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Original Article
Abstract

Creating awareness and recognizing behavioral factors associated with recycling is essential for waste
management. To identify factors influencing recycling behavior, a theory of planned behavior (TPB)-based
questionnaire was designed. The aim of this study was to assess the validity and reliability of the questionnaire.
This psychometric study was conducted through a multistage random sampling on 283 homemakers of Mahabad
Town, Iran, in 2014. The method recommended by Ajzen and Francis was used for designing the questionnaire. Its
validity was evaluated using quantitative and qualitative face validity, ration and content validity index, and
qualitative judgment of an expert panel of 8 members and its structural validity using exploratory factor analysis. In
addition, its reliability was assessed using internal consistency (Cronbach's alpha coefficient) and retest (intraclass
correlation) methods. Of the 53 initial questions, after calculating the content validity ratio (CVR) with values higher
than 0.80 and content validity index (CVI) with values higher than 0.79, we modified 3 questions and deleted 8
questions; therefore, 45 questions were approved. Using exploratory factor analysis with a varimax rotation, 9
factors with a value of higher than 1 were selected, which were able to predict 91.81% of the total variation. The
reliability of the tool was confirmed through calculating Cronbach's alpha (0.87). Results of retest indicated the
consistency of the questionnaire. This research found that the Persian version of the Theory of Planned Behavior
Questionnaire (TPB questionnaire) has suitable validity and reliability and can be used in research and
administrative activities on increasing the participation of homemakers in municipal solid waste source separation.
KEYWORDS: Factor Analysis, Questionnaire, Recycling, Waste Management
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Introduction
Technological ~ development and  rapid
population growth have caused an increase in
consumption and household waste production
level. It, in turn, may lead to crises such as water
and soil pollution, greenhouse gas emission, and

Corresponding Author:
Behzad Shahmoradi
Email: bshahmorady@gmail.com

negative impacts on the quality of human life.l
These problems are more common and visible in
developing countries, where garbage collection
does not occur at all.2 If one wants to reduce
such pollution, it would be essential to apply
waste management procedures along with
economic and engineering principles to

eliminate waste disposal.?
According to the Waste Management Act,
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enacted in 2004, urban authorities should apply
procedures with the aim of achieving functional
elements in waste management to prevent
unsafe disposal of waste and to encourage
private sector and citizen participation.* Cost-
effective techniques for waste minimization
include increasing awareness, providing
educational packages for the public, and
encouraging citizens to cooperate in the design
of household waste recycling processes.5
Recycling is a process whereby materials used
previously are collected, processed, rebuilt, and
reused. Recycling requires two methods of
separation; separation of material from waste,
and source separation.

Material separation of waste has some
consequences, but source separation is more
efficient and cheaper compared with no action
in this regard. Today, source separation
recycling is performed as one of the most
efficient and economical processing methods in
most countries. This approach reduces the cost
of transportation. If household waste separation
and recycling management be performed
correctly, a part of the national capital is
returned.” Around 40,000 tons of solid waste is
generated in Iran daily, only 10% of which is
recycled and the remaining is buried using
unsanitary methods, while more than half of this
amount is recyclable.® In contrast, in developed
countries, 80% of household waste is recycled
and returned to the consumption cycle. In
Australia and the UK, around 60% of household
waste is recycled.?

Waste recycling and reusing is not an easy
task and requires scientific, technical, and
cultural infrastructures. Perhaps, the most
important part of this task is the cultural factor.10
Citizens must be educated to generate less
waste, and categorize waste at their house in
order to simplify the recycling programs.!!

There is a need to test and conduct theory-
based studies to understand the mechanisms
responsible for recycling behaviors. Several
behavior change theories have been applied to

2 J Adv Environ Health Res, Vol.3, No. 1,Winter 2015

explain the factors influencing recycling
behavior, including Schwartz’s Norm Activation
Model??, the theory of reasoned action, and the
theory of reasoned planned behavior.’* The
theory of planned behavior (TPB) provides a
theoretical framework for the systematic
examination of factors that affect behavioral
change.’* According to the TPB, a persons’
behavior is based on his/her readiness to
perform a given behavior (i.e. intention).’> TPB
considers intention as immediate antecedent of
behavior, and intention is based on attitudes
toward Dbehavior, subjective norms, and
perceived behavioral control.’e Attitude toward
a behavior is a persons’ positive or negative
evaluation of that behavior. It is assumed to
have two components; behavioral belief, and
evaluation of consequences of the behavior,
which leads to acquisitive attitude toward
behavior. Subjective norms are perceived social
pressure to perform or not to perform the
behavior in question. This perception or opinion
has been labeled as the individual’s normative
belief, which is often multiplied by the
motivation to comply with that norm. Perceived
behavioral control is the extent to which one
believes he/she can successfully enact a
behavior (i.e., to what extent the performance of
a behavior is under his/her control). Behavioral
intention is indicative of the extent of intention
and will of the individual to perform the target
behavior. Behavior always proceeds behavioral
intention and is attached to it.1”

In TPB, the most important determinant
factor of an individual’s behavior is his
behavioral intention.’® Therefore, in order to
increase the prediction of source separation
behavior, it was attempted to add other factors
that can contribute along with subscales of this
theory?718. No standard questionnaire based on
Ajzen’s theory existed to conduct a TPB-based
study. Hence, it is essential to conduct a study in
order to design a new questionnaire suited to
the characteristics of the target population, and a
trial to ensure the psychometric properties of the

http://jaehr.muk.ac.ir
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TPB scale.1319

Despite numerous TPB questionnaires in
English, no study has yet been conducted to
validate the questionnaires for citizens’
participation in the source separation of solid
waste in Iran. Hence, this study was aimed at
developing and evaluating the psychometric
properties of the TPB-based questionnaire in
relation to public participation in source
separation of household solid wastes in
Mahabad Town, Iran.

Materials and Methods

This was a psychometric study performed in
2014. The target population comprised of
homemakers in Mahabad, Iran. As family
planners, homemakers have to be aware of
environmental problems and ways to deal with
them. They can play a crucial role in changing
consumption patterns and reducing pollution.
After consideration of literature review and the
recommendations of experts, the recommended
procedures of Aijen’® and Francis'2 were used
for primary designing of the questionnaire.
Therefore, in the first stage, 8 questions related
to factors effective on participating in source
separation were distributed among 30
housewives who referred to 8 health centers in
different parts of the town. This stage was
performed in order to identify salient beliefs,
benefits, factors, perceived barriers, and effective
reference groups in participation. In the next
stage, the answers to each question were
classified according to different concepts
(attitude, subjective norm, perceived behavioral
control, and self-identity, action planning,
perceived barriers, perceived benefits,
facilitating factors, and behavioral intention).
The most indicated responses to each question
were selected. Then, the questionnaire was
designed through holding several meetings with
an expert panel and obtaining their views
regarding the relevance of expressions in terms
of clarity (use of simple and understandable
words) and use of common language (avoiding
the use of technical words). The questionnaire

was based on a 5-point Likert scale. The pilot
questionnaire was prepared to determine its
reliability and validity. The qualitative and
quantitative methods were used to determine
the validity of the questionnaire.

In the qualitative method, the pilot
questionnaire was distributed among 8 panel
members via e-mail, which is approximately 2
times more than the minimum number
proposed by Lawsche.2 They were asked to
review and provide feedback on the
questionnaire based on the application of
appropriate  simple words, observations,
writing, grammar, and the placement of items in
the right place. In the qualitative approach, in
order to ensure that the most important and
most accurate content (essential items) are
selected, content validity ratio (CVR) was used.
CVR values of higher than 0.75, in accordance
with Lawsche’s Table, were accepted in the
present study. Moreover, in order to ensure that
tool items are designed to measure the content,
the content validity index (CVI) was used.
Therefore, the panel members were asked to
express their ideas on each item in terms of
simplicity, clarity, and relevance through
four-episode range for each item, and finally,
those items with a CVI of higher than 0.79
were accepted.

In the third stage, in order to determine the
validity of the tool, both qualitative and
quantitative methods were wused. In the
qualitative method, an interview was carried out
with 10 housewives in order to obtain feedback
on difficulty in understanding the phrases and
words, the possibility of ambiguity, and
incomplete interpretations of the meanings of
words. Then, to specify the quantitative validity,
the impact of each item was used. To do this, the
questionnaire was given to 10 housewives. After
completion of the questionnaire, using the
impact of items formula (score = frequency X
importance), the impact of each item was
calculated and the impact scores of higher than
1.5 were accepted.

Since the research tool was designed for the

3
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first time, in order to identify patterns of
correlations between the items in each domain,
exploratory factor analysis was used.?! In this
analysis, the ratio of variables to subjects should
be at least equivalent to 1 to 5. Therefore, with
respect to the number of items, the minimum
sample required for this study was estimated to
be 265 subjects. In order to increase the accuracy,
300 subjects were enrolled in the study.
However, 17 questionnaires were eliminated
due to incompleteness, and exploratory factor
analysis was conducted using the data of 283
questionnaires. To determine the reliability of
the instrument, with an emphasis on internal
consistency, Cronbach's alpha was used. The
reliability coefficient ranges from 0 to +1.
Therefore, the revised questionnaire was
distributed among 30 women referred to the 8
urban health centers. By collecting the data,
Cronbach's alpha value was calculated, and
values greater than 0.7 were accepted. In order
to check the repeatability of the questionnaire,
intraclass correlation coefficient (ICC) was used.
For this purpose, the modified questionnaire
was distributed in two steps at a time interval of
14 days for each of the 30 women referred to
those health centers. Each homemaker answered
the questionnaires anonymously and indicated
their awareness on the study purposes by signed
a consent letter. The data was collected and
analyzed using SPSS software (version 16, SPSS
Inc., Chicago, IL, USA).

Results and Discussion

The mean * standard deviation of age of
homemakers who participated in this study was
37.94 £+ 10.52. In addition, 53.03% of subjects had
a diploma, and 48.4% of them had incomes in
the range of 1-1.5 million Tomans (Table 1). In
qualitative evaluation of content validity, cases,
such as using simple and appropriate words,
following writing rules, and aligning the items
in the right place, were considered. As a result,
several items of the tool were considered for
revision and necessary changes. To obtain CVR,

4 J Adv Environ Health Res, Vol.3, No. 1,Winter 2015

based on the number of experts according to
Lawsche’s Table2, estimating numerical mean of
the judgments of panel members was estimated.,
Questions with a CVR of higher than 0.75 and
mean value higher than 1.5 were accepted.
Ultimately, based on these results, 5 questions
were eliminated.

For CVI, those items with a CVI of higher
than 0.79 were accepted; hence, 3 questions were
eliminated. Therefore, 45 out of 53 questions,
which had suitable content validity, were
entered into the next stages of validity.

Table 1. Demographic characteristic variables of the
study participants

Variable Fregz)t)ancy
Age (year)
20-29 69 (24.38)
30-39 123 (43.46)
40-49 50 (17.66)
> 50 41 (14.50)
Quialification
Secondary school 48 (16.97)
Diploma/certificate 150 (53.03)
University degree 85 (30.00)
Income (million Rials)
5-10 87 (30.75)
10.1-15 137 (48.40)
>15 59 (20.85)
Having the knowledge to separate household wasianae
Yes 170 (60.00)
No 113 (40.00)
Having the space to separate household waste & hom
Yes 27 (80.00)
No 56 (20.00)
Having the time to separate household waste at home
Yes 225 (90.00)
No 28 (10.00)

In the qualitative evaluation of face validity,
4 items needed to be corrected based on
comments received from participants. The
necessary changes were carried out for
clarification. In the quantitative evaluation stage,
as the efficiency level of all the items was above
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1.5, all items were identified to be appropriate. In
exploratory factor analysis, the value of Kaiser-
Meyer-Olkin (KMO) Measure of Sampling
Adequacy index was determined to be 0.875,
which is much higher than 0.6. This is indicative
of sufficient sampling for factor analysis. Bartlett's
test of sphericity was significant (as the degree
was 0 and P < 0.005). This indicated that the data
were suitable for factor interactions. The
calculated share extractive values for all items
were shown to be between 0.748 and 0.923,
indicating suitability of all items. The analysis of
exploratory factor with a varimax rotation
indicated 9 valuable factors greater than 1, which
provided evidences of the multidimensionality of
the questionnaire. According to the content of the
questions, these 9 factors were namely attitude (5
questions), subjective norm (3 questions),
perceived behavioral control (4 questions), self-
identity (6 questions), action planning (4
questions), facilitating factors (5 questions),
perceived benefits (5 questions), perceived
barriers (9 questions), and behavioral intention
(4 questions) (Table 2). These factors accounted
for 91.81% of the total variance (Table 3).

The reliability of the questionnaire was
tested through internal consistency and

Perceived Self- Attitu  Perceived| Facilitating
barriers identity de benefits factors
0.63 0.58 0.83 0.78 0.64
0.71 0.63 0.75 0.44 0.52
0.53 0.43 0.63 0.52 0.41
0.66 0.54 0.47 0.58 0.74
0.71 0.63 0.68 0.64 0.58
0.64 0.68

0.64 0.68

0.74

0.77

Table 2. Weight of factor extracted from the exploratory factor analysis with varimax rotation

stability. To assess internal consistency,
Cronbach’s alpha was used, and the value of
Cronbach’s alpha for the scale was equal to
0.87 for each subscale (Table 4). The alpha
values calculated for each subscale and
domain of this study were greater than 0.7.
Hence, the reliability of the instrument was
well assessed and approved. To estimate the
stability of repeatability, test-retest method
and ICC were used, and the test-retest for the
entire questionnaire was 0.89 (Table 4). In
order to prepare a household waste recycling
behavior questionnaire, several studies have
been conducted based on TBP.222 In our
study, there were insignificant differences
among some indices compared with previous
studies, which might be due to the cultural
differences and participants. Cronbach’s alpha
for the total scale was 0.87 and for subscales it
ranged from 0.74 to 0.95. These results were
very close to the results obtained in a study by
Karim Ghani et al. in Malaysia.’” The review
by Davis and Morgan in 2008 indicated that
Cronbach’s alpha for TPB-based study ranged
from 0.56 to 0.87.22 In a study conducted in the
United States, the internal consistency of the
instrument equaled 0.82.23

: Perceived Action | Subjective
Intention . :
behavior control  planning norms
0.66 0.64 0.66 0.55
0.47 0.43 0.41 0.56
0.56 0.58 0.52 0.67
0.74 0.71 0.69

Table 3. Total variance of exploratory factor analysis
Attitud Self- Perceived | Perceived Facilitati

Intention Perceived Action  Subjective

barriers benefits
13.54 12.64

e identity

17.46 15.7 11.4

ng factors

behavioral control
6.25

norms
2.40

planning

9.29 3.13
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Table 4. The reliability results of the questionnaire subscales in theory of planned behavior (TPB) based study

Questionnaire dimensions
Attitude 5
Subjective norm

Perceived behavioral control
Self-identity

Action planning

Facilitating factors
Perceived benefits
Perceived barriers

Intention

OO0~ OPW

Number of Questions

Cronbach’s alpha Stability
0.74 0.78
0.88 0.85
0.79 0.84
0.87 0.91
0.92 0.89
0.91 0.92
0.95 0.93
0.92 0.94
0.85 0.92

Test-retest results revealed that the prepared
questionnaire has remarkable and full stability
and this indicates that the questionnaire can
provide reliable results in various circumstances
of time and place. In addition, to determine the
correlation pattern among the items in each
domain, the exploratory factor analysis was
used. However, it was not used in similar
studies.72225 The results of exploratory factor
analysis shows a nine-factor structure. In
General, these factors show a 91.8% variance,
indicating that most variables stated are related
to the attitude factor. This is consistent with the
study by Pakpour et al.18 Structures of this study
showed a 88.2% variance, among them attitude
had the highest variance.

In the present study, the average score of the
subscales for this instrument was 18.45, which
was higher than the average scores (13.45 and
12.45) reported in literature.?2 This might be due
to the differences in the study populations. In
this study, the mean attitude subscale score was
20.52, which was higher than the average score
(16.48) reported by Davis and Morgan.22 The
mean facilitator subscale score in this study was
15.85, which was similar to the score (15.45)
reported by Karim Ghani et al.l” This indicates
that the presence of incentives and situational
factors have a similar effective role in the source
separation of wastes.

Finally, this study proved that the designed
questionnaire has acceptable reliability and
validity and is a useful instrument for researches
and similar activities. One of the limitations of

6 J Adv Environ Health Res, Vol.3, No. 1,Winter 2015

this study was that only 1 group of homemakers
was investigated. Therefore, it is recommended
that similar studies be conducted in the future in
other parts of the country with different customs.

Conclusion

In most studies, designing and measuring the
validity and reliability of the tool and data
collection are time consuming and costly. Access
to a reliable and valid tool, the psychometric
properties of which have been approved, will
increase the process speed and reduce the costs.
In this study, the questionnaire had acceptable
level of reliability and validity and contributed
greatly to the identification of factors influencing
recycling behavior.
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Original Article
Abstract

In the present study, calcination conditions during the synthesis of zinc oxide nanoparticles were optimized using
response surface methodology (RSM) based on central composite design (CCD). After that, the effect of the type of
UV irradiation on the photocatalysis of methylene blue (MB) dye was studied based on the kinetic model obtained
at optimum conditions. Analysis of variance (ANOVA) exhibited a reasonable high correlation coefficient between
the predicted and experimental values (R2 = 0.95). For a decolorization efficiency of 90%, the optimum calcination
temperature and calcination time were identified to be 459 °C and 3.65 h, respectively. According to the reaction
rate constant (k), the time required for the removal of MB using UVC lamps (0.027 1/min) was shorter than that of
UVA lamps (0.0098 1/min), indicating higher exciting potential of the UVC irradiation for the generation of hydroxyl
radicals through photocatalysis.
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Introduction
In recent decades, advanced oxidation processes
(AOPs) have been proposed as efficient
techniques for the degradation of organic
pollutants such as dyes.!?2 The most widely
investigated AOPs for the treatment of
wastewater containing dye are photocatalytic
processes.2 Among the various photocatalysts
employed in photocatalytic processes, TiO, and
Zn0O are known to be efficient photocatalysts for
the degradation of various environmental
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Mahdi Safari
Email: safari.m.eng@gmail.com
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contaminants.>> Compared to TiO;, ZnO
nanoparticles have a large area-to-volume ratio,
high UV absorption capacity and long life-span.
When ZnO nanoparticles are irradiated with UV
light, highly reactive hydroxyl radicals (OH) are
produced, which promote the degradation of
target pollutants.6” To mitigate the toxicity of
ZnO nanoparticles for aqueous ecosystems and
to make their use more economical, in the
present study, ZnO nanoparticles were
immobilized onto glass plates.®# One of the most
important parameters influencing the structure
and activity of the photocatalyst is calcination
conditions.?10 Therefore, a photocatalytic process
consisting of low-pressure UV lamps and
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immobilized ZnO nanoparticles was used to
characterize the photocatalytic activity of ZnO
nanoparticles toward the degradation of
methylene blue (MB) dye wunder different
calcination conditions. To better evaluate the effect
of calcination conditions, response surface
methodology based on central composite design
was used due to its advantages compared to the
“one-factor-at-a-time” statistical approach.’4 In
the following, the effect of the type of UV
irradiation on photocatalytic decolorization of MB
was evaluated at optimum calcination conditions.

