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AbstractAbstractAbstractAbstract 
The most frequent and expensive cause category of compensable loss is manual material handling (MMH). Casting 
workers who handle oxygen (O2) cylinders manually are at risk for work-related musculoskeletal disorders 
(WMSDs). The aim of this study was to assess manual handling of O2 cylinders by casting workers and to 
implement ergonomic intervention to reduce the risk of musculoskeletal disorders (MSDs). This interventional 
study was conducted on 30 male workers of casting unit in a steel industry. Nordic Musculoskeletal Questionnaire 
was used to determine the prevalence of MSDs in workers. Snook tables and its software were used to assess 
manual handling risk of O2 cylinders. Manual handling of O2 cylinders was totally excluded using the box with 16 
cylinders that can be moved by crane. The most common MSDs in 1 year prior to the study were low back pain 
(43%), shoulders (33%), and hand/wrist and knee disorders (16%), respectively. The Snook tables’ results 
indicated that 86% of lifting/lowering, 100% of carrying, and 50% of pulling tasks were appropriate for <10% of 
casting workers. About 94% of O2 cylinders pushing were appropriate for 17% casting workers. With the 
implementation of ergonomic intervention, the risk of WMSDs and explosion of cylinders was decreased, and 
safety of workers was improved. 
KEYWORDS:KEYWORDS:KEYWORDS:KEYWORDS: Manual Material Handling, Snook Tables, Ergonomics Intervention, Nordic Musculoskeletal Questionnaire, 
Oxygen Cylinders, Musculoskeletal Disorders 
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Introduction1    

Manual materials handling (MMH) tasks 
(pushing, puling, lifting, lowering, and carrying) 
are very common in workplaces and are carried 
out in most industrial plants.1,2 MMH tasks are 
in many industry sectors, including 
manufacturing and service occupations.3 
However, the technology is developed in many 
industries, MMH has remained essentially the 
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concern.4,5 About 10% of jobs require extensive 
MMH.6 The risk level of MMH depends on the 
load characteristics [weight, size, shape, 
coupling, and imbalance (i.e., changing center of 
gravity)], the task or method of handling 
(include repetitively, moving the load over large 
distances, accuracy and precision required 
because of fragile loads, hazardous movements 
or postures, etc.), environmental factors and 
workplace physical conditions (such as obstacles 
and floor surfaces (e.g., slippery, uneven or 
damaged, distance of route, temperature, 
lighting, and noise) and operator characteristics 
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(physical factors and psychological factors, like 
stress).7,8 MMHs are the leading source of 
fatigue, musculoskeletal disorders (MSDs), low 
back pain and workers compensation claims in 
the workplace. MSDs often involve strains and 
sprains to the low back, shoulders, and upper 
limbs.6 Annually, over half a million cases of 
MSDs reported in the United States due to 
MMH.9,10 More than one-fourth of all 
compensable work injuries are associated with 
MMH tasks. National Institute for Occupational 
Safety and Health (NIOSH) has reported that 
60% of the injury claims for low back pain is 
associated with MMH and 20% with pushing 
and pulling.11 MMH is a frequent (36% of all 
claims) and costly (35% of total cost) category of 
compensable loss in the USA.12 

Limitations and acceptable loads in MMH 
have been analyzed using a wide spectrum of 
techniques including physiological, 
psychophysical, subjective, biomechanical, 
observational, postural analysis and a 
combination of the above. “Snook tables” were 
developed at Liberty Mutual Insurance 
Company and described by Snook.13 Snook 
tables are based on psychophysical 
measurements rather than biomechanical. They 
have more general use rather than the revised 
NIOSH lifting equation because they are applied 
in many of tasks.13,14 Snook tables have been 
used in various studies and industries, including 
agriculture, mines, and construction sites.10,15,16 
Furthermore, these tables have been used in 
order to survey physiological and 
psychophysical responses in handling maximum 
acceptable weights (MAWs) in male Chinese 
workers performing combined MMH tasks, the 
effects of box size, vertical distance, and height 
on lowering tasks for male and female industrial 
workers.17-19 Scientific studies indicate that 
effective ergonomic interventions can decrease 
the physical demands of MMH tasks, as a result 
lowering the prevalence and severity of the 
musculoskeletal discomfort.2 Their potential to 
reduce discomfort associated with costs alone 

makes the ergonomic interventions useful tool 
for improving a product quality, company’s 
productivity and overall business 
competitiveness. The best ergonomic 
intervention measure is to remove the need for 
workers to carry out MMH tasks.17,18 

Mechanical handling devices or aids can often 

remove the task itself or facilitate the demands 
on the worker. Hence, it is not possible for MMH 
tasks to be designed base on to the workers’ 

capabilities. Workers are facing with ergonomics 
hazards such as overload in manual handling of 
O2 cylinders tasks in blast furnace unit, which 
expose them to risk of work-related 

musculoskeletal disorders (WMSDs). Thus, the 
aim of this study was to evaluate prevalence of 
WMSDs and to investigate MMH tasks by Snook 

tables among casting workers and ergonomics 
intervention in manual handling of O2 cylinders 
in a steel industry. 

Materials and Methods 

The current experiment is an intervention study 

that was conducted on 30 male workers of the 

casting unit in a steel industry. All the subjects 
dressed in the same working overalls. They were 

provided with similar shoes to ensure consistent 

coefficients of friction on the ground. All the 

subjects examined by an occupational medicine 
specialist to identify people had experienced 

significant low back pain or other MSDs. 

In steel industry, purified O2 is used to take 
the hot metal out of the blast furnace and 
conduct it into the cauldron and casting molds to 
produce steel ingots. O2 reduces the viscosity of 
the hot metal flow. Thus, O2 consumption in 
steel industry is very high. In the studied steel 
industry, 40 rechargeable O2 cylinders with 
weight and dimensions of 153 pounds (70 kg) 
and 146 × 23 cm, respectively, were used per 
day. Workers performed 14 variations of Lifting, 
carrying, lowering, pushing and pulling of 
cylinders, manually (MMH). O2 cylinders were 
placed horizontally on each other in a truck and 
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were carried to the company. Workers lifted 
cylinders and carried it vertically to 2 m in the 
truck, then lowered to 1 m onto ground. In most 
cases, this necessitated some degree of body 
twisting during lifting and lowering (Figure 1). 
The lifting and lowering tasks were performed at 
frequencies of 2 and 1/min. Workers carried the 
O2 cylinders from the floor to body height 
distances of 2.1 m. Combination of The lifting, 
carrying and lowering task was performed at 
frequency rate of 1/min. Pulling tasks were 
performed at a distance of 2.6 m and at 
frequency of 0.2 and 1/min. A 1.1 m pushing 
task was performed 1/min. Workers pushed and 
pulled at a height midway between knuckle and 
elbow height (88.1 cm). 

 

 
 

 
Figure 1. Lifting and lowering of O2 cylinders tasks 

 
By unloading the truck, the O2 cylinders 

were laid horizontally on the ground and on 
each other (Figure 2). Cylinders must be 
connected to the valve and oxygen 
consumption device that are used separately. 
Cylinders loading have been done manually for 
recharging in the factory after discharging. 
Workers complained of MMH tasks because 
they had to handle many cylinders daily. 

 

 
Figure 2. Oxygen cylinders position before the 

intervention 
 
Nordic Musculoskeletal Questionnaire 

(NMQ) was used to determine the prevalence of 
MSDs in workers. NMQ included questions 
about risks and discomfort during the last 12 
months and 1 week before the study.20 

Furthermore, the psychophysical 
methodology described by Ciriello and Snook14 
and Ciriello and Snook18 was used in this 
experiment. This methodology includes 
measurement of oxygen consumption, heart 
rate, and anthropometric characteristics. This 
methodology is well-known as Snook tables. 
These tables are based on controlled 
experiments using psychophysical evaluation, 
and can be used to find the percent of an 
industrial population capable of sustaining the 
efforts tabulated in lifting, lowering, pushing, 
pulling, and carrying. These tables included 20 
tables for MAW for lifting, lowering, pulling, 
pushing and carrying tasks. These tables are 
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presented separately for males and females. The 
result is specified as a percentage of the 
population of males and females who are able 
to carry out manual handling tasks. MMH tasks 
must be designed for more than 75% of the 
female or male work population to be able to do 
it. Designing these manual tasks for more than 
90% of the female work population will offer a 
more appropriate level of protection from 
manual handling injuries. The force exerted to 
lifting/lowering, pushing/pulling, and 
carrying cylinders tasks were measured using a 
model of FG-5100 potentiometer. These tasks 
were evaluated using the software Snook. 

Ergonomics intervention (designed box and 
handling mechanization of the cylinders) 

Among the different options to improve a 
particular MMH task, it is important to choose 
the one, which will work best for that task. In the 
current study, a cubic rectangular box was 
designed to eliminate the manual handling of 
cylinders. Box dimensions were 150 × 150 × 170 
cm. Box frame was made of steel. Sixteen O2 
cylinders were fixed inside the box vertically. 
The cylinders were connected to each other 
using copper pipes. Finally, inlet and outlet in 
the cylinders were designed for O2 consumption 

and charging, respectively. Regulator and  
manometer were installed at the inlet and outlet 
of the cylinders. Two hooks were installed in the 
top of the box for connection of the crane. There 
were overhead cranes in all the units with the 
application of O2 cylinders (Figure 3). 

Results and Discussion 

Mean (± SD) of 30 studied male workers’ age, 
height, body weight, and work experience were 
35.8 (± 5.5) years, 175.8 (± 4.2) cm, 65.0 (± 5.6) kg, 
and 14.5 (± 5.5) years, respectively. 

The results of NMQ showed that 84% of 
workers had experienced pain at least once in one 

of the organs during the 12 months before the 
study. The most common MSDs were low back 

pain (43%), shoulders (33%) and hand/wrist and 
knee disorders (16%), respectively, in 1 year prior 

to the study (Table 1). Furthermore, four of them 
had suffered significant musculoskeletal injuries. 

The measurements included finding the 
percentage of male workers population for O2 
cylinder lifting/lowering. 

O2 cylinder weights were 153 pounds (70 kg). 
Hand distances away from the body of 7 in. an 
initial hand height at the start of 10 and 15 in. O2 
cylinders were lifted once every 1, 5, and 480 min. 

 

 
A B 

Figure 3. (A) Cylinder box plan, (B) Made cylinder box 
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Table 1. Musculoskeletal symptoms in various body 
regions during the 12 months and 1 week before the study  

Organs 

Musculoskeletal disorders 
Frequency during 

the last 1 week 
(%) 

Frequency during 
the last 12 months 

(%) 
Neck 3 (10.0) 4 (13.0) 
Shoulders 5 (16.0) 10 (33.0) 
Elbow 1 (3.3) 2 (6.6) 
Hand/wrist 1 (3.3) 5 (16.0) 
Low Back 10 (33.0) 13 (43.0) 
Thigh/hip 0 (0.0) 1 (3.3) 
Knee 3 (10.0) 5 (16.0) 
Foot 1 (3.3) 3 (10.0) 

 
The percentages of population capable of 

sustaining the efforts of lifting/lowering were 
estimated using the software Snook for 30 

workers (Table 2). 
The results of the carrying O2 cylinder tasks 

are presented in table 3. 
The percentage male workers able to perform 

these tasks (lifting, lowering, and carrying of O2 
cylinders) were very low. MAWs and forces 
were appropriate for < 10% of them. 

Maximum hands and lifting/lowering 
distances were 15 and 20 in., respectively. Most 
lifting and lowering tasks were performed in the 
frequency of 1 and 5 min and least of them were 
performed once every 8 h. 

Table 4 contains the population percentage 
estimated for pushing/pulling O2 cylinder tasks 
and maximum acceptable forces of push/pull of 
the subjects. 

 
Table 2. Population percentage estimated for lifting/lowering O2 cylinder tasks and maximum acceptable 

lifting/lowering weights for workers (kg) 
Lifting/lowering 

States 
Frequency 

states 
Force exertion 

(kg/p) 
Hand distance 

(cm/in.) 
Distance 
(cm/in.) 

Frequency 
once every 

Percentage 
population 

Maximum 
acceptable weights 

1 0.330 38/84 38/15 51/20 1 min Less than 10 13 
2 0.130 38/84 25/10 51/20 1 min Less than 10 13 
3 0.400 38/84 38/15 51/20 5 min Less than 10 13 
4 0.033 38/84 25/10 25/10 5 min 22 14 
5 0.066 38/84 25/10 25/10 1 min 17 14 
6 0.033 38/84 25/10 25/10 8 h 48 17 

 
Table 3. Population percentage estimated for carrying O2 cylinder tasks and maximum acceptable carrying weights 

for workers (kg) 

Carrying 
states 

Frequency 
states 

Force exertion to 
carrying (kg/p) 

Hand height 
(cm/in.) 

Carrying 
distance 
(m/feet) 

Frequency one 
carrying every 

Percentage 
population 

Maximum 
acceptable 

weights 
1 0.86 70/153 84/33 4.3/14 30 s Less than 10 13 
2 0.14 70/153 84/15 8.5/28 1 min Less than 10 13 

 
Table 4. Population percentage estimated for pushing/pulling O2 cylinder tasks and maximum acceptable forces of 

push/pull for workers (kg) 

Task States 
Frequency 

states 

Initial 
force 
(kg/p) 

Sustained 
forces 
(kg/p) 

Hand 
height 

(cm/in.) 

