI
4.9
n.d.
5.1
E-SPMI
E-SWII
7.61
n.d.
7.7
E-SPMII
E-SWIII
4.9
n.d.
16.0
E-SPMIII
Y-: samples from Ya-Er Lake; E-: samples from Donghu Lake; n.d.: not detected
PW: pore water; SW: surface water; SD: sediment; SPM: suspended particulate matter;
TP: toluene extract; MP: methanol extract; DP: dichloromethane extract
* The unit of liquid sample is the condensation factor, the unit of solid sample is g/L

1260

EC50*
TP
n.d.
n.d.
5.8E-03
n.d.
1.2
n.d.
2.4
1.9E-04
4.0E-04
9.5E-04

MP
n.d.
n.d.
n.d.
n.d.
n.d.
0.8
n.d.
n.d.
n.d.
n.d.

Real Estrogen Activity
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FIGURE 3 - Comparison of the estrogenic
activities of pore water samples from Ya-Er Lake.

FIGURE 4
Dose-response curves of pore water samples from Ya-Er Lake.

For all SPM samples examined, an estrogenic activity
was only found in the toluene extract. The polar pollutants
are quickly dissolved in water, while the non-polar compounds will be absorbed by the SPM. Thus, the only active part is the toluene extract. As SPM are particles containing only a few soluble substances, they are not so
harmful to aquatic animals within a short period of time.
But they show a high potency of estrogenic activity, because of their precipitation to the bottom and long existence in the lake.

strong ones in the methanol extracts of the pore water at
spot 1. The EC50 value was 0.2 when expressed as the
condensation factor, which is much lower than 1, the
actual concentration in the lake. The real estrogenic activity is 0.59, which is equal to an activity introduced by
87.2 ng/L E2.

In the Donghu Lake, we sampled at three spots as
shown in Fig. 1. Estrogenic activity was found more
widely in this lake. No estrogenic activities were found in
the dichloromethane extracts of all samples, but very

All dose-response curves are shown in Fig. 5 to illustrate the estrogenic activity of the different solutions at
different spots. For the pore water samples from spot 1
estrogenic activities were found in both the toluene and
methanol extracts, whereas for spot 2 estrogenic activity
was only found in the methanol extract. No estrogenic
activity was found at spot 3 and the strongest one in the
methanol extract of spot 1 (Fig. 5a). In the methanol ex-
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tracts of the surface water the strongest estrogenic effects
were detected for spot 1, followed by spots 2 and 3 (Fig.
5b). The toluene extracts evidenced the strongest estrogenic activity in samples from spot 1, the weakest from
spot 2 and no effect in those from spot 3 (Fig. 5c). For the
sediment samples, it is clear that the estrogenic activity at
spot 1 is stronger than those of spots 2 and 3 (Fig. 5d).

This finding that the estrogenic activity of toluene extracts
from surface water and sediment at spot 3 is higher than
that of spot 2, indicates the presence of pollution-causing
chemicals with low polarity near spot 3. Finally, only in
the toluene extracts of SPM samples an estrogenic activity
was found, with decreasing activity from spot 1 to spot 3
(Fig. 5e).
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It can be concluded that the strongest estrogenic activity existed at spot 1 and non-polarity pollution near
spot 3. Therefore, the domestic wastewater is the major
source of the estrogenic activity in the Donghu Lake accompanied by other minor ones.
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DETOXIFICATION OF MICROCYSTIN-LR USING FENTON REAGENT
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SUMMARY
The Fenton reagent was applied to decompose microcystin-LR. The reaction was studied using chromatographic
and mass spectrometric techniques. Several suggestions
concerning the mechanism could be retrieved from the
results. The complete disappearance of toxicity was already
observed after 30 min of reaction and the reaction products
were found to be non-toxic at high concentrations, as assessed by protein phosphatase inhibition assay. The results
suggest that the Fenton oxidation may be a suitable method
for the removal of microcystins from drinking water.

KEYWORDS: cyanobacterial toxins, decomposition, water treatment, HPLC-PDA, ESIMS.

INTRODUCTION
Many cyanobacterial strains forming waterblooms in
eutrophic waters produce a wide range of toxic low molecular weight secondary metabolites. The most frequently
occurring are the hepatotoxic cyclic heptapeptides - microcystins which are a family of over 75 known congeners
with microcystin-LR (Mcyst-LR) as the most common
representative. Its chemical structure is commonly known
[1]. Microcystins have been recognised to cause fatal poisonings of animals and health problems of humans. Repeatedly consumed in trace amounts they may contribute to
the development of cancer due to inhibition of protein
phosphatases 1 and 2A [2]. There are epidemiological
results indicating high rates of primary liver cancer due to
long-term exposure to trace amounts of microcystins in
water [3]. These toxins are chemically stable both in basic
and acidic environments and cannot be decomposed by
boiling, even for many hours [4]. Their biodegradation is
slow [5]. There is still not enough awareness, even among
experts, about more and more frequent cyanobacterial waterblooms growing in reservoirs of water repeatedly used for
drinking, processing or crop irrigation, in recreational lakes
and ponds, etc. Recently, the World Health Organisation
derived a provisional guideline value as 1 µg/L for maximum acceptable level of microcystin equivalents in drinking

water. This provides new challenge for laboratories dealing
with water quality analysis because continuous monitoring
of waters for these toxins becomes indispensable [6].
Another problem is the essential need for reliable water treatment methods. Conventional methods turn out to
be insufficient, so advanced treatments must be applied.
Chlorination of microcystin-contaminated waters requires
high doses of chlorine and a long contact time which may
lead to the formation of harmful by-products, like trihalomethanes. Ozonation appears to be a relatively effective
method but the production of ozone is expensive, so there
is a need for cheaper methods. There are several promising degradation methods devised and under test, like the
semiconductor photocatalysis using TiO2 suspensions [7].
The Fenton oxidation using hydrogen peroxide catalysed
by iron ions can be considered as one of these methods.
This oxidation process has been effectively used to treat
water contaminated with various organic compounds,
including nitro- [8] and chloro-aromatic pollutants [9], to
neutralize formaldehyde waste solutions [10], etc. The
decomposition of Mcyst-LR using Fenton reagent was
observed with very low initial concentrations of H2O2 and
iron ions in the reaction mixture. The initial concentration
of the toxin used exceeded by several orders of magnitude
those occurring naturally in lakes and drinking water.
Even so, the decomposition of the toxin was complete
after less than half an hour [11]. In this paper, the chromatographic and mass spectrometric analysis is undertaken
to investigate the mechanism and the products of the
reaction. The toxicity of the reaction mixture and the
products is assessed by the protein phosphatase 2A inhibition assay.

MATERIALS AND METHODS
Mcyst-LR purification

Microcystis aeruginosa PCC 7813 (Institut Pasteur)
was cultivated under controlled laboratory conditions and
toxins were extracted from the harvested and lyophilised
cells with 100% methanol. The extract and the medium
were filtered through 110 mm GF/C discs (Whatman) and
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enriched by the solid phase extraction (SPE) procedure as
previously described [11]. The eluate from this procedure
was evaporated to dryness at room temperature under
reduced pressure and dissolved in water with several
drops of methanol to improve solubility.
In the ion exchange step the QAE-Sephadex A-25
ion-exchange resin (Pharmacia) was used and the column
dimensions were 15 x 1 cm i.d. The resin was activated
with 1 M ammonium hydrogencarbonate until the complete replacement of chloride counterions, which was
monitored by the reaction with silver nitrate under acidic
conditions (carbonates were always previously removed
from the sampling solution by boiling to prevent precipitation of hardly soluble silver carbonate). The column was
equilibrated with methanol:0.1 M ammonium hydrogencarbonate (30:70, v/v). The further procedure was conducted according to the method described by Cremer et al.
[12] and Cremer and Henning [13]. After elution from the
column, the fraction with the characteristic microcystin
UV spectrum was evaporated to dryness at room temperature under reduced pressure, dissolved in methanol:water
(30:70, v/v) and filtered through a Millex 0.45 µm PVDFD membrane filter (Millipore).
The toxic fraction from the ion exchange step contained two main peaks eluting very closely. These peaks
were identified by Cremer and Henning [13] using amino
acid analysis, the first as Mcyst-LR without the methyl
group on methyl-aspartic acid - (D-Asp3)Mcyst-LR (20%
in our separations) and the second as Mcyst-LR (78%),
the subject of this study. The sufficient separation of these
compounds was accomplished by semipreparative HPLC
using a Waters HPLC system consisting of a 600E multisolvent-delivery system, a 717plus autosampler, a 996
photodiode array detector (PDA), Millenium32 SS software and a Jetstream 2 plus column thermostat. A modified method of Cremer et al. [12] was used: A - H2O and
B - acetonitrile, both containing 0.2 % pentafluoropropionic acid, gradient start - 34 % B, 45 min - 38.5 % B,
flow rate 1 mL/min, a Prep Nova-Pak HR C18 column (8 x
100 mm, 6 µm) (Waters), column temperature – 5 0C,
sample injection volume - 0.4 mL, detection 200-300 nm,
and resolution 1.2 nm. The Mcyst-LR fraction was collected manually by repeated separations, desalted on a
Zorbax SB-C18 column (9.4 x 250 mm, 5 µm) (Agilent)
using 100% methanol for elution, evaporated to dryness at
room temperature under reduced pressure and dissolved
in HPLC grade water. We were able to collect approximately 1.3 mg of 98 % pure Mcyst-LR (Fig. 1, solid line,
retention time 20.9 min) in every ten semipreparative
HPLC runs. The main impurity (retention time 25.5 min)
had a very similar UV spectrum (match angle 0.824). We
tried to be as careful as possible collecting the Mcyst-LR
fraction, but we were not able to remove this impurity.
The appearance of such a peak has already been noticed by Lawton and Edwards [14] and explained by
some decomposition of the toxin during desalting or
evaporation.