Materials and Methods

The ZnO nanoparticles were prepared via co-
precipitation method. First, 3.6 g ammonium
nitrate was dissolved in 40 mL deionized water.
Then, 0.9 mL aqueous ammonia was added to
the abovementioned solution. Subsequently, 10
mL zinc nitrate was added dropwise to a stirred
solution for 3 h at room temperature. After that,
nitric acid was added to adjust the pH of the
solution to 6.0. After aging for 24 h, 40 ml
hydrogen peroxide (10 wt%) was added the
stirred solution for 1 h. The precipitate was
filtered and washed with deionized water, then,
was dried in an oven at 80 °C. The resulted
powder was immobilized on the glass plates via
the heat attachment method.’> To functionalize
the surfaces of the glass plates (3 x 20 cm in size)
with hydroxyl groups, concentrated industrial
grade NaOH (50%) was wused.’® The
functionalization with hydroxyl groups would
be beneficial to achieve a stronger attachment of
the ZnO nanoparticles to the plates. A 5%
suspension of amorphous ZnO powder was
prepared. After sonication in an ultrasonic bath
(Starsonic 18-35, Liarre, Italy) at a frequency of
30 kHz for 90 min, the sonicated suspension was
coated on the surface of the glass plates. Next, it
was dried in an oven at 90 °C for 1 h. Finally,
ZnO nanoparticle-coated glass plates were
calcined in an electric furnace at different
exposure times and temperatures based on the
experimental design obtained using central

composite design (CCD).

The photocatalytic process was carried out in
a 600 ml rectangular reactor. Then, 5 low-
pressure mercury vapor lamps (6 W) (Philips,
Holland) were placed in the reactor top of the 3
glass plates containing immobilized ZnO
nanoparticles. Recirculation of the solution was
carried out via a peristaltic pump (Heidolph
5001, Germany). All the experiments were
carried out with the solutions containing 5 mg/1
MB at neutral pH.

Residual MB in the solution was measured
with a UV-Vis spectrophotometer (Unico 2100)
at 663 nm. Furthermore, the X-ray diffraction
(XRD) patterns of the samples were obtained
using a diffractometer (XRD, X'Pert MPD,
Philips, Netherlands).

To evaluate the effect of calcination
conditions on decolorization efficiency, two
main variables regarding calcination conditions
were selected; the calcination temperature and
time. The number of required experimental runs
was calculated via equation (Eq). 1:1213

N =2K+2k+x, (1)

where N is the number of required
experimental runs (fact), k is the number of
variables, and x, (axial) is the number of central
points. Thus, according to Eq. 1, the total
number of required experimental runs is 13
(k =2, xo =5). Design-Expert software (Stat-Ease,
Inc., Minneapolis, MN, USA) was used for the
analyses of the obtained data. The variables X;
were coded as x; for statistical analysis according
to Eq. 2:14

Xi—Xo

Xi = =5 (2)

where X, and 6X are the values of X; at the
center point and step change, respectively. The
experimental ranges of the variables concerning
MB removal are summarized in table 1.

Due to low melting point of the glass plates
and the high energy required, the immobilized
ZnO nanoparticles could not be calcined at
above 500 °C. The -catalyst was prepared
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according to the calcination conditions described
in the experimental runs, then, the photocatalytic
MB removal (%) was measured at constant MB
concentration of 5 mg/l, reaction time of 120
min, and neutral pH. The process can be
described by means of a second-order model as
represented in Eq. 3:

Y = by + XL, bixi +(XfL biixi)? +
YT Y byxix;(3)

where Y is the dependent variable
[decolorization efficiency (%)], bo is a coefficient
constant, b; are linear coefficients, b; are
interaction coefficients, and by are quadratic
coefficients. Moreover, x; and x; are the coded
values for the experimental variables.12-14

Results and Discussion

CCD model results

Using the CCD model, an empirical mutual
relationship was established between the

Table 1. Ranges of the experimental parameters

Parameters
Calcination temperature (°C) 250
Calcination time (h) 3

response [decolorization efficiency (%)] and
independent variables based on the coded
variables according to Eq. 4:

Y = 86.74 + 5.92x, — 0.68 x, — 2.37 x,x, —
4.12x% — 1.83x2(4)

where Y is the decolorization efficiency (%).
The CCD matrix, experimental results, and
predicted values for the photocatalytic
decolorization are summarized in table 2. The
statistical significance of the quadratic model
was assessed through analysis of variance
(ANOVA). The ANOVA results are presented in
table 3. Table 3 demonstrates that the regression
model has a high coefficient of determination
(R2 = 0.95), indicating that 95% of the variations
of decolorization can be explained by the
independent parameters. In fact, the model fails
to explain only 5% of the variation. The low P-
values obtained in the ANOVA indicate the
significance of the results.!!

Ranges and levels

0
287.00 375.0 463.00 500
3.44 4.5 5.56 6

Table 2. Experimental and predicted results of appl

Calcination

temperature (°C)

1 375 4.50
2 375 4.50
3 463 3.44
4 375 4.50
5 463 5.56
6 375 6.00
7 287 5.56
8 500 4.50
9 375 4.50
10 375 3.00
11 250 4.50
12 287 3.44
13 375 4.50

ied central composite design (CCD)

Calcination time (h)

Decolorization efficiency (%)

Experimental Predicted Residual
85.12 86.74 -1.62
86.60 86.74 -0.14
91.56 89.77 1.79
88.21 86.74 1.47
86.23 83.68 2.55
80.35 82.13 -1.78
77.24 76.56 0.68
84.32 86.88 -2.56
86.56 86.74 -0.18
83.36 84.05 -0.69
70.23 70.13 0.10
73.10 73.19 -0.09
87.23 86.74 0.49
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Table 3. Analysis of variance (ANOVA) for the photo

Source of variations| Sum of squares

Regression 436.43 5
Residuals 25.51 7
Total 461.93 12

Degree of freedom  Mean square ‘ F-value ‘

catalytic methylene blue (MB) removal

P
(Probe > F)

5.10

R 0.95; adjusted 0.91; adequate precision: 15.14; C.V: 2.30%

92,00 —

86.50 —

81.00 —

75.50 —

Predicted decolorization efficiency (%)

70.00 —

I I I I I
70.13 75.49 80.85 86.20 91.56

Actual decolorization efficiency (%)
Figure 1. (a) Predicted versus actual decolorizatio
photocatalytic methylene blue (MB) removal

It is important to note that “Adequate
precision” measures the difference between the
signal and noise (signal-to-noise ratio), and a
ratio of greater than 4 is favorable.’® As shown in
table 3, the obtained ratio of 15.14 indicated an
adequate signal. In addition, the low value of the
coefficient of variation (CV = 2.30%) exhibited
the relatively high reliability of the model for
describing the removal of MB dye via the
photocatalytic process.

In order to evaluate the adequacy of the
model, experimental and predicted data were
compared [Figure 1 (a)]. Figure 1 (a)
demonstrates a good agreement between the
predicted decolorization efficiency (%) and the
experimental values (R? = 0.95). Residuals
(Table 2) indicate how well the model satisfies
the assumptions of ANOVA.1113 The plot of
residuals versus run number is depicted in
figure 1 (b). Figure 1 (b) shows no apparent
dispersal of residuals for each experimental run,
indicating suitability of the model for satisfying

3.00
(b}

1A

A

Residuals

-1.50 —

-3.00

I ! [ ! | ! I | | ! I
1 3 5 7 g " 13
Run number

n efficiency and (b) residual versus run number for the

the assumptions of ANOVA.

Interactive effects of the

parameters

independent

Response surface and corresponding contour
plot were applied for interaction of any two
parameters. The effects of calcination
temperature and calcination time on
photocatalytic MB removal are shown in figure
2. These plots visualize how high and low
values of calcination temperature affect MB
removal during the photocatalytic process. At
low calcination temperature, the synthesized
nanoparticles have a wide range of particle size,
while with increasing calcination temperature,
the average particle size of aggregated particles
increases as a result of increasing primary size of
the nanoparticles during heat aggregation.l0 In
agreement with our study, another investigation
has demonstrated that increasing calcination
temperature results in the increasing of average
crystallite size.l” Moreover, Yu and Wang?, and

11
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Yu et al.’8 showed that calcination temperature
has a great effect on the structure and
photocatalytic activity of TiO, nanotube arrays
and TiO; film prepared by liquid phase
deposition.
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Decolorization efficiency (%)

Figure 2. a) Response surface plot of
photocatalytic methylene blue (MB) removal (%)

as the function of calcination temperature and

calcination time

As can be seen in figure 2, at low calcination
temperature, decolorization efficiency (%)
increased with increasing calcination time from
the lowest value of 3 h to the moderate values.
Then, it became constant as the calcination time
increased from the moderate values to the
highest value of 6 h. At high -calcination
temperature, increasing calcination time led to
an evident drop in decolorization efficiency (%).
A desirable value for each independent variable
and response can be selected by using numerical
optimization. Using this approach, the
maximum decolorization efficiency (%) by the
photocatalytic process was 90% at a calcination
temperature of 459 °C and a calcination time of
3.65 h. In accordance with our study, Lai et al,,
in their study, showed that photocatalytic
activity depends on calcination temperature.l
According to their finding, the calcination
temperature of 450 °C had the highest
photocatalytic activity for degradation of methyl
orange.’ In a comparative photocatalytic study
carried out using TiO: film, it was exhibited that

12 J Adv Environ Health Res, Vol.3, No. 1,Winter 2015

the photocatalytic activity of TiO; film calcined
at 700 °C was 2.5 times higher than that of the
thin film calcined at 500 °C.18

Characteristics of synthesized ZnO nanoparticles
To determine the actual crystallite size of ZnO
nanoparticles, XRD analysis was performed and
the result is depicted in figure 3. Figure 3
displays the excellent crystal structure of
synthesized ZnO nanoparticles. The crystallite
size of ZnO nanoparticles was determined using
the Debye-Scherrer’s equation.” Accordingly,
the average crystallite size of the ZnO
nanoparticles was about 47.4 nm.

14000

12000 -
10000 -
7]
2
5
5 8000 -
(3]
6000 -
4000
2000 -
0 ,*,-—J, AR
10 20 30

2-Teta
Figure 3. X-ray diffraction (XRD) spectrum of as-

synthesized ZnO nanoparticles in optimal
calcination conditions (Calcination temperature =
459 °C, calcination time = 3.65 h)

Kinetics for photocatalytic MB removal

The rate of a reaction is of principal concern. The
rate at which a reaction occurs is usually
determined by the concentration of the reactant
as the reaction proceeds. To evaluate the
reaction rate of photocatalytic MB removal using
different types of UV lights, an integrated form
of pseudo-first-order kinetic model was used
(Figure 4).

The obtained correlation coefficients for both
UVA and UVC (R2 > 0.99) indicated that the
amount of MB removal is directly proportional
to the concentration of MB in the solution.
Nishio et al., in their study, showed that

http://jaehr.muk.ac.ir
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photocatalytic azo dye removal with ZnO
powder followed pseudo-first-order Kkinetic
model.20 This finding is in agreement with our
findings. As is evident from figure 4, the
reaction rate constant (k) of MB removal for the
UVC and UVA lamps was found to be 0.027
1/min and 0.0098 1/min, respectively, implying
that the time required for MB removal by UVC
lamps is shorter than that of UVA light. As
reason, the application of UVC lamps produces
more photons to excite more electron-hole pairs
for photocatalytic ~decomposition of MB.
Moreover, the application of UVC lamps results
in decreasing the electron-hole recombination
rate, which is one of the most important reasons
for decreasing photocatalytic activity of a
photocatalyst.2!

A UVC
3.5 1 A UVA

3

N
o
.

| y=0.0274x-0.1103
R2=0.9924

-In (C/CO)
=
= [4;] N

o
o
|

y =0.0098x - 0.0472
R2=0.9912

0 50 100 150
Time (min)

Figure 4. Effect of the type of UV light on

decolorization efficiency (%) [Methylene blue (MB)

concentration = 5 mg/l, reaction time =120 min,an d

pH = neutral]

Conclusion

In the present study, the effect of the calcination
conditions on the photocatalytic activity of
synthesized nitrogen-doped ZnO nanoparticles
has been studied in the context of response surface
methodology (RSM). ANOVA analysis indicated a
satisfactory fit between the regression model and
the experimental results. According to the model,
the highest rate of dye removal was attained at a
calcination temperature of 459 °C and a calcination
time of 3.65 h. Further experiments in optimum
calcination conditions revealed an evident

J Adv Environ Health Res, Vol. 3, No. 1, Winter 20%

increment in decolorization efficiency (%) using
UVC lamps instead of UVA lamps.
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Abstract

Pesticides are chemical substances used to control pests in an effort to increase crop production and quality, and
food storage. The levels of pesticides in different environmental compartments, such as water, soil, agricultural
foods, and products of animal origin, have become a relevant issue. In this study, the levels of pesticide residues in
Sabarmati River of Gujarat, India, have been investigated using surface water and sediment samples as a case
study to find the extent of contamination and accumulation in the River. Thus, 3 organochlorine pesticides (OCPs),
namely dichlorodiphenyltrichloroethane (DDT), hexachlorocyclohexane (HCH), and endosulfan, and their isomers
were analyzed in the River through gas chromatography (GC) (Shimadzu, 2010) using an electron capture detector
(ECD). The present research is very vital and holds a great significance for a developing nation like India. There is a
lack of such studies in India and a similar study has not been carried out on the Sabarmati River since 1998. In
some cases detected concentrations were higher than the standard set by the Indian Bureau of Standards as well
as theEuropean Union. 2 OCP residues detected in surface water and sediments samples of the Sabarmati River
ranged between below detection limit (BDL) and 392.71 pg/l and BDL-1393.81 ng/g.
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Introduction residues in excess of 100 mg/kg were reported in

Dichlorodiphenyltrichloroethane (DDT), dried fish taken from rice fields in Bangladesh.?
hexachlorocyclohexane (HCH) and endosulfan ~ The present research is vital and holds a great
are very dangerous chemical substances and have ~ significance for a developing nation like India.
been banned, but some farmers still use these ~ There is a lack of such studies in India and a
substances to control pests. Some factories also ~ Similar study has not been carried out on the
produce organochlorine pesticides (OCPs). OCPs Sabarmati River, India, since 1998. Rivers in India
are very toxic and they may affect the biota and ~ are an important source of water supply and
human consumers.! An epidemiological study unfortunately are exposed to pesticide pollution.
has shown OCPs to be a potential risk factor for ~ Therefore, it is very important to monitor water

liver, breast, prostate, and testicular cancer, and quality in terms of the presence of pesticides prior
lower sperm count in humans} In 1993’ DDT to its distribution in the SOCiety. In Ahmedabad,

near the Sabarmati river, approximately 7
pesticide producing industries are situated. Many

Corresponding Author: pesticide manufacturers and industries illegally
dump their wastes directly into the river. A
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potential pathway for adverse effects of pesticides
is via hydrologic systems, which supply water to
natural ecosystems. Water is one of the primary
ways through which pesticides are transported
from an applied area to other locations in the
environment. According to the guidelines of the
World Health  Organization (WHO), a
concentration level of up to 2000 ng/1 of HCH
and DDT in drinking water is considered safe for
humans and other living bodies.* There was a
report of poisoning due to pesticides in India in
Madhya Pradesh in 1967-68 where 12 people
were affected and over 12 people died due to high
levels of HCH.> A case study in Uttar Pradesh
(India) in 1978 reported poisoning and death due
to HCH in 250 and 4 individuals, respectively.>

The main objective of this study was to
present a general overview of the existence of
different pesticides in various locations of the
respective river. This study was undertaken due
to the necessity of monitoring pesticide residues
in the river system, after the ban on the use of
these pesticides, in order to assess any
health/ecological risks. The study shows that the
amount of OCPs found in agricultural areas is
higher than that found in industrial and
residential areas. Pesticides applied on soil
eventually find their way to the aquatic system,
thus, contaminating it. OCPs can persist in soil
and water for several years, and subsequently,
become accumulated in aquatic biota.e.

Materials and Methods

All solvents (HPLC grade) were purchased from
SD Fine-Chem Limited (SDECL).
Dichloromethane (DCM), acetone, hexane,
sodium chloride (AR grade), and sodium
sulphate (AR grade) were procured from
SDFCL. Analytical standards of 4, 4 DDT,
endosulfan, and HCH were purchased from
Sigma-Aldrich Laborchemikalien GmbH. The
standard solutions (1.0 pg/ml) of organochlorine
pesticides alone or in combination were

prepared in hexane. Millipore Milli-Q purified
water was used throughout the experiment.

The study area and sampling locations were
identified based on the possible potential for

16  J Adv Environ Health Res, Vol.3, No. 1,Winter 2015

water contaminations by pesticides. Sample
collection was performed in two different
phases. In phase I, samples were collected
during May 2011, May 2012, and May 2013 to
check the levels of pesticide residue in
succeeding years and weather the concentration
of pesticide gradually increased or decreased. In
phase II, sampling was performed during
January 2013, May 2013, and September 2013 to
check the variation in levels of pesticides due to
season in the Sabarmati River, Ahmedabad,
Gujarat, India (Figure 1).

The Sabarmati River is located in Western
India. It is one of the largest rivers of north
Gujarat and originates from Dhebar Lake in
Aravalli Range of the Udaipur District of
Rajasthan and meets the Gulf of Cambay of the
Arabian Sea. The millions of liters of 'treated'
effluent water of 3,365 units of Vatva, Odhav,
and Naroda pumped into the river by the
Gujarat Industrial development corporation
(GIDC) Mega pipeline at the Vasana-Narol
Bridge near Ahmedabad. These effluents are 15
times more polluted than the accepted norms.
The sampling locations were selected closer to
the places where intensive agricultural and
industrial activities are carried out. Surface
water and sediment samples were collected from
8 sampling locations of the Sabarmati River
because many industries are situated in
nearby areas.