Frequency 
one every 

Percentage 
population 

Maximum Acceptable (kg) 

Initial forces Sustained forces 

Pulling 

1 0.260 43/95 52/115 94/37 5 min 29 44 36 
2 0.166 43/95 52/115 94/37 1 min 20 43 31 
3 0.500 43/95 52/115 94/37 30 s Less than 10 44 31 
4 0.080 43/95 52/115 94/37 8 h 60 45 36 

Pushing 
1 0.944 46/100 53/116 145/57 30 s 17 44 30 
2 0.066 46/100 53/116 145/57 1 min 15 53 36 
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The results indicated that 84% of workers 
have experienced musculoskeletal discomfort in 
the low back, shoulders, hands, and wrists in the 
year prior to the study. These discomforts were 
due to extra weight cylinders, forceful exertions 
and awkward postures during tasks, repetitive 
and forceful movements, poor workstation 
design and the MMH tasks. High prevalence of 
wrist, low back, shoulders, and neck disorders 
in casting workers in the steel plant have been 
reported by Armstrong et al.21 

The results of the assessment of manual 
handling of O2 cylinders tasks in the casting 
workers showed that these tasks were 
appropriate for < 10%. More than 90% of casting 
workers confronted with the risk of suffering 
from MSDs, especially in the low back. About 
86% of cylinders lifting/lowering tasks were 
appropriate for < 10% of workers and MAW for 
cylinders lifting/lowering was 13 kg, which was 
more than the recommended limit. The low 
percentage of workers population in lifting, 
lowering, and carrying cylinders tasks were due 
to weight factor. The study of manual material 
handling assessment by Snook tables in casting 
workshops in Iran has been studied by Faghih et 
al. The Snook tables’ results indicated that in 
most of the cases exerted loads exceeded 
suggested weights.22 Therefore, the results 
showed the significant decreases in MAWs with 
cylinders weight. About 50% of cylinders pulling 
tasks were appropriate for < 10% of workers 
population and maximum acceptable initial and 
sustained forces to pull cylinders were 44 and 31 
kg, respectively. About 94% of cylinders pushing 
tasks were appropriate for 17% of workers 
population and maximum acceptable initial and 
sustained forces to push them were 43 and 30 kg, 
respectively. Results of a study on Indian male 
and female workers showed that the maximum 
acceptable forces to pull and push agricultural 
equipment, and loads were high.12 Cylinders 
carrying tasks was appropriate for < 1% of 
workers population and maximum acceptable 
carrying weights for them was 12 kg. 

Hence, ergonomic intervention must be taken 
to resolve this problem quickly. Ergonomic 
intervention was based on using the cylinders 
mechanical handling instead of their individual 
manual handling. Thus, manual handling of O2 
cylinders was totally excluded by designing and 
building a box and mechanizing these tasks. One 
of the limitations of this intervention was high 
consumption of oxygen that made it impossible 
to place fewer numbers of cylinders in the box. 
Before the intervention, the cylinders were 
placed horizontally on each other and the 
probability of their falling and colliding was 
high. Furthermore, cylinders were connected to 
the oxygen device separately and workers were 
forced to replace empty cylinders with full 
cylinders in short intervals. Therefore, 
probability of human error was high. High 
opening and closing of cylinders connections 
increased corrosion and the probability of 
oxygen leakage. Moreover, opening and closing 
of cylinders connections with greasy hands 
increased the risk of an explosion. Therefore, 
manual handling of cylinders was excluded and 
all loading, unloading and handling of cylinders 
tasks were performed by crane. Finally, safety 
factor and workers safety against the risk of an 
explosion was increased.  

Conclusion 

The results showed that in most cases, the MMH 
tasks were inappropriate for the workers and 
the high prevalence of MSDs in the working 

population can be associated with it. Thus, by 
designing and building a box and mechanizing 
handling tasks, risk of suffering from MSDs 
caused by manual handling of O2 cylinders was 

removed. 
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AbstractAbstractAbstractAbstract 
Corrosion in general is a complex interaction between water and metal surfaces and materials in which the water 
is stored or transported. Water quality monitoring in terms of corrosion and scaling is crucial, and a key element of 
preventive maintenance, given the economic and health hurts caused by corrosion and scaling in water utilities. 
The aim of this study is to determine the best model for zoning and interpolation corrosive potential of water 
distribution networks. For this purpose, 61 points of Sanandaj, Iran, distribution network were sampled and using 
Langelier indices, we investigated corrosivity potential of drinking water. Then, we used geostatistical methods 
such as ordinary kriging (OK), global polynomial interpolation, local polynomial interpolation, radius-based function, 
and inverse distance weighted for interpolation, zoning and quality mapping. Variogram analysis of variables was 
performed to select appropriate models. The results of the calculation of the Langelier index represented scaling 
potential of drinking water. Suitable model for fitness on exponential variogram was selected based on less 
(residual sums of squares) and high (R2) value. Moreover, the best method for interpolation was selected using the 
mean error and root mean square error. Comparison of the results indicated that OK was the most suitable 
method for drinking water quality zoning. 
KEYWORDS:KEYWORDS:KEYWORDS:KEYWORDS: Water Quality, Inverse Distance weighted, Kriging, Radius-Based Function, Zoning, Interpolation, Corrosivity, 
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Introduction1    

Drinking water must be void of any mixtures 
that may be harmful to human health. Most of 
the developing countries suffer from hygienic 
problems resulting from lack of drinking water 
and absence good quality and microbiological 
contamination.1 It is estimated that 
approximately 5 million children die annually 
due to inappropriate drinking water quality.2 
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One of the qualitative parameters in water 
distribution network is corrosion. Corrosion is 
one of the most complicated and costly problems 
facing drinking water utilities.3 Corrosion can 
affect public health, public acceptance of water 
supply and the cost of providing safe drinking 
water. Corrosion in drinking water distribution 
system causes lots of hygienic and economic 
problems, for instance, internal corrosion causes 
pipe fractures, overflowing, pipe obstruction, 
quality change and odor, color and taste 
production. Rapid urban development brings 
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about more demand and vaster development of 
water network system. More complexity of the 
water network, the more data processing. For 
data processing and management, systems with 
easier access and faster functioning are needed.4 
Determining optimized zoning method and 
quality model of drinking water can be a 
fundamental step in quality data management of 
water in the district. Geographical information 
systems (GIS) have effective usage in managing 
geo-spatial information and qualitative and 
quantitative information.5 In such a situation, the 
interpolation of data points is the most suitable 
option that can handle the spatial 
characteristics.6 Spatial interpolation models 
include geographical location of sample data 
points.7 Some spatial interpolation models for 
creating qualitative model of drinking water 
include distance-reverse weighting inverse 
distance weighted (IDW), spline, Kriging and 
polynomial interpolation, among which ordinary 
Kriging (OK) and IDW are widely used.8 Earls 
and Dixon compared interpolation models for 
IDW spline and data rainfall spatial Kriging 
using ArcGIS software (version 9.3, Esri, 
Redlands, CA, USA). She found that Kriging 
models (Kriging-exponential) produce better 
results than IDW and spline models.9 Naoum 
and Tsanis rated spatial interpolation according 
to the decision-making systems based on GIS. 
They found that OK (Kriging-exponential) 
produce reliable estimates.10 Evaluating 
geostatistical methods like Kriging, radius-based 
function (RBF), local estimating, and global 
estimating, Shaabani found that Kriging models 
are better tools to analyze salinity and nitrate of 
underground water due to their lower root mean 
square error (RMSE) and higher R2.11 
Taghizadeh Mehrjardi et al. studied spatial 
evaluation of qualitative parameters of 
underground water like TDS, TH, EC, SAR, SQ4, 
Cl− according to IDW, Kriging and co-Kriging 
models; their results show that Kriging model is 
better based on RMES criterion.12 Kriging 
modeling nitrate pollution of underground 

water resulting from agricultural activities, 
Piccini et al. showed that it is a suitable method 
for identifying vulnerable areas from nitrate 
perspective.13 The same findings were reported 
by other researchers.14-17 Ghaneian et al. 
investigated corrosion and precipitation potential 
in Dual water distribution system in Kharanagh 
District of Yazd Province and determined that 
water had precipitative quality.18 Dehghani et al. 
used Langelier saturation index (LSI) for 
corrosion zoning of water distribution system in 
Shiraz, Iran. Regular monitoring and analyzing 
water samples, they found that scaling potential 
in water samples was high.19 The aim of the 
present study is to zone the corrosion potential of 
drinking water distribution network of Sanandaj, 
Iran, using LSI and the most appropriate 
interpolation and variogram models in GIS. 

Materials and Methods 

Sanandaj, the capital of Kurdistan province, 
covering an area of 3688.8 ha is located in the 
western part of Iran and the southern part of the 
province. Its geographical coordination is latitude 
N 14 35´ and longitude E 46 (Figure 1). Its height 
differs from 1450 to 1538 m above sea level. It is 
also located in the mountainous region of Zagros 
and has cold and semi-arid weather. Its average 
temperature is 15.20, 25.20, 10.40, and 1.60 °C in 
spring, summer, autumn, and winter respectively. 
The maximum temperature in July is 44 and the 
minimum temperature in February is −13.5 °C. 

In this study, we collected water samples 
randomly from 61 points of the drinking water 
distribution network of Sanandaj. Latitude and 
longitude of the samples location was recorded via 
GPS. Each water sample was tested for corrosion 
perspective according to the standard methods for 
water and wastewater examination.20 LSI was used 
to determine the corrosion potential of drinking 
water. It is based on pH of the water sample.21 

LSI was determined using Equation. 1. 
LSI=pH-pHs                                                    (1) 

Where, pH is the pH of water sample and pHs 
is pH at CaCO3 saturation determined using 
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Equation. 2. 

 
Figure 1. Location and sampling points  

of study area 
 
pHs = (9.3+A+B)-(C+D)                               (2) 
Where, A = (Log10 [TDS]-1)/10 = 0.15; 
B = −13.12 × Log10 (°C + 273) + 34.55 = 2.09 at 

25° C and 1.09 at 82° C; 
C = Log10 (Ca2+ as CaCO3)−0.4 = 1.78, (Ca2+ as 

CaCO3 is also called calcium hardness and is 
calculated as = 2.5(Ca2+); 

D = Log10 (alkalinity as CaCO3) = 1.53 
For LSI > 0, water is supersaturated and tends 

to precipitate a scale layer of CaCO3, whereas, for 
LSI = 0, water is saturated (in equilibrium) with 
CaCO3. A scale layer of CaCO3 is neither 
precipitated nor dissolved. For LSI < 0, water is 
under saturated and tends to dissolve solid CaCO3. 

If the actual pH of the water is below the 
calculated saturation pH, the LSI is negative, and 
the water has a very limited scaling potential. If 
the actual pH exceeds PHS, the LSI is positive 
and being supersaturated with CaCO3, the water 
has a tendency to form scale. At increasing 
positive index values, the scaling potential 
increases. In practice, water with an LSI between 
−0.5 and +0.5 will not display enhanced mineral 
dissolving or scale forming properties. Water 

with an LSI below −0.5 tends to exhibit 
noticeably increased dissolving abilities while 
water with an LSI above +0.5 tends to exhibit 
noticeably increased scale forming properties. 

Data were analyzed according to descriptive 
statistics. Average, variance, standard deviation, 
maximum and minimum, skewness and kurtosis 
were calculated using SPSS for Windows (version 
16.0, SPSS Inc., Chicago, IL, USA). Among various 
deterministic interpolation techniques OK, global 
polynomial interpolation (GPI), LPI, RBF and IDW 
were used for determining the best interpolation 
method. For this reason, Arc GIS 9.3 and GS+ 
(version 5.1, Gamma Design Software, Plainwell, 
MI, USA) were used. Full explanation of 
geostatistical methods could be found in the 
literature.11,12,17,22-24 In general, geostatistical 
analyzing is based on this theory that measuring 
with smaller distances is more likely to be similar 
that with more distances (this means that the local 
coefficient exists). This theory can be verified using 
semivariogram examination that is an appropriate 
tool for measuring the coefficient among samples. 
Semivariogram is calculated using Eq. 3.25,26 

( )
N(h)

2
i i

i=1

1
γ h [ (x )-Z(x +h)]

2N(h)
Z= ∑

                 (3) 
Where, N (h) is the number of observation 

pairs separated by distance h, Z (xi) is the value 
of the variable Z at the xi location and (xi + h) is 
the value of the variable Z at xi + h location. 
Therefore, a graph is created for each variable 
that variance between points showed that during 
the modeling process of a semivariogram, the 
suggestions for cross-validation model are 
considered as a function of distance. In cross-
validation method, an observational point is 
eliminated in each stage, and it is estimated 
based on other observational points. There 
would be a point estimated for each 
observational point. This method was used for 
verification. Variogram is composed of Nugget 
effect (C0), sill (C + C0) and range effect (A0). The 
semivariogram value for h = 0 is called Nugget 
effect that is generally a result of the error in 
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sample-taking or data analyzing. By the increase 
of h, the semivariogram modifies increases till it 
reaches a specific value. Then, it becomes 
constant. This distance is called the Range effect, 
and the value of the constant semivariogram 
modify is called the sill that is the spatial 
variance of the being studied variable. The 
experimental semivariogram γ (h) is fitted to a 
theoretical model such as linear to sill, gaussian, 
spherical, linear and exponential. Cross-
validation was conducted in order to verify the 
accuracy and precision of the process. The model 
with the highest R2 and the lowest residual sums 
of squares (RSS) was selected. Nugget/sill in 
geostatistics can be considered as a criterion for 
spatial dependence. OK, GPI, local polynomial 
interpolation (LPI), RBF, and IDW were used for 
interpolation and predicting variance error of the 
non-sampling place. 

Finally, we evaluated the model function in 
cross-validation using below criterion. For 
determining the best interpolation method, three 
criteria of RMSE, mean error (ME) and %RMSE 
were used that are computed using Eq. 4-6.17 

 

( ) ( )( )2n     *
i ii=1

Z x Z x
RMSE          

n

 
  =

−∑

     (4) 
*n

i i  

i=1

Zx Z x
ME   

n

−=∑
                                        (5) 

 

RMSE%RMS /XE =( )100                              (6) 
 

Where, n = number of observations or 
samples; Z*(xi) = observed values; Z(xi) = 

predicted or estimated values, X  = mean of 
measured parameter; and ME is the ME 
indication bias. Positive values of ME show 

values more than real and negative values show 
estimates less than real. The more ME is smaller, 
the less the interpolation is skewed. RMSE 
values in the optimized state (the state in which 
the estimated and measured values are equal) is 
zero. The more RMSE is smaller, the more the 
estimating of interpolation method is accurate.27 
RMSE is sensitive to wide values. Therefore, 
RMSE% can be used. This criterion being small is 
a reason for more accurate estimates, i.e., less 
difference between the real and estimated 
values. The accepted %RMSE value is 40 and 
values more than 70 show imprecision in the 
estimated points and high difference between 
the real and estimated values.28 

Results and Discussion 

A result relating to data’s being normal after 
normalizing the data, we examined it using 
statistical Kolmogorov-Smirnov test in SPSS 16 
software. Table 1 presents a statistical summary 
of the corrosion situation of the drinking water 
distribution network of Sanandaj. The data were 
distributed normally according to the 
Kolmogorov-Smirnov test, skewness, and 
histogram (Figure 2). Data normalization is a 
criterion only for Kriging methods. 