Mcyst-LR quantification

The determinations were carried out using the above
described HPLC system. The method of Lawton et al. [15]
was applied with the following modifications: 0 min - 30 %
B, 10 min - 35 % B, 30 min - 60 % B, 45 min - 30 % B, a
Nova-Pak C18 column (4.6 x 250 mm, 4 µm) (Waters),
sample injection volume 20 µL, and column and sample
temperature were held at 23 oC. A multilevel calibration
curve was obtained using commercial Mcyst-LR (Sigma).
The chromatographic purity was evaluated as the percentage of the toxin peak area in the total area of all the peaks
on the 238 nm chromatogram extracted from the PDA data.
Fenton reaction

For the analyses of the reaction mixtures by protein
phosphatase inhibition assay and mass spectrometry, 40
µL of 0.035 mM purified Mcyst-LR, 20 µL of 8 mM
FeCl2 • 4H2O and 20 µL of 80 mM H2O2 were mixed.
The reaction mixtures were kept in the dark at room temperature and shaken from time to time. The reactions were
rapidly terminated by the addition of 160 µL methanol,
after 15 min, 30 min, 2, 5 and 24 hours, respectively.
Such an addition of methanol is the method tested by
many other authors, for instance by Li et al. [8]. The remaining hydrogen peroxide was decomposed by heating
at 40 oC for 40 min. The heating did not cause any changes to the reaction products, as proved by visual inspection
of the reaction mixture chromatograms before and after
heating. To remove methanol interfering in the assay, the
reaction mixtures were evaporated to several µL of oily
residue at room temperature under reduced pressure and
dissolved in water to a volume of 280 µL.
For the isolation of the reaction products, 500 µL of
0.7 mM purified Mcyst-LR, 250 µL of 8 mM FeCl2 • 4H2O
and 250 µL of 80 mM H2O2 were mixed. The reaction was
quenched after 2 hours by the addition of 1 mL methanol.
The isolation of the reaction products was carried out using
the above described HPLC system. The following chromatographic method was applied: A - H2O and B - acetonitrile,
both containing 0.05 % trifluoroacetic acid, isocratically 10 %
B for the first 7 min, change to 37 % B, linear gradient to
42 % B at 17 min, change to 100 % B, flow rate 1 mL/min.
The column was a Nova-Pak C18 (4.6 x 250 mm, 4 µm)
(Waters), the column and sample temperature were held at
23 0C, sample injection volume 140 µL, and the absorption
spectra in the range 200-300 nm were gathered every second
with the resolution 1.2 nm. The products were collected
manually by repeated separations. For the protein phosphatase inhibition assay and the mass spectrometric analysis, the
products were evaporated to several µL of oily residue at
room temperature under reduced pressure and dissolved in
water to the volume corresponding to 0.75 mM Mcyst-LR.
Mass spectrometry

The electrospray ionisation mass spectra of the purified Mcyst-LR, the reaction mixtures and the products
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were recorded using an Esquire 3000 (Bruker) mass spectrometer. The heated capillary temperature was around
230 oC. The nitrogen pressure was fixed at 4.5 atm. The
potential difference between capillaries was about 4.5 kV.
Before injection, the sample was diluted (3:1) with the
mixture of methanol:water (30:70, v/v) containing 0.1 %
formic acid. The flow rate was adjusted to 3 µL/min. The
duration of the analysis was 1 min.
Toxicity assessment

The toxicity of the reaction mixtures and the products
was determined by the protein phosphatase inhibition
assay using the colourimetric method of Rivasseau et al.
[16] in which the protein phosphatase 2A (Sigma) activity
against p-nitrophenyl phosphate was determined by the
quantification of p-nitrophenol. The purified Mcyst-LR
was used as a standard. The phosphatase activity was
inhibited proportionally to Mcyst-LR concentration and
the inhibition rate was directly related to the absorbance
at 405 nm measured by a plate reader Stat Fax 2100
(Awareness Technology).
RESULTS AND DISCUSSION
The parent toxin peak was undetectable by HPLC already after the first 15 min of reaction under our conditions
(the initial concentrations of the reagents were 20 mM
H2O2 and 2 mM Fe2+). Instead, two peaks (2.7 and 3.1 min)
very close to the solvent peak (2.4 min) could be seen in
the chromatogram of the reaction mixture (Fig. 1, dashed
line). The application of a more refined chromatographic

method described in ‘Materials and Methods’ allowed to
resolve these products which eluted at 3.5 and 14.6 min
(Fig. 2). Their apex spectra recorded with the PDA detector (insets in Fig. 2) were different from the spectrum of the
parent toxin (inset in Fig. 1) but very similar to each other
(match angle 1.542). The dominating peak at 995.5 m/z
could be seen in the mass spectrum of the product denoted
as ‘I’ (Fig. 3a). In the spectrum of the reaction product
denoted as ‘II’, the main peak at 755.4 m/z was recorded
(Fig. 3b). The signals of the products I and II were still
pronounced in the mass spectra of the reaction mixtures
quenched after 15 min, 30 min, 2 and 5 hours; but in the
case of the reaction mixture quenched after 24 hours, the
peak at 193.3 m/z became dominating (Fig. 3c). Unfortunately, the search of the 2002 NIST database failed to find
reasonable structures.
Several indications concerning the decomposition
mechanism can be retrieved from the above results. The
characteristic peak at 135.4 m/z could be seen in the mass
spectra of the products, indicating the presence of the
characteristic Adda (3-amino-9-methoxy-2,6,8-trimethyl10-phenyldeca-4(E),6(E)-dienoic acid) side chain. McystLR hydroxylated at the conjugated diene of the Adda
moiety with a spectrum very similar (a very good fit was
obtained) to the spectra of the products was recorded by
Tsuji et al. [17] as the Mcyst-LR decomposition product.
Thus, the addition of two hydroxyl groups to one of the
conjugated bonds of the Adda side chain may be tentatively proposed as the first oxidation step. This should be
accompanied by the abstraction of two oxygen and two
hydrogen atoms (or two hydroxyl groups) in another
position because there is no change in mass between

FIGURE 1 - HPLC chromatograms of: the purified Mcyst-LR (solid line); the reaction mixture quenched after
2 hours (dashed line); eluted with the method for Mcyst-LR quantification. Inset: PDA apex spectrum of the purified Mcyst-LR.
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FIGURE 2 - HPLC chromatogram of the reaction mixture quenched after 2 hours eluted
with the method for the reaction products’ isolation. Insets: PDA apex spectra of the products.

FIGURE 3
Mass spectra of product I (a), product II (b), reaction mixture quenched after 24 hours (c).

product I and Mcyst-LR. The PDA apex spectra of the
products were very similar, so it can be assumed that both
compounds possess the same chromophore. Thus, the
structural differences between them are expected to be
placed in the macrocyclic microcystin ring which is substantially modified in the case of product II. Eventually,
the prolonged oxidation may lead to further decomposition (Fig. 3c). The prolonged treatment with hydrogen
peroxide and iron ions may give rise to substantial mineralization. A similar decomposition mechanism for ferrate
oxidation of Mcyst-LR has been recently proposed by
Yuan et al. [18]. However, there is a need for further

elucidation of the detailed structures of the reaction products by other techniques.
In our protein phosphatase inhibition experiments the
toxicity data corresponded well to the HPLC results (Table 1). The IC50 value for the purified toxin is in accordance with the results of others [19]. The value for the
reaction mixture quenched after 15 min corresponds to the
very fast decomposition of the parent toxin. We found
that all other reaction mixtures and product II did not
cause any protein phosphatase 2A inhibition. Only the
product I inhibited protein phosphatase 2A at high con-
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centrations. This is in accordance with the toxicity data of
Tsuji et al. [17] for this compound, which may be another
indirect confirmation of its structure. The above findings
indicate that the incubation of the toxin with 20 mM H2O2
and 2 mM Fe2+ for 30 min does eliminate the toxicity and
drinking water treated in this way will be safe to use because the tumor-promoting potential resulting from the
protein phosphatase inhibition has been removed.

[6]

Codd, G. A.; Ward, C. J.; Beattie, K. A.; Bell, S. G. In The
Phototrophic Prokaryotes; Peschek, G. A.; Löffelhardt, W.;
Schmetterer, G., Eds; Kluwer Academic/Plenum Publishers:
New York, 1999; pp 623-632.

[7]

Lawton, L. A.; Robertson, P. K. J. Chem. Soc. Rev. 1999, 28,
217-224.

[8]

Li, Z. M.; Comfort, S. D.; Shea, P. J. J. Environ. Qual. 1997,
26, 480-487.

TABLE 1 - Toxicity data for the
studied reaction mixtures and products.

[9]

Barbeni, M.; Minero, C.; Pelizzetti, E. Chemosphere 1987,
16, 2225-2237.

purified Mcyst-LR
reaction mixture quenched after 15 min
other reaction mixtures
product I
product II

IC50 (µM)
0.0002
150
650
-

[10] Murphy, A. P.; Boegli, W. J.; Price, K.; Moody, C. D. Environ. Sci. Technol. 1989, 23, 166-169.
[11] Gajdek, P.; Lechowski, Z.; Bochnia, T.; Kępczyński, M. Toxicon 2001, 39, 1575-1578.

Concluding, the Fenton oxidation may be assumed as
a suitable method for the removal of microcystins from
drinking water. Further studies should be carried out to
optimise the method both on laboratory scale and under
environmental conditions. The method seems to be readily applicable in water treatment procedures, for instance
by simple addition of hydrogen peroxide during the coagulation step. In addition, being relatively inexpensive, it
could find application especially in smaller water treatment plants which cannot afford ozonation.

[13] Cremer, J.; Henning, K. J. Chromatogr. 1991, 587, 71-80.
[14] Lawton, L. A.; Edwards, C. J. Chromatogr. A 2001, 912,
191-209.
[15] Lawton, L. A.; Edwards, C.; Codd, G. A. Analyst 1994, 119,
1525-1530.
[16] Rivasseau, C.; Racaud, P.; Deguin, A.; Hennion, M.-C. Anal.
Chim. Acta 1999, 394, 243-257.
[17] Tsuji, K.; Watanuki, T.; Kondo, F.; Watanabe, M. F.; Nakazawa, H.; Suzuki, M.; Uchida, H.; Harada, K.-I. Toxicon
1997, 35, 1033-1041.
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SUMMARY

INTRODUCTION

A 27Al-NMR method for aluminium speciation and
quantification has been developed using standard solutions
of aluminium complexes and has then been applied to
lysimeter solutions of soils from two different forest ecosystems, a mature spruce and a mature beech stand. The
data was compared to total aluminium concentrations obtained by ICP-AES and other soil data. Due to technical
problems the direct spectroscopic analysis of aluminium
complexes of humic and fulvic acids was not possible.
Indirect determination of humic and fulvic aluminium
species could be achieved by the comparison of total aluminium content determined by ICP-AES with the total
amount of aluminium calculated by adding the concentrations of all complexes recorded in the 27Al-NMR spectrum.
Relevant low molecular complexes, such as the phytotoxic
hexaaqua complex and its hydrolysis products, the equally
toxic tridecameric form [AlO4Al12(OH)24(H2O)12]7+, and
the nontoxic sulfate and oxalate complexes could be
quantified with a very high selectivity and a sensitivity
sufficient for most of the samples. The main advantage of
this new method is the lack of any step which may influence the complex equilibrium in the original soil solution.
It was found that samples from strongly acidified soils of
the spruce stand contained significant amounts of the
toxic monomeric aluminium fraction, expecting a serious
damage to the root system. On the other hand, the nearly
exclusive binding of aluminium to oxalate, humic and
fulvic acid in the highly buffered soil from the beech
stand indicated a low phytotoxic potential of the aluminium present in this soil.

KEYWORDS:
27
Al-NMR, aluminium speciation, aluminium toxicity.