The river water (144 samples) and sediment
(144 samples) samples were collected and
analyzed once in each season (summer,
monsoon, and winter) during the study period.
The river water samples (2 1) collected from
midstream of the river (40 cm below the surface)
in high purity glass bottles were transported to
the laboratory, refrigerated at 4 °C, and analyzed
for residues of OCPs. The sediment samples
collected in  the  polyethylene  bags,
approximately 500 g, were transported to the
laboratory and pebbles, shells, and vegetable
matter were removed, and the samples were air-
dried at room temperature. The air-dried
samples were then grounded with pestle and

http://jaehr.muk.ac.ir
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mortar and sieved to 200-250 British Standard
Sieve (BSS) mesh size. The samples were
collected approximately between 0-50 Km
ranges of the Sabarmati River.

For the extraction of OCPs, 10 g sediment
samples were obtained from each location.” Then,
7 ml of 0.2 M NH4Cl solution was added to the 10
g dried sediment samples. A mixture of 100 ml
hexane:acetone (1:1) was used as a solvent to
extract pesticides through overnight shaking for
12 hours on reciprocal or wrist action shaker at
180 rpm. The extract was carefully decanted
through activated Florisil column (2-3 cm), and
the sediments were washed twice with 25 ml
hexane:acetone (1:1). The eluate was washed with
200 ml water, and then, aqueous layer was
extracted again with 50 ml hexane. Finally, the
hexane layer was washed with 100 ml water, and
then, evaporated until dry with a vacuum rotary
evaporator. The concentrated extract was then
passed through a chromatographic column [30
cm x 10 mm internal diameter (i.d.)] containing 2
g Florisil (lower) and 1 g sodium sulphate (upper)
which is pre-wetted with hexane: acetone (1:1).
OCPs were eluted with 25 ml hexane: acetone
(1:1). Solvent evaporation was performed using a

rotary evaporator and final volume of solvent
was adjusted to 5 ml, which is used for gas
chromatographic analysis. All sediments were
analyzed for HCH, DDT, and endosulfan.

NacCl (10 g) was dissolved in 1000 ml of water
sample and kept in a separating funnel with a
stopcock on a vertical stand. Then, 60 ml of DCM
(dichloromethane) was added to the separating
funnel and the separating funnel was shaken for
2-3 minutes. Next, the produced gas was
released by opening the stopcock and the
separating funnel was replaced on the stand in
its original position. The organic layer was then
separated and passed through a bed of
anhydrous sodium sulphate and the extract was
collected in a round bottom flask (RB). The
whole process was repeated by adding 30 ml
DCM twice and passing the whole extract
through a bed of sodium sulphate. Evaporation,
near to dryness, was performed using a rotary
evaporator. The residue was extracted with
acetone: hexane mixture (1:9) and heated until it
evaporated almost to dryness. Subsequently, a
mixture of acetone: hexane (1:9) was added until
the residue reached 1 ml, and then, it was used
for GC analysis.?
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Figure 1. Map of the Sabarmati River Ahmedabad, Gujarat
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Stock standard solutions (1000 pg/ml) were
prepared individually by dissolving the
appropriate quantity of pesticide in hexane.
Working standard solutions (10-100 ppm), as per
requirement, were prepared from pesticide stock
solution in hexane. The obtained solutions were
stored in a refrigerator at 2-8 “C. The pesticide
residues were analyzed wusing a gas
chromatograph  (GC 2010, SHIMADZU)
equipped with an auto sampler and supported by
an electron capture detector (ECD) and GC
solution software. This detector allows the
detection of contaminants at trace level
concentration in the lower ppb range in the
presence of a multitude of compounds extracted
from the matrix to which this detector does not
respond. A 30 m x 0.25 mm i.d. x 0.25 um fused
silica capillary column was wused for the
chromatographic  separation of pesticides.
Nitrogen was used as the carrier gas and make
up gas and the injection technique was in the split
mode. Injector temperature was set at 270 °C and
a volume of 1 pl of each sample was injected. The
column flow was set at 0.7 ml/minute and
detector temperature was set at 300 °C. The limit
of detection (LOD) and limit of quantification
(LOQ) for OCPs were 0.001 pg/1 and 0.002 ug/1,
respectively (Table 1).

Table 1. Pesticide residue limits (Bureau of Indian

Standards)

Pesticides  Limit(ug/)  Rt(minute) |
a-HCH 0.01 7.60
R-HCH 0.04 8.40
y-HCH 2.00 8.65
6-HCH 0.04 9.47
0,p-DDT 1.00 22.61
p,p-DDT 1.00 24.91
a-endosulfan 0.40 18.12
3-endosulfan 0.40 21.76

HCH: Hexachlorocyclohexane; DDT: Dichlorodipherigtitoroethane

Results and Discussion

The present study has been undertaken to find the
extent of pesticide contamination and

accumulation in the Sabarmati River. Moreover,
attempts have been made to check the presence of
banned pesticides

like DDT, HCH, and

18 J Adv Environ Health Res, Vol.3, No. 1,Winter 2015

ndosulphan. All processes were performed in
triplicate. The basic statistics of ) OCPs at different
sites in sediment and water samples of the
Sabarmati River during the study period is
summarized in table 2.

Hexachlorocyclohexane (HCH)

The solubility of lindane (y-HCH) in water is 10
mg/l. The WHO classifies lindane as a
“moderately hazardous” pesticide. The United
States Environmental Protection Agency
(USEPA) (2005) has reported that lindane does
not contaminate drinking water in excess of the
agency’s level of concern. However, exposure to
large amounts of linden can negatively affect the
nervous system, producing a range of symptoms
from headache and dizziness to convulsions,
and very rarely death.” In water and sediment
samples of the Sabarmati River collected from
the Indira bridge, residual concentration of
YHCH ranged from below the detection limit
(BDL) to 8.59 pg/1 and BDL to 1494.62 ng/g,
respectively. In water samples collected from 2
km away from the Indira Bridge, ) HCH residue
concentration ranged from BDL to 194.93 pg/l.
Nevertheless, the detected concentration of
YHCH in sediment samples was BDL-1372.2
ng/g. Similarly, in water samples taken from the
Ellis Bridge, > HCH residue concentration ranged
from BDL to 169.44 pg/l, where as in sediment
samples, it ranged from BDL to 4.22 ng/g. In
water samples collected from the Nehru Bridge,
Y HCH residue concentration was in the range of
BDL-232.59 pg/1. In the sediment samples, a-HCH
and 6-HCH concentrations were in the range of
BDL-5.65 ng/g and BDL-14.21 ng/g, respectively.
In water samples taken from the Gandhi Bridge,
residues of ) HCH concentration was in the range
of BDL-107.45 pg/l, and in sediment samples,
isomers of HCH were not detected. Similarly, in
water and sediment samples taken from the
Subhash Bridge, residual concentration of ) HCH
ranged between BDL and 46.36 pg/1, and BDL and
15.45 ng/g, respectively. In water and sediment
samples collected from the Sardar Bridge, ) HCH
residue concentration ranged from BDL to 11.07
pg/l, and BDL to 34.76 ng/g, respectively. In
water samples taken from the Ambedkar Bridge,
residual concentration of a-HCH was in the range

http://jaehr.muk.ac.ir



concentrations were in the range of BDL-3.84 ng/g
and BDL-12.25 ng/ g, respectively.
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of BDL-5.09 pg/1, while others were not detected.
In sediment samples, a-HCH and 6-HCH

Table 2. Basic statistics of organochlorine pesticides (OCP) residues in water and sediment samples of
the Sabarmati River

Pesticides
Indira Bridge
a-HCH BDL-0.95 0.87 £ 0.09 0.89 BDL-64.52 52.97 £ 11.51 52.90
3-HCH BDL-2.34 2.34+£0.16 2.34 BDL-524.62 512.98 £12.01 513.72
vy-HCH BDL-1.60 1.41+£0.16 1.34 BDL-845.58 836.52 £10.30 838.68
8-HCH BDL-3.70 3.27 £0.30 9.82 BDL-59.90 58.54 £ 1.25 58.30
0,p-DDT BDL-0.07 0.03 £ 0.03 0.03 BDL-0.51 0.46 + 0.05 0.49
p, p-DDT BDL-0.05 0.02 +0.02 0.02 BDL-0.02 0.01 £0.01 0
a-Endosulfan BDL-0.07 0.02 £ 0.03 0.01 BDL-0 00 0
B-Endosulfan BDL-0.08 0.03 £ 0.03 0.04 BDL-0 0+£0 0
Indira Bridge 2 km away
a-HCH BDL-0.08 0.03 £ 0.04 0.02 BDL-155.32 148.36 + 7.60 149.52
3-HCH BDL-0.06 0.02 +0.03 0.01 BDL-41.52 38.37 £3.24 38.58
vy-HCH BDL-4.58 4.53 + 0.03 4.52 BDL-1120.84 1088.02 + 33.09 1088.59
8-HCH BDL-190.21 189 £ 0.85 189.62 BDL-54.52 45.91 + 8.06 44.69
0,p-DDT BDL-65.52 65.03 £ 0.42 64.89 BDL-21.53 14.95 + 6.18 14.08
p,p-DDT BDL-80.51 79.55+1.12 79.84 BDL-0.02 0.00 £0.01 0
a-Endosulfan BDL-14.52 14.14 + 0.54 14.39 BDL-0.04 0.01 £0.02 0
B3-Endosulfan BDL-37.23 36.61 + 0.83 36.95 BDL-0.02 0.01 £0.01 0.01
Ellis Bridge
a-HCH BDL-0.43 0.41 +0.02 0.42 BDL-4.21 3.58 + 0.68 3.69
3-HCH BDL-7.04 7.01£0.03 7.02 BDL-0 00 0
v-HCH BDL-160.55 155.96 +4.22  155.12 BDL-0 0+0 0
8-HCH BDL-1.42 1.24+£0.22 1.32 BDL-0.01 0.0£0.00 0.01
0,p-DDT BDL-0.04 0.02 £ 0.02 0.02 BDL-3.02 2.78+0.24 2.79
p,p-DDT BDL-0.02 0.01 +0.01 0.01 BDL-0.02 0.01 £0.01 0.01
a-Endosulfan BDL-0.06 0.02 £ 0.03 0.02 BDL-0.65 0.45 +0.20 0.46
3-Endosulfan BDL-0.04 0.02 £ 0.02 0.02 BDL-5.25 3.83+1.27 3.47
Nehru Bridge
a-HCH BDL-0.02 0.01+0.0 0.01 BDL-5.65 4.72 +1.05 4.49
3-HCH BDL-5.19 5.05 £ 0.20 5.15 BDL-0 0+0 0
vy-HCH BDL-225.85 22452 +1.89 225.38 BDL-0 00 0
8-HCH BDL-1.53 1.33+£0.32 1.51 BDL-14.21 13.30+0.84 13.15
0,p-DDT BDL-0.08 0.03 +0.04 0.02 BDL-14.25 12.60+1.70 12.71
p,p-DDT BDL-0.03 0.01 +0.02 0.01 BDL-12.94 11.69+£1.08 11.18
a-Endosulfan BDL-0.08 0.07 £0.01 0.07 BDL-7.98 6.83+1.04 6.58
3-Endosulfan BDL-0.03 0.01 +0.04 0.01 BDL-10.25 9.64 + 0.64 9.69
Gandhi Bridge
a-HCH BDL-0.39 0.37 £0.04 0.39 BDL-0 0+0 0
R-HCH BDL-3.03 2.88 £ 0.25 3.02 BDL-0 0+0 0
vy-HCH BDL-103.99 102.22 +1.88 102.42 BDL-0 0+0 0
8-HCH BDL-0.04 0.02 £ 0.02 0.02 BDL-0 0+0 0
0,p-DDT BDL-0.05 0.01 +0.03 0.01 BDL-0 0+£0 0
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Table 2. Basic statistics of organochlorine pesticides (OCP) residues in water and sediment samples of
the Sabarmati River (Continue)

eaticides Water (ug/)
~ Viean £ SD | Wedian Viean £ 5D Wedian
p,p-DDT BDL-0.03 0.01 +0.01 0.02 BDL-0 0+0 0
a-Endosulfan BDL-0.04 0.01 +0.02 0.01 BDL-0 0+0 0
3-Endosulfan BDL-0.04 0.02 +0.02 0.02 BDL-0 0+£0 0
Subhash Bridge
a-HCH BDL-0.04 0.02 £ 0.02 0.02 BDL-0 00 0
3-HCH BDL-0.82 0.74 £ 0.10 0.79 BDL-0 0+£0 0
v-HCH BDL-44.72 44.37 + 0.59 44.71 BDL-0 0+0 0
8-HCH BDL-0.78 0.77 £0.01 0.77 BDL-15.45 11.50 £ 3.62 10.74
0,p-DDT BDL-0.06 0.03+£0.03 0.04 BDL-0 00 0
p,p-DDT BDL-0.08 0.03 +0.04 0.02 BDL-0 0+£0 0
a-Endosulfan BDL-0.02 0.01 £ 0.01 0.01 BDL-4.54 3.44 £1.09 3.41
3-Endosulfan BDL-0.06 0.02 £ 0.03 0.02 BDL-0 00 0
Sardar Bridge
a-HCH BDL- 0.15 0.13+0.01 0.14 BDL-15.94 14.68 £1.11 14.25
3-HCH BDL-6.35 6.22 +0.20 6.32 BDL-3.87 2.68 +1.05 2.33
y-HCH BDL-4.07 3.92+0.21 4.02 BDL-0 00 0
8-HCH BDL-0.5 0.37 £0.15 0.40 BDL-14.95 12.56 £ 2.31 12.41
0,p-DDT BDL-0.04 0.02 +0.02 0.02 BDL-9.87 8.72 +1.00 8.31
p,p-DDT BDL-0.05 0.02 +0.02 0.03 BDL-11.54 10.43 £1.22 10.6
a-Endosulfan BDL-0.06 0.02 £ 0.03 0.01 BDL-1.85 1.51+0.42 1.65
3-Endosulfan BDL-0.04 0.02 £ 0.02 0.02 BDL-10.22 9.41 +0.78 9.35
Ambedkar Bridge
a-HCH BDL-5.09 5.03 +0.04 5.02 BDL- 3.84 2.58+1.17 2.39
3-HCH BDL-0.09 0.05+0.04 0.06 BDL-0 00 0
y-HCH BDL-0.07 0.04 £ 0.03 0.05 BDL-0 00 0
8-HCH BDL-0.06 0.02 +0.03 0.01 BDL-12.25 12.16 £ 0.08 12.17
0,p-DDT BDL-0.02 0.01 +0.01 0.01 BDL-14.1 13.34 £ 0.71 13.25
p,p-DDT BDL-0.06 0.03+£0.03 0.04 BDL-20.61 19.63 £ 0.48 19.67
a-Endosulfan BDL-0.06 0.02 +0.03 0.02 BDL-2.98 2.79 £0.27 2.90
3-Endosulfan BDL-0.08 0.04 +0.04 0.04 BDL-14.6 14.09 + 0.84 14.54

BDL: Below the detection limit; HCH: Hexachlorocyclotame; DDT: Dichlorodiphenyltrichloroethane; SD: i&lard deviation

The comparison of the residues of OCPs
between different sampling sites showed that
the location 2 km away from the Indira Bridge
had the maximum concentration of these
persistent compounds (1393.22 ng/g in
sediment). However, this concentration was
39271 pg/l in water sample. The high
concentration of OCPs in this area is due to the
fact that this is an agricultural area and two
pesticide industries are situated near this
location. Nevertheless, the concentration of
OCPs at the Ambedkar Bridge (water sample)
was lower (5.53 pg/l in water). However,
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sediment samples taken from the Gandhi Bridge
had no detectable amount of OCPs (Figure 2).
As shown in table 3, the concentration of
YHCH increased during the study period. As
compared to residual concentration of ) HCH in
2011, it has gradually increased in succeeding
years. This is evidence of the use of HCH until
today. This study has been performed mostly for
Indian rivers like Gomti River (Uttar Pradesh),
Kaveri River (Tamil nadu), Ganga River (Uttar
Pradesh), Hugli River (Kolkata), Kuano River
(Uttar Pradesh), and Yamuna River (Haryana-
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Delhi). The level of Y HCH ranged from 5.08 to
232127 pg/1 in water and BDL to 1494.62 ng/g
in the sediments of the Sabarmati River. Gomti
River showed lower concentration of Y HCH
(0.00163-0.368 pg/l) in water and (BDL-155.17
ng/g) sediments.® Ganga River also showed
lower levels of YHCH in water (BDL-99.517

pg/1).1
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Figure 2. Y organochlorine pesticides (OCPs)
(OCPs) residues in the (a) water and (b)
sediments of the Sabarmati River

The concentration of YHCH in the Kaveri
River ranged from 4.35 to 158.4 ng/g,'2 which is

lower than the concentration found in our study.
In surface water, levels of lindane (y-HCH) were
found to be in the range of 0.01-0.43 pg/1, which
is less than that in the Hugli River, Kolkata.1?
The total concentration of HCH in the Kuano
River ranged from 0.0008 to 0.020 pg /14, and in
the Yamuna River from 0.01276 to 0.5934pg/1.15
In the water samples of the Sabarmati River, the
concentration of Y HCH residues are relatively
higher than that found in the Pearl River estuary
(0.039-0.282 pg/1).16 In the rivers of Taiwan and
Mar Menor Lagoon, these values are lower than
that of the Minjiang River estuary.” In this
study, it can be said that HCH has the
predominant residue concentration in the
Sabarmati River. In rivers in the Southern part of
Okinawa, in Japan, the highest concentration of
HCH detected in water samples was 0.049
pg/1® which is lower than our results. In
sediments, the concentration level of HCH
detected range from 0.44 to 17.9 ng/g in the
West Central coast of India in the rabian Sea.1
HCH is a widespread contaminant that has
entered the environment through its
manufacturing, use as a pesticide, and its
formation as a by-product during production of
a variety of chlorinated compounds.

Dichlorodiphenyltrichloroethane (DDT)

In water and sediment samples collected from
the Indira Bridge, residual concentration of
Y DDT ranged from BDL to 0.12 pg/1 and BDL to
0.52 ng/g, respectively. In water and sediment
samples collected from 2 km away from the
Indira Bridge, the ranges of residual
concentration of op-DDT and pp-DDT were
BDL-65.52 pg/1 and BDL-80.51 ng/g, and BDL-
21.53 pg/1 and BDI-0.02 ng/g, respectively. In
sediment samples taken from the Ellis Bridge,
residual concentration of ) DDT was 3.04 ng/g.
In sediment samples collected from the Nehru
Bridge, residual concentration of op-DDT and
pp-DDT ranged from BDL to 14.25, and BDL to
12.94 ng/g, respectively. In sediment samples
collected from the Sardar Bridge, residual
concentration of ) DDT was 19.15 ng/g.