Analysis of LSI variogram 

GS+ software was used to create a semi-
variogram for each variant and choosing the best 
theoretical corrosion model. Variogram is a 
useful plot by which many information could be 
extracted including data spatial structures, 
radius correlations of variants, static 
examination of data, and variant isotropic. Less 
RSS and more R2 were used for fitting the best 
model on the variogram and stronger spatial 
structure. Nugget/sill (C0/C0+C) ratio in the 
geostatistics can be regarded as a criterion to 
classify the spatial dependence of quality 
parameters of water. If this ratio is < 25%, the  

 
Table 1. Results of statistical analysis on Langelier saturation index 

N Minimum Maximum Mean Std. Skewness Kurtosis 
62 –0.51 1.21 0.1876 0.26415 0.541 2.820 
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Figure 2. Data histogram of Langelier saturation index 

 

variant owns strong spatial correlations. If the 
ratio is between 25% and 75% the spatial 
correlations is medium. And if the ratio is more 
than 75% the spatial correlations are weak.25 
Figure 3 shows the variogram of the measured 
Langelier indices. Moreover, table 2 tabulates 
the results of the best models of exponential, 
linear, spherical and Gaussian linear to sill 
variants for the measured indices. Nugget /Sill 
ratio is between 0.4 and 0.7 indicating medium 
spatial coefficient. Based on the criteria of 
higher R2 and less RSS, exponential variogram 
is the best-fitted model. It has the strongest 
spatial correlations and Gaussian has the 
weakest.10,11,15 This model was also used to 
describe the spatial changes. 

       

     

 
Figure 3. Fitted variogram models of Langelier saturation index (a) spherical, (b) exponential,  

(c) linear, (d) Gaussian, (e) linear to sill 

(a) (b) 

(c) (d) 
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Table 2. Best-fitted variogram models of Langelier saturation index 

Model 
Nugget Sill Range Effective Proportion 

R2 RSS 
C0 C0 + C Parameter A0 Range A1 C0/(C0 + C) 

Spherical 0.04130 0.08370 6642 6642 0.507 0.974 8.47E-06 
Spherical 0.03900 0.07910 2397 7191 0.507 0.998 7.72E-06 
Linear 0.04221 0.06934 3234.4388 3234.4388 0.3910 0.961 1.301E-03 
Linear to sill 0.04240 0.11800 9099 13130 0.641 0.961 1.13E-04 
Gaussion 0.04770 0.10540 4608 7981.2901 0.547 0.890 3.18E-04 

C0: Nugget effect; C + C0: Sill; A0: Range effect; R2: Regression coefficient; RSS: Residual sums of squares 
 

Comparison of geostatistical methods 

For determining the best interpolation method 
between the methods of geostatistical OK, GPI, 
LPI, RBF, IDW criteria of RMSE, ME, and 
%RMSE were used. As table 3 indicates, the 
value of ME and %RMSE in OK is less than 
others. The value of < 15 for %RMSE shows very 
good accuracy of semi-variogram in 
estimations.26 The OK model is the best for 
zoning. Zoning results of this paper is consistent 
to those of Naoum and Tsanis,10 Earls and 
Dixon,9 and Goovaerts.29 Langlier saturation 
index zoning is shown by OK, GPI, LPI, RBF, 
and IDW maps (Figure 4). Langlier index has 
more sediment potential in North West, South 
East and central parts. Sediment is not balanced. 
It is strong in some parts and weak in other 
parts. Compared with North West and South 
East parts, central parts have weak sediment 

potential. Few parts of North East, South West 
and West have weak corrosion potential. 

Conclusion 

Deterioration of materials resulting from 
corrosion can necessitate a colossal annual 
expenditure of scarce resources for repairs 
replacement and maintenance of distribution 
system. Given results obtained of drinking water 
in the Sanandaj distribution network has the 
scale formation potential. OK estimates with an 
exponential variogram based on RMSE and ME 
criteria is the most suitable technique for 
mapping quality spatial changes of LSI and 
assess the probability of exceeding the critical 
threshold. The advantage of kriging compared 
with other methods is that kriging produces 
better estimates than the other methods because 
the method takes explicit account of the effects 

 
Table 3. Selection of the most suitable model for evaluation on variogram 

ME RMSE% RMSE Interpolation method 
−0.001379 14.4 0.2791 Kriging_Ordinary_Exponentil 
−0.003198 14.40 0.2737 Kriging_Ordinary_Spherical 
−0.003374 14.30 0.2731 Kriging_Ordinary_Circular 
−0.005531 14.20 0.2709 Kriging_Ordinary_Gaussian 
−0.002824 14.40 0.2749 Kriging_Ordinary_pentaspherical 
−0.003012 14.40 0.2743 Kriging_Ordinary_Tetraspherical 
−0.002181 14.51 0.2757 Kriging_Ordinary_Rational Quadratice 
−0.005879 14.20 0.2705 Kriging_Ordinary_Hole Effect 
−0.00555 14.24 0.2707 Kriging_Ordinary_K-Bessel 
−0.005499 14.25 0.2709 Kriging_Ordinary_J-Bessel 
−0.005572 14.25 0.2708 Kriging_Ordinary_Stable 
−0.0004534 14.74 0.2802 GPI 
−0.0008811 15.20 0.2888 LPI 
0.01493 15.54 0.2953 IDW 
0.005173 14.60 0.2775 RBF 

ME: Mean error; GBI: Global polynomial interpolation; LPI: Local polynomial interpolation; RBF: Radius-
based function; IDW: Inverse distance weighted; RMSE: Root mean square error 
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Figure 4. Spatial variations maps of Langelier saturation index by interpolation  

methods of OK, GPI, LPI, RBF, and IDW 
Ok: Ordinary kriging; GPI: Global polynomial interpolation; LPI: Local polynomial interpolation; RBF: Radius-based 

function; IDW: Inverse distance weighted 
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of random noise and identifies the optimal 
interpolation weights and searches radius and 
provides an indication of the reliability of the 
estimates. Kriging analysis leads to an increased 
understanding of the data sets obtained for the 
fouling potential. The accuracy of the kriging 
map not only depends on the variogram and the 
maximum number of samples or neighboring 
points in kriging, but also depends on the 
number of classes and class boundaries. LSI 
calculations and plotted zoning maps revealed 
that the chemical quality of drinking water 
distribution network in Sanandaj City is 
imbalanced; hence, causing scale formation in 
water distribution network systems, and other 
facilities are unavoidable. Moreover, health and 
economic outcomes, consumers dissatisfaction 
due to quality changes, loss of water pressure in 
the distribution network are another potential 
drawbacks of this issue. Finally, it is suggested 
that the concerned authorities take crucial and 
required measures to make the water more 
stabilized from the corrosion point of view 
before delivering it to the customers. Moreover, 
analyzing other physicochemical parameters is 
essential in giving better figure of the water 
quality in the studied area. 
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AbstractAbstractAbstractAbstract 
The ash content formed after burning of materials in indoor may be harmful to environment on dumping due to 
high ionic and metallic concentration. Therefore, the chemical composition of various indoor ash residues derived 
from burning of the biomass (BM), coal (C), cow dung (CD), incense (IS) and mosquito coil (MC) materials is 
described in this study. Three samples each of BM, coal, CD, IS and MC materials were burnt. The ash residues 

were collected and sieved out the particles of mesh size ≤ 0.1 mm size. The Cl–, NO3–, SO42–, Na+, K+, Mg2+, Ca2+ 
content (n = 15) was ranged from 0.12-8.27, 0.01-0.64, 0.74-12.53, 0.06-4.47, 0.29-15.45, 0.30-2.51 and 
0.68-19.05% with mean value of 1.81 ± 1.18, 0.10 ± 0.08, 3.31 ± 1.66, 1.05 ± 0.70, 4.92 ± 2.04, 1.27 ± 0.36 
and 7.68 ± 2.94%, respectively. The composition of metals, that is, Fe, Cr, Mn, Ni, Cu, Zn and Pb (n = 15) was 
ranged from 1100-24,600, 12-211, 109-1102, 5-142, 21-145, 25-244 and 5-42 mg/kg with mean value of 
95 ± 31, 474 ± 152, 43 ± 23, 75 ± 23, 107 ± 32 and 16 ± 6 mg/kg, respectively. The enrichment and fluxes of 
ions and metals of indoor ash residues are described. 
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Introduction1    

Indoor particulate matter (PM) air pollution is 
being several folds more dangerous than the 
outdoor particulate air pollution in developing 
countries like India due to widespread use of solid 
fuels [i.e., wood, charcoal, coal, cow dung (CD), 
crop residues, etc.] for purposes, that is, cooking, 
heating, etc., The combustion of these materials 
generates aerosol particles as well as high content 
of ash in the coarse (PM10), fine (PM2.5) and 
ultrafine (PM0.1) mode having a very complex 
chemical composition with high potential 
environmental and health risks.1 In the developing 
countries, that is, China, India and Sub-Saharan 
Africa, about 80% households still use solid fuels 
such as wood, coal, CD and crop residues as an 
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energy source.2 The incense (IS) and mosquito coil 
(MC) materials are used to fragrance and to repel 
mosquitoes in indoor environments, respectively. 
The particulate emitted during burning causes 
several health problems.3,4 

Wood ash is formed after combustion of wood 
that can be related to coal ash, which is a 
fossilized wood.5 The study reported that all the 
major compounds present in wood ash were 
present in coal ash.6 The elements, that is, silica, 
Al, Ca, Fe, K, Mg, Na, P, Si, Ti, As, Ba, Cd, Co, Cr, 
Cu, Hg, Mn, Mo, Ni, Pb, Tl, V, Zn, etc. are main 
constituents of the ash.7,8 The wood and coal ash 
components cause several environmental and 
health effects, that is, deposit formation, aerosol 
emissions, corrosion, disposal of ashes, increase in 
pH, ion composition on the surface of the 
vegetation and on the upper soil horizon, organ 
disease, cancer, respiratory illness, neurological 
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damage, developmental problems, and even kill 
plants and animals, and etc.9-11 

The composition of metals in some ash 
residues, that is, biomass (BM) and coal has 
already been reported.12-22 However, as far as the 
authors are aware of, this is the first time that the 
ions and metal composition in BM and coal (C), 
CD, IS and mosquito coil (MC) ash residues 
derived from indoor burning is being studied in 
Raipur, Chhattisgarh, India. The obtained results 
may be used to predict the future health hazards. 

Materials and Methods 

Fifteen materials (i.e., three samples of each BM, 
coal, CD, IS and MC materials) were burnt over 
a clean granite sheet in an indoor environment, 
(a room of 0.5 × 0.5 m2). The cold ash residue 
was collected in a polyethylene bag by using a 
plastic spoon. The ash samples were sieved to 
particles with mesh size ≤ 0.1 mm. They were 
dried for overnight at 60°C in an oven. A 5.0 g of 
ash samples were used for ions extraction with 
50 ml of deionized water for overnight in a 250 
ml plastic conical flask. The ash was extracted 
with aqua regia in closed plastic vessels in the 
microwave accelerated reaction system 5 
microwave digestion system.23 The extracted 
samples were used for the analysis of metals. 

The Ion Chromatograph (DX120, Dionex, 
USA) equipped with anion separation column 
(AS9-HC, 250 × 4 mm), cation separation column 
(CS12A, 25 × 04 mm) and conductivity detector 
was used for analysis of the ions. The eluents, 9 
mm Na2CO3 (1.4 ml/min) and 20 mm 
methanesulfonic (0.8 ml/min) were used for 
leaching of the anion and cation, respectively. 
Standards (AR, E. Merck) were used for 
preparation of the calibration curves to evaluate 
the soluble ion content in the samples. Blank and 
replicate analyses were performed for 10% of all 
samples according to standard operating 
procedures. Method detection limits (MDL) of 
ionic species (in µg/ml) were Cl− (0.044), NO3– 
(0.077), SO42− (0.046), Na+ (0.091), K+ (0.123), Mg2+ 
(0.007), Ca2+ (0.143). Laboratory blanks were 

used to assess contamination. The blank 
compositions of ionic species were less than 
corresponding MDLs. Compositions of non-
detects were taken as zero. In this study, ND 
indicates that the value is below the level of 
detection limitation. 

The Varian liberty AX sequential inductively 
coupled plasma-atomic emission spectroscopy 
and varian AA280FS atomic absorption 
spectrophotometer equipped VGA-77 (plasma 
flow: 15 l/min, an auxiliary flow: 1.5 l/min, 
power: 1 kw, PMT voltage: 650 V) were used for 
analysis of the metals in the indoor ash residues. 
The detection limit of the instrument was 2 µg/l 
with percentage recovery of 102.5 at 80 µg/l. The 
5% HCl/0.5% HNO3 solution served as both the 
blank solution and the rinse solution. 