Metal ions and their complexes play an important role
in the soil’s system as nutrients and toxicants. But the
study of the function or impact of some of them is still
difficult due to extreme differences in bioavailability and
effects between various metal species. To evaluate the
impact of metals or specific effects, such as growth stimulation or impairment, a method is required for identification and quantification of single metal species instead of
determining the total content of elements. The development of methods for ion speciation has fairly advanced
and many metal species can be detected very selectively
and sensitively by ion chromatography combined with
different detection methods, such as fluorescence spectroscopy, inductively coupled plasma atomic emission
spectroscopy (ICP-AES), inductively coupled plasma
mass spectrometry (ICP-MS), or graphite furnace atomic
absorption spectrometry (GF-AAS). Nevertheless, the
main disadvantage of these methods is their dependence
on a sample preparation or ion separation method that
influences the equilibrium between the complexes with
the consequence that the measured concentrations or even
the presence or absence of special complexes may represent an artefact. The ability of separation, identification
and quantification of species as much as possible is still
not sufficient and such a method should also be noninvasive.
Aluminium is one of the elements in soil systems,
which are toxic to plants in their bioavailable form. The
stability of these forms in soil solutions depends on the
soil’s pH value. Whether free or bound aluminium has the
highest phytotoxic potential, or which ligands decrease or
increase the effects, is still discussed controversially.
While some investigators considered the labile monomeric Al fraction as the most toxic one [1, 2], others assigned
equal or even higher phytotoxicity to the polymeric species,
especially
to
the
tridecameric
form
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[AlO4Al12(OH)24(H2O)12]7+ [3-8]. Aluminium bound in
humic, fulvic, or even in some low-molecular organic
complexes seems to be non-toxic [10-14]. Aluminium is
discussed as being one of those agents contributing to the
serious decline in forest ecosystems of Central Europe
[15], probably by direct phytotoxicity as well as by affecting the structure and recycling of humic substances [16].
Because aluminium in bioavailable forms can only be
observed at low pH values, aluminium-induced damage
may be one possible result of long-term soil acidification.
For the evaluation of possible effects of aluminium in
soils, the exact amounts of relevant species should be
known, but the actual amounts of different species in soil,
without significant shifts in species’ balance as a result of
the addition of reagents, can only be determined by noninvasive spectroscopic methods, such as nuclear magnetic
resonance. For Al this method is favoured, because of the
magnetically active and highly receptive isotope 27Al,
with a natural abundance of 100%. The chemical shift
depends strongly on factors such as ligand type and symmetry and provides additional information about the coordinated environment of the Al-cation. Octahedral Al species are characterized by resonances in the range of -46 to
+40 ppm, while tetrahedral coordinated Al compounds are
shifted down-field to the range of +40 to +140 ppm [17].
The degree of symmetry is reflected by the linewidth of
the resonance, because of the quadrupol moment of the Al
nucleus (Q = 0.149 ⋅ 10–24 cm2), which interacts with the
surrounding field gradient. Consequently, highly symmetric octahedral or tetrahedral complexes give extremely
narrow resonance lines.
Until now, the NMR technique has mostly been used
to study the hydrolysis of Al3+ or its interaction with potential ligands, an objective requiring high concentrations
for quantitative analysis. Nevertheless, some studies of Al
species regarding differentiation and contents in leaf extracts of Camellia sinensis [18-21], or of soil solutions [7,
22] have shown that this method may also be suitable as a
highly selective and sensitive analytical method. Therefore, the feasibility of 27Al NMR spectroscopy to Al speciation and quantification in natural soil solutions has
been studied using standard and natural soil solutions
with respect to specific detection limits and interferences.
Soil solutions have been obtained from two different
forest areas, one of which to be known for its significant
soil acidification. This forest complex has been studied
over a 20-year period (1966-1986) within the scope of an
international project comparing productivity, management
and protection of typical European ecosystems (the „Sollingprojekt“, a pilot project of the international biological
program IBP).
The main objective of this project was to evaluate the
relationship between the impact of soil acidification due
to acid rain and the forest damaging, especially related to

spruce forests. While the biological and ecological data
have already been published in the past [23], other researches, such as the study of soil chemistry and metabolic balance, have been continued [24, 25]. In this context,
the other objective of this study was to identify and quantify phytotoxic Al species in two different, wellcharacterized areas under long-term observation.

MATERIALS AND METHODS
Chemicals and standards

All chemicals used in this study were of pro analysi
grade and used without further purification. Deionized
water was obtained from a Milli-Q-System (Millipore,
Eschborn, Germany). To determine 27Al NMR parameters
of several complexes, synthetic solutions were prepared
by mixing a 3.7 10–2 mol l–1 Al3+ standard and the respective ligand solution (concentration of 3.7 10–1 mol l–1).
These stock solutions were purchased like the standard
solution of aluminium - Al(NO3)3 9H2O in 0.5 M HNO3,
1000 mg l–1 Al3+, Merck -, or prepared by dilution of
oxalic acid dihydrate, citric acid, L-tartaric acid, malonic
acid disodium salt, NaF and Na2SO4.
Synthetic complexes were always prepared in the
same manner to avoid the formation of meta-stable complexes. The ligand solution was added to the Al3+standard to achieve a temporary excess of Al during the
mixing process and the pH value was kept below 1. Afterwards, the pH was adjusted to different values between
3 and 13 with NaOH (4 M, 1 M or 0.1 M). At pH 6.67,
the Al precipitated as Al(OH)3. In solutions of Al complexes with low molecular organic acids (oxalic acid,
malonic acid, citric acid, and tartaric acid), the pH was
adjusted to values between 3 and 6.
Samples of soil solutions

Lysimeter samples were obtained from the test areas
in two different forest ecosystems, a mature spruce stand,
about 55 km NW of Göttingen (Solling, Niedersachsen,
Germany), and a mature beech stand about 30 km NW of
Kassel (Stadtwald Zierenberg Habichtswald, Hessen,
Germany). A part of the spruce stand has formerly been
divided into several test areas, in which water and substance balance have been manipulated by installation of
roofs to counter acidification by rain and to simulate preindustrial conditions by various patterns of artificial watering [23, 26]. The soil characteristics are summarized in
Table 1. One sample from Zierenberg was obtained from
a soil, mixed humus cover (OF/OH) and surface soil (AH),
which had been dried in portions at 60 °C for 48 h, sieved
and extracted with purified water for 24 h. The extracts
were filtered, concentrated to ca. 1/10 of the previous
volume, then frozen and stored at –18 °C. After thawing,
the extracts were combined, lyophilized and stored at 4 °C
in polyethylene containers above xerogel. For analysis,
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TABLE 1
Characterization of the forest soil systems.

Habitat

Altitude (m
above sea level)

Stadtwald Zierenberg
Reference area
Area I
Area II
for I
(gap harvest(gap harvest(no gap haring in 1995)
ing in 1990)
vesting)
560-580

Climate
Exposition
Dominant tree
species
Medium age of
the stand

560-580

520-560

east

Fagus sylvatica L.
160

Rock type

160

Area II
(fertilized)

Reference area

505

510

510

Picea abies Karst. (pure spruce stand)
160

116

65

65

pleistocene (detritic) layer from loess and triassic sandstone weathering

basaltic bedrock

Water balance
pH

deeply weathered, stony brown forest soil
(Braunerde) over basaltic weathering, pleistocene slope sediment with loess
fairly humic
moderately humic
> 5.3

Ions

high buffer capacity

humus form

relatively thin mor layer („mullartiger Moder“)
with surface mineral horizon rich in humic
matter (Ah), Ah and Bv horizon strongly mixed

Soil type

Area I
(different test
conditions*)

humic temperate suboceanic climate, mean annual precipitation 1088 mm, mean annual temperature 6.4 °C
west-south to west

slightly sub-atlantic
north-east to south east

Hoher Solling

moderately podsolic brown forest soil („BraunerdeParabraunerde)
slightly water-logged
< 4.2 (in CaCl2)
high ratio of protons and iron in 0-10 cm depth, low ratio
of basic cations (Na+, K+, Ca2+, Mg2+) in exchange capacity (Akc), indicating Al minerals as controlling the buffer
system, the upper horizons of mineral soil being even in
the range of Fe/Al buffering
mor layer („Moder“) rich in fine humus

*See Table 2

the solutions of this freeze-dried soil extract were adjusted
to different pH values with HNO3. Additionally, one
solution was prepared by directly dissolving the lyophilisate in concentrated HNO3 to destroy all stable complexes.
For all 27Al-NMR spectroscopic investigations, 200 mg of
the freeze-dried extract was dissolved in 100 ml deionized
and CO2-free water. For two series of measurements, the
aluminium content was increased to the 1.5-fold quantity
of the fourfold amount of the original solution by adding
a respective volume of the aluminium nitrate standard. All
other soil solutions were obtained by lysimeters. Because
of the small sample volumes, especially from the Solling
areas, not all of the samples could be subjected to all
analytical procedures. Total ion concentrations and other
soil parameters are listed in Table 2.
Liquid-state NMR spectroscopy

Liquid-state 27Al NMR spectra were obtained on a Varian Unity Inova 500 spectrometer, operating at 130.3 MHz
and 27°C by using a 5 mm multinuclear probe. For standard conditions, the following parameters were used: 90°
pulse of 8.5 µsec; repetition time 700 ms; 75,000 scans;
line broadening of 3-30 Hz; 27 °C sample temperature;

spectral range 120 - -40 ppm (transmitted at 40 ppm).
With samples of very low concentration, signal-to-noise
enhanced measurements were carried out (repetition time:
200 ms; scan number between 0.7 and 1.2 ⋅ 106).
The first experiments revealed a broad resonance
(δ: 59 ppm; w1/2: 4000 Hz) caused by the Al of the probe
itself. In order to get a flat baseline and to avoid serious
phase errors caused by a pre-acquisition delay, the first
13 points of the FID were recalculated with linear prediction [27]. As a result, only signals with a linewidth of <
2000 Hz appeared in the spectra and resonances with a
linewidth > 1000 Hz were probably not detected quantitatively. Al complexes with a low degree of symmetry
provided broad resonances and were below the detection
limit of the method, which excluded the detection of the
signals of humic and fulvic Al complexes. Quantitative
measurements were performed using a two compartment
cell, where the inserted capillary (WGS-5BL, manufactured by Wilmad) contained a solution of NaAl(OH)4 pH 12, Al concentration 10 mg l–1, D2O content 40% (v/v)
- as an external reference. The outer NMR sample tube
(PP507, Wilmad) was filled with the sample for quantita-
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TABLE 2
Characterization of the soil solutions: The data for the samples from the Solling areas was communicated
together with the samples; the lyophilisate and the lysimeter samples from Zierenberg were counter-analyzed [28].
No.

Sample1

Soil
depth
(cm)

pH of
the
solution

DOC
(mg/l)

Altotal2
(mg/l)

cations3
(mg/l)

anions4
(mg/l)

1

Zierenberg,
area I

10

5.61

38.09

1.42

Fe: 0.44; Zn: 0.1;
Mn: 0.04; Ca: 8.09;
Mg: 6.13; K: 0.1; Na: 1.97

F–: n.d.; Cl–: 0.35;
NO3–: 1.34; PO43–: 1.34;
SO42–: 23.03

2

Zierenberg,
reference
area

10

5.35

20.97

1.63

Fe: 0.2; Zn: 0.42;
Mn: 0.39; Ca: 19.47;
Mg: 14.0; K: 6.51; Na: 5.5

F–: n.d.; Cl–: 2.58;
NO3–: 102.91; PO43–: n.d.;
SO42–: 18.63

3

Zierenberg,
reference
area

30

6.23

8.36

0.15

Fe: 0.01; Zn: 0.01;
Mn: 0.01; Ca: 15.48;
Mg: 10.9; K: 0.28; Na: 6.07

F–: n.d.; Cl–: 6.61;
NO3–: 64.49; PO43–: n.d.;
SO42–: 21.21

4

Zierenberg,
area II,
lyophilisate

5

Solling,
area I

6

Solling,
area I
(2 samples)

7

Solling,
area I

–

10

20

5.41

3.91

4.00
4.11

67.90

22.94

10.75
10.36

1.67

Fe: 0.55; Zn: 0.12;
Mn: 0.55; Ca: 3.93;
Mg: 1.65; K: 3.27 Na: 2.39

F–: 1.4.; Cl–: 1.35;
NO3–: 2.55; PO43–: 0.63;
SO42–: 5.51

2.30

Fe: 0.61; Mn: 0.19; Ca: 0.37;
Mg: 0.31; K: n.d. Na: 1.76

F–: n.d.; Cl–: 4.55;
NO3–: 0.9; PO43–: 0,42;
SO42–: 10.51

2.97
2.21

Fe: 0.19/0.1; Mn: 0.61/0.39;
Ca: 1.13/0.74; Mg:
0.39/0.38; K: 0.61/0.20 Na:
1.84/2.05