In sediment samples collected from the
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Ambedkar Bridge, residual concentration of op-
DDT and pp-DDT ranged between BDL and 14.1,
and BDL and 20.61 ng/g, respectively. In the
remaining samples received from the Subhash and
Gandhi Bridges, no residual concentrations of
DDT isomers were detected. As shown in table 3,
concentration of YDDT decreased during the
study period. As compared to residual
concentration of ) DDT in 2010, it has gradually
decreased in succeeding years. This may be due to
the ban on the use of DDT. In this study, the range
of residue levels of op-DDT and pp-DDT were
BDL-65.52 and BDL-80.51 pg/1 in water samples,
and BDL-21.53 and BDL-0.02 ng/g in sediment
samples from the Sabarmati River. This range was
BDL-0.0688, BDL-0.01376 pg/l in water samples
and BDL-345.66, BDL-206.12 ng/g in sediment
samples of the Gomti River.l In surface water,
levels of DDT were found to be 0.03-0.65 pg/1 in

the Hugli River, Kolkata,® which is lower than
that found in the Sabarmati River. In the Kuano
River of Uttar Pradesh, total DDT concentration
ranged from 0.0002 to 0.003 pg/1,** which is lower
than that in the Sabarmati River.

The level of YDDT concentration in the
Sabarmati River water (BDL-144.54 pg/l) is
higher than that found in the Ganga River
(0.14-66.51 pg/1),"* Yamuna River (0.07-0.72
pg/1),%5 Minjiang River estuary (0.04-0.23 png/1),"”
and water supply of El-Haram (2.30-61.00
1g/1).20 The level of Y DDT concentrations in the
sediments (BDL-108.48 ng/g) of the Sabarmati
River are higher than those reported in the
sediments of the Minjiang River estuary (1.6-13.1
ng/g dry weight). However, in the case of Haihe
and Dagu Drainage rivers, Y DDT concentration
ranged between 0.32 and 80.18 ng/g, and 3.60
and 83.49 ng/ g dry weight, respectively.?!

Table 3. Concentrations of organochlorine pesticides (OCP) in sediments (ng/g) of the Sabarmati River,

Ahmedabad, India

Location

2011
Mean = SD

2012
Mean £ SD

2013
Mean = SD

Site-1 >HCH 7.69 + 18.93 548.60 £ 13.81 1461.01 + 35.07
>DDT nd nd 0.47 + 0.06
>endosulfan nd nd nd
Site-2 YHCH 42.00 £ 18.93 498.21 +17.01 1320.66 + 51.99
>DDT 87.40 + 34.98 17.51+7.14 14.95 £ 6.19
Yendosulfan 21.21 +8.16 9.12+3.14 0.02 £ 0.03
Site-3 YHCH nd nd 3.58 £ 0.68
>DDT 6.00 + 34.98 3.53+0.01 2.79+0.25
>endosulfan 3.93+8.16 1.93+£0.02 4.20 +81.47
Site-4 YHCH 13.02 + 18.93 15.69 + 3.93 18.02 + 1.89
>DDT 49.3 +34.98 20.09 + 2.08 2429+ 2.78
Yendosulfan 16.27 £ 8.16 15.50 £ 0.09 16.47 £ 1.68
Site-5 >HCH nd nd nd
>DDT nd nd nd
> endosulfan nd nd nd
Site-6 YHCH 6.15 + 18.93 8.19 + 3.02 11.50 + 3.62
>DDT nd nd nd
> endosulfan nd nd 3.44 +£1.09
Site-7 >HCH 25.16 + 18.93 30.15 + 17.02 29.92 + 4.47
>DDT 33.90 + 34.98 25.56 + 12.03 19.15 £ 2.22
Yendosulfan 10.40 £ 8.16 9.14 +2.02 10.92 £1.20
Site-8 >HCH 10.28 +£ 18.93 8.15+ 0.04 14.74 £1.25
>DDT 60.50 + 34.98 51.52 + 11.09 32.97 £1.19
> Endosulfan 17.50 £ 8.16 nd 16.88 +1.11

HCH: Hexachlorocyclohexane; DDT: Dichlorodiphernigtitoroethane; SD: Standard deviation; nd = natatiet; OSP: Organochlorine pesticides
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In the rivers in Taiwan the level ranged
between 0.21 and 8.81 ng/g in dry weight.22 In
the Ogba River (Nigeria), op-DDT and pp-DDT
levels ranged between 0.67 and 0.71 and 0.73
and 0.75 pg/l, respectively.? The range of
concentration of DDT in sediments detected
were 7.01-179.10 ng/g in the West Central cost
of India in the Arabian Sea.!8 In sediments of the
Sabarmati River, the residue levels of op-DDT
and pp-DDT were higher than those in the
sediments of the Qiantang River (op-DDT: 0.28-
9.61 ng/g, pp-DDT: 0.46-22.78 ng/g).2* The
range of Y DDT concentration was BDL-146.71
pg/1in water and BDL-108.48 ng/g in sediment
samples of the Sabarmati River. DDT has been
banned for agricultural use in 1989, but it is still
used in public health sectors for malaria
control.?>

Endosulfan
The concentration level of ) endosulfan in water
and sediment samples obtained from 2 km away
from the Indira Bridge ranged from BDL to 51.75
pg/l and BDL to 0.06 ng/g, respectively. In
water and sediment samples collected from the
Ellis Bridge, residual concentration of
Yendosulfan ranged from BDL to 0.10 pg/1 and
BDL to 590 ng/g, respectively. The
concentration level of ) endosulfan residues in
the water sample obtained from the Nehru

Bridge ranged from BDL to 0.11ng/1, whereas it
ranged from BDL to 18.23 ng/g in the sediment
sample. )endosulfan residues in sediment
samples obtained from the Subhash Bridge
ranged from BDL to 4.54 ng/g. In the Sardar
Bridge, the concentration level of ) endosulfan
residues in sediment samples ranged from BDL
to 12.07 ng/g. The concentration level of
Yendosulfan in sediment samples taken from
the Ambedkar Bridge ranged from BDL to 17.58
ng/g. In the Gomti River of India, ) endosulfan
ranged from BDL to 0.094 pg/l in water
samples, and BDL-1.00 ng/g in sediment
samples; this is lower than the concentration of
endosulfan (BDL-51.75 pg/l) in the Sabarmati
River. In Hindon River Uttar Pradesh, India,
endosulfan concentration range from 9.2 to 23.5
pg/l2 In this study levels of a-endosulfan
(BDL-14.52pg/1)  and  $-endosulfan  (BDL-
37.23pg/l) metabolites are higher than the
concentration range of a-endosulfan in water
(BDL-0.739 pg/1) and in sediment samples (35.5-
50.47 ng/g). Nevertheless, the range of [-
endosulfan level was BDL-0.157 pg/1 in water
and 34.40-303.09 ng/g in sediment samples of
the Ganga River.?” The levels of a-endosulfan
(0.00146-0.0961 pg/1) and s-endosulfan (0.00549-
0.135 pg/l) found in the water of Pearl River
estuary was relatively low (Table 4).28

Table 4. Comparison of organochlorine pesticides (OCP) concentrations in sediment

samples from various locations in the world

‘ Location ‘ >DDTs ‘ >HCH ‘ References
Sabarmati River, India  nd-34.71 nd-1494.62 Present study
Gomti River, India 1.63-368.70 nd-155.17" Malik et al®
Kaveri River, India 0.69-4.85 4.35-158.4 Rajendran and Subramantan
Haihe, China 0.32-80.18 1.88-18.76" Yang et af?
Qiantang River, China 1.14-100.20 8.22-152.17 Zhou et af*
Manzala Lake, Egypt 0.20-5.17 nd-3.42" Barakat et af’
Peacock River, China  0.10-1.54 0.13-6.58" Chen et af’
Scheldt River, Belgium  6.6-27.60 nd Covaci et af*
Ebro River, Spain 0.85-9.03 0.001-0.026 Fernandez et &f.
Chaohu Lake, China 0.30-31.06 0.2-1.8" Liu et al®
Mekong River, Vietham nd-110.00 nd-1.3 Minh et al®*

nd = not detectedSum ofa-,p-, andy-HCH; ~ Sum of p,p’-DDE,p,p’-DDD,0,p’-DDT, and p,p’-DDT" Sum of
a-,B-,y-, andd-HCH,; £ Sum of 0,p’-DDE,p,p’-DDE,0,p’-DDD,p,p’-DDD,0,p’-DD, and p,p’-DDT;€Sum ofo- and
y-HCH; 5Sum of dichlorobenzophenone,p,p’-DDE,p,p’-DDD, amg-DDT; ' Sum of p,p’-DDE,p,p’-DDD, and
p,p’-DDT;  Sum of 0,p-DDT and p,p’-DDT; HCH: Hexachlorocyclotame; DDT: Dichlorodiphenyltrichloroethane
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Samples were collected in January 2013, May
2013, and September 2013. As observed in figure
3, 404883 pg/1) OCPs was found in water sample
during the summer which is very high compared
to the other seasons. During winter, the
concentration of ) OCPs was lower compared to
other seasons. During the monsoon season, heavy
water flow causes erosion of river sediments and
their resuspension into the river water column,
and thus, the pollutants sorbed on the sediment
particles may be diluted by runoff.
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Figure 3. Seasonal variations of ) organochlorine
pesticides (OCPs) residues in the Sabarmati River

The river flow, during the winter, becomes
normalized and the river system starts to
stabilize with the settling of eroded sediments.
However, during summer, the river system is
under stabilized conditions except in the case of
some man-made disturbances or other activities
like bathing, swimming, and boating. Thus, the
biota and aquatic flora and fauna also fluctuate
with ~ the changing  concentration  of
organochlorine pesticides. The same results
were reported by Kouzayha et al. for Lebanon’s
water resources.> They reported that variation
in pesticide concentration follows seasonal
patterns, this may be due to the timing of
agricultural activities and pesticide applications

current contamination status of the Sabarmati
River located in the Ahmadabad city of Gujarat,
India. During the study period, all samples from
the Sabarmati River showed the presence of
pesticide residue, specifically HCH, which is
present in high concentrations. This suggests
that the water of this river is not safe for
drinking purpose and is harmful for aquatic life.
DDT and endosulfan pesticides were also
present in all the above samples. Organochlorine
pesticides are one of the major environmental
pollutants. =~ Moreover, = many  pesticide
manufacturers and industries dump their wastes
directly into this river illegally. It also enters into
natural waters through percolation and runoff
and from urban city sewage sites. Even though
the use of these OCPs are restricted and banned
in India according to Section 5 of the Insecticide
Act, 1968, they are still detected in water of the
studied river, which shows that they are still in
use for agriculture or industrial purposes.
Hence, these levels indicate that the Sabarmati
River  receives intermittent inputs  of
organochlorine pesticides, which are the main
cause of the pesticide pollution of this river.
Assessment of the river water and sediment
contamination in this study reflects that
sediment and water are contaminated with
OCPs. This may have toxic effects on biota and
also humans who are consuming the water of
this river.
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Abstract

Original Article

The aim of this study was the increasing of leachate quality using integrated membrane bioreactor (MBR). The reactor
was fed with treated leachate with overall 70-1360 mg/I chemical oxygen demand (COD). The analysis of COD,
biochemical oxygen demand (BODs), total suspended solids (TSS), and total dissolved solids (TDS) were performed in
feed and filtrate, whenever the system reached steady state twice a week for 6 months. In all loading rate, BODs
concentration was less than the standard limit. The removal efficiency of COD in all experiments was up to 80%. Up to
99% of solids, which may mainly include colloidal solids, were removed with micropore membrane. There was no
significant difference between TDS concentration in feed and filtrate. It was concluded that MBR is a versatile technology
with high throughput and can treat compost leachate below standard limit if used after appropriate processes.
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Introduction
With appropriate handling, composting is a
sustainable, environmentally friendly, and

feasible method for recycling and reducing
organic waste volume in developing countries.!
Approximately 60% of the municipal solid waste
(MSW) produced in Isfahan, Iran, is converted
to compost and about 50 m3/day leachate is
created from high moisture content in delivered
organic waste.2 Hence, the treatment of leachate
is one of the key factors in solid waste
management which should be performed with
regard to its composition.® Because of the
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complexity of composting leachate pollutants,
conventional  treatments  (biological  or
physicochemical) are no longer sufficient in
order to reach the level of purification needed to
fully reduce the negative impact of leachates on
the environment.* Today, a combination of
several processes is used for the treatment of
these heavy polluted liquids.> Membrane
separation coupling technology and sequencing
batch bioreactors, most commonly called
membrane sequencing bioreactor (MSBR), can
replace the biomass settling and effluent
withdrawing of the original SBR process.®
Presently, many researchers have shown interest
in leachate treatment.” Annual marketing growth
rates of 10.5% indicate the widespread
application (more than 5000 under operation) of
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this technology throughout the world.8 Over 50
and 15 membrane bioreactor (MBR) plants for
leachate treatment have been installed in Europe
and China in the last 5 years, respectively.®
Integrated bioreactors can attain carbon credit
derived from the clean development mechanism
(CDM) under the Kyoto protocol 1997, changing
the paradigm of wastewater management from
‘treatment and disposal’ to “useful utilization” as
well as ‘beneficial endeavor’.’® MBR effluent has
significantly =~ high  quality =~ with  minor
fluctuation.> Sludge treatment cost, in MBR, is
minimized when aeration cost is maximized.
Economically optimum hydraulic retention time
(HRT) and target mixed liquor suspended solids
(MLSS) were found to be 16 hour and 11,000
mg/1, respectively.8 Although it must be stressed
that high investment costs, fouling, and high
energy consumption (between 0.45 and 0.65
kWh/m? for the highest optimum operation)
have been identified as the main limitations to
faster ~commercialization and full scale
operations of MBRs.10 The addition of inorganic
coagulants or powdered activated carbon (PAC)
to the Dbioreactor can reduce fouling
significantly.6 Recently, semipermeable
membrane, named osmotic membrane bioreactor
(OsMBR), was suggested as a low fouling
alternative to microporous membrane.t In
comparison  with side stream  (sMBR)
configuration, submerged or immersed (iMBR) is
the most widely used due to lower associated
costs of operation.” According to literature,
separate application of MBR for raw leachate
treatment leads to high fouling and increasing of
costs. Hence, we decided to upgrade leachate
quality using integrated aerobic MBR.

Materials and Methods

The experimental unit consisted of a cylindrical 2
1 SBR equipped with an immerged membrane of
0.2 pm nominal pore size and 1 m2/ea effective
filtering surface area (ZeeWeed ZW10). The
filtrate was extracted from the top header of the
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module under slight vacuum with maximum
operating transmembrane pressure (TMP) of -
0.6-0 Kgf/cm2 Details of the MBR and
membrane structure used in this study are
illustrated in figure 1.

Permeate

Membrane

Feed o

Diffuser

Figure 1. Details of membrane module used in this
study

The bioreactor was acclimated by the addition
of a sufficient quantity of activated sludge and
diluted leachate. Biologically pretreated leachate
was fed into the reactor which is continuously
aerated using air compressor and diffusers to
keep the dissolved oxygen (DO) concentration
above 2 mg/1 to supply oxygen for the biomass
and to scour the membrane.

The process operation was divided into 5 phases;
feeding (15 minutes), aeration (12-22 hours), settling
(1 hour), filtration (30 minutes), and membrane
relaxation (15 minutes). Dependence on the influent
fluctuations, F/M ratio, was varied from 0.04 to 0.38
g chemical oxygen demand (COD) (e.g. mixed
liquor solids)/d.

Relaxation is used to control the fouling of
membrane at the end of run time.? The analysis of
COD, biochemical oxygen demand (BOD:s), total
suspended solids (TSS), and total dissolved solids
(TDS) were performed in feed and filtrate twice a
week according to the Standard Method for the
Examination of Water and Wastewater .1' One-
sample t-test and paired sample t-test analyses

http://jaehr.muk.ac.ir
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were used for the statistical comparison of results.

Results and Discussion

Integrated process was fed with varied organic
matter concentrations (85-5356 mg/1 COD) and
reaction time of 23 and 12 hours. Seasonal
variations in leachate characteristics led to
changes in the feed concentration. The results of
biotreatment and filtration of leachate from
compost facilities are presented in figures 2 to 5.

Figure 2 shows the feed and filtrate BODs
concentrations during bioreactor operation.

Figure 3 shows the variations of total COD
during reactor operation time.

Figure 4 shows the typical trend of TSS
evolution, during the start-up and steady state
of a process. According to the one-sample t-test
analysis, filtrate quality increased significantly
below the standard (< 30 mg/1) limit (P < 0.05).
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[@)]
E au
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Figure 2. Feed and filtrate biochemical oxygen demand (BOD5) during
bioreactor operation
BODS5 concentrations during bioreactor operation; BOD5: Biochemical oxygen demand
1008 == | nfluent Filtrate f
e
g2 227 -
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O 47 -
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Figure 3. Variations of total chemical oxygen demand (COD) during reactor

operation time
COD: Chemical oxygen demand
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Figure 4. Changes in concentrations of total suspended solids (TSS) in different

run times
TSS: Total suspended solids

Figure 4 shows that up to 99.9% of solids,
which may mainly include colloidal solids, was
removed with micropore membrane. Using
ultrafiltration membrane, 5-10% additional
efficiency was achieved.’? As shown in figure 5,
based on paired t-test analysis, there is no
significant difference between TDS
concentration in feed and filtrate (P > 0.05).

It seems that the membrane removed a
considerable amount of mineral ions, but low
weight molecules of organic acids passed
through the membrane easily. In a similar study,
TDS concentration in feed and filtrate was 15000
and 16633 mg/1, respectively.” Although TDS
was not decreased significantly by membrane
(P > 0.05), the permeate value was less than
influent. In the study by Wilkinson, the
permeate value was more than feed values.

In this study, after adaptation period, mixed
liquor value was 4000 mg/1 that increased up to
11000 mg/1 within 280 days of operation. The
pH values in the bioreactor increased slightly,
but decreased in filtrate. The BOD:s
concentration in feed leachate ranged between
100 to 498 mg/l (Figure 2). The removal
efficiency was 93%. As shown, in all loading
rates, effluent concentration was less than the
national standard limit (< 100 mg/1). In a similar
study, the concentration of BODs in MBR filtrate
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was recorded as less than 2 mg/1.10 At BOD:s
loading rates below 1.71 kg/m3/day, effluent
concentration was less than 35 mg/1.” The main
composition of COD in the membrane permeate
is refractory organic matters.!