The weighted amount of materials, that is, 
BM, coal (C), CD, IS and MC were burnt over a 
clean granite sheet. After complete burning, the 
cold ash residues were collected and weighted 
out. The ash content of the materials was 
calculated. The composition of the ions and 
metals was determined by using appropriate 
techniques. The flux of the species was measured 
using the following equation: 

Flux of chemical species in materials = 
(Composition in ash × Ash% in a given 
material)/100 

Results and Discussion 

Composition of ions and metals in indoor ash 
residues 

The compositions of ions and metals in the ash 
residues are presented in tables 1 and 2. The 

Cl−, NO3−, SO42−, Na+, K+, Mg2+ and Ca2+ 
composition in the ash residues (n = 15) was 
ranged from 0.12-8.27, 0.01-0.64, 0.74-12.53, 

0.06-4.47, 0.29-15.45, 0.30-2.51 and 0.68-19.05% 
with the mean values of 1.81 ± 1.18, 0.10 ± 0.08, 
3.31 ± 1.66, 1.05 ± 0.70, 4.92 ± 2.04, 1.27 ±0.36 and 
7.68 ± 2.94%, respectively. The ions, that is, Cl−, 

Mg2+ and Ca2+ showed the highest composition 
in the BM ash residue, as they are inherently 
present in the BM. Whereas, the highest 
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Table 1. Composition of ions in indoor ash residues  (%) 
Samples Cl− NO3

− SO4
2− Na+ K + Mg2+ Ca2+ 

BM1 1.70 0.03 2.44 2.34 6.09 2.09 13.96 
BM2 8.27 0.03 4.49 1.13 4.12 2.43 10.75 
BM3 6.14 0.04 5.95 1.43 7.63 1.12 12.32 
C1 0.26 0.07 0.74 0.06 0.32 0.30 0.68 
C2 0.31 0.08 0.89 0.07 0.38 0.36 0.82 
C3 0.29 0.09 0.78 0.06 0.29 0.34 0.78 
CD1 1.08 0.01 1.90 0.15 3.54 0.99 3.38 
CD2 1.40 0.01 2.47 0.20 4.60 1.29 4.39 
CD3 1.54 0.02 2.72 0.21 5.06 1.42 4.83 
IS1 0.25 0.10 1.05 0.12 2.90 1.90 19.05 
IS2 0.12 0.03 1.56 0.11 1.00 0.84 3.30 
IS3 0.54 0.04 12.53 0.51 15.45 0.79 10.84 
MC1 2.20 0.64 8.08 1.25 5.90 1.23 15.65 
MC2 2.04 0.17 2.18 4.47 7.76 2.51 7.25 
MC3 1.07 0.14 1.90 3.57 8.75 1.51 7.21 

The experiment was performed 3 times and its results are presented in detail: 1; Experiment 1, 2; 
Experiment 2, 3; Experiment 3; BM: Biomass; C: Coal; CD: Cow dung; IS: Incense; MC: Mosquito coil  

 
Table 2. Composition of metals in indoor ash residu es (mg/kg) 
Samples Fe Cr Mn Ni Cu Zn Pb 
BM1 8600 177 365 18 144 244 11 
BM2 1100 12 145 85 24 98 5 
BM3 2600 42 522 33 145 144 19 
C1 2900 164 202 101 76 25 29 
C2 3500 191 240 118 91 29 35 
C3 3300 211 278 142 109 35 42 
CD1 15700 57 848 17 21 80 6 
CD2 20400 74 981 23 27 104 8 
CD3 22500 81 1102 25 30 108 9 
IS1 14100 50 109 5 50 48 8 
IS2 24600 51 562 26 29 72 10 
IS3 6300 91 288 15 64 156 16 
MC1 14600 37 445 23 59 118 33 
MC2 21200 96 476 11 133 170 10 
MC3 16800 85 552 9 119 177 5 

The experiment was performed 3 times and its results are presented in detail: 1; Experiment 1, 2; 
Experiment 2, 3; Experiment 3; BM: Biomass; C: Coal; CD: Cow dung; IS: Incense; MC: Mosquito coil 

 

composition for other three ions, that is, NO3–, 
Na+ and K+ was marked in the MC ash residue, 
may be due to addition of their salts as 
ingredients (Figure 1). 

The mean composition of anions (i.e., Cl−, 
NO3− and SO42−) in the BM, C, CD, IS and MC 
was observed to be 1.20%, 3.73%, 5.43% and 
6.48%, respectively. The lowest composition of 
the anions was seen in the coal ash residue, may 
be due to their removal from the coal by the 
weathering. Compared with cations, the 

composition of anions in the CD ash residue was 
reduced to half. High composition of anions was 
observed in three ash residues, that is, BM, IS 
and MC. The highest composition of Cl− and 
SO42− was marked in the BM ash residue. 
Whereas, the composition of Cl− was remarkably 
suppressed in the IS ash residue. The highest 
composition of NO3– was marked in the MC ash 
residue, may be due to mixing of nitrate salt as 
ingredients in the MC during the preparation. 
The increased anionic composition in ash  
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Figure 1. Mean composition of ions: Cl −, NO3

−, SO4
2−, Na+, K+, Mg2+ and Ca 2+ in ash residues,  

that is, biomass, coal, cow dung, incense and mosqu ito coil 
BM: Biomass; C: Coal; CD: Cow dung; IS: Incense; MC:  Mosquito coil 
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residues affects the soil fertility on their disposal 
in surface. Relatively higher composition of 
cations (i.e., Na+, K+, Mg2+ and Ca2+) was 
observed in all ash residues, and their mean 
ranged from 1.48% to 22.36%. Their lowest 
composition was marked in the coal ash residue, 
may be due to their removal from the coal by the 
weathering. The composition of the cations in 
the CD ash residue was reduced at least 50% to 
the BM content, may be due to their sorption in 
the animal body from the raw food. The highest 
composition of the cations was observed in the 
BM and MC ash residues may be due to their 
accumulation from the soil or addition as 
ingredients. 

The composition order of ions for the studied 
ash residues was as follows: 

BM: Ca2+ ˃ K+ ˃ Cl– ˃ SO42− ˃ (Na+, Mg2+) ˃ NO3−; 
C (coal): (SO42−, Ca2+) ˃ (Cl−, K+, Mg2+) ˃ (NO3− , 
Na+); CD: K+ ˃ Ca2+ ˃ SO42– ˃ Cl− ˃ Mg2+ ˃ Na+˃ 
NO3−; IS: Ca2+ ˃ K+ ˃ SO42− ˃ Mg2+ ˃ Cl− ˃ Na+ ˃ 
NO3−; and MC: Ca2+ ˃ K+ ˃ SO42− ˃ Na+ ˃ (Mg2+, Cl−) 
˃ NO3− . Ca2+, K+ were the predominant ions in all 
ash residues, because plant is the base material for 
all of them. NO3– was marked as the ion with the 
lowest concentration in all ash residues. In general, 
potassium element is found as a tracer of BM 
burning.24,25 However in this study, we have 
observed Ca2+ ion in a higher level. Campbell,26 and 
Ohno and Susan Erich,27 were also found calcium 
as the most abundant element had a mean of 
almost 20% of the ash. When compared to calcium, 
other nutrients in BM ash were about 4% 
potassium, and < 2% phosphorus, magnesium, 
aluminum and sodium. They found the mean value 
of elements in decreasing order as calcium, 
potassium, magnesium, sodium in wood ash. These 
mean values were from 12 different wood ashes, 
that is, six from Maine and six from other states. 
The limited composition of ions in ash residues 
make them useful for soil and human health. 

Similarly, the composition (n = 15) of metal, 
that is, Fe, Cr, Mn, Ni, Cu, Zn and Pb was 
ranged from 1100 to 24600, 12-211, 109-1102, 5-
142, 21-145, 25-244 and 5-42 mg/kg with mean 
value of 11880 ± 4177, 95 ± 31, 474 ± 152, 43 ± 23, 

75 ± 23, 107 ± 32 and 16 ± 6 mg/kg, respectively. 
Among metals in indoor ash residues, iron 
showed strongly dominated in the all the ash 
residues. Whereas, Cu and Zn exhibited the 
highest composition in the BM ash residue, 
because they are micronutrients presented in 
plants. The increased composition of Cu and Zn 
has also been shown in wood and/or bark of 
young Norway spruce.28 Other metals, that is, 
Cr, Ni and Pb showed the highest composition 
in the coal ash residue. These three metals are 
found to be harmful to plants as well as human 
beings. Nickel carcinogenicity has been reported 
in both animals and man. Increased values of Ni 
can cause alteration of the activity of some 
certain enzymes and also it can suppress 
immunity. Cr can be source of illnesses, that is, 
prolonged allergic dermatitis and potentially 
carcinogenicity. In general, Cr accumulates in 
the lung, kidney, liver, spleen. Ahigh level of Cr, 
therefore, causes serious some adverse effects in 
these organs, especially in lungs.29,30 The 
increased level of Pb affects the nervous system, 
hemoglobin formation by interfering enzymatic 
activities and even every organ system. Thus, 
presence of such toxic metals in coal ash residue 
can cause harmful effect, when they mixed with 
air or disposed in the soil. The higher 
composition of Fe and Mn in the CD ash residue 
may be due to their lower sorption in the animal 
body from the raw food (Figure 2). 

Enrichment of ions and metals 

The BM and coal are natural solid fuel. The CD 

is a biodegraded fuel. Whereas, the IS MC are 
the synthetic fuming material. Upon burning, 
majority of volatile elements are emitted out, 

and the non-volatile elements remained in the 
ash residues. The enrichment of ions and metals 
was evaluated in the various ash residues with 
respect to the BM ash residue; the result shows 

the different level of metals due to different 
burning conditions (Table 3). The nitrate was 
strongly enriched (> 10-folds) in the MC ash 
residue with respect to the BM ash may be due 

to mixing of their salts as ingredients in the MC  
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Figure 2. Mean composition of metals: Fe, Cr, Mn, N i, Cu, Zn and Pb in ash residues,  
that is, biomass, coal, cow dung, incense and mosqu ito coil 
BM: Biomass; C: Coal; CD: Cow dung; IS: Incense; MC:  Mosquito coil 
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Table 3. Enrichment of ions and metals in the indoor  
ash residues with respect to the BM ash content 

Ions C CD IS MC 
F– 1.10 0.60 0.70 13.70 
Cl– 0.10 0.30 0.10 0.30 
NO3

– 2.70 0.40 1.90 10.60 
SO4

2– 0.20 0.60 1.20 0.90 
Na+ 0.00 0.10 0.20 1.90 
K+ 0.10 0.70 1.10 1.30 
Mg2+ 0.20 0.70 0.60 0.90 
Ca2+ 0.10 0.30 0.90 0.80 
Fe 0.80 4.80 3.70 4.30 
Cr 2.50 0.90 0.80 0.90 
Mn 0.70 2.80 0.90 1.40 
Ni 2.70 0.50 0.30 0.30 
Cu 0.90 0.30 0.50 1.00 
Zn 0.20 0.60 0.60 1.00 
Pb 2.90 0.60 0.90 1.30 

BM: Biomass; C: Coal; CD: Cow dung; IS: Incense;  
MC: Mosquito coil 
 

 
during the manufacturing time. Similarly, the 
higher level of Fe was found in CD, IS and MC. 
Whereas, the metal, that is, Cr, Ni, and Pb in coal 
and Cu and Zn in MC were marked in higher 
level. Similarly, existed Mn in CD and MC was 
higher than the other ash residues. The metals 
show no definite order in all ash residues. 

Fluxes of ions and metals 

The fluxes of the chemical species depend on 
two factors: their composition in the ash and ash 
percentage of the materials. The fluxes of ions 

and metals was evaluated in the materials that 
is, BM, C (coal), CD, IS and MC (Tables 4 and 5). 
Among five burnt materials, the CD produced 
the highest content of ash, 46.9%. Therefore, the 
highest fluxes of ions, that is, Cl−, SO42−, K+, 
Mg2+, Ca2+ and metals were observed with the 
CD. However, the highest fluxes of NO3− and 
Na+ were marked with the MC ash residue. 

Comparison of metals with other reported 
studies 

As the best of our knowledge, the composition 
of metals in CD, IS and MC was not reported 
yet. The metal composition in wood and coal ash 
residues reported in different studies is 
summarized in table 6. The composition of 
metals, that is, Fe, Cr, Mn, Ni, Cu, Zn and Pb in 
the ash residues of the present work is found to 
be comparable with the previous reported wood 
and coal ash residues. Among all metals, in the 
present work, compared to other studies, higher 
composition of Fe and Mn in all ash residues 
was found.12-14 In this study, the toxic metals, 
that is, Ni, Cr and Pb in coal ash residues were 
marked in higher level that is consistent with 
reported works.16,18 Higher composition of toxic 
metals, in coal ash residue, make it more 
harmful for environment than the other tested 
ash residues. The Cu and Zn were found in 
higher level in BM. 