F–: 0.32/0.3.;
Cl–: 3.52/2.38;
NO3–: 5.89/1.18;
PO43–: n.d. (both).;
SO42–: 14.31/14.11
F–: 0.29.; Cl–: 6.89;
NO3–: 9.97; PO43–: 0.39;
SO42–: 43.06

80

4.07

2.80

7.92

Fe: n.d.; Mn: 1.13; Ca: 1.17;
Mg: 0.72; K: 0.78 Na: 4.55

8

Solling,
area I
(4 samples)

100

4.16
4.17
4.22
4.21

2.83
2.51
2.51
2.42

9.16
8.07
9.25
9.47

Fe: n.d.;
Mn: 0.76/0.9/1.19/1.13;
Ca: 0.58/0.8/0.87/0.78;
Mg: 0.6/0.54/0.69/0.7;
K: 0.4/0.71/0.61/0.63;
Na: 4.93/4.33/3.89/4.47

F–: 0.42/0.3/0.3/0.33;
Cl–: 12.97/9.56/6.1/ 9.02;
NO3–: 19.58/ 17.18/20.39/15.97;
PO43–: n.d. (all);
SO42–: 32.61/32.45/38.23/ 42.23

9

Solling,
area II

100

4.32

2.84

5.26

Fe: n.d.; Mn: 1.75; Ca: 6.81;
Mg: 2.8; K: 0.38 Na: 4.5

F–: 0.3; Cl–: 9.39; NO3–: 17.6;
PO43–: n.d.; SO42–: 43.43

10

Solling,
area III

10

3.37

37.08

8.10

Fe: 1.09; Mn: 1.66; Ca: 5.52;
Mg: 2.37; K: 1.85 Na: 9.85

F–: n.d.; Cl–: 38.93; NO3–:
15.76; PO43–: n.d.; SO42–: 64.49

11

Solling,
area III

20

3.84

20.77

7.64

Fe: 0,14.; Mn: 3.15; Ca:
4.76; Mg: 1.51; K: 3.83 Na:
5.39

F–: n.d.; Cl–: 6.92; NO3–: 37.17;
PO43–: 0.87; SO42–: 41.7

12

Solling,
area III

40

4.36

7.84

10.95

Fe: n.d.; Mn: 1.4; Ca: 1.24;
Mg: 0.84; K: 0.6 Na: 7.79

F–: n.d.; Cl–: 14.21; NO3–:
28.72; PO43–: n.d.; SO42–: 44.49

13

Solling,
area III

70

4.29

5.34

8.54

Fe: 0.02; Mn: 0.72; Ca: 1.12;
Mg: 0.73; K: 0.85 Na: 6.08

F–: 0.26; Cl–: 19.0; NO3–: 21.45;
PO43–: n.d.; SO42–: 35.25

14

Solling,
area III

100

4.26

4.65

12.47

Fe: n.d.; Mn: 1.04; Ca: 0.99;
Mg: 0.93; K: 0.37 Na: 7.44

F–: 0.12; Cl–: 26.98; NO3–:
28.16; PO43–: n.d.; SO42–: 44.1

1

low-molecular
organic compounds5

benzoic acid,
oxalic acid,
succinic acid,
maleic acid,
fumaric acid,
hydroquinone,
4-hydroxybenzoic acid,
vanillic acid,
protocatechuic acid,
malonic acid

Zierenberg: area I: thinned out 1995; area II: thinned out 1990; reference area: no thinning; Solling: area I: mature spruce stand (116 years); area II:
spruce stand (ca. 65 years), fertilized; area III: spruce stand (ca. 65 years, reference)
2
Determined by ICP-AES
3
Simultaneously determined by ICP-AES; Zn was not determined in samples from Solling; Cu generally was below detection limit; n.d.: not detected
4
Determined by ion exchange chromatography
5
Determined by GC-MS and GC-FTIR after adjustment of pH to 1, extraction once with ethyl acetate and twice with ethyl ether, and derivatization
with BSTFA or MTBSTFA. The method could not be applied to the lysimeter solutions from the Solling because of the low sample volumes.
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tive measurement. In order to validate this technique
strongly acidic aluminium standard solutions (pH value
below 1) of a known concentration were measured. A
freshly prepared alkaline aluminate solution is a basic
requirement for the correct quantitative measurements
using the Concentric Sample Tube technique. Long-time
experiments revealed an ageing process, which can be
evaluated by taking the linewidth of the [Al(OH)4]–
resonance into account. Freshly prepared solutions showed
linewidths of 6-7 Hz. With increasing age of the reference,
a line broadening occurred providing [Al(OH)4]–-signals
with a linewidth up to 10 Hz. The 27Al-NMR spectrum of an
alkaline aluminate solution, previously aged for 2 months at
room temperature, was characterized by the appearance
of a second well-defined resonance with a chemical shift
of 73.5 ppm besides the signal for [Al(OH)4]– located at
80 ppm. To avoid lowering of the concentration of
[Al(OH)4]– by the formation of aluminosilicate complexes, a possible consequence of the dissolution of
silicon from glass in the presence of excess of alkali in
the standard, the aluminium solution in the inserted
capillary was replaced before each measurement and
stored at 4 °C between the measurements. Fluoro complexes were also analyzed by 19F-NMR with C6H5CF3
as an external standard relative to CCl3F (frequency:
470.5 MHz).
RESULTS AND DISCUSSION
NMR spectra of the standard solutions

Characteristical 27Al-NMR spectra are shown in
Figures 1 and 2. The 27Al-NMR data of aluminium complexes with organic acids and the inorganic ligands sulfate and fluoride obtained with standard solutions are
listed in Table 3. Figure 1 shows the spectra of an Al3+standard solution at different pH values, where signals
of some hydrolysis products of the aluminium ion were
detected. At pH 2.95 and pH 12.93, the spectra are characterized by the presence of only one resonance, which
can be assigned to [Al(H2O)6]3+ (0 ppm, 3.3 Hz) in the
acid range and to [Al(OH)4]– (80 ppm, 7.8 Hz) in the
alkaline range. No signal could be found in the spectrum
of the pH 6.67 sample, which confirms that the precipitation of Al(OH)3 observed during pH adjustment was
rather complete. In the weak acid range, at pH 4.08 and
5.31, more than one resonance resulted. The signal at
63.3 ppm (4.4 Hz at pH 4.08; 9.7 Hz at pH 5.31) in both
spectra can be assigned to tetrahedral Al in the polynuclear complex [AlO4Al12(OH)24(H2O)12]7+, and the second signal at 0.2 ppm (39 Hz) at pH 4.08 and 0.9 ppm
(450 Hz) at pH 5.31 belongs to the hexaaqua complex.
The line broadening and low-field shift at both pH
values compared to pH 2.95 is caused by the rather
quick ligand exchange reaction, yielding the mono and
the dihydroxo complex [29]. A third signal at 4.5 ppm
(450 Hz) at pH 4.08 can be identified as the dimeric
cation [Al2(µ-OH)2(H2O)8]4+ [30, 31].

FIGURE 1 - 27Al NMR spectra of an Al3+ standard (ca.
37 mM Al) at different pH values adjusted with NaOH.
(A) pH 2.95; (B) pH 4.08; (C) pH 5.31; (D) pH 12.93.

When using oxalic acid as a ligand, the resonances
generally are shifted down-field, while only one signal
(16.2 ppm, 140 Hz), that of [Al(C2O4)3]3–, is visible in
spectra of solutions with a ligand/Al ratio of 10:1 and
two to three signals depending on the pH range can be
seen in the spectra of equimolar solutions (Figure 2). The
co-existing species at pH 1.32 and 2.92 are the hexaaqua
(0.0 or 0.2 ppm), the monooxalato (6.4 or 6.5 ppm) and
the dioxalato complex (11.6 ppm). The percentage of
these three species at pH 1.32 is 21.2:67.0:11.8. The line
broadening and the very slight shift of the hexaaqua complex signal at pH 4.24 indicate again the presence of monomeric hydroxo species. At higher pH values, the polynuclear Al species as well as the hexaaqua complex are absent. At pH 5.12, the main signal at 11.8 ppm (250 Hz) is
[Al(C2O4)2(H2O)2]– and the second intensive at 16.2 ppm
represents the trioxalato complex, while the signal at
7.2 ppm (300 Hz) is either the monooxalato, a monooxalato-hydroxo, or a polynuclear oxalato-hydroxo complex.
The existence of the species [Al2(OH)2(C2O2)4]4– or
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[Al3(OH)3(C2O4)3] has been described elsewhere [32]. At
pH 6.0, the resonance of the trioxalato complex is the most
intensive one. The second signal at 12.6 ppm (550 Hz)
cannot be assigned with certainty. It may be the dioxalato
complex that shifted further to the high field or a mixed
oxalato-hydroxo complex.

shifted signals belong to different species, probably in
equilibrium, or represent mixed complexes could not be
decided.
With citrate as a ligand, the greater number of species
under the same conditions was reflected in all spectra by
the presence of several partly overlapping signals. Especially in solutions with excess of the ligand, the spectra
were characterized by the existence of extremely broad
and incompletely resolved resonances. Because of the
various possibilities of coordination of the Al ion with the
four coordinative sites of the citrate anion, the assignment
of the signals is rather uncertain. Therefore, no species are
given in Table 3.
The tartrato complexes showed only one signal at ca.
20-25 ppm (1000-1800 Hz) in the spectra at pH range >3.
The resonance of the hexaaqua complex at 0.1 ppm (6 Hz)
was visible with high intensity only up to pH 3, while it
was already insignificant at pH 3.93, where it was also
shifted to 0.2 ppm and broadened (40 Hz), probably due
to formation of monomeric hydrolysis products. The
linewidth of the resonances of the tartrato species indicates complexes of low symmetry, probably mainly
[Al(C4O6H3)], [Al(C4O6H2)]–, [Al(C4O6H4)2]–, and
[Al(C4O6H3)2]2– [33].
Complexing the aluminium ion with sulfate resulted in
two signals at pH 0.98: the hexaaqua complex at 0.0 ppm
(2.7 Hz) and [Al(SO4)(H2O)5]2– at -3.3 ppm (6 Hz). Shifting to higher pH, the signal of the monosulfato complex
increased slightly in intensity, and an additional signal at
4.4 ppm (500-600 Hz) emerged at pH 4.03 with a ligand/ Al
molar ratio of 1:1, which is probably belonging to [Al2(µOH)2(H2O)8]4+, while no signal of [AlO4Al12(OH)24(H2O)12]7+
could be detected. It seems that this toxic polynulear
complex is not formed in the presence of sulfate or of the
organic ligands tested.