The study by Campagna et al. revealed that
an important part of organic matter in landfill
leachate can be removed by the primary clarifier
and MBR. Furthermore, organic matter of one
third percent is particulate or colloidal form and
almost half of the organic fraction has a lower
molecular weight (MW) than 500 Daltons (Da).13
The average total COD concentration in the feed
was 1332 mg/1. Insel et al. estimated readily and
slowly biodegradable COD fractions of raw
leachate to be 17% and 52%, respectively.14

As shown in figure 3, COD removal efficiency
increased up to 70% in all experiments in the
bioreactor with time. In spite of high BODs
removal in coupled process, overall COD
reduction was not as satisfactory as that of BODs
degradation. This includes soluble COD portion;
considerable soluble chemical oxygen demand
(SCOD) values were analyzed (186 mg/l) in
filtrate specially in loading more than 3500 mg/1
COD. Large variations in feed COD (140-4200
mg/1) and operation conditions did not affect the
MSBR effluent quality. This finding is in
agreement with that of the study by Chen and
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Liu.3 In the study by Brown et al., The COD of the
effluent was successfully reduced by more than
99% from an initial leachate COD of 116 g/1.15
Upgrading MBR with activated carbon
removed a significant level of recalcitrant and
bio-refractory compounds from leachate with
reduced fouling. ® The membrane process
coupled with a SBR not only replaces the
sedimentation period in the operation of a SBR,
but also serves as an advanced treatment unit
for suspended solids, which cannot be removed
completely through conventional processes.”
The membrane wused in this study is
categorized as high flux anti-fouling
microfiltration (MF) and separation via ion size
exclusion was its main target based on pore size.
In subsequent polishing of landfill leachate
treatment, TSS removal was over 99%. In almost
all the runs, filtrate TSS was stable. The coupling
of membrane and sequencing batch reactor
results in the purification of turbid SBR
effluent.’® Usually, the submerged membranes
used in MBR are mostly MF or ultrafiltration
(UF) membranes which can rarely remove
dissolved material. Thus, as shown in figure 5,
based on paired t-test analysis, there was no

Conclusion

Complete treatment of leachate due to the
omplexity of its composition is today’s challenge.
MBR is a versatile technology with high
throughput and can treat compost leachate.
Contrary to previous studies which had used MBR
independently, in the application of MSBR process
for advanced treatment of pre-anaerobic/aerobic
treated compost leachate, a BODs and total COD
effluent concentration of below the Iranian
standard were obtained. TDS values were higher
than the permitted limit. There were no significant
differences in MSBR filtrate quality in a varied
range of feed concentration. Nevertheless, in high
loading, membrane clogging led to filtrate flux loss
and increase in the frequency of membrane
cleaning and replacement. The acceptable
performance of the MBR under different
conditions suggests the promising capability of a
full-scale, on-site MBR as an efficient and flexible
treatment system in handling the fluctuating
nature of both the quantity and quality of the
leachate. Post-treatment processes, such as
nanofiltration (NF), reverse osmosis (RO), or
advanced oxidation processes (AOPs), can be used
for low residual levels in MBR filtrate to even meet

significant difference between TDS
concentration in feed and filtrate (P > 0.05). reusable quality.
10000
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Figure 5. Total dissolved solids (TDS) concentrations during process operation

TDS: Total dissolved solids
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Abstract

Industrial activities and high traffic density are the most important heavy metal pollution sources in urban areas.
Roadside dust created by atmospheric deposition can be one of the best indicators for heavy metal contamination
levels. The present study reports the spatial distribution patterns and degree of heavy metal pollution (Cd, Cr, Ni,
Pb, Zn, and As) in 50 roadside dust samples from urban areas of Sanandaj, Iran. For this purpose, sampling points
were selected on different roads including primary roads, high roads, and main roads. The geographic coordinates
of sampling points were recorded by the Global Positioning System (GPS). The geoaccumulation index (lgeo) and
integrated pollution index (IPl) were used to present the heavy metal contamination levels. The results obtained by
the geoaccumulation index suggest that the roadside dust samples were moderately contaminated with Ni and Cr,
moderately to heavily contaminated with Pb and Cd, and heavily to extremely contaminated with As and Zn. The
assessment of the data shows that 92% of all roadside dust samples had moderate pollution levels with an IPI of
higher than 2, indicating that roadside dust in Sanandaj County has moderately been polluted by anthropogenic
emissions. In order to compare the heavy metal concentrations in different parts of Sanandaj County, each heavy
metal contamination was interpolated in a geographical information system (GIS). Heavy metal distribution maps
showed the different hotspots of each pollutant that indicated high traffic density and industrial centers as the
important factors affecting their concentrations in Sanandaj County.
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Introduction environmental problems. Environmental
Today, industrialization of communities and  pollutants, which accumulate in the form of
rapid urbanization is a worldwide phenomenon. ~ roadside dust through atmospheric deposition,

According to the literature, over half of the are often used as indicators of pollution in urban
world's population now lives in urban areas!  areas. Roadside dust is a complex mixture of
Moreover, industrial and economic activities are ~ particles derived from different natural and
more concentrated in urban areas, and cities anthropogenic sources which have been found to
have become the geographic focus of resource  contain several pollutants including heavy
consumption and  chemical  emissions.2? metals from exhaust and non-exhaust processes.¢
Therefore, urban areas encounter many According to numerous studies, roadside dust
may act as a temporary storage of metals from a
variety of sources and may also act as a source of
metals contributing to atmospheric or water
source pollutions through resuspension.”# The
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suspension of a portion of this dust in the
ambient atmosphere is caused by transportation
and wind. Larger particles with diameters of
500-1000 mm tend to settle on the ground
surface while those below 100 mm can become
suspended.” Heavy metals are among the most
important environmental pollutants. Exposure to
heavy metal emissions on roadways (including
direct ingestion, respiratory uptake, and skin
absorption) has been implicated as detrimental
to human health and associated with effects of
bioaccumulation.10-13 Due to the higher uptake of
heavy metals by children’s body system, which
is because of the higher sensitivity of their
hemoglobin, children are more readily prone to
the health hazards of these pollutants, as
compared with adults.24 For example, there is
substantial evidence that a high Pb level in the
environment could affect blood Pb level,
intelligence, and behavior of children.* Cd, Pb,
Zn, Ni, Cr, and As are reasonable indicators of
contamination in urban roadside dust because
they have anthropogenic sources.!5-18 In roadside
dust of urban areas, anthropogenic sources of
heavy metals consist of traffic emission
(including vehicle exhaust particles, tire and
brake lining wear particles, and weathered street
asphalt particles), industrial emission (including
power plants, metallurgical industries, auto
repairs, chemical plants, and etcetera), domestic
emission, building and pavement erosion,
atmospheric deposition, and etcetera.111619-21 Wei
et al. reported that a direct relationship was
observed between spatial distribution pattern of
Pb, Zn, and Cr and traffic density in Urumgqi,
NW, China.’® On the other hand, Ni showed
similar distribution in relation with industrial
areas and Cd was mostly accumulated in old
towns, near factory sites and industrial parks.1¢
Today, due to industrialization and rapid
urbanization, air pollution has become a major
environmental issue in many developing
countries, including Iran. However, no studies
have, thus far, reported the Ilevel and
distribution of heavy metals in urban areas of

34 J Adv Environ Health Res, Vol.3, No. 1,Winter 2015

Iran. Therefore, the objective of the present study
is the determination of spatial distribution
patterns and contamination levels of heavy
metals in Sanandaj, Iran. For this purpose, 50
samples of roadside dust were collected from
different roads and concentrations of Cd, Cr, Ni,
Pb, Zn, and As were determined. In addition, 5
deep soil samples (> 50 cm depth) were collected
from areas at a distance of more than 100 m from
the roads and used as background value. Then,
the contamination level of these metals was
assessed using the integrated pollution index
(IPI) and geoaccumulation index (Ige). Finally,
spatial distribution patterns of these metals in
Sanandaj were obtained.

Materials and Methods

The study sites, consisting of road surfaces,
were selected in Sanandaj, the capital of
Kurdistan Province. Sanandaj with
approximately 2,906 km? area is the 23t largest
city of Iran and is located in the West of Iran
with a population of over 370,000. The urban
area of Sanandaj in all directions is surrounded
by Zagros Mountains. The city is 1,4501,538 m
above sea level with average annual rainfall of
500 mm and a cold semi-arid climate.
Environmental pollution in the urban area of
Sanandaj may be due to exhaust emissions from
natural particulate matter, vehicles, domestic
heating, industrial discharging. A major
environmental problem in Sanandaj is dust
storms created in the deserts of Syria, Iraq, and
Saudi Arabia.22 According to the World Health
Organization (WHO), the annual outdoor
average of PMy in Sanandaj was 254 pg.m?3 in
2011, which ranked it as the third most polluted
city in the world.22 The city has been
undergoing rapid urbanization in the past
decade with most of the industrial parks and
automobile service businesses located around
its urban area.

During April 2014, 50 samples of roadside
dust were collected from different roads
(including primary roads, high roads, and main

http://jaehr.muk.ac.ir
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roads) within the city of Sanandaj. The samples
were collected in order to investigate the spatial
distribution and contamination levels of heavy
metals in these areas. The sampling points are
shown in figure 1. At each sampling point, 3
roadside dust samples were taken (with a
minimum distance of 100 m), and then, mixed
thoroughly to obtain a representative bulk
sample. The central point position of the 3
subsamples was recorded by a Global
Positioning System (GPS) instrument. The
roadside dust samples were mainly collected by
sweeping an area of about 1 m? of road surface
of each sampling site. Sample dusts, which were
collected and gathered into coded plastic bags
using a clean dustpan and a brush, weighed 100-
150 g. From areas at a distance of more than 100
m from the roads (Figure 1), 5 deep soil samples
(> 50 cm depth) were collected to be used as
background values.’® Finally, the roadside dust
and deep soil samples were transferred to the
laboratory for analytical characterization. The
weather condition was stable during the
sampling period and there had been no rainfall
during the two weeks prior to sampling.

Analytical grade of nitric acid (90%) and
hydrogen peroxide solution (30 wt.% in H>O)
were purchased from Aldrich and wused
without further purification. Deionized
distilled water was used in the preparation of
analysis solutions. The roadside dust samples
were dried thoroughly and then sieved
through a < 0.5 mm sieve. Sieved dust samples
were digested with HNO; and H2O; using the
3050B methods suggested by the United States
Environmental Protection Agency (USEPA).2
The digested samples were centrifuged, and
then deionized water was added to the
supernatant to make 25 ml of the analysis
solutions. Finally, the concentrations of the
heavy metals, including As, Cd, Pb, Ni, Cr,
and Zn, in the digestion solution were
analyzed using a graphite furnace atomic
absorption spectrometer (GFAAS) (Phoenix-
986, China).
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Figure 1. Sampling pointes (1-50 sampling points
and 51-55 control points) and spatial distribution
of the integrated pollution index (IPl) in the
studied area

The contamination levels of heavy metals in
urban roadside dust were assessed using the
Igeo introduced by Muller.”> The Iz, was
computed using the following equation:2¢

Igeo = logz (1.5 % Cn/Bn) (1)

where Cn is the measured concentration of
the elements in the environment, Bn is the
geochemical background value in soil (average
value of 5 control points in the present study).
The constant 1.5 allows us to analyze natural
fluctuations in the content of a given substance
in the environment and to detect very small
anthropogenic influences.16 The Ig, was

calculated and categorized for each element
according to Muller’s classification (Table 1).
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Table 1. Classification of the geoaccumulation

index (lgeo)
Class g value Sample quality |

0 0<lgec Practically uncontaminated
Uncontaminated to moderately

1 lgeo= 1 <0 contaminated

2 lgee<2<1 Moderately contaminated
Moderately to heavily

& lgeo= 3 < 2 contaminated

4 lge<4<3 Heavily contaminated
Heavily to extremely

& lgeo= 5 < 4 contaminated

6 lgeo> 5 Extremely contaminated

lgeo GeOACcumulation index

The contamination levels of the heavy metals
in dust samples of Sanandaj were further
evaluated by calculating the pollution index (PI)
and the IPI of the selected metals. The PI of each
element was defined as the ratio of the metal
concentration in the roadside dust samples (Cu)
to the background concentration of the
corresponding metal (B.), calculated by the
following formula:

PI=C,/Bn 2)

The IPI is defined as the mean value of the PI
of an element!¢27.28, In this study, The PI and IPI
classifications are presented in table 2.

Table 2. Classification of pollution index (PI) and
integrated pollution index (IPI)

Class \ Pl value IPI value \ Pollution level \
1 1> Pl 1<IPI<2 Low

2 1<PI<3 2<IPI<5h Moderate

3 Pl1>3 IPI>5 High

PI1: Pollution index; IPI: Integrated pollution inde

SPSS software for Windows (version 16, SPSS
Inc., Chicago, IL, USA) was used to analyze the
normality of data, using the Kolmogorov-Smirnov
test, and to determine the Pearson correlation
coefficients ~ between  the  heavy  metal
concentrations in the study area. All GPS recorded
sample points were geocoded with the universal
transverse mercator (UTM) projection (Datum
WGS-1984, zone 38). The sample points were
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added to geographical information system (GIS)
environment (Arc GIS version 9.3), using DNR
Garmin (version 5.4, Minnesota Department of
Natural Resources, USA), and then, placed on a
layer of Sanandaj city road (Figure 1). The heavy
metals of the samples were interpolated to
Sanandaj area using the inverse distance weighted
(IDW) algorithm in GIS environment (Figure 2).

Results and Discussion

Statistical analysis and normality test

The descriptive statistical parameters of dust heavy
metals are presented in table 3. The results indicated
that Cr, Ni, and As had passed the normality test of
Kolmogorov-Smirnov (P > 0.05) with an exception
of the other variables including Pb, Zn, and Cd. The
minimum and maximum concentrations, and the
mean values and standard deviations for each
heavy metal are also presented in table 3. In
addition, the background values of the metals in
Sanandaj deep soil (> 50 cm) that is the average
value of the 5 control points were also calculated.
The results show that the mean concentrations of
Cd (112.83 mg.k?), Cr (1.80 mgk?), Ni (2.76 mgk?),
Pb (9.8 mgk?), and particularly Zn (410.99 mg.k?)
as well as As (11.31 mgk?) were higher than their
background values. These results suggest that the
studied elements in Sanandaj roadside dust were
influenced by anthropogenic pollution sources. The
coefficient variation (C.V.) values of heavy metals in
the study ranged from 0.26 to 0.70 indicating
moderate variations. The highest C.V. of the 6 heavy
metals belonged to Cd (0.70), suggesting that Cd
has the greatest variation among the roadside dust
samples. Thus, it would have the highest possibility
of being influenced by point-anthropogenic sources
such as industrial emission. This is in agreement
with the previous study.’® On the other hand, the
lowest C.V. belonged to Pb (0.26), suggesting that
Pb has a weak variation and its content would have
the highest possibility of being influenced by non-
point anthropogenic sources such as traffic
emissions.
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Figure 2. The spatial distribution maps of 6 heavy metal contents

Table 3. Descriptive statistics parameters and tests of normality for roadside dust heavy metals
Concentration (mg.kg?)

Heavy metals o . Distribution
B, Min. Mean
Cd 105.00 23.88 112.83 333.78 79.18 0.70 0.003 Abnormal
Cr 1.23 0.23 1.80 3.03 0.59 0.33 0.200 Normal
Zn 100.54 130.58 410.99 1259.68 213.24 0.52 0.007 Abnormal
Ni 1.56 1.06 2.76 4.05 0.89 0.32 0.200 Normal
Pb 4.39 2.71 9.48 12.24 2.45 0.26 0.025 Abnormal
As 1.51 0.74 11.31 18.85 4.49 0.40 0.118 Normal

CV: Coefficient variation; SD; Standard deviation
Standard deviation’ Coefficient of variation! Kolmogorov—Smirnov normality test' Background values.

Correlation between roadside dust heavy metals Strong positive correlations were observed
Correlation measures the linear relationship  between Cd, and As and Zn, indicating that they
between variables. The Pearson correlation were closely related to each other. A significant
coefficients and their significance levels between  correlation was also observed between Zn, Pb,
all of the variables are presented in table 4. and As.
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Contamination assessment by Igeo

The maximum, minimum, and mean values of
Igeo for each element are shown in table 5. Based
on the Iz, data and Muller’s classifications
listed in table 1, the mean Ig., value for Cd was
in the range of class 1, which indicates that
roadside dust in Sanandaj was uncontaminated
to moderately contaminate with Cd. The mean
Igeo values for Cr, Ni, and Pb were in the range
of class 2, which indicates that roadside dust
was moderately contaminated with the
mentioned heavy metals. The element of Zn,
according to Ige, classification, was in the range
of class 3, which shows that roadside dust was
moderately to heavily contaminate with Zn.
The highest I;, mean value in Sanandaj
roadside dust was observed for As that was in
the range of class 4, which indicates heavy
contamination. The maximum Iz, value for
each element (Table 5) also showed that
roadside dust was moderately contaminated
with Ni and Cr, moderately to heavily
contaminated with Pb and Cd, and heavily to
extremely contaminated with As and Zn. These
results may suggest that As, Zn, Pb, and Cd, in
roadside dust, are most significantly impacted
by anthropogenic pollution sources.

Contamination assessment by IPI

The PIs of the considered heavy metals in urban
roadside dust were calculated according to the
background value (By) of each metal (Table 5). The
mean PI values for Cd (1.07), Cr (1.46), Ni (1.77),
and Pb (216) were in the range of class 2,
indicating a moderate pollution level. However,
Ni from sampling site 21 and Cd from sampling
sites 2 and 35 were highly polluted. On the other
hand, the mean PI values for Zn (4.09) and As
(7.47) were classified as high pollution levels (class
3), indicating the presence of problematic Zn and
As pollution of roadside dust in Sanandaj. The IPIs
of all the analyzed dust samples varied from 1.59
to 5.05. Figure 1 represents the spatial distributions
of IPIs in Sanandaj.

The assessment of the data shows that 92% of all
roadside dust samples had moderate pollution
levels with an IPI of higher than 2, indicating that
the roadside dust quality of Sanandaj is
moderately polluted by anthropogenic emissions.
In addition, heavy metal concentrations would
have the highest possibility of being influenced by
non-point anthropogenic sources such as traffic
emissions (including vehicle exhaust particles, tire
and brake lining wear particles, and weathered
street asphalt particles).1!

Table 4. Pearson correlation coefficients of Sanandaj roadside dust heavy metals

Heavy metal:

As 1

Cd 0.365" 1

Cr 0.197 0.05: 1

Ni 0.20¢ 0.17:¢ 0.023 1

Pt 0.18¢ 0.187 -0.20¢ 0.00¢ 1

Zn 0.35¢ 0.53¢" -0.27: 0.20¢ 0.37¢" 1

" Correlation significance in the level of 0.05Correlation significance in the level 0.01

Table 5. Geoaccumulation index (l;e,) and pollution index (PI) of urban roadside dust in Sanandaj

Heavy metals Background values

Cd 105.0(

Cr 1.2¢ -1.8¢€ 1.0Z 1.8¢ 0.1¢ 1.4¢ 2.4¢
Zn 100.5¢ 0.9¢ 2.48 4.2% 1.3C 4.0¢ 12.5:
Ni 1.5¢ 0.04 1.3¢ 1.9¢ 0.6¢ 1.717 3.11
Pk 4.3¢ -0.11 1.65 2.0¢ 0.62 2.1¢ 2.7¢
As 1.51 -0.44 3.3C 4.22 0.4¢ 7.4 12.4¢

lgec Geoaccumulation index; PI: Pollution index
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Moreover, some of the dust samples with
high pollution levels (IPI of higher than 4) such
as sampling sites 26, 32, 35, and 38 were in
crowded areas influenced by high traffic
density. Sampling sites 34, 40, and 41, with high
pollution levels, were affected by industrial
emissions such as auto repairs and car washes.
Finally, sampling sites with low pollution levels
(IPI of lower than 2) were estimated for about
8% of all samples, located in new urban areas
and the countryside.