 

Table 4. Fluxes of ions in indoor ash residues (g/k g) 
Samples Cl− NO3

− SO4
2− Na+ K+ Mg2+ Ca2+ 

BM1 1.36 0.02 1.95 1.87 4.87 1.67 11.17 
BM2 4.14 0.02 2.25 0.57 2.06 1.22 5.38 
BM3 4.30 0.03 4.17 1.00 5.34 0.78 8.62 
C1 0.26 0.07 0.74 0.06 0.32 0.30 0.68 
C2 0.25 0.06 0.71 0.06 0.30 0.29 0.66 
C3 0.26 0.08 0.70 0.05 0.26 0.31 0.70 
CD1 5.62 0.05 9.88 0.78 18.41 5.15 17.58 
CD2 6.02 0.04 10.62 0.86 19.78 5.55 18.88 
CD3 7.08 0.09 12.51 0.97 23.28 6.53 22.22 
IS1 0.25 0.10 1.05 0.12 2.90 1.90 19.05 
IS2 0.06 0.02 0.78 0.06 0.50 0.42 1.65 
IS3 0.43 0.03 10.02 0.41 12.36 0.63 8.67 
MC1 1.98 0.58 7.27 1.13 5.31 1.11 14.09 
MC2 1.22 0.10 1.31 2.68 4.66 1.51 4.35 
MC3 0.86 0.11 1.52 2.86 7.00 1.21 5.77 

The experiment was performed 3 times and its results are presented in detail: 1; Experiment 1, 
2; Experiment 2, 3; Experiment 3; BM: Biomass; C: Coal; CD: Cow dung; IS: Incense;  
MC: Mosquito coil 
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Table 5. Fluxes of metals in indoor ash residues (m g/kg) 
Samples Fe Cr Mn Ni Cu Zn Pb* 
BM1 688 14 29 1 12 20 880 
BM2 55 1 7 4 1 5 250 
BM3 182 3 37 2 10 10 1330 
C1 290 16 20 10 8 3 2900 
C2 280 15 19 9 7 2 2800 
C3 297 19 25 13 10 3 3780 
CD1 8164 30 441 9 11 42 3120 
CD2 8772 32 422 10 12 45 3440 
CD3 10350 37 507 12 14 50 4140 
IS1 1410 5 11 1 5 5 800 
IS2 1230 3 28 1 1 4 500 
IS3 504 7 23 1 5 12 1280 
MC1 1314 3 40 2 5 11 2970 
MC2 1272 6 29 1 8 10 600 
MC3 1344 7 44 1 10 14 400 

The experiment was performed 3 times and its results are presented in detail: 1; Experiment 1, 
2; Experiment 2, 3; Experiment 3; * µg/kg, BM: Biomass; C: Coal; CD: Cow dung; IS: Incense; 
MC: Mosquito coil 
 

Table 6. Comparison of metals in ash residues in va rious studies 

S. No. Ash type 
Composition (mg/kg) 

Reference 
Fe Cr Mn Ni Cu Zn Pb 

1 Wood 5000-20000 10-250 1000-30000 6-200 15-300 15-2200 15-650 12 
2 Wood 2500 22 8200 18 108 675 32 13 
3 Wood 3600 80 9000 38 184 935 45 14 
4 Wood - - - - 84.8 3860 - 30 
5 Coal - 204.0-218.2 - - 135.6-252.0 87.5-155.3 427.9-551.3 16 
6 Coal - 64 - 41 38 120 44 18 
7 BM 1100-8600 12-177 145-522 18-85 24-145 98-244 5-19 

Present work 
8 Coal 2900-3500 164-211 202-278 101-142 91-109 25-35 29-42 
9 CD 15700-22500 57-81 848-1102 17-25 21-30 80-108 6-9 
10 IS 6300-24600 50-91 109-562 5-15 29-64 48-156 8-16 
11 MC 14600-21200 37-96 445-552 9-23 59-133 118-177 5-33 
BM: Biomass; C: Coal; CD: Cow dung; IS: Incense; MC: Mosquito coil 

 

Conclusion 

The highest composition of anions (i.e., Cl−, 

NO3− and SO42−) was observed in three ash 

residues, that is, BM, IS and MC, showing that 

their disposal can acidify the soil and affect its 

fertility, which is also harmful for human life. 

The MC ash residue was relatively enriched 

with a high content of NO3–, Na+ and K+ ions 

due to mixing of their salt (i.e., sodium benzoate 

and potassium nitrate) as an ingredient during 

making. The highest composition of cations (i.e., 

Na+, K+, Mg2+ and Ca2+) was marked in BM and 

MC ash residues may be due to their 

accumulation from the soil and addition as 

ingredients, respectively. 
Similarly, the high composition of toxic 

metal, that is, Ni, Cr and Pb was found in coal 
ash residue than others, showing higher toxicity 
of coal ash residue. The coal ash residue may 
harmful for living beings. Different orders of 
metal composition were marked in the ash 
residues. The highest fluxes were marked with 
CD, showing that it is also a major contributor of 
toxic metals and create harmful effect in plants 
and human beings. 
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AbstractAbstractAbstractAbstract 
Natural organic matter (NOM) affects some qualitative parameters of water such as color. In addition, it can 
deteriorate the performance of water treatment process including coagulation, adsorption, and membranes. NOM 
also reacts with chlorine in the chlorination process and may form disinfection by-products. The present study was 
carried out in laboratory-scale in a batch system using a cylinder shape reactor with effective volume of 2 l. The 
initial NOM concentrations during the study period were 10, 25, and 50 mg/l. After specific time intervals, samples 
were taken from the reactor and filtered. Finally, the NOM removal according to total organic carbon (TOC) content 
of the samples that were analyzed with a TOC analyzer. The results showed that the highest NOM removal 
efficiency for three initial concentrations 10, 25, and 50 mg/l were 91, 94, and 82%, respectively. These removal 
efficiencies were obtained at pH 7, contact time of 20 min, and electrical current of 0.1 A. The electrical energy 
consumption was 0.08, 0.06, and 0.03 kWh/m3, respectively. In this study, the application of electrocoagulation 
(EC) treatment method using combined Al and Fe electrode was examined to remove NOM from aqueous solution. 
Based on the obtained results, the EC can be used as an effective method for removing NOM from aqueous 
solution. 
KEYWORDS:KEYWORDS:KEYWORDS:KEYWORDS: Electrocoagulation, Natural Organic Matter, Bipolar and Monopolar, Aluminum, Iron 
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Introduction1    

In recent decades, due to the sever pollution of 
water resources such as rivers, seas, and 
reservoirs by wastewater from domestic, 
industrial, and agricultural sources, the 
concentration of water contaminants has 
increased dramatically. Among water pollutants, 
organic pollutants are important due to their 
high quantities and ranges in water resources, an 
elevated concentration, specific properties, and 
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incomplete removal by conventional water 
treatment plants.1 

Natural organic matter (NOM) is a complex 
mixture of different organic compounds 
originating from both natural and anthropogenic 
sources and is present in all water bodies. 
Naturally available organic compounds provide 
the possibility of formation of new organic 
compounds in water treatment plant or 
distribution system due to their high reactivity.2 

The presence of NOM not only affects some 
water quality parameters such as color,3 but also 
interferes with the performance of treatment 
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processes such as coagulation,4 adsorption,2 and 
membranes.2,5 It also has negative effects on the 
distribution system.6 In addition, if chlorine is 
used in the disinfection process, NOM reacts 
with chlorine and may form disinfection  
by-products.7,8 

There are many methods such as chemical 
coagulation and sedimentation, oxidation, 
adsorption, ion exchange, and filtration using 
various membranes to remove NOM from 
aqueous environments.9 

Electrocoagulation (EC) process is an 
environmentally-friendly method and in terms 
of operational cost, it can compete with other 
treatment methods. This method has some 
advantages: no need for chemicals addition;10 
requires simple equipment and less space for 
installation; simple operation;11 faster and more 
effective separation of the pollutants than 
chemical coagulation; no need for pH 
adjustment; low retention time (high velocity for 
pollutants removal). Furthermore, it produces 
sludge with low water content in comparison 
with chemical coagulation,12 and the produced 
sludge tends to settle easily. In addition, this 
process has lower effluent total dissolved solids 
compared with chemical treatment methods, and  

can remove the smallest colloidal particles.13,14 
EC is based on the in situ formation of 

metallic hydroxides coagulants for removing of 
pollutants from aqueous medium. This can be 
achieved by establishing an electrical current 
between the electrodes. Subsequently, the 
sacrificial anode corrodes due to the applied 
current while the simultaneous evolution of 
hydrogen at the cathode allows for pollutant 
removal by flotation.15 

Thus, in the present study, based on EC 
advantages, the application of an EC treatment 
technique using combined iron and aluminum 
electrodes was studied at laboratory scale  
to remove NOM compounds from the  
aqueous solutions. 

Materials and Methods 

In this experimental study, which was based on 
the treatment system setup, the performance of 
the EC for the removal of NOM from aqueous 
solution was investigated at laboratory scale in a 
batch system. The humic acid used in this study 
was purchased from across company, Germany, 
and used as a representative of NOM figure 1. 
The humic acid had a powdered appearance, 
and its composition was as humic acid salt 55%. 

 

 
Figure 1. The proposed model for humic acid structure 
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1 N NaOH or 1 N HCl was used to adjust pH 
of the samples. The total organic carbon (TOC) of 
samples was measured before and after of each 
experimental run using a TOC analyzers of TOC-
VCSH (Shimadzu, Japan). pH of The samples, 
and applied voltage and current were measure 
using a pH meter (Metrohm) and an ampere-
meter (Sunwa), respectively. 

In addition, electrical conductivity and 
turbidity of the samples were measured using a 
conductivity-meter and a turbidity-meter 
(HACH) before and after the EC treatment, 
respectively. A cylindrical shape reactor with 
effective volume of 2 lit was used to conduct the 
experiments. Four metal plates (2 anodes and 2 
cathodes), which made of aluminum and iron 
were used as the electrodes. The dimensions of 
each electrode and the distance between the 
electrodes within the reactor were 110 × 110 mm 
and 0.5 cm, respectively. 

The synthetic samples with the initial NOM 
concentrations of 10, 25, and 50 mg/l were 
prepared by dissolving the desired amount of 
humic acid in deionized water. In each run, the 
reactor was fed up with 1.250 L of these 
prepared samples. Initial pH of the samples was 

adjusted to 3, 7, and 10. The samples then were 
put into the reactor (equipped with aluminum 
and iron electrodes). The electrodes were 
connected as bipolar and monopolar to a direct 
current power supply using a wire (Figure 2a 
and b). 

A magnetic stirrer was used to mix the solution 

within the reactor during the treatment. When the 
predetermined time for the treatment (5, 10, 15, 
and 20) was up, the samples were taken about 25 

cc from the reactor. After settling time, the samples 
were filtered through a 0.45 pore size filter and 
analyzed. It is worth noting that all the tests were 
performed in duplicate, and the average value is 

reported in this study. After each experiment run, 
the electrodes were washed for 30 min with HCl 
5%V and then washed with deionized water. The 

EC electrical energy consumption was calculated 
using equation 1 as follows: 

E = U.I.t/V 
Where E is the consumed electrical energy 

(kWh), U is the applied potential (V), I is the 
operating current in ampere (A) and t is the 
treatment or reaction time (h.), and V is the 
volume of the solution (L). 

 

 
a b 

Figure 2. The electrodes arrangement inside the reactor: bipolar (a) and monopolar (b) 
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Results and Discussion 

Effect of reaction time on NOM removal 

The conditions for all the experiments were the 

same. The experiments were carried out by 
multiplying the variables of each parameter to 
the variables of the other parameters. However, 

due to the large volume of data and 
impossibility to present a complete list of them, 
first, we obtained the optimum current, and then 
the relationship between the pH changes, and 

NOM removal was investigated at the optimum 
current. The effects of the other variables on 
NOM removal were investigated at optimum 

current and pH. Figure 3 shows the effects of 
electrical current and reaction time on the 
performance of EC for the removal of NOM at 
neutral pH and the highest NOM concentration. 

As shown in figure 3, NOM removal 
efficiencies increased with increase in the 
reaction time. For example, at the applied 
current of 0.1, 0.3, and 0.5 ampere and reaction 
time of 20 min, NOM removal efficiencies were 
82, 98, and 100%, respectively. 

Reaction or treatment time is an important 
parameter in investigating any removal process, 
because it could decrease economic costs as well 

as will increase the applicability of the process.15 
Koparal et al. investigated the removal of humic 
acid by an EC process and reported that with 
increasing the reaction time and the energy 
consumption, the generation of suspended 
matter and removal efficiency increased until a 
certain time; afterwards the removal efficiency 
and suspended particle growth decreased.16 
Tezcan et al. evaluated the performance of the 
EC to treat the wastewater from a vegetable oil 
factory. The author stated that chemical oxygen 
demand removal efficiency was 98.9% for a 
reaction time of 90 min.13 In the present study, 
NOM removal efficiency increased with increase 
in reaction time. The reason for this increase is 
the low production of aluminum and iron ions at 
the anode and hydroxide ions and hydrogen gas 
at the cathode during initial minutes of the 
reaction. Therefore, the formation of iron and 
aluminum hydroxides ions decreases because of 
a low contact between the metal ions formed at 
the anode and the hydroxides ions formed at the 
cathode. Consequently, the production of flocs 
and removal efficiency is low. With the increase 
in contact time, the concentration of iron and 
aluminum ions formed in the solution as well as 
the amount of hydroxides ions increases; thus, 

 

 
Figure 3. The relationships between natural organic matter (NOM) removal efficiencies with the  
current changes and reaction time  
(conditions: neutral pH, initial NOM concentration of 50 mg/l) 
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the possibility of floc formation and removal 
efficiency increases.17 Iron and aluminum 
hydroxide ions formed by cathodic and anodic 
reactions remove undesirable contaminants in 
the solution either by surface complexation 
and electrostatic attraction mechanisms or 
during the precipitation of heavy iron and 
aluminum hydroxides. Finally, organic matter 
physically removes by sweeping flocculation 
mechanism.18 

Effect of pH on NOM removal 

By considering significant effect of initial pH on 
NOM removal for an EC treatment and because 
at the reaction time of 20 min and the highest 
NOM concentration the removal efficiency of 
NOM was more than 50%, the applied current 
of 0.1 was selected as the optimum current for 
next experiments, the effects of pH changes and 
initial concentration were evaluated at  
this current. 

For initial NOM concentration of 10 mg/l and 
reaction time of 20 min, NOM removal 
efficiencies were 88, 91, and 19 % for pH 3, 7, and 
10, respectively (Figure 4a). 

Figure 4b shows the associations between 
NOM removal and pH variations at optimum 
current and initial NOM concentration of 25 
mg/l. It is apparent can be seen that NOM 
removal efficiencies for the EC process at pH 3, 
7, and 10 were 87, 94, and 14 %, respectively. 

NOM removal efficiencies for the initial NOM 
concentration of 50 mg/l at pH values of 3, 7, 
and 10 were 89, 82, and 10 %, respectively 
(Figure 4c). 