FIGURE 2 - 27Al NMR spectra of an equimolar standard
solution of aluminium oxalate (18.5 mM Al) at different
pH values. (A) pH 2.92; (B) pH 4.24; (C) pH 5.12; (D) pH 6.0

In the presence of malonic acid (ligand/Al molar ratio
of 5:1), only one resonance at 2.1 ppm was detected in the
weak acid to neutral range (pH 4-7). The comparatively
small linewidth of 140-165 Hz points to a complex of
high symmetry; therefore, this signal has been assigned to
[Al(C3O4H2)3]3–. The single resonance at pH 3.07 (2.0 ppm)
shows a significantly broadened line-width of 270 Hz
and, therefore, was assigned to the dimalonato complex.
With the equimolar solutions, two signals can be seen at
pH 0.86 - one of the hexaaqua complex and another one
of low intensity at 1.1 ppm (300 Hz). With increasing pH,
this second resonance is shifted to 1.2 ppm (235 Hz) at
pH 4.06 and 1.5 ppm (316 Hz) at pH 4.96. Whether these

Using fluoride as a ligand, the 27Al-NMR spectra
showed a sharp signal of the hexaaqua complex and of one
additional broad resonance, probably the sum of all fluoro
complexes present, which shifted from 0.3 ppm (500 Hz) at
pH 1.6 to 1.1 ppm (700 Hz) at pH 5.25. The signal of the
hexaaqua complex also slightly shifted from 0.0 ppm
(2.1 Hz) at pH 1.6 to 0.2 ppm (50 Hz) at pH 4.4 and, finally, was missing at pH 5.25. At this pH, an extremely weak
third signal was observed at -5.2 ppm (300 Hz) which
could not be assigned and might be an artefact. The 19FNMR spectra of the equimolar solutions showed two resonances at -156.8 ppm and -157.2 ppm at pH values of 1.6,
3.24 and 4.4, while a third signal at -156.2 ppm was visible
at pH 5.25. The lacking of the signal at -120.2 ppm of free
F–, measured in a solution of 0.37 M NaF, indicates either a
fast exchange reaction of F– or a concentration of free fluoro ions that is below detection limit. The three signals were
assigned to [Al(H2O)5F]2+ (-157.2 ppm), [Al(H2O)4F2]+ (156.8 ppm) and [Al(H2O)3F3] (-156.2 ppm). By a com-
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TABLE 3
Al-NMR data of the complexes of Al3+ determined with standard solutions
with different ligands and with a total Al concentration of 18.5 mM.

27

Ligand
Oxalic acid

Malonic acid

Citric acid

Tartaric acid

Sulfate
Fluoride

Ligand/Al3+
10:1
1:1
1:1
1:1
1:1
1:1
5:1
5:1
1:1
1:1
1:1
1:1
5:1
5:1
5:1
5:1
5:1
5:1
5:1
1:1
1:1
1:1
5:1
1:1
1:1/5:1
5:1
1:1
1:1/5:1
5:1
1:1
1:1
1:1
1:1/5:1
1:1
1:1

pH
3.04; 3.98; 6.51
5.12; 6.0
6.0
1.32; 2.92; 4.24; 5.12
5.12
1.3; 2.292; 4.24
3.07
3.97; 4.96; 7.15
7.56
4.96
4.06
0.86
3.95
2.95
3.95; 5.93
2.96; 3.95
5.93
3.95
2.96
6.10
5.2
4.0
3.95; 5.93
3.01
6.10; 4.93; 5.93
2.96
4.0
5.02; 3.95
2.98; 3.96; 5.06; 5.91
4.9
3.93
3.0
0.98; 3.00; 4.03; 4.13
1.60; 3.24; 4.40
5.25

parison, it can be derived that the sum of the signals in the
27
Al-NMR spectra at pH 1.6-4.4 represents the mono- and
difluoro complexes, while the broad line at 1.1 ppm at
pH 5.25 should comprise all three fluoro species. Furthermore, the proportion of the species could be determined by integration of the signals in the 19F-NMR spectra. At pH 3.24 and 4.4 in the equimolar solutions, the
AlF/AlF2 ratio was 4.37:1 and 3.76:1 respectively, and at
pH 5.25, the AlF/AlF2/AlF3 ratio was 1:5.27:1.38. Obviously, the formation of higher fluoro complexes is favoured at higher pH.
27

Al-NMR analysis of the soil lyophilisate

For the detection and determination of Al in low concentrations that are typical for soil samples, the parameters
have to be fixed with special care. Additionally, we tried to
lower the detection limit by signal-to-noise enhanced

δ (ppm) [w½ (Hz)]
16.2 [140]
16.2 [140]
12.6 [550]
11.5-11.8 [200-280]
7.2 [300]
6.3-6.5 [210-265]
2.0 [270]
2.0 [140-165]
2.0 [140-165]
1.5 [316]
1.2 [235]
1.1 [300]
28.0 [200]
21.6 [500]
21.0-21.2 [250]
14.1-14.2 [500]
13.3 [700]
13.2 [1200]
11.3 [900]
11.3 [650]
11.1 [560]
10.5 [600]
10.2 [650-1000]
8.3 [800]
1.0-1.3 [850-1000]
1.0 [200]
0.2 [600]
– 0.3 to 0.5 [1000]
20.0-25.0 [1000-1800]
20.8 [1200]
20.4 [900]
18.5 [1200]
–3.2 to –3.3 [6-58]
0.3-0.5 [450-540]
1.1 [700]

Complex
[Al(C2O4)3]3–
[Al(C2O4)3]3–
[Al(C2O4)2]– (?)
[Al(C2O4)2]–
[Al(C2O4)]+ (?)
[Al(C2O4)2]+
[Al(C3O4H2)2]–
[Al(C3O4H2)3]3–
[Al(C3O4H2)3]3–

[Al(SO4)]+
[AlF]2+/[AlF2]+
[AlF]2+/[AlF2]+/[AlF3]

measurements. In general, sensitivity and precision are
directly correlated to the linewidth. For the precision of
quantification of the hexaaqua complex with its sharp resonance line in acid solution (pH < 1) under standard conditions was rather high in the range of 10-100 mg/L, with a
deviation 0.4-2.44 %, whereas only with less than 1 mg/L,
the deviation exceeded 16 % and the detection limit was
about 0.05 mg/L. The precision decreased considerably for
Al species with broad resonance lines. Signals with w½ >
1000 Hz could not be quantified at all. This led to significant discrepancies at higher pH values. Therefore, when
analyzing soil solutions, it should be taken into account that
the mass of undetectable species probably consists of complexes with humic and fulvic acids, which were not detectable under the given conditions.
For a first comparison with the standard solutions, the
lyophilisate was used, because its concentration was ten-
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fold higher than that of the lysimeter solutions. One sample
of each was prepared in purified water (resulting pH 5.41),
in 0.65 % HNO3 (resulting pH 1.03), and in concentrated
HNO3 and two other samples adjusted to pH 3.04 and 4.0,
respectively. The spectra obtained are shown in Figure 3.

660 Hz in the spectrum at pH 3.04 (not shown), which
most likely originates from fluoro complexes. In the standard solutions, aluminium malonate was also found in this
range, but the high fluoride content in the samples as determined by ion exchange chromatography (see Table 2)
makes the fluoro complexes more probable. No polynuclear hydrolysis products are present at pH 4 and 5.41, a significant finding with respect to the assumption that these
species probably possess extremely high phytotoxicity.
Furthermore, the monomeric hydroxo complexes, which
are also thought to be of high importance for Al toxicity in
soils together with the hexaaqua complex, are not to be
found. To check whether the absence of the Al polycation
was a result of the low Al concentration in this sample
(total aluminium about 18.5 mg/L, determined by ICPAES), standard solutions of 0.37 mM Al were investigated
at different pH values. By this operation it could be confirmed that the resonance of [AlO4Al12(OH)24(H2O)12]7+,
even with low concentrations of aluminium, is visible at pH
4.74 and 5.01.

FIGURE 4 - Line-width (Hz) and chemical shift (ppm) of
the signal of monomeric Al (hexaaqua and hydroxy complexes) in a solution of 10 mg ⋅ l–1 in dependence on the pH.

FIGURE 3 - 27Al NMR spectra of an aqueous solution of the freezedried soil extract (2 g ⋅ l-1) at different pH values. (A) pH 5.41; (B) pH
4.00; (C) pH 3.17; (D) pH 1.03; (E) dissolved in concentrated HNO3

It can be seen that several Al species in octahedral coordination coexist in this solution, except in the spectrum
from the solution with pH < 1, where only one signal at 1.1
(11 Hz) was observed, which was assigned to the nitrato
complex [Al(NO3)3]. The other spectra show resonances of
monooxalato (6.1-6.5 ppm, 200-300 Hz) and dioxalato
complexes (11.4-11.5 ppm, 180-275 Hz). The signal at
16.0 ppm (100 Hz) at the highest pH obviously belongs to
the trioxalato complex. The signal at 1.2 ppm (590 Hz) in
the spectrum measured at pH 3.17 (Figure 4) may have
been caused by the same species as that at 0.6 ppm with

The absence of this complex below pH 4.74 contradicts the findings of Hunter and Ross [7], who found
traces of the phytotoxic tridecameric polycation at pH
3.5-3.6 with Al concentrations of 0.024 and 0.005 mM.
On the other hand, our results are corroborated by those
of Furrer et al. [34], who observed that with low Al concentrations the formation of the polycation is shifting to
higher pH values. With 0.01 mM, the minimal concentration for the formation of the polynuclear complex, its
detection was only achievable at pH values above 5.1.
Because the concentration of aluminium in the lyophilisate was high enough to allow the formation of the polycation at pH > 4.74, the cause for its absence can only be
caused by the presence of organic acids, especially oxalate, which were already found to prevent the formation of
[AlO4Al12(OH)24(H2O)12]7+ during the qualitative measurements of the standards. The advantage of this is,

1276

© by PSP Volume 12 – No 10. 2003

Fresenius Environmental Bulletin

TABLE 4
Concentration of aluminium species and total aluminium content in solutions of the freeze-dried soil extract
–1
27
(concentration 2 g ⋅ l ) determined by Al-NMR and ICP-AES. The difference has been assigned to species
with a symmetry too low to be detected by NMR, at pH < 4.74 presumably the complexes of humic and fulvic acids.

pH

δ Al
(ppm)

w½ (Hz)

5.41

11.4
6.5
15.4
11.4
6.3
11.4
6.1
0.6
0.1
6.2
0.0
1.1

180
250
211
219
226
192
202
660
21
200
2
11

16.0
11.3
6.4
11.4
6.3
1.2
11.4
6.2
1.2
0.1

100
275
260
200
237
305
180
215
590
22

4.00
3.04

1.03
<1.0**
5.41
4.00
3.17

Assignment

Concentration
(mg/l)

NMR standard parameters
[Al(C2O4)2(H2O)2]–
0.82
[Al(C2O4)(H2O)4]+
0.31
[Al(C2O4)3]3–
0.11
[Al(C2O4)2(H2O)2]–
1.45
[Al(C2O4)(H2O)4]+
2.41
[Al(C2O4)2(H2O)2]–
0.56
[Al(C2O4)(H2O)4]+
4.30
Al fluoro complexes
2.05
[Al(H2O)6]3+
0.50
[Al(C2O4)(H2O)4]+
2.55
[Al(H2O)6]3+
11.58
[Al(NO3)3]0
15.40
NMR long-time measurements
[Al(C2O4)3]3–
0.08
[Al(C2O4)2(H2O)2]–
1.10
[Al(C2O4)(H2O)4]+
0.35
[Al(C2O4)2(H2O)2]–
1.52
[Al(C2O4)(H2O)4]+
2.81
Al fluoro complexes
0.68
[Al(C2O4)2(H2O)2]–
0.60
[Al(C2O4)(H2O)4]+
5.23
Al fluoro complexes
1.43
[Al(H2O)6]3+
0.54

total Al content (mg/l)
determined by
27
Al-NMR
ICP-AES*
1.13

18.57

3.97

18.31

7.41

18.50

14.13

18.52

15.40

n. d.***

1.53

18.57

5.00

18.31

7.80

18.89

*The lyophilisate had been concentrated compared to the original concentration used for the analyses in Table 2.
**Solution in concentrated HNO3
*** not determined

that in the lower acid range the undetectable Al species
can only comprise the complexes with humic and fulvic
acids. Therefore, the percentage of these can be calculated
from the difference between the sum of the species’ content determined by NMR and the total aluminium content
measured by a reference method, for instance ICP-AES,
as has been done in this work. The results of the quantitative analysis of the lyophilisate are shown in Table 4.
Generally, the signal-to-noise enhanced measurements
gave slightly higher values.

stability of these should also increase with higher pH as a
result of the increasing dissociation of the functional
groups. The maximum concentration of oxalate and fluoro species is found at pH 3, but the fluoro complexes
always remain below 8 %.