Spatial distribution of heavy metals

The spatial distribution of heavy metal
concentrations is an effective visual method to
evaluate the possible sources of enrichment and
to identify hotspots with high metal
concentrations.6? In the present study, the
spatial distribution patterns of the considered
elements were analyzed by GIS methods. The
maps of Zn, Cr, Pb, Cd, Ni, and As
concentrations in the entire urban area of
Sanandaj are presented in figure 2. It was
observed that the spatial distributions of Pb and
Zn have similar patterns, they had relatively less
spatial variability, and the scope of pollution for
Zn was relatively small. Their hotspots were
mainly associated with main roads at the North
and Northwest edge of the city, where high
traffic density was identified. The features
suggest the existence of these metals in rodeside
dust is probably due to vehicular emission.
From the map of As and Ni spatial distribution,
the highest concentration area was located in the
Northern and central part of the city. For these
elements, they had relatively high spatial
variability. Furthermore, 2 different hotspots
were identified, i.e., in the Eastern part of the
city for As, and in the Southern part of the study
area for Ni. The most contaminated roadside
dust samples by As and Ni are in the proximity
of the local industrial park and streets with high
traffic flows. The distribution pattern of Cd
concentration presented relatively high spatial
variability. One of the hotspots was located in
the city center close to the old urban area that

was mainly a commerce center. Other hotspots
for Cd were located in the Eastern part of the
city. In the studied region, anthropogenic
emission sources of Cd in the roadside dust may
be attributed to industrial activities and
application of organic manures as well as
phosphate fertilizer in farming practices. Several
studies reported that activities, such as smelting,
waste disposal, waste water irrigation, and
phosphate fertilizer application resulted in the
emission of significant quantities of Cd into the
environment.1630-33  The spatial distribution
pattern of Cr concentration was different from
those of the metals mentioned above, and Cr
presented moderate variability. The hotspots
were located in the center and Northwest of the
study area close to the old residential area. Cr

and As were used to preserve wooden
instruments like door, window, sofa, and
cabinets.

Conclusion

Heavy metals created by human activity are
among the main factors affecting the human
health in residential areas. In this paper,
roadside dust was analyzed to determine the
effect of traffic density and industrial centers on
heavy metal concentrations in an urban area.
using a GFAAS, 50 samples of roadside dust
collected from Sanandaj were analyzed for Cd,
Cr, Ni, Pb, Zn, and As. The concentrations of
these elements were generally higher than their
background values. I, showed that most of the
heavy metals including As, Zn, Pb, and Cd have
high or moderate level concentrations. The
highest PI index was observed for Zn (4.09) and
As (7.47) that indicate hazardous levels of Zn
and As pollution in Sanandaj. Surface maps of
heavy metals, drawn in GIS environment helped
show similar patterns of heavy metal
distributions which indicted the same sources.
Surface maps also helped identify the different
sources of heavy metals by presenting the
individual distribution of metals like Cd which
may be attributed to industrial activities,
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application of organic manures, and phosphate
fertilizers in farming practices. From the results
of this study, we conclude that GIS is an
excellent tool for studying the variables which
can affect the concentration of heavy metals in
urban areas.
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Abstract

Textile dyeing is considered to be one of the major industrial sources of high rates of organic and aromatic
compounds. Conversely, these compounds have become a significant environmental problem. Many methods have
been investigated for color removal from dye-containing wastewater. In this research, the efficiency of the
electrocoagulation (EC) process with aluminum electrodes in the removal of Reactive Green 19 (RG-19) dye from
synthetic solutions was studied. The experiments were conducted in a batch reactor equipped with 4 aluminum
electrodes with a volume of 2 I. Dye concentrations were measured (Amax = 630 nm). The effects of operating
parameters, such as voltage, reaction time, initial dye concentration, energy consumption, pH, KCl concentration,
and inter-electrode distance, on removal efficiency were investigated. The highest removal efficiency of RG-19 was
found to be 33.49, 60.32, 72.43, 93.63, and 94.91 percent for initial voltage of 10, 20, 30, 40 and 50 v,
respectively, in optimum conditions (pH = 141, KCL concentration = 0.005 M, and distance = 1 cm). The removal
was effectively reduced to less than 99.88% when the initial dye concentration increased from 25 to 150 mg/I. In
addition, by increasing KCI concentration and decreasing electrode distance, removal efficiency increased
considerably. Based on the results, EC process by aluminum electrodes is an efficient and suitable method for
reactive dye removal from wastewater.
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Introduction furthermore, azo dyes constitute over 50% of all
Textile dyeing creates large volumes of effluent  textile dyes used in the industry.34 In developed
and is considered as one of the major industrial ~ countries, these types of wastewater are
polluters. The large quantity of aqueous waste ~ normally treated through traditional methods,
generated by textile industries has become a  but in developing countries, they are discharged
significant ~environmental ~problem.12 The into natural streams and/or any river. This
production of dyes-containing wastewater is ~ causes serious problems as well as biological
common in industries like textile, paper, plastic, ~ changes, consuming dissolved oxygen (DO) and

food, and mineral processing industries ;  demolishing aquatic life. Some dyes are
carcinogenic, mutagenic, and toxic.> Therefore, it

is necessary to treat dye effluents prior to their
Corresponding Author: discharge into streams. Many methods have

Shahram Sadeghi been investigated for color removal from dye-
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containing wastewater. In general, several
techniques are used for the treatment of textile
effluents including physiochemical methods of
dye removal [such as filtration, chemical
coagulation, activated carbon adsorption,
ultrafiltration, ozonation, and electrocoagulation
(EC)], chemical methods of dye removal (such as
reduction, oxidation, ion exchange, and
neutralization), and dye removal by means of
biodegradation.t® Some of these methods are
effective, although they are quite expensive and
have many disadvantages and limitations. In
chemical oxidation or coagulation, added
chemical substances lead to secondary pollution.
Biological methods cannot be applied for most
textile ~wastewater types, because most
commercial dyes are toxic to the organisms used
in the process.51011 In recent years, the successful
EC treatment of various organic effluents has
been reported by many authors.®13 The EC
process provides a simple, reliable, and cost-
effective method for the treatment of wastewater
without any additional chemicals and secondary
pollution. It also reduces the amount of disposed
sludge and requires simple equipment and easy
operation.®!* The dye is coagulated by aluminum
hydrates or hydroxides produced from the
sacrificial anode.151¢ Reactive Orange 19 (RG-19)
dye belongs to a class of organic compounds
known as azo dyes, which are abundantly used
in textile industries for dyeing.5

The present work was carried out to study the
removal of RG-19 dye by EC with aluminum

electrodes  from  synthetic = wastewater.
Wastewater parameters, such as dye adsorption,
high salt concentration, voltage, initial

concentration of dye, and pH, were also
investigated to examine their effects on the dye.

Materials and Methods

All chemicals used in this study were obtained
from the Merck Company (Germany). The
chemical structure of RG-19 is
C4oH23Cl2N15NaO19Ss with a molecular weight of

1418.93 g/mol. The pH was adjusted using

either 015 M NaOH or 01 M HxSO; as
necessary.
Figure 1 illustrates the batch reactor

apparatus used in the study. It consisted of 4
bipolar aluminum electrodes; 2 anodes and 2
cathodes of the same dimensions (10 x 15 cm)
placed 1 cm apart. A digital DC power apparatus
(ADAK PS808 model, Iran) was used in all
experiments.

pm
o >0
Figure 1. An electrocoagulation cell apparatus:
(1) digital DC power apparatus; (2) magnetic
stirrer bar; (3) anode; (4) cathode (bipolar
electrodes in parallel connection)

RG-19 dye solutions were prepared by
dissolving stock solution in distilled water and
used without any further treatment. In each run,
1000 ml of the dye solution was added to the
reactor. The pH of the solution was measured
before and after each experiment. The electrodes
were connected to a digital direct current (DC)
power supply to measure the current and the
potential between the two electrodes. All runs
were performed at the constant temperature of
22 + 2 °C. In each run, 2 1 of the wastewater
solution was added to the electrolytic cell. At the
end of EC, the solution was filtered and the
filtrate was centrifuged at 4000 rpm for 5
minutes, and then, was analyzed. Before each
run, the electrodes were washed by dipping for 5
minutes in a solution freshly prepared by HCI
solution (35%) to remove impurities on the
surface of the aluminum electrodes.!” Finally, the
electrodes were washed thoroughly with diluted
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water to remove any solid residues on the
surfaces, dried, and re-weighted. Moreover, in
the EC method, as a treatment technology with
aluminum electrodes, some factors such as initial
pH, contact time, voltage, energy consumption
rate, and initial concentration of dyes were
studied. Table 1 shows the range used for these
experiments.

The concentration of dye remnants were
measured (Amax = 630 nm) using a
spectrophotometer (Shimadzu, Tokyo, Japan;
Model 1601). The efficiency of dye (RG-19)
removal, % Removal, after EC treatment was
calculated as follows:

RE(%) = == x 100 (1)
0

Where Cp is the initial concentration (mg/1)
and C is the final dye concentration (mg/l).
Electric energy consumption was also calculated
using the commonly used equation?s:

Ultgc
E =
Vv

Where E is electric energy (kWh/m3), U the
cell voltage in volt (V), I the current in ampere
(A), V is the volume of solution (m?), and tgc is
the duration of EC process (minute).

Results and Discussion

Effect of initial pH and voltage

The pH of the solution is one of the most
important parameters in EC process and dye
removal from aqueous solutions. Using the EC
process at its optimum pH results in maximum
pollutant removal.® To achieve an optimum
voltage and pH, dye removal percentage should
be evaluated. Figures 2-6 and the results show
that an increase in voltage from 10 to 50 v caused
an increase in dye removal efficiency at

Table 1. The ranges of experimental parameters
Voltage Dye concentration

Time of reaction

different pH values; maximum color removal
was achieved at a pH of 11. The highest removal
percentages were found to be 33.49, 60.32, 72.43,
93.63, and 94.91% for initial voltages of 10, 20, 30,
40, and 50 v, respectively, at a pH of 11.

The mechanism of the electrochemical process
in aqueous systems is complex. With an increase
in voltage, the amount of aluminum ion
produced increased. Therefore, there was an
increase in flock production, and hence, an
improvement in dye removal efficiency.? In
addition, the results showed that the EC process
with aluminum electrodes had greater effect on
the pH of the samples and caused an increase in
final solution pH. Acln the study performed by
by Sengil and Ozacar on the decolorization of
C.I. Reactive Black 5 in aqueous solution in 2009,
the results showed that by increasing pH, the
dye removal efficiency increased.?! In another
research by Basiri Parsa et al. on the removal of
acid brown 14 from aqueous media, the findings
proved that, in time, the final pH solution
enhanced.22The investigation by Daneshvar et al.
illustrated that with increasing the primary
voltage in EC process, the removal efficiency
increased.?

Effect of initial concentration of dye

The effect of initial concentration of dye on the
removal efficiency and energy consumption (E)
has been presented in table 2. The results
showed that with increasing initial concentration
of dye, both energy consumption and dye
removal increased.

By using aluminum as sacrificial anode, the
removal efficiency of RG-19 dye reduced
dramatically to less than 99.88%, when the initial
dye concentration increased from 25 to 150 mg/1.
This is because of the decrease in aluminum ions
in high concentration.

K CI concentration electrode distance

(v) (mg/l)

3,5,7911 10,20,30,40,50  25,50,75,100,150

(min) (M) (cm)
10,20,30,40,50,60 0.0025,0.005,0.0075,0.01

1,23
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Figure 2. Effect of initial pH on removal efficiency
of Reactive Green 19 (RG-19) dye
(Voltage = 10v, Co=50 mg/l, d =1 cm, KCI = 0.005 M,
T=22+2°C)
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Figure 3. Effect of initial pH on removal efficiency
of Reactive Green 19 (RG-19) dye

(Voltage = 20 v, Co =50 mg/l, d = 1 cm, KCI = 0.005 M,
T=22+2"C)

At concentrations of higher than 50 mg/1
(99.27%) the no reduction was observed in color
removal rate and it was relatively constant.
However, increasing initial dye concentration
caused a steady increase in decolorization
capacity.??

—&—pH=7

10 20 30 40 50 60
Electrolysistime (min)

Figure 4. Effect of initial pH on removal efficiency
of Reactive Green 19 (RG-19) dye

(Voltage = 30 v, Co = 50 mg/l, d = 1 cm, KCI = 0.005 M,
T=22+2°C)

—e—pH=3 ® pH=5 —a— pH=7
m—pH=9 —¥—pH=11
100 ~

Removal efficiency (%)
a
o

10 20 30 40 50 60
Electrolysistime (min)
Figure 5. Effect of initial pH on removal efficiency
of Reactive Green 19 (RG-19) dye

(Voltage =040 Vv, Co = 50 mg/l, d =1 cm, KCI = 0.005 M,
T=22+2 C)

Moreover, up to the concentration of 50 mg/I,
the energy consumption was constant, but above
this amount, it increased. When initial

concentration of the dye was raised from 25 to
150 mg/1 at the electrolysis time of 60 minutes,
the efficiency decreased from 99.88 to 99.56%.
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On the contrary, the energy consumption
increased from 10.25 to 13.18 kWh/(kg m?3).
Furthermore, the study by Daneshvar et al. has
also proven the fact that an increase in initial
concentration of dye can enhance energy
consumption and increase dye removal from
solution.?

—4—pH=3 ® pH=5—&—pH=7
100 -
90 -
80 -
70 -
60 -
50 -
40 -
30
20 -
10 -
0 . . . . : .
10 20 30 40 50 60
Electrolysistime (min)

Figure 6. Effect of initial pH on removal efficiency
of Reactive Green 19 (RG-19) dye

(Voltage =50 v, Co = 50 mg/l, d = 1 cm, KCI = 0.005 M,
T=22+2 C)

Effect of KCL concentration

The effect of KCl concentration on removal
efficiency and electrode consumption has been
shown in figures 7 and 8. With an increase in the
concentration of KCl in solution, the
conductivity of the solution and the current

pH=9 —%—pH=11

Removal efficiency (%)

density also increased. The cell voltage
decreased  with  increasing  wastewater
conductivity at constant current density.

According to the results, high color removal

with low energy consumption occurred at
around 001 M of KCl, but electrode
consumption  ratio  increased at  this
concentration. The results of the study by Sengil
and Ozacar showed that high color removal
percentage with low cell voltages and low
energy consumption could be obtained in dye
solutions containing around 3 g1 of NaCl.2

Effect of electrode distance

Figures 9 and 10 show the percentage of color
removal against distance between the electrodes.
The effect of inter-electrode distance on removal
efficiency was examined at 1-3 cm. the efficiency
decreased slightly, when the inter-electrode
distance increased. The distance of 1 cm was
selected as the optimum point. Moreover, low
energy was consumed at this distance. The
reason for this observation is thought to be the
fact that when inter-electrode distance increases,
the produced ions move more slowly in the
solution. Hence, the voltage and energy
consumption increase.?*

Conclusion

EC is one of the most effective techniques for
removing color and organic pollutants from
wastewater. In this research, the removal
efficiency of EC process by means of aluminum
electrodes for decolorization of RG-19 in batch
system was studied. The results showed that the
highest dye removal efficiency was 99.88%, at
the optimized conditions of pH of 11, initial dye
concentration of 25 mg/l, voltage of 50 v,
electrolysis time of 60 minutes, and electrode

Table 2. Effect of initial dye concentration on removal efficiency and energy consumption
Concentration of dye

49.14 3.24

30 68.85 4.38 68.69 4.40
40 92.10 5.92 84.91 6.17
50 95.68 7.38 90.44 7.93
60 99.88 10.25 91.66 10.27

4.46 81.42 5.29 66.89 7.33
7.33 94.71 6.53 91.77 9.75
9.06 99.49 9.94 99.50 11.08
12.41 99.57 11.87 99.56 13.18

RE: Removal; E: Energy Consumption
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distance of approximatelyl cm. The removal
efficiency increased with the increase in inter-
electrode distance to 1 cm and KCl concentration
to 0.01 M. It can be concluded that the EC
process by aluminum electrodes is an efficient
method for reactive dye removal from colored
solutions.