The effect of initial pH can be attributed to the 
solubility of metal hydroxides formed in the 
solution.19 In our study, which iron and 
aluminum electrodes were used together as the 
electrodes, pH 7 was obtained as the optimum 
pH because of the presence of insoluble 
Al(OH)3(s) and Fe(OH)3(s) and their high ability in 
removing NOM from the solution. In a study 
conducted by Ghernaout et al., the removal of 
humic acid was investigated by using an EC 
process. The authors stated that at pH 7, Al 

(OH)3(s) species was predominant in the solution 
and due to its insoluble nature, humic acid 
removal efficiency increased at this pH. In 
addition, at pH 7, when using iron electrodes, 
insoluble Fe (OH)2(s) and Fe (OH)3(s) were both 
present in the solution.20 

Therefore, the presence of these species 
particularly Fe (OH)3(s) accelerates humic acid 
removal.20 Chou et al. performed a study to 
remove TOC from the aqueous solutions by an 
EC treatment process. They reported that at the 
pH of 3 when aluminum plates were used as the 
electrodes, TOC removal efficiency was very low 
because of the presence of the insoluble species 
of Al(OH)2+, Al(OH)3aq, and AlO+ in the 
solution. In addition, it was stated that Al(OH)4− 
ion was the predominant species at the pH of 10; 
and, therefore, due to its high solubility and 
having negative charge were not able to remove 
NOM loads.21 The other conducted studies have 
also indicated that in the EC treatment when 
using iron electrodes, at the pH of 9, Fe(OH)4– 
were dominantly present in the solutions 
compared with other iron hydroxides; thus, the 
removal efficiencies of the pollutants decreased 
in this pH value.14,22-25 

Ho et al.26 used iron electrodes to remove 
humic acid from the aqueous solutions. They 
reported that the optimum pH range for those 
electrodes was 2-6. The authors attributed this 
phenomenon to elevated concentrations of 
insoluble trivalent iron hydroxides species in the 
solution and their high capability to remove 
organic compounds using adsorption process. In 
another study, Heidmann et al.27 investigated the 
performance of the EC system with Fe- and Al-
electrodes for removal of Ni, Cu and Cr from a 
galvanic wastewater, and the highest removal 
efficiency was achieved at the pH values higher 
than 5. 

Effect on initial NOM concentration on NOM 
removal efficiency 

NOM removal efficiencies at initial NOM 
concentrations of 10, 25, and 50 mg/l for 
optimum condition are depicted in figure 5. 
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Figure 4. a: The effect of initial pH on natural organic matter (NOM) removal efficiency as a 
function of reaction time (condition: the applied current = 0.1 A, NOM concentration = 10 
mg/l); b: The effect of initial pH on NOM removal efficiency as a function of reaction time 
(condition: the applied current = 0.1 A, NOM concentration = 25 mg/l); c: The effect of initial 
pH on NOM removal efficiency as a function of reaction time (condition: the applied current= 
0.1 A, NOM concentration= 50 mg/l) 
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As shown in the figure at initial pH of 7 and 
reaction time of 20 min, for initial NOM 
concentrations of 10 mg/l (EC 279 µs/cm) and 
25 mg/l (EC 417 µs/cm), NOM removal 
efficiency were about 88% and 92%, respectively. 
The corresponding value for NOM concentration 
of 50 mg/l (EC 808 µs/cm) was 82%. 

The results of the present study indicated that 
NOM removal efficiency decreased with increase 
in the initial NOM concentration. Indeed, more 
coagulant agents are needed when initial NOM 
concentration increases. Since the limited iron 
and aluminum ions are produced at a constant 
current and reaction time, the removal efficiency 
decreases as initial concentration increases.28 In 
this study, as NOM concentration increased, 
NOM removal efficiency decreased. The results 
of this study are consistent with the results 

obtained from the study of Gomes et al.29 in 
which an EC process using a combination of iron 
and aluminum electrodes was evaluated to 
remove arsenic pollutant. 

Effect of initial NOM concentration on energy 
consumption 

As shown in figure 6, the maximum electrical 

energy consumption at optimum condition was 
observed for initial NOM concentration of 10 
mg/l with the value of 0.08 kWh/m3 of the 
solution. The consumed voltage for this 

concentration was 3 V. The minimum electrical 
energy consumption was detected for initial 
concentration of 50 mg/l with the value of  

0.037 kWh/m3 of the solution. 
Electrical conductivity depends on the initial 

concentration of organic compounds.23,30 

 

 
Figure 5. The effect of initial natural organic matter (NOM) concentration on NOM removal 
efficiencies as a function of reaction time and electrical conductivity (EC) (pH = 7, current = 0.1 A) 
 

 
Figure 6. The effects of initial concentrations on the electrical energy consumption at optimum  
condition (pH = 7 and current = 0.1 A) 
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In the present study, by increasing initial NOM 
concentration, the energy consumption 

decreased. In this work, electrical conductivity 
increase in initial NOM concentration. As a result, 
during an EC treatment system and at a constant 
current, by increasing the concentration and 

consequently electrical conductivity of the 
solution the amount of potential and energy 
consumption decreases. 

Comparison of NOM removal efficiency for 
bipolar and monopolar electrodes arrangement 
at the optimum condition 

As shown in figure 7, NOM removal efficiencies 
at three concentrations of 10, 25, and 50 mg/l for 

bipolar and monopolar connections were 
followed by the same patterns. 

Based on the performed studies, bipolar 
electrode connection compared to monopolar 
connection of the electrodes has higher removal 
efficiencies inorganic pollutants removal. In this 
study, due to the use of lower concentrations of 
such compounds, no significant difference was 
observed for both bipolar and monopolar 
arrangements of the electrodes. Asselin et al.31 
performed a study to remove organic pollutants 
by an EC process. It was noted that the higher 
electrical energy consumption of bipolar 
connection than monoplar connection was due to 
the potential difference between the electrodes. 

 

 
Figure 7. Natural organic matter (NOM) removal efficiencies for both bipolar and monopolar electrodes 
connection at optimum condition (pH = 7, current = 0.1 A, and reaction time = 20 min) 

 
Table 1. Changes in turbidity, conductivity and pH optimum conditions for bipolar and monopolar electrodes 
 Experiments 

Electrode type Electrode connection or arrangement (Aluminum/Iron) 
Bipolar 1 Bipolar 2 Bipolar 3 Monopolar 1 Monopolar 2 Monopolar 3 

Current intensity (A) 0.1 0.1 0.1 0.1 0.1 0.1 
NOM concentration (mg/l) 10.0 25.0 50.0 10.0 25.0 50.0 
Treatment time (min) 20.0 20.0 20.0 20.0 20.0 20.0 
Initial pH 7.0 7.0 7.0 7.0 7.0 7.0 
Final pH 7.7 7.5 7.7 7.4 7.6 8.0 
Initial conductivity (µs/cm) 279 417.0 808.0 279.0 417.0 808 
Final conductivity (µs/cm) 179.1 380.0 743.0 184.0 375.0 734 
Initial turbidity (NTU) 5.6 10.6 20.8 5.6 10.6 20.8 
Final turbidity (NTU) 0.5 1.0 3.5 0.1 0.1 2.5 

NOM: Natural organic matter; NTU: Nephelometric turbidity units 
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In addition, they noted that electrical 
resistivity generated between the electrodes in 
bipolar EC system is higher than that for 
monopolar one. This increases the electrical 
potential and subsequently organic pollutants 
removal rate. Our results are consistent with the 
results of Asselin et al.31 

Variations of pH, turbidity, and electrical 
conductivity during the process 

The variations in the turbidity, electrical 
conductivity, and pH at optimum condition are 
presented in table 1. 

It is obvious from table 1 that pH values for 
bipolar and monopolar connections of the 
electrodes remain in the neutral range. However, 
the turbidity and electrical conductivity decrease 
for both electrode connections. 

In many studies, researchers always agree on 
this principle that pH parameter has a moderate 
variation during an EC system. It is also 
mentioned that pH variations depend on the 
electrode material and initial pH. This is an 
important subject because according to the final 
pH, after the treatment process the effluent can 
be discharged into water bodies such as rivers, 
lakes, and seas without any pH adjustment.15 
The standard of pH for discharging effluent into 
water bodies is in the range of 6-9.32 In this 
study, the final pH after treatment process was 
in the standard range and it did not have any 
problem for discharging into the environment. 

Conclusion 

The results of this study showed that the EC 
process by using of iron and aluminum as the 
electrodes can remove high concentrations of 
NOM. Therefore, the EC process with Al-and Fe- 
electrodes can be used as an effective and 
promising method for treatment of water 
containing contaminants such as NOM. 
Additionally, its high removal efficiency allowing 
the discharge of the effluent into the environment. 
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AbstractAbstractAbstractAbstract 
Dyes are widely used in various industries most of them are not readily biodegradable and are consisted of number 
of toxic, mutagenic, and carcinogenic compounds. Therefore, it is essential to remove them from effluent before 
their discharge to the environment. The objective of this investigation was to synthesize copper oxide (CuO) doped 
zinc oxide (ZnO) nanoparticles under mild hydrothermal conditions using CuO as dopant and triethylamine as 
surface modifier to remove acid black 1 from aqueous solutions. Synthesized nanoparticles were characterized 
using powder X-ray diffractometer, Fourier transform infrared spectroscopy, scanning electron microscopy, and 
ultra violet-visible spectroscopy. The central composite design matrix and response surface methodology (RSM) 
were applied for designing the experiment, evaluating the effect of variable and modeling the degradation of acid 
black 1 dye. The results obtained from analyses of variance indicated that our experiments were fit with quadratic 
model. Moreover, the optimization R2 and R2 adjusted correlation coefficients for model were evaluated as 0.94 
and 0.89, respectively. The optimal conditions for high efficiency (100% dye removal) was found to be at catalyst 
dosage of 1g/l, dye concentration of 50 mg/l, and pH = 6. This investigation introduced the RSM as an appropriate 
method to model and optimizes the best operating condition for maximizing dye removal. In conclusion, the results 
showed that nanoparticals dosage plays crucial role in this regard. 
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Introduction1    

Dyes are macromolecules with high color yield, 
widely used in various industries such as textile, 
food, cosmetic, plastic and leather.1,2 The average 
annual production rate of synthetic dyes by 
industries is about 7 million tons world-wide,3 
which about 40% of them are acid dyes. Most 
acid dyes contain one or more azo (-N = N-) 
group.4,5 Since most of these dyes are not readily 
biodegradable and are consisted of number of 
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toxic, mutagenic, and carcinogenic compounds; 
it is essential to remove them from effluent 
before their discharge to the environment.4-7 

There are several conventional treatment 
methods for the removal of dyes from effluent 
stream including flocculation/coagulation, 
adsorption by activated carbon, 
electroflocculation, etc.8 Nevertheless, these 
methods are expensive and non-destructive, 
because they just transfer contamination from 
liquid to the solid phase.9,10 Advanced oxidation 
processes (AOPs) for removal of organic 
contamination from wastewater have attracted 
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considerable attention of many researchers. 
AOPs are also used for oxidation, removal, and 
mineralization of dyes and other organic 
materials in wastewater and effluent.11 They 
generally involve various methods, including 
UV/H2O2, O3, O3/H2O2, O3/UV, O3/H2O2/UV, 
Fenton, photo and electro-Fenton, and 
photdegradation.12-14 

The latter, photo degradation or 
semiconductor-mediated photo catalyst has been 
given of great attention over recent years due to 
its potential to destruct organic contaminants at 
ambient temperature and pressure.15 Until now, 
various semiconductors have been studied by 
researchers as photocatalyst.16,17 Among these 
semiconductors, TiO2 is the most widely used 
because it is non-toxic, inexpensive and 
photochemically stable.18 However, zinc oxide 
(ZnO) is another semiconductor considered as 
not only a suitable alternative for TiO2 but also 
even more efficient than TiO2 in several 
applications.19 The greatest advantage of ZnO in 
compared with TiO2 is that it adsorbs a larger 
fraction of the solar spectrum.20 There are a 
variety of strategies to tailor the morphology of 
ZnO nanoparticles, controlling its growth 
direction, reducing its agglomeration, and 
enhancing its photo catalytic properties. 
Dopping with suitable materials and using of 
surface modifiers or capping agents are among 
the excellent and confirmed techniques used.21-23 

Therefore, we synthesized copper oxide 
(CuO) doped ZnO nanoparticles under mill 
hydrothermal conditions (T = 100 °C, and  
P = autogenous) using CuO and triethylamine as 
dopant and surface modifier, respectively. 
Moreover, we used response surface 
methodology (RSM) to design experimental and 
to evaluate the variable effect on 
photodegradation of acid black 1. 

Materials and Methods 

Reagent grade ZnO, CuO, triethylamine and 
KOH were purchased from Merck, Germany. 
Type I Water and distilled water were produced 

by a TKA smart 2 ultrapure water production 
system (Thermo Electron LED GmbH, 
Germany). The acid black 1 (Alvan Sabet Co. 
Iran) was used as a model pollutant from textile 
industry. Figure 1 shows the chemical structure 
and some characteristics of this dye figure 1. 
 

 
Figure 1. Chemical structure of acid black 1 

 
Surface modified CuO-doped ZnO hybrid 

nanomaterials were fabricated under mild 
hydrothermal conditions (T = 100 °C,  
P = autogenous, t = 8 h). 2 mole of ZnO was 
taken as starting material and the dopant, CuO, 
at 0.5, 1, 1.5, 2 and 2.5 weight % was added into 
it. A certain amount of 1 mole KOH was added 
as mineralizer to the precursors. At the same 
time, a fixed concentration (1 ml) of 
triethylamine was added to the above-
mentioned mixture and it was stirred 
vigorously for a few minutes. The final 
compound was then transferred to the Teflon 
liner (Vfill = 10 ml), which was later placed 
inside a general purpose autoclave. Then the 
assembled autoclave was kept in an oven with a 
temperature programmer-controller for 8h. The 
temperature was kept at 100 °C. After the 
experimental run, the autoclave was quenched 
to the room temperature. The product in the 
Teflon liner was then transferred to a clean 
beaker, washed with double distilled water 
several times, and then allowed to settle down. 
The surplus solution was removed using a 
syringe. Then, the remnant was allowed to dry 
naturally at room temperature. The dried 
particles were subjected to systematic 
characterization and photocatalytic studies.21 

Fourier transform infrared spectroscopy 
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(FTIR) spectra of the grade reagent ZnO and the 
CuO-doped ZnO were obtained by employing a 
bruker-Tenso r27 spectrophotometer spectrum, 
one within wavelength range of 450-4000/cm. 
Powder X-ray diffraction (XRD) was performed 
on a Bruker D8-Advance powder XRD by 
monochromatized Cu KR radiation (λ = 1.5418 
Å). Scanning electron microscopy (SEM) was 
used to analyze the morphology of the samples. 