The data obtained with the lyophilisate demonstrate
the dominance of oxalate, humic and fulvic acids as
complexors in this soil sample (Figure 5). Even at pH
1.03, ca. 23 % of the total aluminium is bound to higher
molecular complexes, which points to a high stability of
this binding form. The same is valid for the monooxalato
complex that amounts to ca. 13 %. At the highest pH
studied here, which is still slightly acidic, ca. 91-93 %
(depending on the NMR procedure) belongs to the high
molecular fraction, which, despite the possibility of formation of monomeric hydrolysis products of Al3+, is
assigned to the humic and fulvic complexes, because the
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FIGURE 5 - Percentages of the different aluminium
species in the lyophilisate in dependence on the pH. Total
Al as determined by ICP-AES has been taken for 100 %.

In two additional series of measurements, the lyophilisate was spiked with Al (10 and 50 mg Al3+/l) to check
whether other water-soluble soil components were present, which probably can also form Al complexes, but of a
stability too low to compete with that of the oxalato, humic, or fulvic acids at the low aluminium concentrations
of this sample. Actually, an additional signal could be
observed at higher Al concentrations, which by comparison could be identified as the monosulfato complex,
but its concentrations did not much exceed the detection
limit. For the oxalato species, a shift to the lower complex
stoichiometry was visible as a result of the change of the
Al/ligand molar ratio. A second effect was the increase in
total concentration of the oxalato complexes, which
shows that only a part of the oxalic acid is bound to aluminium in the original lyophilisate. The capacity of the
total oxalate present in this sample should be enough to
bind up to 45 % of the total Al. The capacity of the higher
molecular fraction is also not exhausted in the original
sample. For instance, the percentage of undetectable Al
species was approximately doubled in the spiked sample
at pH 3, where the existence of monomeric hydroxo Al
complexes and polynuclear hydroxo aluminium species

can be excluded. At higher pH values, the spiking led to
the formation of a brown precipitate, probably consisting
of unsoluble humic and fulvic Al complexes, which may
be the result of saturation of the binding sites. The percentage of fluoride not bound in Al complexes is lower,
but still ca. 20 % of the total Al content in the sample,
which probably is bound by the fluoride in the lyophilisate, in the case that competition with other complexants
could be excluded. These results, together with the failure
to detect [AlO4Al12(OH)24(H2O)12]7+ in the lyophilisate
independent of the pH and the extremely low concentrations of the hexaaqua complex, indicate a low phytotoxic
potential of the aluminium in this special soil.
27

Al-NMR analysis of the lysimeter samples

The 27Al-NMR spectra of the lysimeter solutions of
Zierenberg showed no detectable resonance. This can be
explained with the comparably low aluminium content in
this soil type as determined by ICP-AES and the high
DOC, which indicates a high percentage of organic complexes of low symmetry, i.e. aluminium complexed with
humic and fulvic acids, which gives no signal in this
NMR system. The results of the analysis of the samples
from the Solling area are listed in Table 5.

TABLE 5
Concentration of aluminium species and total aluminium content in the
lysimeter samples from the Solling area determined by 27Al-NMR and ICP-AES.
Sample

Solling,
area I
Solling, area I
(2 samples)
Solling,
area I
Solling, area I
(4 samples)

Soil
depth
(cm)

pH

δ Al
(ppm)

w½
(Hz)

Assignment

Concentration
(mg/l)

total Al content (mg/l)
determined by

10

3.91

0.4

100

Almonomer**

1.61

1.61

27
AlNMR,
acid*
2.12

20

4.00

0.5

160

Almonomer

2.52

2.52

2.68

2.97

4.11

0.7
-3.7
0.5
-2.9
0.5
-2.6
0.6
-2.9
0.7
-3.0
0.6
-2.8
0.7

200
160
150
125
125
160
180
150
155
70
155
100
190

Almonomer
[Al(SO4)(H2O)5]+
Almonomer
[Al(SO4)(H2O)5]+
Almonomer
[Al(SO4)(H2O)5]+
Almonomer
[Al(SO4)(H2O)5]+
Almonomer
[Al(SO4)(H2O)5]+
Almonomer
[Al(SO4)(H2O)5]+
Almonomer

1.50
0.03
6.82
0.13
7.46
0.14
5.69
0.19
5.88
0.12
6.95
0.06
3.78

1.53

2.03

2.21

6.95

8.00

7.92

7.60

7.94

9.16

5.88

8.46

8.07

6.00

8.33

9.25

6.55

9.19

9.47

3.78

5.04

5.25

0.1
-3.2
0.2
-3.2
0.5
-2.7
0.4
-2.7
0.4

20
20
46
70
120
230
110
200
130

Almonomer
[Al(SO4)(H2O)5]+
Almonomer
[Al(SO4)(H2O)5]+
Almonomer
[Al(SO4)(H2O)5]+
Almonomer
[Al(SO4)(H2O)5]+
Almonomer

7.97
0.32
6.61
0.20
7.85
0.26
7.42
0.27
9.49

8.29

8.26

8.10

6.81

9.05

7.64

8.11

10.07

10.95

7.69

9.00

8.54

9.49

11.47

12.47

80

4.07

100

4,16
4,17
4.22
4.21

Solling, area II

100

4.32

Solling, area III

10

3.37

Solling, area III

20

3.84

Solling, area III

40

4.36

Solling, area III

70

4.29

Solling, area III

100

4.26
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* With conc. HNO3 adjusted to pH ca. 1; ** Almonomer: monomeric Al species: [Al(H2O)6]3+, [Al(OH)(H2O)5]2+, and [Al(OH)2(H2O)4]+
TABLE 6
Molar Ca/Al molar ratios of the lysimeter solutions of the Solling soils.

Sample
Solling, area I
Solling, area I (2 samples)

Soil
depth
(cm)
10
20

Solling, area I
Solling, area I (4 samples)

80
100

Solling, area II
Solling, area III
Solling, area III
Solling, area III
Solling, area III
Solling, area III

100
10
20
40
70
100

pH

Ca/Al molar ratios
based on total Al
0.11
0.26
0.22
0.10
0.04
0.07
0.06
0.06
0.87
0.46
0.42
0.08
0.09
0.05

3.91
4.00
4.11
4.07
4,16
4,17
4.22
4.21
4.32
3.37
3.84
4.36
4.29
4.26

The spectra of all these samples are dominated by a
sharp signal at 0.1-0.7 ppm (20-200 Hz), depending on
the pH, which belongs to the hexaaqua and hydroxy species. A second, rather weak signal at -2.6 to -3.7 ppm (20230 Hz) can be assigned to the monosulfato complex. The
higher deviations in chemical shift and linewidth may be
due to the low intensity of the resonance, which renders
an exact determination of δ and w½ to be very difficult. A
higher percentage of the sulfato complex should be expected with regard to the SO42–/Al3+ molar ratio between
1 and 2.3. But even with a higher ratio, only about 6 % of
the Al3+ is present as the monosulfato complex, because
of the formation of outer-sphere complexes that cannot be
distinguished from the Al3+ resonance [35, 36]. The complex [AlO4Al12(OH)24(H2O)12]7+ was not found as expected, because of the rather low pH value of this type of
soil (between ca. 3 and 4.4), but polymeric hydrolysis
products of lower symmetry could not be excluded.
Therefore, and because of the relative low DOC content
of these soil solutions, the non-detectable fraction, which
amounted to ca. 20 %, could not be assigned exclusively
to humic and fulvic acids with any degree of certainty in
this soil type.
The rather high amounts of monomeric Al indicate a
higher toxic potential of the soil in the Solling area than
that of the Zierenberg forest. The Ca/Al molar ratio,
which can be used as an indicator of stress in forest ecosystems [37], has been calculated on the basis of total
aluminium content, determined by ICP-AES and on the
basis of the monomeric species detected by 27A-NMR
(Table 6). With a toxicity threshold of 0.1-2.5 for forest
trees [36], the results obtained by NMR show that the
soils in the Solling area have at least the potential to dam-

based on monomeric Al
0.16
0.30
0.33
0.12
0.05
0.09
0.10
0.08
1.21
0.47
0.49
0.11
0.10
0.07

age the spruce stand. Studies have shown, that roots of
spruce may be injured with Ca/Al ratios < 1, but are surely damaged at ratios < 0.1 [38]. A further differentiation
[39] correlates the potential damage with the Ca/Al ratio
and the buffer capacity: the probability of damage is low,
because of high buffer capacity with ratios > 3, and higher
with a sinking buffer capacity with ratios between 1 and
3, but still with normal regeneration potential. With ratios
between 0.3 and 1 and a further decrease of the buffer
capacity, the probability of damage increases and root
mortality is high with ratios < 0.1. According to these
criteria and to the ratios calculated for the Solling soil
samples, the root system for most of the area under investigation can be expected to be impaired, with the exception of area II, where the ratio is above 1, probably because of fertilization.
CONCLUSION
27

Al-NMR analysis has to be found a convenient
method for the selective determination of relevant Al
species in soils with moderate to high Al content. Although some species could not be determined due to the
features of the system used in this study, this problem
may be solved either by technical improvements, i.e. the
use of an Al-free probe, or by combination of the spectroscopic method with others. The main advantage of the
NMR technique is the absence of any influence on the
ligand exchange equilibrium. Provided that the sample
volume is sufficiently high, even the ligand balance, and
with its aluminium binding capacities, a given soil can be
studied nearly without any sample preparation.
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LIME EFFECT ON SULPHATES AND IRON REMOVAL FROM
WASTEWATER OF A SULPHURIC ACID IRON PICKLING PROCESS
Apostolos Vlyssides, Aggeliki Moutsatsou, Sofia Mai and Elli Maria Barampouti
National Technical University of Athens, Chemical Engineering School, 9 Heroon Polytechniou St., Zographou 157 00, Greece

SUMMARY
The present paper deals with the characterization of
effluents from a sulphuric acid iron pickling process as
well as the effect of lime as a neutralization and precipitation agent for sulphates and iron removal. The effluent
contains about 15.2 ± 2.9 g/l of sulphates and 2.5 ± 0.8 g/l
of Fe2+. The need of CaO for wastewater neutralization is
about 10 ± 1.5 g/l and at pH 7 the removal of sulphates and
iron by precipitation was about 80% and 82%, respectively.
However, to guarantee the Emission Low Values (ELVs),
the pH must be increased to more than 10.

KEYWORDS: sulphuric acid iron pickling, lime effect, sulphates
removal, ferrous removal.