100 -
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80 -

£ 70 -

g 60 -

2 50 -

T KCl

T 40 -

@] —&— (0.0025 Mal/l

§ 30 1 = 0.005Mol/l
20 - —— 0.0075 Mol/l
10 A —— 0.01 Mol/l

0 T T T T T 1

10 20 30 40 50 60
Electrolysistime (min)
Figure 7. Effect of KCI concentration on the removal
efficiency of Reactive Green 19 (RG-19) dye
(Voltage = 50 v, C; = 50 mg/l, d = 1 cm, pH =11,
T=22+2"C)
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Figure 8. Effect of KCI concentration on electrode
consumption .
(Voltage =50 v, Co=50mg/l,d=1cm, pH =11, T=22+2 C)

Electrod consumption (g)

X0 - —e—1Cm

—&—2Cm

10 A 3Cm
O T T T T T 1

10 20 30 40 50 60
Electrolysistime (min)
Figure 9. Effect of distance between electrodes on
removal efficiency of Reactive Green 19 (RG-19) dye

(Voltage =50 v, Co =50 mg/l, KCl = 0.01 M, pH = 11,
T=22+2 C)

10 20 30 40 50 60
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Figure 10. Effect of distance between electrodes
on energy consumption
(Voltage =50 v, Co =50 mg/l, KCl = 0.01 M, pH = 11,
T=22+2°C)
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Abstract

Air pollution is one of the emerging environmental issues of the western cities of Iran. Daily data (2009-2012) on
air pollutants in Sanandaj, Iran, were collected from the Department of Environmental Protection, Kurdistan
Province, Iran. Climatic parameters were collected from the Kurdistan Meteorological Bureau. The quality of air
was assessed based on the air quality index (AQI). The relationship between climatic parameters was analyzed
using the Pearson correlation coefficient and multiple regression analysis. AQIl indicated that the air quality in
Sanandaj is under normal conditions. However, Particulate Matter (PM1o) was at medium and critical level,
requiring precautionary measures for the health of the elderly and children. The concentration of PMio has
increased in recent years during the months of April to June (reached an unhealthy level in the warm days of the
year). The highest pollutant concentration (CO and SO2) was observed during cold days of the year (December to
February). The highest concentration of NO2, NO, Oz, and PM1o were observed in summer and spring, whereas the
lowest concentrations were observed in cold seasons. The Pearson correlation analysis revealed a significant
correlation between air pollutants and climatic parameters. The multiple regression analysis and R2 analysis
showed the influence of climatic factors on pollutant concentration. ANOVA indicated Factors which cause the
most significant variability in pollutant concentration are air temperature, relative humidity, and wind speed.
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Introduction deterioration of environmental air quality.? Air

Air quality is strongly dependent on weather
and is, therefore, sensitive to climate change.!
Air pollution in urban areas is often the result
of exhaust gases from vehicles, and combustion
in industries and for domestic purposes.2
Anthropogenic air pollutants caused by
technological progress, industrialization, and
urban overpopulation have led to the

Corresponding Author:
Behzad Shahmoradi
Email: bshahmorady@gmail.com

quality has become an important environmental
problem throughout the world because of the
dramatic increase in emission of pollutants
resulted from the economic and industrial
growth in the last century.* Today, vehicles are
the main cause of air pollution in developing
countries such as Iran.5 Urban air pollution has
different characteristics because of the
variability of meteorological factors depending
on the geographical and topographical
peculiarities of the urban area.¢ To understand
the influence of the climate on pollution,
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regional and local climatic parameters must be
taken into account. Atmospheric visibility
degradation is a key issue in climatology and
air pollution studies. It exerts adverse effects on
human lives, such as on highway crowding and
restricted aircraft movements.” The
concentration of air pollutants varies depending
on meteorological factors, the source of
pollutants, and the local topography.® The air
quality index (AQI) is one of the main indices
used to show the overall quality of the
environment. With the variation in weather,
from day to day, the air quality also changes.
Urbanization is a spreading phenomenon
throughout the world. Urban environments are
often  characterized by  higher mean
temperature, concentration of greenhouse
gases, and atmospheric pollutants compared
with surrounding rural areas.” In such areas,
human health is affected by air pollution. The
most significant air pollutants are nitrogen
dioxide, sulfur dioxide, polycyclic aromatic
hydrocarbons (PAHs), and particulate matter
(PM) including dust, soot, and smoke.l The
most abundant components of air pollution in
urban areas are nitrogen dioxide (NO2), ozone
(Gs), and PM. SO is particularly abundant in
industrial areas.’ Urban air pollution issues are
of increasing concern to urban planners and
policymakers. Air quality in most urban areas
can reach levels high enough to have some
health impacts. Initially, urban air pollution
was considered as a problem mainly associated
with  domestic heating and industrial
emissions.’2 However, the concentration of air
pollutants is not only affected by sources of
emission, but also by meteorological variables.
Meteorological variables play an important role
in the dispersion, transportation, and
photochemical reactions of air pollutants, and
secondary pollutant formation including Os and
NO,.13

Venegas and Mazzeo estimated horizontal
distributions of CO and NOx background
concentrations in Buenos Aires City, Argentina.l?

50 J Adv Environ Health Res, Vol. 3, No. 1, Winter 20%

Alkasassbeh et al. assessed Particulate Matter
(PMi) concentration prediction, and total
suspended particles (TSP) using autoregressive
artificial neural networks and external input
models. They wused climatic parameters
(temperature, relative humidity, and wind) for
model input and developed two autoregressive
artificial neural networks with external input
models (ANNARX) to provide high performance
modeling for PMjp and TSP parameters.10
Stamatelos analyzed data from ambient PMio
concentration monitoring in Volos during 2005-
2010. The results showed that PMio concentration
had a negative correlation with temperature and a
positive correlation with relative humidity.14
Marcazzan et al. considered the characterization of
PMio and PM;5 in the ambient air of Milan (Italy).
They simulated PM5 and PMyo in September 1997
and 1998 in the city center of Milan. The
multivariate analysis of elements, gaseous
pollutants, and concentration data led to the
identification of four main sources contributing to
PMi and PM:s composition; vehicle exhaust
emissions, suspended crustal dust, secondary
sulfates, and industrial emissions.’> Akpinar et al.
performed statistical analysis of meteorological
factors and air pollution during winter months in
Elazig, Turkey. They observed a relationship
between pollutant concentrations (SO, and TSP)
and climatic factors from October to March 2003 to
2005. They found a medium and weak relationship
between pollutant concentrations and
meteorological factors in Elazig.6

Iran is one of the top ten disastrous countries
in the world and it will soon become one of the
most polluted countries in the world. According
to the World Health Organization (WHO) report
in 2013, Sanandaj, Iran, was the most polluted
city regarding PMio concentration. Hence, this
research was performed with the aim to identify
and evaluate Sanandaj City air pollution for six
major pollutants (SO,, CO, NO,, NO, Os, and
PMio) and establish its relationship with climatic
parameters (temperature, precipitation, relative
humidity, frost days, and wind speed).
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Materials and Methods

Sanandaj City, Kurdistan Province, Iran, is
located on the geographic coordinates of 35°20'
north latitude and 47°18' east longitude of the
prime meridian (Figure 1). Height average of
Sanandaj is 1535 m above sea level (the lowest
and highest points are 600 and 2550 m,
respectively). The city has a semi-arid
Mediterranean climate.

This was a statistical-analytical research.
Daily, monthly, and annual (from 2009 to 2012)
data on climatic parameters (minimum
temperature, maximum temperature, daily
temperature (T °C), precipitation (mm), relative
humidity (RH%), wind speed (Knot), and frost
days of Sanandaj) were collected from the
Kurdistan Meteorological Bureau. Then, the air
quality data on pollutants (SO,, CO, NO, NO,
O;, and PMig) collected from the Kurdistan
Environmental Protection Agency were adjusted
for the same period. The Pearson correlation and
multiple regression analysis were used to find
and interpret the relationship between pollutants

45 46 46 47
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and meteorological parameters. Moreover, AQI
was used to assess the air quality.

Results and Discussion

Climatic conditions

Sanandaj has a Mediterranean climate (Figure 2).
Most of the total precipitation occurs between
November and May, and the dry period is from
June to October. The maximum, minimum, and
daily mean temperature recorded for Sanandaj
City is shown in figure 3. As figure 3 indicates,
the coldest (-4.6 °C) and warmest (38 °C) months
are January and June, respectively. Climatic
parameters, such as relative humidity, wind
speed, and frost days, are crucial factors in
dispersing air pollutants. Figure 4 shows that the
highest amount of relative humidity and frost
days are observed in the winter (late December
to late February), whereas the highest wind
speed of the area occurs in spring to late
summer. In fact, from late winter, wind speed
increases due to the change of season and
gradual increase in heat.
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Figure 1. Geographical location of Sanandaj City
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Figure 2. Climatic diagram of Sanandaj for 2009-2012
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Figure 3. The mean frost days, humidity (%), and
wind speed (m/s) in Sanandaj City from 2009
to 2012

Pollutant concentration

The monthly and seasonal, and diurnal
concentrations of SO, NO, NO,, CO, O;, and
PMio during the period of the study are
represented graphically in figure 4 and figure 5,
respectively. The monthly variation of pollutants
shows that CO and SO, have reached their
maximum amount during December to
February and NO, NO;, and Os during June to
August. The two main maximum concentrations
of PMio were observed during April to May and
in July. The seasonal variation of pollutants
shows that CO and SO, reached their maximum

52 J Adv Environ Health Res, Vol. 3, No. 1, Winter 20%

amount in winter, NO, NO», and O3 in summer,
and PMy in spring.

Akpinar et al. reported that the highest
concentration of SO, was observed during
January-February, which are the coldest months
of the year in Elazig City, Turkey.c Al-Awadhi
observed that Kuwait experienced higher
concentration of NO and SO, during winter,
while higher Os; values were recorded in
summer.'¢ In another study conducted in Daegu,
Korea, Jo and Park reported that the maximum
levels of CO and SO. were obtained in cold
seasons, while NO; and O; had the highest level
during warm seasons.’” Moreover, AL-Jeelani
showed that low values of Os and NO; appear in
late autumn and winter (colder periods), while
the high values appeared in late spring,
summer, and early autumn (warmer periods).?

The high level of some pollutants during cold
seasons can be attributed to the increased
consumption of fuels caused by heat sources
and vehicles along with meteorological
conditions such as increased atmospheric
pressure, air stability, and temperature
inversion. Moreover, the seasonal maximum
heat season could be contributed to the
gradually increasing ground surface
temperature, and decreasing precipitation and
relative humidity. One of the main factors of an
increase in ozone during spring and summer is

http://jaehr.muk.ac.ir
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the increase of photochemical reactions, and
thus, ozone production. Factors effective on the
high level of PMjo during summer might be air
dryness, and increase in temperature and wind
speed during this season.!8

There is no heavy industry in Sanandaj or its
neighboring areas. However, these high
concentrations of pollutants could be attributed
to the high number of old model vehicles, low
quality petrol, and tendency to use private cars
instead of public transportation.

Because of the importance of PMjo in the
study area, the AQI was calculated for this
pollutant based on daily data from 2012.
Although mathematical equations could be used

== SO, CO mm Oy

160 -
140 A
120 A
100 A
80 -
60 A
40 A

Pollution concentration(yg/m”3)

R I

Month

to convert air pollutant concentration into AQI
values, many websites are available online
which convert pollutant concentrations into AQI
values.1920 As table 1 indicates, citizens of
Sanandaj City and its surrounding areas
experienced different concentrations of PMio for
240 days, 38 days of which, the concentration
exceeded 950 pg/m3 (very dangerous class).

It was found that the frequency and
occurrence of sand and dust storms has
continuously and drastically increased in the last
decade in Iraq. Hence, the high concentration of
PMio could be attributed to the uncontrolled
formation and occurrence of dust phenomenon
in neighborhood countries like Iraq (Figure 6).2

NO, NO ——PM10

Figure 4. The mean monthly concentration of pollutants in Sanandaj City from 2009 to 2012
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Figure 5. The mean seasonal concentration of pollutants in Sanandaj City from 2009 to 2012
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Influence of climatic parameters on pollutant
concentration

Climatic parameters have direct effect on
dispersion or accumulation of pollutants. The
minimum temperature during the cold period of
the year caused increasing CO and SO
concentrations, while the concentrations of NO,
NO;, O;, and PMjo decreased (Figure 7). On the
other hand, gradually increasing temperature
during warm days of the year caused a decrease
in CO and SO concentrations and increase in
03, NO, NOg, and PMy (Figure 8). Decrease in
relative humidity during the year caused an
increase in pollutant concentration. There is a
reverse relationship between CO, SO,, O3, NO,
and NO,, and increase in wind speed. The latter
resulted in the decreasing of pollutant
concentration because of air turbulence on

50-100
(rg/m’)

100-150
(rg/m’)

PM o Concentration

Class

Number of days 158.00 51

Mean concentration 91.76 140

Time distribution April to May  May to June
93

AQI 68 (Moderate) (Moderate)

Table 1. Diurnal concentration and classification of PMq (pg/ms) based on air quality index (AQI) in 2012

sensitive groups)

ground surface with high atmospheric levels.
However, a direct relationship was observed
between wind speed and PMio. Similar findings
have been reported in literature.2324
AQI
Table 2 shows the results of AQI for pollutants
during 2009-2012 at Sanandaj station. Except for
PMio, all pollutants were within good level
(green color), indicating compliance with
standards and no need for cautionary
instruction. PMijo may be the only cause for
concern in the city. Its elevated values could be
attributed directly to natural dust fallout, which
is a natural common phenomenon in Sanandaj,
especially in the summer. Al-Awadhi reported
that except for PMio, the yearly average AQI of
SO, NO,;, CO, and Os; concentrations were
within the category of good and moderate in
Kuwait.1

150-200 200-400 > 400
(ng/m?°) (ng/nm) (ng/m?°)
12.0 10.0 16
162.7 265.2 951
April to June May to June May to July
104 (Unhealthy for > 605 (out of

155 unhealthy range)

" The maximum calculable Pjylconcentration to AQI isig/nT; hence, the authors considered values greater ttisrvalue as very

hazardous; AQIAIr quality index
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(continue)

Data Analysis

Correlation Analysis

The relationships between air pollutant
concentrations and meteorological indicators
were analyzed based on the Pearson correlation
coefficient (Table 3). The results showed that
there is a significant relationship between
climatic parameters and pollutant concentration.
Tmin had direct relationship with CO (r = 0.66,
P < 0.05) and SO. concentrations (r = 0.75,
P < 0.05). Nevertheless, it had a reverse
relationship with Os;, NO,;, NO, and PMj
concentrations (r = -0.55, P < 0.01). Moreover,
with increasing temperature, the concentration
of PMiyp, NO,;, NO, and Os; also increased.
Relative humidity showed negative and reverse
relationship with most of the pollutants,
especially PMyo (r =- 0.96, P < 0.01). Wind speed

had a controlling effect on pollutant dispersion
(for example, in the case of NO, r = - 0.77 and
P < 0.01). The exception was PMio, which could
be attributed to the transferring and dispersing
property of the wind. Precipitation, as an
important climatic parameter, plays an effective
role in this respect. There is a reverse
relationship  between  precipitation  and
concentration of CO (r = -0.68, P < 0.05), SO
(r=-0.88, P <0.01), Os (r =-0. 71, P < 0.05), NO
(r=-0.67, P <0.05), NO; (r =-0.69, P < 0.05), and
PMy (r = -0.97, P < 0.01). Precipitation is a
pollution reducer. As it is expected to have clean
air during precipitation, data analysis also
revealed that precipitation has a reverse

relationship with pollutant concentration.
ANOVA Analysis
The relationship between climatic parameters and
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pollutant concentration was analyzed using
multiple  regression  technique.  Pollutant
concentration and climatic parameters were used
in regression techniques as a dependent variable
and independent variables, respectively. The
results of regression analysis are presented in table
4. The research found a significant relationship
(P< 0.05) between air pollutant concentration and
climatic parameters; the highest relationship with
O; (r = 80, P < 0.05) and the lowest relationship
with PMy (r = 68, P < 0.05). Therefore, there is a
significant  relationship  between  climatic
parameters and pollutant concentration.

The coefficient of determination (R?, from
0.46 to 0.87%) between different factors indicates
that the highest amount of pollutant
concentration is directly influenced by climatic
conditions in different days of the year. The
lowest R2 (0.46) is related to PMio, whereas, the
highest (R2= 0.78%) is related to Os, followed by
CO, and NO;. The lower R2 in PMy reveals that
particulate matters in the air of the study area
originated from another area such as Iraq that is
an external source. Therefore, climatic condition
has the lowest role in this regard.

Generally, the results showed that there is a
significant relationship and correlation between
climatic parameters and pollutant concentration
(SO2, CO, O3, NO,, NO, and PMyo). Temperature
and wind speed are the parameters which have
a role in relative increasing of pollutant
concentration, but precipitation and relative
humidity are effective on decreasing of pollutant
concentration (Table 4).

It should be noted that R? represents the
fraction of the variance in air pollution levels due
to the variability of the correlated meteorological
parameters.  Multiple  regression  analysis
confirmed that meteorological parameters are
important for pollutant concentration. Hence, it
can be concluded that meteorology plays an
important role on pollutant concentration.
Temperature, relative humidity, and wind speed
seem to be the most important parameters
influencing the behavior of air pollutants.

Elminir found that temperature changes did
not significantly influence SO, concentration,
but relative humidity was the most important
meteorological parameter influencing the
behavior of air pollutants.?

Table 2. Air quality index (AQI) for different pollutants in Sanandaj City during 2009-2012

\ PMy, \ NO NO, \ 0, \ co \ SO, Year \
Unhealthy(Orange) Good (green) Good (green) Good (green) Good (green)  Good (green) 2009
Unhealthy (Orange) Good (green) Good (green) Good (green) Good (green)  Good (green) 2010
Critica I(Red) Good (green) Good (green) Good (green) Good (green)  Good (green) 2012

Table 3. Pearson correlation analysis for climatic parameters and pollutant concentration

co (o SO, NO, NO PM o
(Ppm) (ppm) (ppm) (ppm) (ppm) (ng m°)
Min T (°C) 0.75 -0.6 0.66 -0.50 -0.52 -0.54
Max T (°C) -0.48 0.71" -0.51 0.59 0.6 0.87
Relative humidity (%) 0.62 -0.61 -0.79 -0.66 -0.62 -0.96"
wind speed (knot) -0.77 -0.56 -0.59 -0.68 -0.77 0.68
Rainfall (mm) -0.68 -0.71 -0.88" -0.69 -0.67 -0.97"

" Correlation is significant at the 0.05 level (24d);” Correlation is significant at the 0.01 level (2ed); PM,: Particulate Matter
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Table 4. ANOVA for pollutants and meteorological parameters
Coefficients

ollEr R? Regression square sum
Tmin =1.8
SO, 0.67 676.171 6 6.39 Frost day = 1.18
Wind speed = 3.2
Precipitation = -2.8
CcO 0.77 333.910 6 3.82 Relative humidity = - 2.32
Tin = 3.2
Tma.3
O3 0.78 757.232 6 5.97 T, 0.96
Rh =-2.23
NO, 0.77 303.967 6 380 PIECIRIEoT =i SR
max — -
MinT =2.1
Precipitation = -1.9
NO 0.63 619.390 6 443 Frest el = A7
Trmax= 2.3
Wind speed -2.1
Tmax=2.2
PMyo 0.46 1037.098 6 4.71 Relative humidity = -2.23
Precipitation = -1.6
df: Degree of freedom
Grinn-Gofron et al. reported contrary results; Sanandaj, and assessed the relationship

they found close relationship between SO»
concentrations and meteorological conditions in
Poland.?¢ However, Carreras and Pignata found
no relationship between climatic parameters and
pollutant concentration in the Cordoba region,
Argentina.?

The trend of urbanization in Sanandaj has
been increasing during the last decade; many
new suburban areas have been built by scaling
down free areas surrounding the city. With the
continuous and rapid urbanization process,
more people become exposed to high levels of
air pollution. Sanandaj has a natural hole-like
structure surrounded by mountains. The main
platform of the city is located on semi-flat lands
and there is height difference among the city
areas. Hence, natural conditions and city
environmental constraints are the potential
barriers for pollutant dispersion and the created
inversion heightens this issue in the city.