In this study, five types of synthesized xCuO: 
ZnO (x = 0.5, 1.0, 1.5, 2.0 and 2.5 wt. % of CuO 
content) were used for dye removal. A total 
volume of 200 mL of acid black 1 solutions was 
prepared using double distilled water for 
investigation of the photo catalyst activity of 
CuO:ZnO. The CuO-ZnO (0.4, 0.6, 0.8, 1.0, and 
1.2 g/l) was mixed with Acid black 1 solutions 
(50, 100,150, 200 and 250). The initial pH of the 
solutions was adjusted before the experiments 
by 0.1 N NaOH and HCl, and controlled using 
pH meter (Model WTW-340I). Then, the 
suspensions were dispersed by vigorous stirring 
to make a good dispersion of nano-sized ZnO 
particles. Afterwards, suspension exposed to UV 
light (30 w) for up to 90 min. All experiments 
were performed at room temperature (25 °C). 
Dye sample of about 5-8 ml was taken out at the 
end of experiment using 10 ml pipettes. Each 
sample was centrifuged (10 min at 5000 rpm) 
and the absorbance was recorded using a UV-Vis 
spectrophotometer (Model CECIL 2021) at 
λmax = 618 nm. The degradation efficiency (R%) 
was calculated using the following equation. 

0

0

A A
R (%)= ×100

A

−

                                        (1) 
Where, A0 and A are the dye concentration 

(mg/l) at time 0 and t, respectively. 
In this investigation, the degradation of acid 

black 1 in the presence of UV radiation using 
CuO:ZnO was optimized by RSM using Design 
Expert Software (Version 7, Stat-ease, Inc., 
Minneapolis, MN, USA). The runs were designed 
in accordance with central composite and carried 
out batch wise. Independent variables for this 
investigation were catalyst dosage, pH and dye 

concentration, which were coded with low and 
high level in central composite. Table 1 shows the 
ranges and the level of the investigated variables. 

 
Table 1. Experimental design of photocatalyst 
degradation of acid black 1 using copper oxide doped 
zinc oxide 

Factor Name 
Low 

actual 
High 
actual 

X1 Dye concentration (mg/l) 50 250 
X2 Nano dose (g/l) 0.4 1.2 
X3 Ph 4 8 

 
The total numbers of experiments for the 

three independent variables were determined 
according to the following equation: 

N = 2n + 2n + nc = 23 + 2 × 3 + 6 = 20               (2) 
Where, n and nc are the number of 

independent variables and center points, 
respectively.24 The center points are used to 
estimate the experimental error. The ɑ value in 
this study was fixed at 2. 

After completing the experimental design, the 
experiments of dye removal were carried out to 
obtain appropriate model. The experimental 
data were analyzed by quadratic models. The 
general form of the quadratic models is shown 
as follow: 

k k k
2

0 j j jj j ij i j i
j 1 j 1 i 2

Y β β x β x β x x +e
= = ≤

= + + +∑ ∑ ∑∑
  (3) 

Where, η is response, xi, xj are variable, β0 is 
the constant coefficient βj is coefficient of linear, 
βjj is coefficient of quadratic and βij is coefficient 
of interaction and ei is error.25 

Results and Discussion 

Morphological characterizations 

The SEM image indicates that the synthesized 
nanoparticles had different size and 
heterogeneous morphology; among them 
tetragonal nanoparticles were more obvious. 
Furthermore, there was no agglomeration on the 
surface of synthesized nanoparticles (Figure 2). 
In addition, the change in the morphology could 
be contributed to the applied surface modifier.21 
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Figure 2. Standard error of the mean image of in situ surface modified zinc oxide 
doped copper using 1 ml triethylamine 

 
Figure 3 shows the FT-IR spectrum of ZnO 

(carve A) and 1.50 % CuO-doped ZnO (carve B) 
nanoparticle recorded in the range of  
400-4000/cm. Carve B in figure 3 shows the 
FT-IR spectrum of CuO-doped ZnO 
nanoparticle. The broadband at 2800-3000/cm is 
assigned to the C-H/cm group on the surface 
modifier. Peaks observed at 1600, 1500, 1400/cm 
corresponds to N-H, CH2, CH3 bonds stretching, 
respectively. Next peak around 1300/cm is due 
to the presence of the C-N group. The peak at 
750/cm attributes to the Cu-O bond stretching 
and peak at 500-600/cm indicates stretching 
vibration of ZnO nanoparticles. 

The XRD pattern of fabricated 1.50% 
CuO/ZnO nanoparticles is shown in figure 4 
The diffraction peaks (100, 002 and 101) in figure 
4 show that the fabricated nanoparticles are 
hexagonal structures.26 Average crystallite size 
were determined using the Debye-Scherrer 
formula and the value was obtained 54nm for 
the fabricated nanoparticles. The formula is 
given below: 

Scherrer

kλ
D =

βcosθ                                                 (4) 

Where, D is the average crystallite size, λ is 
the radiation wavelength (1.5418Ả), k is related 
to the crystallite shape (k = 0.089), β is the peak 
width at half maximum, and θ is the Bragg 
diffraction angle.27 Also increased value of 
lattice parameter clearly indicates that the CuO 
ions substitute for Zn in ZnO lattice (Table 2). 

Modelling and optimization of acid black 1 

The experimental results of dye degradation by 
synthesized nanoparticles were analyzed 
through RSM to obtain an empirical model. 
Quadratic model were used to explain 
mathematical relationship between independent 
and depended variables. The mathematical 
expression of the relationship between acid 
black 1 degradation and the X1, X2, X3 variables 
is shown in equation 3. 

R = 78.1 − 0.072 × X1 + 65.36 × X2 + 63.75 × X3 
+ 0.2025 × X1 × X2 – 5.5 × X1 × X3 + 0.25 × X2 × X3 
– 4.25 × X��  − 53.43 × X�� − 0.05 × X��                  (5) 

In equation (4), R is response decolonization 
percent, X1, X2 and X3 are corresponding to 
independent variables of dye concentration 
(mg/l), catalyst dosage (g/l) and pH, 
respectively. Analyses of variance results of 
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Figure 3. Fourier transform infrared spectrum of in situ surface modified zinc oxide 
doped copper using 1 ml triethylamine 
 

 
Figure 4. X-ray diffraction patter of in situ surface modified zinc oxide doped 
copper using 1 ml triethylamine 

 
Table 2. Lattice parameters of surface modification copper:zinc oxide hybrid nanoparticle 
Catalyst a (A˚) c (A˚) a:c ratio v (A˚) Reference 
Reagent-grade ZnO 3.249 5.207 0.6239 47.60 (8) 
CuO:ZnO 3.255 5.214 0.6242 47.86 Present work 

CuO: ZnO: Copper oxide: zinc oxide 
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these quadratic models are presented in table 3. 
They indicate that these quadratic models can be 
used to navigate the design space. 

As shown in table 3, the quadratic model  
(F-value = 18.78) implies that the model is 
significant for degradation of acid black 1. With 
an adequate precision, the signal to noise ratio 
can be measured, and a ratio < 4 is generally 
desirable.28 Therefore, in the quadratic models of 
degradation Acid black 1, the ratio of 13.79 
indicates an adequate signal. 

The values of Prob > F < 0.05 and > 0.1000 
indicate that the model terms are significant and 
not significant, respectively. In this study, the 

Prob >F values are significant for X1, X2, but not 
significant for X3, X21, X2X3, X1X2 (Table 3). The 
“lack of fit F-value” of 4.51 shows that the lack of 
fit is not significant and the model is adequate. 

The actual and predicted acid black 1 dye 
degradation are shown in figure 5. Actual values 
and perfected values were measured from 
response data for a particular run and the model, 
respectively. The results showed that the predicate 
values obtained are approximately close to the 
actual value (Figure 5). Moreover, it was found 
that the developed models were effectual in taking 
correlation between nanoparticles type variables 
and degradation of dye. 

 
Table 3. ANOVA result of the quadratic model of photocatalyst degradation of acid black 1  
using copper oxide doped zinc oxide 
Source Sum of Square DF Mean Square F P 
Model 462.08 9 51.34 18.78 < 0.0001 
X1 203.0 1 203.6 74.29 < 0.0001 
X2 88.36 1 88.36 32.32 < 0.0001 
X3 5.52 1 5.52 2.02 0.1230 
X1X2 32.81 1 32.81 12 0.1856 
X1X3 0.60 1 0.60 0.22 0.0061 
X2X3 0.02 1 0.020 7.31 0.6481 
X1

2 28.38 1 28.38 10.38 0.9335 
X2

2 114.88 1 114.88 42.03 0.0091 
X3

2 0.063 1 0.063 0.023 < 0.0001 
Residual 27.33 10 2.73 - 0.8825 
lack of fit 22.37 5 4.47 4.51 0.0619 
DF: Degree of Freedom; X1: Dye concentration, X2: Nanoparticle dose, X3: pH 

 

 
Figure 5. The actual and predicted plot of degradation of acid black 1 (R2 = 0.9441 
and Radj = 0.8949) 
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The correlation coefficient (R2) value is 
usually in range 0-1. The model is stronger and 
can better predict the responses when R2 values 
are closer to 1.29 The results in this study 
indicated that the values of R2 and adjusted R2 
(R2adj) were found to be 0.94 and 0.89, 
respectively. X3 terms in table 1 are not 
significant, which can be the reason for R2 adj  
of 0.89. 

The effects of variables on acid black 1 
degradation are shown in figures 6 and 7 figure 
6 shows the 3D response surface plot of 
interaction between varying concentration of 
dye and nanoparticles on dye degradation 
efficiency at pH = 6. The surface plot shows the 
decrease in dye degradation with increase in dye 
concentration. Although, degradation increased 
with catalyst dosage up to 1 g/l catalyst, and 
then decreased with its increase. The surface 
plot also shows that the best degradation (100%) 
obtained at 50 mg/l dye, pH = 6 and 1 g/l 
nanoparticle dosage. 

 

 
Figure 6. The effect of initial acid black 1 
concentration (in mg/l) and nanoparticls (copper oxide 
doped zinc oxide) dose (in g/l) on decoloration of acid 
black 1 (pH = 6) 

 
Bragti and Rauf reported that the decrease in 

degradation might be attributed to the increasing 
levels of catalyst causing the solution to become 
turbid and intercept the penetration of light.30 A 

study by Marugesan et al. showed that by 
increasing the concentration of dye from 25 to 100 
mg/l, the degradation rate for reactive black 
removal decreased.31 Furthermore, Tekin and 
Saygi reported that by increasing the dye level 
from 25 to 35 mg/l, the degradation rate for acid 
black 1 removal decreased.32 The degradation 
efficiency can prohibit light penetration, or 
reduce activated sits for adsorption of hydroxyl 
ion and generation of hydroxyl radicals. Because 
with increase in dye concentration, more dye 
substances are adsorbed on the nanoparticles’ 
surface, and then, prevents generation of 
hydroxyl radicals.33 Figure 7 illustrates the effect 
of changing dye concentration, nanoparticles 
dosage and pH on photodegradation efficiency of 
acid black 1. As figure 7 indicates, the dye 
degradation efficiency is proportion with photo 
catalyst dosage. Maximum degradation (ɳ > 98%) 
of acid black 1 was determined at constant dye 
concentration of 150 mg/l, nanoparticles dosage 
of 1 g/l and pH = 6. 

 

 
Figure 7. The effect of initial nanoparticles dose 
(copper oxide doped zinc oxide) and pH on 
degreadation of acid black 1 

 

Conclusion 

We synthesized CuO: ZnO nanoparticle under 
mild hydrothermal condition (P = autogenus, 
T = 100 °C, t = 8h). The synthesized nanoparticle 
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was characterized using powder XRD, FTIR, 
UV-VIS spectroscopy and SEM. The 
characterization results revealed that the CuO 
has been completely doped in ZnO lattice. Using 
triethylamine surface modifier, no agglomeration 
was observed. Moreover, the nanoparticles were 
well dispersed in the medium. FTIR results 
showed the appearance of new peaks after using 
the surface modifier. The nanoparticles were used 
for photodegradation of acid black 1. We carried 
out the systematic analysis using experimental 
design by RSM. This study clearly showed that 
RSM is a suitable method for modeling, and also 
optimizing the best operating conditions for 
maximum dye removal. In addition, we found 
that nanoparticle's dosage plays a crucial role in 
this regard. 
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AbstractAbstractAbstractAbstract 
Removal of toxic heavy metals from wastewater is an important environmental challenge. In this Study, Zn (II) 
removal from aqueous solution by chitin extraction from crustaceous shells (shrimp and crab) was investigated. 
The biosorption studies were determined as a function of contact time, pH, initial metal concentration, and the 
amount of adsorbent. Adsorption of Zn (II) increased with decreasing concentration of the adsorbents and reached 
maximum uptake at 0.5 g. Effect of pH was studied in the range of 3-7 and the optimum conditions for both 
adsorbents were found in the range of 5-7. Zn (II) adsorption for both adsorbent was evaluated by Langmuir and 
Freundlich Isotherms. Results indicated that the Freundlich isotherm model was the most suitable one for the 
adsorption process using chitin extracted of shrimp and crab shells. The pseudo-first order and pseudo second 
order kinetic models were used to describe the kinetic data. The adsorption capacity (qmax) calculated from 
Langmuir isotherm and the values of the correlation coefficient obtained showed that chitin extracted from shrimp 
shells has the largest capacity and affinity for the removal of Zn (II) compared with the chitin extraction from the 
crab shells. 
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Introduction1    

Industrial wastewaters generated from 
industrialization activities may contain different 
toxic heavy metals.1 Zinc is one of the most 
important metals often found in effluents 
discharged from industries involved in acid-
mine drainage, galvanizing plants and 
municipal wastewater treatment plants.2 It is 
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important for the physiological functions of 
living tissue and regulates many biochemical 
processes. However, too much zinc can cause 
eminent health problems, such as stomach 
cramps, skin irritations, vomiting and anemia.3 
Therefore, selective separation of Zn (II) from 
aqueous solution, especially wastewater has 
drawn more and more attention in recent years. 
There are many techniques for Zn (II) removal, 
such as chemical precipitation, ion exchange, 
membrane filtration, electrolytic methods and 
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reverse osmosis. However, these methods are 
limited for high operational cost and inefficient 
in the removal of some heavy metal ions.4 In 
contrast, adsorption owing to its advantages 
such as a variety of adsorbent materials and 
high efficiency is recognized as an effective and 
economic method for removal of pollutants from 
wastewaters.5 In this method, different materials 
such as chitinous materials (e.g. shrimp, krill, 
squid, and crab shell), microbial biomass (e.g. 
bacteria, fungi, and yeast), and activated carbon, 
ion exchange resins, natural and synthetic 
zeolites are used.6,7 In recent years, the use of 
chitin extracted from crustacean shell as 
biosorbents and organic substrates has gained 
importance.8 

Chitin is the most important natural 

polysaccharide after cellulose found in 

crustaceous shells or in cell walls of fungi.9 

This polymer has been recommended as a 

suitable absorbent resource material because 

of its excellent properties such as 

biodegradability, biocompatibility, adsorption 

property, flocculating ability, polyelectrolisity 

and its possibilities of regeneration in a 

number of applications. The chitin structure 

(Figure 1) has positively charged amine (NH2) 

functional groups which are responsible for 

the polyelectrolyte behavior. Therefore, chitin 

could adsorb negatively charged material with 

its positively charged functional groups to 

give electric neutrality.10 Moreover, it has been 

recognized that chitin has significant potential 

as a biosorbent for metal removal. For 

example, the uptake of Cd2+ by chitin has been 

reported to be 14.9 mg/g.11 Zhou et al.12 

investigated the adsorption of lead, cadmium, 

and copper onto cellulose/chitin beads; these 

metals were adsorbed at pH ranging from 3 to 

6. Hawke et al.13 studied the uptake of iron 

and manganese from seawater onto chitin; 

results showed low manganese (II) removal  

(< 10%) at pH 6-8.7 and increased removal  

(> 90%) at pH 9.5, while iron (II) was removed 

at levels of 22-30% at pH 2-8. 