INTRODUCTION
The term “pickling” in the metal industry refers to the
process of cleaning with acid, usually for the purpose of
removing oxide or welding scale. It is also applied for the
removal of sand, casting skin, or corrosion products from
the surface of the metal. Dilute hydrochloric, sulphuric
acid and, for stainless steel, a mixture of nitric and hydrofluoric acid are used as pickling agents. For the largescale pickling of iron and steel, sulphuric acid is generally
preferred to hydrochloric acid because of its lower operational cost. Acid consumption obviously varies depending
on whether acid is generated or not. It also depends on the
specific surface area pickled and the thickness of the
oxide layer [1].

large articles are generally suspended by hooks or cradles,
or if intended for plating, parts may be wired or placed on
racks or jigs. Small articles are most conveniently dealt with
in perforated metal or wire mesh baskets. These containers
or hooks are made of acid-resistant material [1, 2].
The container is filled with cold water up to twothirds of its capacity and then the acid is added gradually
in a thin stream. Care must be taken so as to avoid splashing. The bath is stirred continuously during the addition,
and finally brought up to the correct level with more water. For the descaling of steel, the use of an inhibitor is of
advantage. By using an inhibitor, the attack on the basis
of metal is avoided, the amount of hydrogen picked up by
ferrous metals is reduced and the life of the acid solution
is prolonged in that, once the scale is removed the chemical reaction ceases.
The action of pickle is much quicker if it is used
warm, at temperatures up to 70 oC. Articles, after having
been degreased, are simply immersed in the acid until
they are descaled. If the film of oxide is thin, a few
minutes will suffice to remove it, but if heavy black scale
is present it may be necessary to pickle for half an hour in
hot acid or for several hours in cold. When descaled, the
articles are thoroughly swilled in running water and may
be brushed or scoured, if necessary, before they are dried
or put through the next operation. To minimize rusting
during drying, iron and steel parts are rinsed in a slightly
alkaline solution after they have been pickled and swilled.
The chemical reactions that take place during the
pickling process are summarized as follows [3]:
FeO + H2SO4 à FeSO4 + H2O
Fe2O3 + 6H2SO4 à 2Fe(SO4)3 + H2O

PRODUCTION PROCESS
AND SOURCES OF WASTE

Fe3O4 + 4H2SO4 à 2Fe(SO4)3 + FeSO4 + 4H2O

The acid may be contained in a lead-lined or rubberlined welded steel tank. The tank may be fitted with a
zirconium or lead steam coil, a Teflon heating coil or
lead-covered electric immersion heaters. Iron strips and
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Fe + H2SO4 à FeSO4 + H2
Fe(SO4)3 + 2H2 à FeSO4 + 2H2SO4
Fe2O3 + Fe + 3H2SO4 à 3FeSO4 + 3H2O
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FIGURE 1
Mass balance and wastewater production of a steel sulphuric acid pickling process.

To keep the pickling solution in effective operation,
the free sulphuric acid content of the pickle should be
maintained by the regular addition of sulphuric acid. The
metal content of the solution will become excessive in
time, and this will result in the reduction of the pickling
efficiency. Where pickling is only carried out on a small
scale, it is usual to make up a fresh solution from time to
time rather than to attempt recovery. Where steel is pickled on a very large scale, the iron content of the solution
may be kept within reasonable limits by means of the use
of a low-temperature crystallization process, the excessive
iron being removed as ferrous sulphates [4-6].

dewatered in filter presses and disposed of. The neutralization reactions could be summarized as follows [3, 4]:

A mass balance of the process, for a large-scale installation, is presented in Figure 1 [3].

Many samples from a Steel Strapping production industry were carefully collected for three months and analysed for various parameters. Total Suspended and Dissolved Solids, Biological Oxygen Demand (BOD5), Chemical Oxygen Demand (COD), fats and oils, and sulphates
were determined according to the standard methods [7].
Metals were determined by using atomic adsorption spectrophotometry (Perkin Elmer Model 103). The pH was
measured by using a Cosort Ion-Analyser (Model P 603).
The total soluble sulphates were measured by the gravimetric Barium method [7], while the discrimination among
SO42-, HSO4- and H2SO4 took place by taking into consideration the theoretical equilibrium [8]:

Water is used for rinsing after pickling and for the
preparation of the pickling bath. Two kinds of process
water are created during pickling. These comprise water
used for rinsing and spent pickle baths.
In case of cooling water from the condenser (acid regeneration) and acidic rinsing water from the pickling
plant which have to be discharged, they are generally
treated by neutralization, coagulation, flocculation and
precipitation with lime and polyelectrolytes. The sludge is

H2SO4 + Ca(OH)2 à CaSO4 + 2H2O
FeSO4 + Ca(OH)2 à CaSO4 + Fe(OH)2
The addition of lime aims to remove iron and sulphates. In this work, the efficacy of this wastewater
treatment has been studied.
MATERIALS AND METHODS
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Total SO42- (mg/l)

K

4
H 2 SO 4 ←⎯HSO
⎯
⎯
→ HSO −4 + H +

An effort was made in order to correlate the
wastewater treatment efficiency with the amount of lime
that was added. Five series of experiments were carried out.
Each series consisted of twenty different trials where the
added amount of CaO was increased sequentially from 1 to
20 g/l. After vigorous stirring, pH was measured and a
certain amount (0.1%) of a weak anionic polyelectrolyte
(Praestol BC) was added as coagulant. Then, after efficient flocculation in a jar-test flocculator, the sample was
filtered and the dry precipitate was weighted. The supernatant liquid was analysed as far as soluble iron, sulphates
and calcium were concerned. The precipitated amounts of
calcium sulphate and iron hydroxide were estimated by
mass balance.

The results of the experiments conducted are presented in Figures 2, 3 and 4. Figure 2 shows the influence of
the amount of lime added on the pH and on the concentrations of soluble sulphate ions (solSO42-), calcium cations
(Ca2+) and the precipitated calcium sulphate, respectively.
Figure 3 presents the influence of lime on soluble ferrous
cations (Fe2+) and on the precipitated ferrous hydroxide
(Fe(OH)2). The concentration of total dissolved solids
(TDS) in relation to pH and lime added is presented in
Figure 4.
14
25

The statistical analysis of the results was carried out
utilizing the techniques given by Taylor [9].

20

C (g/l)

RESULTS AND DISCUSSION

12

The characteristics of the wastewater are shown in
Table 1.

10
8

15

pH

K

SO 4
HSO 4 ←⎯⎯
→ SO 24− + H +

−

< 1000

From the wastewater characteristics it is obvious that
it cannot be disposed without treatment so as to meet the
Emission Low Values (Table 2).

6
10
4
5

TABLE 1
Characteristics of solid wastes.

No.

Characteristics

Value

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

pH
COD (mg/l)
BOD5 (mg/l)
Oil & Grease (mg/l)
SS (mg/l)
TDS (mg/l)
SO42- (mg/l)
Fe (mg/l)
Mn (mg/l)
Cr (mg/l)
Ni (mg/l)
Cu (mg/l)
Pb (mg/l)
Zn (mg/l)
Ca (mg/l)
Mg (mg/l)

1.01
671
80.9
1.91
76.8
22860
15219
2529.1
62.4
5.27
1.67
0.24
0.22
0.42
141.38
52.75

0

Standard
deviation
± 0.08
± 15
± 6.98
± 0.65
± 28.35
± 4682
± 2940
± 801
± 29.3
± 2.83
± 0.6
± 0.13
± 0.05
± 0.09
± 20.35
± 10.77

0
0

5

10

15

20

CaO(g/l)
FIGURE 2
Influence of CaO on pH, sol(uble) SO42-, Ca2+ and CaSO4.

TABLE 2
Emission Low Values (ELVs).

PARAMETER
COD (mg/l)
BOD5 (mg/l)
Total Fe (mg/l)
PH
TDS (mg/l)

2

VALUE
< 25
< 125
<2
6–9
< 3000
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• In this case, usually an oxidative agent (e.g. HCl) is
added in order to meet the Emission Low Values as
far as pH is concerned. Unfortunately, this process
increases notably the TDS beyond the ELVs.

14
25

12

• Subsequently, the conventional method of neutralisation with lime is not effective since the Emission Low Values are not met.

10
8

15

pH

C (g/l)

20

6
10
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Influence of CaO on TDS.

CONCLUSION
• The wastewater neutralisation at pH 7 was
achieved using 10±1.5 g/l CaO.
• The ratio of COD/BOD5 is around 8.28, which indicates that the effluent is not amenable for biological treatment.
• At neutralisation point, the iron removal and the
sulphate removal as calcium sulphate were 82%
and 80%, respectively.
• In order to accomplish total removal of iron and
sulphates, the pH has to be increased up to 12.
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SURVEY OF NATURAL RADIOACTIVITY CONCENTRATIONS
ALONG THE EASTERN COASTLINE OF JOHOR, MALAYSIA
N. Ibrahim and T. Choo
Department of Physics, Fakulti Sains, Universiti Teknologi Malaysia, 81310 UTM Skudai, Johor, Malaysia

SUMMARY
This work was carried out to quantify the natural radiation activity of uranium, thorium and potassium present in marine sand samples taken from the East Coast of
Johor, stretching from Tg Balau (1o 37’N, 104o 15’E) to
Teluk Ramunia (1o 21’N, 104o 16’E). The measurement
was done using gamma ray spectrometry with a hyperpure
germanium detector of 20% efficiency. The gamma ray
energies of interest were 352.0 keV (214Pb), 609.4 keV
(214Bi), 583.1 keV(208Tl), 911.1 keV(228Ac) and 1460.8
keV(40K). Our findings have shown that the radium
equivalent activities of the areas under study range from
0.09 to 0.9 mSv per year, slightly below the safety limit
of 1.0 mSv per year.

KEYWORDS:
Natural radioactivity, coastline.

INTRODUCTION
The natural occurring radioisotopes of uranium, thorium and potassium are known to be present in the earthcrust and environment ever since their creation. This
results in mankind being exposed to gamma radiation
emitted from these radioisotopes which pose severe
threat to its health. Since we are continuously being
exposed to such a radiation, the importance of these
radioisotopes, therefore, cannot be overlooked. Even
with the availability of many related studies, the general
public is still not fully aware of the relative strength of
the natural radiation.
In Malaysia, the study on natural radioisotopes is still
quite limited. However, previous studies on sand used in
construction industry [1] and blacksand of Langkawi
island [2] have shown a considerable quantity of these
radioisotopes to be present in sand samples. The beaches
of the eastern coast of Johor state has always been popular

for out-door activities, especially during long holidays
and weekends. It stretches for about 200 km in length
with four main recreational spots, Mersing, Tg Balau,
Desaru and Teluk Ramunia. This paper reports on the
natural radionuclides content in the marine sand collected
from 9 sampling sites, starting from Tg Balau (1o 37’N,
104o 15’E) and ending at Teluk Ramunia (1o 21’N, 104o
16’E). The samples have been analysed by using a high
purity germanium gamma ray spectrometer.

MATERIALS AND METHODS
The samples were collected from nine selected locations shown in Figure 1. At each location, 5 samples were
taken along the mid way point between the points of high
tide and low tide at a 2 meters interval. The samples were
dug from 5 cm below the surface and then placed inside
polythene bags until a net weight of approximately 1 kg per
bag. These samples were transported to the laboratory and
dried to 110 oC using a Jovan oven. Then they were meshed
by a “Swing grinding mill (Herzog)” to about 400 microns
in particle size and stored in Marinelli beakers for about
4 weeks before HPGe gamma ray spectrometry.
For the calibration system, mixtures of SiO2 with
IAEA standards S-14 and SL-3 were used. They were
mixed thoroughly to obtain a suitable calibration source.
226

Ra (or 238U for samples at radioactive equilibrium)
were estimated from 352.0 keV and 609.4 keV gamma
rays of 214Pb and 214Bi, respectively, while the activities of
232
Th were estimated from 583.1 keV and 911.1 keV
gamma rays of 208Tl and 228Ac, respectively. The 40K
activity was determined using 1460 keV gamma ray.
Apart from the above measurements, a survey on the
background radiation using a scintillation counter
(Na(Tl)), Ludlum Measurement Model-19, was done at
the surface of each site under study.
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FIGURE 1
Location of study.