Conclusion

This research considered the daily, monthly,
and seasonal variations of pollutants in

between climatic parameters and pollutant
concentration using the Pearson correlation
and regression analysis. To indicate healthy
days, the AQI was determined. It was
observed that, during very cold days, the
concentrations of CO and SO, were higher
compared with other pollutants. However,
during the warm days of July with the highest
temperature, the concentrations of NO, NO.,
O;, and PMiy were high. The monthly
variations of pollutants showed that the
maximum concentrations of CO and SO, were
observed during December-February and that
of NO, NO;, and Os during June-August.
Nevertheless, the maximum concentration of
PMio was observed during April-May. NO,
NO,, O;, and PMj reached their maximum
concentration in the summer. Maximum and
minimum temperatures have an effective role
in increasing pollutant concentration during
the year. However, relative humidity causes a
reduction in pollutant concentration. Except
for PMi, wind speed reduced @ the

concentration of other studied pollutants. In
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recent years, PMio has become one of the most
dominant pollutants of the area, with its
highest concentration in April, May, and June.

It is affected by the Arabic dust phenomenon 3

from the deserts of neighboring countries in
Western Iran. The Pearson correlation analysis
indicated a significant correlation between air
pollutants and climatic parameters. Results
from AQI determination showed that

pollutant concentrations, except PMio, were 5

within good (green color) level, indicating
compliance with standards and no need for
cautionary instruction. R?2 showed that climatic
parameters play an important role in pollutant
concentration. The multiple
analysis indicated the influence of climatic
factors on pollutant concentration. ANOVA
analysis revealed that variables with the most

significant effect on pollutant concentration !
were air temperature, relative humidity, and
wind speed. There is no heavy industry in
Sanandaj or its surrounding areas. However, o

traffic was observed as the main source of high
concentrations of pollutants. Air pollution has
very negative impacts on society; thus, the

survey of climatic parameters and pollutant 9.

concentration may help the government to
adopt necessary preventive measures to
ensure better living conditions.
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Abstract

High concentrations of ammonium in drinking water can cause many diseases and environmental problems such
as eutrophication. Therefore, high-performance and eco-friendly methods for purification are of great importance
and must be considered. Recently, bioelectrochemical systems have been successfully applied for the removal of
many pollutants from water and wastewater. In the present work, ammonium was treated using the
bioelectrochemical process. The two effective factors of temperature and supporting electrolyte dose were
optimized using response surface methodology (RSM). The optimal conditions were electrolyte dosage of 250 mg/I|
and temperature of 26.5 °C. Under optimized conditions, the maximum ammonia removal percentage was 99.6%.
Analysis of variance indicated a reasonable correlation coefficient (R2) between the predicted and actual values. R2
(0.8913), adjusted R2(0.8137), and coefficient of variation (8.32 %) were calculated based on statistical analysis.
The results indicate that the bioelectrochemical process is the most useful and effective method for the removal of
ammonium from wastewater.
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Introduction water run-off, and agriculture drainage.3* The

Ammoniacal nitrogen is an essential element for ~ commonly used processes for nitrogen removal
living organisms, but it can contribute to  are biological process, chemical treatment, ion
dissolved  oxygen depletion, accelerated exchange, and ammonia volatilization by air
eutrophication of lakes and rivers, and fish  stripping® Among  treatment methods,
toxicity in water bodies.l? High concentrations  biological ~processes are more sustainable
of ammonia have been reported in the approaches due to their lower impact on the
wastewater of various industries such as coke  surrounding environment and lower cost
plant, landfill leachate, textile, and tannery, and ~ compared to other physical and chemical

municipal and domestic wastewater, urban pI'OCGSSGS.6 The combination of biological
processes and  electrochemistry in a
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pollutants of water and wastewater. The
bioelectrochemical system is composed of an
electrochemical reactor and microorganism
agents (biocatalyst) that are placed on the
electrode surface. In recent years, this process
has been widely applied for the removal of
many pollutants such as organic carbon, metal,
and nutrient compounds.”* The 2 most
common bioelectrochemical systems are the
microbial fuel cell (MFC) and the microbial
electrolysis cell (MEC). In the MFC, energy can
be obtained, but in the MEC, electrical energy
must be supplied using a power supply.™
Among nutrient compounds, the treatment of
nitrogen compounds (ammonia/ammonium,
nitrite, and nitrate) are considered in the present
work. Depending on treatment goals, many
successful studies have been reported on
bioelectrochemical systems” removal of nitrogen
compounds from water and wastewater. For
example, using a MFC reactor, Xie et al. were
successfully able to remove about 97.4%
ammonium from synthetic wastewater.’> In a
similar study that was performed by Yan et al.,
simultaneous nitrification and denitrification
without extra energy input was reported.l® In
this case, more than 96.8% ammonia removal
was reported.16

Various statistical ~experimental design
techniques have been proposed in the
optimization of experimental studies. In recent
years, response surface methodology (RSM) has
been applied successfully in many scientific
fields such as chemistry, biology, medicine, and
economy.!” It was originally developed in the
1950s.18 RSM is based on the experimental
design with the final goal of evaluating optimal
functioning of industrial facilities using
minimum experimental effort.”? RSM was
described by Wilson as an experimental
approach to identifying the optimum conditions
for a multivariable system using minimum
experimental samples.! Nitrifying bacteria are
sensitive to temperature which is a key influential
parameter in ammonium removal rates in
bioreactor systems. On the other hand, the

amount of salt or supporting electrolyte dose can
affect the electrochemical/bioelectrochemical
reaction progress. However, in the present study,
the 2 factors of temperature and supporting
electrolyte dose were optimized using RSM.

Materials and Methods

All chemicals used in this study were analytical
reagent grade and were used without further
purification. An aqueous stock solution of
ammonia (from NH4Cl salt) was prepared in
deionized distilled water. Different
concentrations of ammonia were obtained by
diluting the stock solution.

Inoculum mass for growth and enrichment of
denitrifying bacteria was collected from the
Shahrak Gharb Wastewater Treatment Plant,
Tehran, Iran. The sludge was added to a 11 flask
containing synthetic wastewater. For
enrichment, synthetic wastewater was prepared
by dissolving (in terms of g/I) 0.3 KH.PO,, 1
Na;HPO4.12H,0, 0.1-0.5 NaCl, 0.1 MgSO..7H-O,
and 0.1-0.4 NH4Cl. NaHCOs. NH4Cl was added
into the reactor to achieve a carbon/nitrogen
ratio of equal to 2:1. In order to supply the
required oxygen, an aerator with constant flow
rate (0.9 1/minute) was used. During this period,
nitrifying bacteria were enriched and used in the
bioelectrochemistry reactor.20

A 21 glass vessel (with effective volume of 1.8 1)
was utilized for bioelectrochemical nitrification.
The schematic of bioelectrochemical cell (BEC)
system with its related parts is illustrated in figure
1. The anode and cathode were placed vertically at
a fixed distance of 5.5 cm without any separated
membrane. A DC power supply (TEK-8051, 30 V,
and 5 A double) was set for startup process. Flow
rate and hydraulic retention time (HRT) were
maintained at approximately 0.9 1/minute and 24
hours, respectively. Batch bioelectrochemical
nitrification system (BNS) was operated for 3
weeks and ammonia concentratiorwas determined
daily. Growth medium was inoculated to reactor
with a mixed liquor suspended solids (MLSS) of
about 3000 mg/1. Startup was operated using an
electric current of 5 mA/cm? and ammonium
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concentration of 38.88 mg-N/1 (50 mg-NHs*/1).
The BNS was fed with growth medium containing
0.45 g/1 Na;HPO,, 0.15 g/1 KH2PO,, 0.1 g/1 MgSO4
7H;O, and 0.015 g/1 CaCl, 7HO. In addition, 1
ml/I trace nutrients solution consisted of 1.5 g/1
FeCl; 6H,0, 0.15 g/1 H3BO;, 0.03 g/1 CuSO, 5H-O,
018 g/1 KI, 012 g/1 MnClL4H)O, 0.06 g/l
Na:MoO, 2H;O, 0.12 g/1 ZnSO,7HO, 0.15 g/1
CoCl, 6H;0, and 10 mM acetate.?!

DC power supply

thermometer

peristaltic pump

E % bioreactor

aerator

magnetic stirrer

Figure 1. Schematic plan of bioelectrochemical
nitrification system (BNS)

Samples were analyzed according to
standard methods for water and wastewater. To
determine the ammonium content, the phenate
method at Amax 640 nm was used. Nitrate
concentration ~was determined using a
spectrophotometer at Amax 220 and 275 nm. The
nitrite content was analyzed through the
colorimetric method using sulfanilamide and
naphthylethylenediamine dihydrochloride
regents at Amax 543 nm.!1

The coefficients of the response functions for
different dependent variables were determined
through correlating the experimental results

Table 1. Experimental range and levels of variables
Low axial (-1.41)

Variable Low factorial

Center point

using the Design-Expert regression software.
The central composite design (CCD) was used to
introduce this model as a specific design.10 The
CCD of the main parameters (xi: supporting
electrolyte of 100-500 mg/1 and x»: wastewater
temperature of 22-32 °C) have been displayed in
table 1. According to the design proposed by the
Design-Expert software (version 7.0, Stat-Ease,
Inc., Minneapolis, MN, USA), 13 experiments
were conducted that is presented in table 2.
Total number of experiments in CCD method
was calculated based on 2k + nq + no, where k is
the number of independent variables, n. axial
points, and np center points.’213 In this study, a
4 (22) factorial design, 4 (2 x 2) axial points, and
5 central points were selected. In order to ensure
the validation of the obtained model, an
experiment was performed at optimal factor
levels and the result was compared with that
predicted by the model.

Results and Discussion

Startup and optimum time

Primary startup of the bioelectrochemical process
was performed in certain conditions for about 3
weeks and ammonium removal efficiency was
controlled daily. A quasi-steady state was reached
at the end of this period, and 78% ammonium
removal was achieved (data are not shown).
Scanning electron microscope (SEM) images of
biofilm-electrode are illustrated in figure 2. The
performance of the ammonium removal in the
bioelectrochemical nitrification process at HRT of
0-72 hours is shown in figure 3. According to this
figure, ammonium removal efficiency was about
80% in HRT of 24 hours. This was considered as
optimized condition due to the lack of a significant
difference in ammonium removal efficiency at the
greater amount of 38.88 mg-N/1.

High factorial High axial (+1.41)

< (. o ¢+  ta
% (mg/l) 100 160 300 440 500
%, (°C) 22 24 27 30 32

x1: Supporting electrolyte; x2: Temperature
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ANOVA

In order to determine responses, 13
experimental conditions of the runs proposed by
the CCD were conducted in the laboratory. The
response surface models were validated
statistically for adequacy using ANOVA. Table3
presents ANOVA of regression parameters of
the predicted response surface quadratic model
for bioelectrochemical ammonium removal
efficiency. The high F value (11.48) and a low
P value (0.0029) that is lower than 0.05 show that
the ammonium removal model was significant.
The final second-order polynomial regression

in terms of coded and actual factors is shown by
equations 1 and 2.
Final equation in terms of coded factors:

Ammonia Removal = 95.6 — (9.24 X x;) — (3.5 X x;,) —
(2.35 x x; X x3) — (13.69 X ;%) — (10.17 x x,2) (1)

Final equation in terms of actual factors:

Ammonia Removal = -550.805 + (0.4724 x
Supporting  Electrolyte) +  (44.34879  x
Temperature) - (4.70E - 03 x Supporting
Electrolyte x Temperature) - (6.85E - 04 x
Supporting  Electrolyte?) -  (0.8135  x
Temperature?) (2)

Table 2. Central composite design (CCD) consisting of 13 experiments for the study of two experimental

factors in coded units along with observed values

Run X1 X2 ‘
1 1.0C 1.0C
2 0 -1.41
3 1.0C -1.0C
4 0 0

5 1.41 0

6 0 0

7 0 0

8 -1.41 0

9 0 0
10 -1.0C -1.0C
11 0 0
12 -1.0C 1.0C
13 0 1.41

Ammonium removal efficiency (%

Actual Predicatec
65.7 56.6¢
83.0 80.21
72.1 68.3¢
98.¢ 95.6(
46.5 55.1¢
96.¢ 95.6(
94.0 95.6(
88.0 81.2¢
95.¢ 95.6(
75.0 82.1:
93.4 95.6(
78.0 79.8:
65.¢€ 70.31

X;: Supporting electrolyte;,xTemperature

#AccV  Spef Magn  .Det W

| Exp,
=, 200 kygd, 07 2000x4 'SE £ 20670

(b)

Figure 2. Scanning electron microscope (SEM) images of bio-electrode
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Figure 3. Ammonium variation via reaction time

Source df

Model
X1-Supporting Electrolyte
Xo-Tempreature
X1X2

X12

X22

Residual

Lack of fit

Pure error

Cor total

Standard Deviation
Mean

CV.%

RZ

Adjusted B

Table 3. Analysis of variance (ANOVA) for quadratic model

Shw~NRPRPrPRRPPO

48 72

24 32

Time (h)

: |
Probability > F

11.48 0.0029
15.05 0.0061
2.16 0.1849
0.49 0.5078
28.76 0.0010
15.86 0.0053
22.94 0.0056

6.73

80.92

8.32

0.89

0.81

Df: Degree of freedom;,xSupporting electrolyte;;xTemperature; CV: Coefficient of variation

According to R? and adjusted R? the
experimental analysis value indicates a good
agreement with the predicted values. The
predicted R2 of 0.8913 is in reasonable agreement
with the adjusted R? of 0.8137. In addition, the
coefficient of variation (CV) is the value of the
reproducibility of the model and should be lower
than 10%. Accordingly, CV of 8.32% indicates
reliability and high precision of the experimental

66 J Adv Environ Health Res, Vol.3, No. 1,Winter 2015

data. Adequate precision is the ratio of signal to
noise, and it should be greater than 4 to be
desirable. Adequate precision of about 8.78 was
obtained in the present study. In figure 4 a,
predicted versus actual ammonia removal
efficiency are observed. The predicted values
were calculated from the final coded model
equation (Equation 1). The respective R? (0.8137)
and its fitted equation indicate the reasonability
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of experiments. Usually, the adequacy of the
model can be evaluated by diagnostic plots, such
as a normal probability plot of the studentized
residuals and a plot of predicted versus actual
values. The normal probability plots of the
studentized residuals for bioelectrochemical
ammonium removal are presented in figure 4.
This plot indicates that residuals follow a normal
distribution and in this case the points will fall
along a straight line.2

Effects of main parameters

Figure 5 illustrates the three-dimensional and
related contour plot of response surface.
Accordingly, = the  interaction  between
temperature and supporting electrolyte on
ammonium removal efficiency is observed. It is
clear that the increase in temperature and
supporting electrolyte dosage promotes an
increase in ammonium removal efficiency. The
maximum observed removal of ammonium
(optimum point for nitrification) was around
center point (300 mg/1 of NaCl and 27 °C).
According to plot, the ammonium removal
percentage decreased to a minimum with the
increase in supporting electrolyte dosage to 500
mg/1. It is clear that the higher NaCl dose has
adverse effects on biological population.

Bacterial activity is improved by increasing of
ambient temperature. The oxidation rates of
specific ammonium and its byproducts were
also highly dependent on solution or ambient
temperature. The variations of ammonia-
oxidizing bacteria (3-Proteobacterial AOB) and
nitrite-oxidizing bacteria (NOB) (Nitrobacter
spp.) are sensitive and affected by temperature
changes.’ Zhang et al. suggested that the
activity of AOB increased more than that of
NOB by the increasing of temperature from 7.2
to 28.3 'C, but was inhibited more below 5.0 *C.19
Moreover, Xiao et al. reported that increase in
temperature could benefit the anode microbes
when heat is transferred into the anode
compartment  through  electrolyte.?  In
temperatures higher than 26.5 °C, nitrification
rate declined. This can be due to the decreasing
of ohmic resistance. As a result, electric current
increased and this can have adverse effects on
nitrifying bacteria. On the other hand, this
phenomenon is intensified by the increasing of
supporting electrolyte dosage. Dincer and Kargi

reported that in a continuous flow
nitrification/denitrification system, rates of
nitrification/ denitrification dropped

significantly with salt dosage of more than
1000 mg/1.24

Ammonia Removal Predicted vs. Actual

Nomal Plot of Residuals

Color points by value of 9990

Ammonia Removal:

98.6
46.5

85.75

Predicted
N
$

59.25 —

46.00 —

Normal % Probability
&

T T T T
46.50 59.52 7255 85.57

Actual

(@

T T T
98.60 -2.10 -1.02 0.05 1.12 2.19

Internally Studentized Residuals

(b)

Figure 4. Predicted versus actual values plot (a) and normal

residual for bioelectrochemical ammonium removal

probability plot (b) of the studentized
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Ammonia Remaoval
986
46.5

¥1 = A Supporting Electrotyle

X2 = B, Tempreaturg

Ammonia Removal (%)

X1 Temperature (C) .50

32.00 500.00

x1: Temperature (C)

X, Supparting Electrolyte (mg/L)

X,  Supporting Electrolyte {ma/L)

Figure 5. Three-dimensional and related contour graphics of response surface for bioelectrochemical

ammonium removal

Optimization and confirmatory experiment

To achieve optimal nitrification, the desired goal
for desired parameters was considered to be the
"within the range" status, while for ammonium
efficiency percentage it was "maximum'.
Therefore, the optimal values of working
conditions and predicated removal efficiencies
of ammonium were established. Figure 6 and
table 4 indicate the optimal processing
conditions and verification actual test.
Regarding figure 6 that shows the overlay plot,
optimal acquired condition for nitrification was
about 250 mg/1 of NaCl and 26.5 °C. Figure 7
shows the removal efficiency of ammonium in
time. According to this figure, the experimental
analysis value (99.6% at 24 hours) represents a
good compatibility with the predication values
(97.34%) and is in close agreement at a 95%
confidence and prediction interval. The
generation rate of nitrate and nitrite were
determined. Nitrite is an unstable form of
nitrogen which can be converted into other
nitrogen compounds. This fact can be seen in
figure 7 in which nitrite is converted to nitrate.
Final concentrations of nitrite and nitrate were

68 J Adv Environ Health Res, Vol.3, No. 1,Winter 2015

determined around 9.8

respectively.

and 103 mg/l,

Conclusion

The present study showed that a desirable rate
of ammonium removal from aqueous solution
could be achieved using bioelectrochemical
nitrification method. Effects of the two
operational parameters of temperature and
supporting electrolyte dosage were evaluated to
obtain the maximum efficiency using RSM.
Accordingly, the optimal amounts of desired
parameters were 250 mg/1 of NaCl and 26.5 °C.
Under these conditions, a 99.6% experimental
value was obtained.
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Figure 6. Overlay plot for ammonium removal

Table 4. Optimum condition verification and additional experiments

Conformity experiment
Ammonia removal  97.34% 90.34 100 79.94 100 99.6%

CI: Confidence interval; PI: Predicted interval

150 - - 100
mmm NO3-
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120 - == Ammonium removal - 80
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Figure 7. Variation of nitrogenous compounds during ammonia removal
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