TABLE 1
Locations and dose rate(µR/hr).

Site
A1
A2
A3
A4
A5
A6
A7
A8
A9

Location
10 35.821’N, 1040 15.323’E
10 35.234’N, 1040 15.516’E
10 21.506’N, 1040 15.196’E
10 21.637’N, 1040 16.159’E
10 26.005’N. 1040 16.868’E
10 26.239’N, 1040 17.271’E
10 29.029’N, 1040 16.672’E
10 28.690’N, 1040 16.852’E
10 28.223’N, 1040 16.966’E

Dose (µR/hr)
2.0
4.0
4.0
6.0
3.0
3.5
2.0
2.0
4.0

U:Th
1:6
1:5
1:2
1:3
1:2
1:3
1:2
1:2
-

TABLE 2
Average concentrations of U, Th and K (in ppm) at each sampling location.

Sites
A1
A2
A3
A4
A5
A6
A7
A8
A9

U(ppm)
352.0 keV
609.4
keV
0.473(61)
0.275(74)
0.419(59)
0.542(88)
0.631(74)
0.698(105)
0.439(36)
0.375(46)
0.281(45)
0.319(62)
0.234(43)
0.246(58)
0.111(30)
0.212(48)
0.096(32)
0.144(36)
0.123(30)
0.145(42)

Th(ppm)
583.1 keV
911.1 keV
2.47(33)
2.73(34)
1.69(26)
1.17(09)
0.47(10)
0.94(19)
0.36(19)
0.34(15)
-
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2.01(36)
1.87(60)
1.54(34)
1.50(23)
0.86(25)
0.38(21)
0.29(13)
0.25(13)
-

K(ppm)
1460
keV
1581(311)
1337(293)
741(180)
494(130)
588(157)
446(136)
232(93)
246(107)
237(86)

Raeq
x 10-2
mSv/yr
8.61(146)
9.05(175)
7.80(133)
5.61(72)
3.62(83)
3.17(86)
1.78(91)
1.52(59)
0.90(26)
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RESULTS AND DISCUSSION
Table 1 shows the background radiation dose readings for the sites under study. The dose was found to
range between 2.0 to 6.0 uR per hour. The highest U/Th
ratio was found to be 1:6.
Table 2 shows the average activity concentrations of
the marine sand samples for the nine locations under
study, expressed in parts per million. Generally, the magnitude of the concentration is in the order of K>Th>U.
For uranium and thorium activities, the concentration readings obtained from different gamma energies
show slight variation. However, both readings are of the
same order and within the limits of the experimental
error with the exception of thorium concentrations for
both locations at Tg. Punggai (A5 and A6). The readings
obtained from gamma energies, 583 keV and 911 keV,
differ by a factor of 2.
Areas around Tg. Balau (locations A1 and A2) and
Teluk Ramunia (A3 and A4) consistently gave high concentrations of thorium (> 1 ppm). Concentrations of thorium between 1-2 ppm and uranium between 0.3–0.6 ppm
suggested that marine sand might contain minerals such
as monazite and zircon.
Locations around Desaru (A7, A8 and A9) showed
low concentration of uranium and thorium. At sampling
location A9, surprisingly no thorium was detected.

CONCLUSION
As our studies have shown that the natural radioactivity derived from uranium, thorium and potassium are still
below the safety limit. However, the readings obtained
from Tg. Balau are near to the threshold level of 1.0
mSv/yr. In conclusion, we can generally say that the
beaches along the eastern coast of Johor, Malaysia are
low in natural radioactivity and quite safe for recreational
activities.
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SUMMARY
The concentrations of Fe, Cu, Mn, Zn, Pb and Cd
were determined in some moss samples collected from
polluted and unpolluted areas in Giresun, Turkey. The
moss samples were analyzed using flame (FAAS) and
graphite furnace (GFAAS) atomic absorption spectrometry after microwave digestion. The minimum and maximum metal concentrations in the samples were found to
be 721-1220, 2-18, 285-435, 33-109, 5-28, 0.3-1.0 µg/g
for iron, copper, manganese, zinc, lead and cadmium,
respectively.

Trace metal contents of water, vegetables, mushrooms
and animal foods have been reported for major industrial
cities of Turkey [8-10]. However, atmospheric heavy
metal depositions using the moss-monitoring technique
have not yet been reported for Giresun, Turkey.
Therefore, in this study heavy metal levels (Cu, Mn,
Cd, Pb, Zn, Fe) of moss samples were determined by
atomic absorption spectrometry.

EXPERIMENTAL
KEYWORDS: Trace metals; mosses; biomonitor; atomic absorption spectrometry, Giresun-Turkey.

INTRODUCTION
The determination of heavy metals in the environment is important for ecosystems [1]. A combination of
physical, chemical and environmental conditions determines the total metal deposition, the extent of biological
uptake, and the subsequent effects on biological communities [2, 3]. Heavy metals constitute the most dangerous
group of anthropogenic environmental pollutants due to
their potential toxicity and their persistence [4].
Mosses have been used for more than 20 years as biomonitors for the determination of atmospheric heavy
metal deposition because of their high cation exchange
capacity. They act as hyper-accumulators of metals and
metal complexes [5, 6]. Moss sampling is simple and the
chemical analyses are much easier due to higher concentrations and strongly reduced contamination problems [7].
Industrial pollution is a serious environmental issue
worldwide, especially in developing countries like Turkey.

Reagents

All reagents were of analytical reagent grade unless
otherwise stated. De-ionized water (18.2 MΩ cm) from a
Milli-Q system (Millipore, Bedford, MA, USA) was used
to prepare all aqueous solutions. All mineral acids and
oxidants (HNO3 and H2O2) used were of the highest
quality grade (Suprapure, Merck, Darmstadt, Germany).
All the plastics and glassware were cleaned by overnightsoaking with a 10 % (w/v) HNO3 solution and rinsed with
distilled water prior to use. Standard solutions were prepared from 1000 mg L-1 Fe, Cu, Mn, Zn, Pb and Cd atomic absorption standards (Sigma and Aldrich). Matrix modifiers, such as NH4H2PO4, Pd and Mg(NO3)2 were purchased from Sigma.
Apparatus

A Perkin Elmer Analyst 700-AAS with deuterium
background corrector was used. Lead and cadmium were
determined by HGA graphite furnace using argon as inert
gas. The other metals were measured using air/acetylene
flame. The instrumental parameters and operating conditions were set as recommended by the manufacturer.
Sampling

The moss samples were collected from a high-density
traffic roadside in Giresun, Turkey in 2000 (Figure 1).
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FIGURE 1
Locations of polluted (1-6) and unpolluted (C) moss sampling sites

Control samples (C) were collected from uncontaminated locations. A total of 30 samples including six moss
species were washed with distilled water, dried at 105 °C
for 24 hours, manually ground and homogenized in an
agate mortar and stored in polyethylene bottles until analysis.

wave digestion system (2 min at 250 W, 2 min at 0 W,
6 min at 250 W, 5 min at 400 W, 8 min at 550 W) and
diluted to 25 mL with deionized water. A blank digest
was carried out in the same way.
RESULTS AND DISCUSSION

Microwave digestion

A Milestone Ethos D microwave closed system was
used in this study. 0.25g of sample was digested with 6 mL
of HNO3 (65 %) and 1 mL of H2O2 (30 %) in a micro-

All six metal concentrations (Fe, Cu, Mn, Zn, Pb and
Cd) in moss samples were determined on dry weight
basis. The results are given in Table 1.

TABLE 1
Concentrations (µg g-1) of six trace metals in moss species investigated.

Moss species
Homolothecium lutescens
Campylopus brevipilus
Drepanocladus revolvens
Dicranum polysetum
Anomodon attenuatus
Rhyntidiadelphus triquetrus

Area
p
c
p
c
p
c
p
c
p
c
p
c

Fe
1220.7±11.7
768.9±5.6
1024±7.8
862±3.7
754.8±6.5
708.4±3.5
875.7±3.2
767.7±2.1
978.6±4.3
721.8±1.4
880.3±3.6
768.3±1.2

Cu
17.0±0.7
6.8±0.5
6.3±0.8
3.8±0.2
5.5±0.1
2.5±0.1
9.3±0.3
5.9±0.3
16.9±0.2
6.7±0.2
18.1±0.7
8.7±0.1

p: polluted; c: control
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Mn
403.5±1.2
378.7±1.9
385.7±2.2
296.2±4.3
386.2±1.2
302.3±2.3
398.7±4.3
340.3±2.4
435.1±1.2
357.8±1.3
387.2±2.4
285.4±2.4

Zn
109.6±1.9
78.2±1.4
81.6±1.1
36.4±1.1
99.2±2.3
33.7±1.8
97.7±1.4
46.2±1.8
66.5±0.2
34.8±0.8
77.9±0.8
34.3±1.1

Pb
28.1±1.9
4.8±0.1
18.3±0.3
5.3±0.1
12.7±0.8
6.1±0.2
15.6±0.7
6.3±0.2
25.3±0.8
8.4±0.2
16.2±0.2
4.6±0.2

Cd
0.8±0.2
0.3±0.1
0.6±0.2
0.4± 0.1
0.4±0.2
0.3± 0.1
1.0±0.3
0.4±0.2
0.4±0.1
0.3±0.1
0.7±0.2
0.3±0.1
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The metal concentrations in moss samples were
found to be 721-1220, 2-18, 285-435, 33-109, 5-28, 0.31.0 µg g-1 for iron, copper, manganese, zinc, lead and
cadmium, respectively. The order of accumulation of
trace metals in moss samples was determined as Fe> Mn>
Zn> Pb >Cu> Cd, in agreement with earlier reported
results [11, 12]. Iron, copper, manganese, lead and cadmium contents of moss samples collected from the West
Macedonia region have been reported as 14722, 28.3,
390.5, 30.7, 1.2 µg g-1 [12] and copper, zinc, lead and
cadmium concentrations of some moss samples from
Islamabad in Pakistan have been reported as 16, 430.4,
576.9, 1.8 µg g-1 [13]. The mean concentrations for copper, manganese, zinc, lead and cadmium have been reported for Colline Metallifere, Central Italy as 1.29-9.76,
18.8-290, 6.53-57.7, 0.24-11.20, 0.06-0.69 µg g-1 [14].
Iron, copper, lead and cadmium levels of 1934, 9.1, 21.8,
0.8 µg g-1 were found in Portugal [15]. Our values are in
agreement with those reported in the literature [11, 1618]. The concentrations of trace metals in the samples
also depended on the moss species and their places. The
highest concentrations of trace metals were found in
Homolothecium lutescens for Fe, Zn and Pb, Anomodon
attenuatus for Mn, Rhyntidiadelphus triquetrus for Cu
and Dicranum polysetum for Cd, respectively.
Positive correlations have been observed between all
metals. Correlation coefficients were found as r = 0.865,
0.769 and 0.802, between lead-iron, lead-copper and leadmanganese, respectively. Also, there is a good correlation
between zinc and manganese (r=0.782).

The lead concentrations of moss samples analyzed in
the polluted area of Giresun are about three times higher
than those of the unpolluted area. Lead as benzine additive still increases the concentration of lead in these moss
samples. Some species can be used as a biomonitor for
the determination of trace metal levels. It was observed
that the proposed method was efficient for simple, rapid
and reliable determination of trace metals in moss samples. The relative standard deviation was found to be
lower than 10%.

[4]
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