 
Figure 1. The basic structure of chitin14 

 
In this work, we investigated the potential of 

chitin, extracted from shrimp and crab shells, to 
act as a biosorbent for Zn2+ removal from 
aqueous media. Chitin was prepared in the 
particle sizes range of 50-16 mesh and used in 
batch studies to quantify the effects of adsorbent 
dosage, contact time, pH and metal 
concentration on Zn2+ uptake performance. 

Materials and Methods 

Shrimp shells were washed several times with 
water and dried at 50° C overnight in a dry heat 
incubator. Afterwards, they were mechanically 
grinded in a mixer and passed through two 
layers of gauze. One hundred grams of shrimp 
shell powder were submerged in 1 L of 10% 
(w/w) HCl at room temperature for 24 h. After 
filtration with filter paper, the residue was 
washed with distilled water to neutral. Then the 
residue was submerged in 1000 ml of 10% 
(w/w) NaOH at room temperature for 24 h for. 
Then, the shrimp shell residue was washed with 
distilled water for removal the proteins. A 
volume of 250 ml of 95% ethanol was 
consecutively used to remove ethanol-soluble 
substances from the obtained crude chitin. 
Finally, the shrimp shell residue was subjected 
to the above procedure for 2 times.14 

Chitin was extracted from the exoskeleton of 
crab with 1 N NaoH for 24 h at room 
temperature. This process was repeated 2 times 
with alkaline solution. The material was washed 
with water until the pH became neutral and 
demineralization was then carried out with 1 N 
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HCl at room temperature. The pigments were 
oxidized with 1% potassium permanganate and 
1% oxalic acid, and then the material was 
washed until its pH was neutral. The material 
was then dried at 100° C for 2 h.15 

In order to understand the adsorption 
mechanism, several characterizations were 
carried out on the two adsorbents. Fourier 
transform infrared spectrophotometer was 
applied to determine the presence of adsorbent 
functional groups (4000-400/cm). Brunauer-
Emmet-Teller (BET) method was used for the 
samples specific surface determination. Water 
binding capacity (WBC) and fat binding 
capacities (FBC) of chitin were measured using 
the method of Kucukgulmez et al.16 The degree 
of acetylation (DA) was calculated from the 
absorbance (A) ratios by using the following 
equation: 

1655

3450

A
DA(%)= 115 (1)

A
×

 
Finally, the pH values of the chitin samples 

were determined according to the ASTMD 4972-
01 standard method while the ash content was 
determined by heating at 530° C for 20 h. 

A stock solution of 1000 mg/l of Zn (II) ions 
was prepared using analytical-reagent grade 
zinc chloride salt. The stock solution was diluted 
to appropriate concentrations accordingly. Each 
experiment was carried out in duplicates, and 
the average values were presented. All filtrate 
was analyzed using atomic absorption 
spectrometer (AAS 5FL model, Germany). 

The effect of initial pH on the adsorption of 
Zn (II) ions was conducted using 1 g of 
adsorbent with 250 ml of 50 mg/l Zn (II) ions 
solution. The pH of the solution was adjusted 
in the range 3-7 using 0.1 M HCl or 0.1 M 
NaOH. The adsorbent was stirred in the Zn 
(II) ions solution at 300 rpm for 180 min. Since 
the optimum pH has been determined, the 
effect of adsorbate concentration was studied 
by varying the amount of adsorbent from 0.5 
to 10 g under the optimum pH and agitation 
period of 180 min. The effect of metal 

concentration was investigated by mixing 250 
ml of Zn (II) solution with metal concentration 
various under optimal conditions. Adsorption 
kinetic studies were carried out by shaking 250 
ml of 50 mg/l Zn(II) solution with different 
contact time (0.5-4 h). 

The amount of adsorbed Zn (II) on adsorbent 
(qe, mg/g), and percent removals (%R) were 
calculated as follows: 

0 e(C C )V
q= (2)

W

−

 
0 e

0

(C C )V
%R= (3)

C

−

 
Where q is the adsorption amount (mg/g), C0 

and Ce the initial and final concentrations 
(mg/l), V the volume of solution (l) and W is the 
mass of biosorbent used (g). 

Results and Discussion 

Characterization of chitin extraction from 
crustaceous shell 

Chitin was obtained from shrimp and crab shells 
with a yield of 25.21% and 37.5% respectively. 
According to Muzzarelli, crustaceous shells 
consist mainly of chitin, protein and calcium 
carbonate with an average composition of 15-
40%, 20-40% and 20-50% by weight, 
respectively.17 This means that the yield of chitin 
was high on the laboratory scale. On the other 
hand, this value is similar to other studies.18-20 
The calculated DA values of crab and shrimp 
chitin using the formula (1) were 58% and 90%, 
respectively. These differences in DA could be 
attributed to the different isolation conditions of 
chitin, demineralization step or the 
deproteinization step under different alkaline 
conditions.21 Majtan et al. obtained same results 
and showed the DA values of bumblebee and 
shrimp chitin were 87.3% and 99.0%, 
respectively.22 Moreover, previous studies have 
shown the DA of chitin from various marine 
sources, including 79.5% in the king crab shell, 
95.1% in the squid shell, and 84.6% in the 
Lobster.23 Water and FBC of different chitin 
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derivatives (chitosan) were reported as 355-
611% and 217-477 %, respectively, by 
Kucukgulmez et al.16 The WBC and FBC of 
crustaceous chitin in the present study were 
compatible to those reported by Kucukgulmez et 
al.16 The moisture content of chitin obtained 
from crustaceous shells was measured to be 
2.8% as shown in table 1, which is in agreement 
with Abdulkarim et al.24 The ash content of crab 
chitin was higher than that of shrimp shell, this 
could be attributed the presence of high acetyl 
group and CaCO3 in the crab chitin sample. 
Furthermore, table 1 indicates that a very small 
amount of ash (0.8%) was found in the chitin 
shrimp. This proves that a demineralization 
process for the isolation of chitin from shrimp 
shells was enough. 

 
Table 1. Physico-chemical characteristic of adsorbents 

Characterization 
Chitin 

shrimp shells 
Chitin 

crab shells 
Yield (%) 25.21 37.5 
PZC 6.7 7.2 
Moisture (%) 2.813 2.86 
Ash content (%) 0.8 10.75 
Water binding capacities (%) 452 402 
Fat binding capacities (%) 387 306 
Surface area (m2/g) 3.95 3.2 
PZC: Point of zero charge 

 
The pHZ values for chitin shrimp and chitin 

crab were 6.7 and 7.2, respectively. Based on 
these values, the prepared adsorbents were 

almost similar. However, for chitin crab the pHZ 
was higher than the pHZ of chitin shrimp. This 
could be due to the presence CaCO3 in the crab 
chitin sample. The BET surface area of the crab 

and shrimp chitin was 3.2 and 3.95 m2/g, 
respectively. 

The infrared spectra of chitin from shrimp 
and crab are shown in figure 2. According this  
figure, Fourier transform infrared (FTIR) spectra 
of two chitins were quite similar. The spectra 
were characterized by three significant amide 
bands at 1632, 1574 and 1315/cm, which 
correspond to the amide I stretching of C = O, 
the amide II of N-H and amide III of C-N, 

respectively. The vibrational absorption bands at 
1063 and 1073/cm are assigned to the C-O 
stretching. Bands at 3500 and 3200/cm 
corresponded to O-H and N-H stretching 
vibration, respectively. In addition, absorption 
bands at 3000-2850/cm assigned to -CH 
stretching vibrations; at 2517.95 and 2563.91/cm 
assigned to O-H vibrations. Moreover, figure 2 
also shows the FTIR spectra of (a) chitin shrimp-
Zn (II) and (b) chitin crab-Zn (II). With respect to 
the FTIR spectrum of chitin, the FTIR spectra of 
chitin-zinc ion show changes in the intensity of 
the adsorption bands at 3500-3300/cm, 1419/cm 
and 1632/cm attributable to -OH and -NH2 
groups. These changes indicate complex 
formation, which decreases the energies of the 
bonds due to the adsorbed zinc ions. 

Effect of pH 

The pH of an adsorption system is a crucial 
parameter in any adsorption system as it 
describes the mechanism involved in the 
adsorption process. Figure 3 shows the 
biosorption efficiency of Zn (II) at different pH 
values from 3 to 7. As shown in figure 3, the 
adsorption capacities were very low for 
adsorbents at pH < 4, due to an increase in the 
positively charged active sites (NH3+). Moreover, 
in this pH, electrostatic repulsion between the 
positive protons of the surface of chitin and H+ 
lead to decrease of adsorption capacity. At pH > 
5, a decrease in the protonation of the active sites 
increased the adsorption capacities for chitin 
shrimp and crab. According to these results the 
maximum adsorption of Zn (II) ions onto the 
two adsorbents occurred at pH 7, therefore, this 
pH value was selected as the optimum pH 
throughout this study. On the comparison 
between chitin shrimp and chitin crab the 
adsorption of zinc was much higher in chitin 
shrimp than that of chitin crab due to the DA 
high, maximum surface area and free amino 
groups. Karthikeyan et al.25 reported the neutral 
condition for a favorable removal of Zn (II) 
using chitosan. According to Vijayaraghavan et 
al.26 report, a strong adsorption of Zn (II) occurs 
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Figure 2. Infrared spectra of (a) chitin shrimp-Zn (II), and (b) chitin crab-Zn (II) 
 

 
Figure 3. pH effect on zinc uptake by chitin crustaceous shell 
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on the crab shell particles in pH = 6. Lee et al.27 
reported that the presence of acetyl groups (DA 
high) in polymer increased their ability to bind 
with ferric ion. 

Effect of initial metal concentration 

Figure 4 shows the effect of initial metal 
concentration on the adsorption kinetics of the 
chitin at pH 7. An increase in the initial metal 
concentration leads to an increase in the 
adsorption capacity of the Zn (II) on chitin. 
This is due to the increase in the driving force 
of the concentration gradient, as an increase in 
the initial metal concentration. Figure 4 also 
shows that the adsorption of Zn (II) was much 
higher in chitin shrimp than that of chitin crab. 
This may be due to availability of DA and 
higher special surface area, or larger 
adsorption site compared with chitin crab. 
Gonçalves et al.28 studied the adsorption of 
food dyes in a binary system by chitosan with 
different deacetylation degrees. Their results 
showed that the best conditions for the 
adsorption of food dyes onto chitosan were 
DD of 95%. Kurita29 have shown that removal 
of mercury and copper ions increased with 
increasing deacetylation degrees of chitin. 
Wuertz et al.30 demonstrated that the DA of 
polymers can affect the binding capacity for 

cations. Ho et al.31 studied adsorption of metal 
ions on tree. In this study, it is confirmed that 
the adsorption efficiency is dependent on the 
specific surface area. 

Effect of adsorbent dosage 

The effect of adsorbent dosage on the adsorption 
of Zn (II) was shown in figure 5. It could be seen 
from figure 5 that the removal efficiency of Zn 

(II) considerably increased with the increase of 
adsorbent dosage. This was due to the greater 
availability of exchangeable sites for Zn (II) ions. 
However, the adsorption capacity decreased 

with increasing the adsorbent dosage. This was 
due to the higher number of unsaturated 
adsorption sites as the adsorbent dosage was 

increased. Bhattacharya et al.32 studied the effect 
of adsorbent dose on the Zn (II) adsorption 
capacity. Their results showed that with 
increasing adsorbent dosage more surface area is 

available for adsorption due to increasing in 
active sites on the adsorbent. 

Adsorption kinetics 

Figure 6 shows the change in the adsorption 
capacity of Zn (II) by chitin crustaceous shell as a 
function of time at pH 7. The adsorption capacity 
increases with the increase in contact time and 
the adsorption equilibrium occurs after 3 h. 

 

 
Figure 4. Effect of initial metal concentration on zinc uptake by chitin crustaceous shell 
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Figure 5. Effect of adsorbent dosage on the adsorption of Zn (II) 
 

The kinetic data in table 2 is explicitly 
analyzed according to pseudo first-order and 
second-order. The R2 and qe values (Table 2) 
complied with experimental results, show that 
the pseudo second-order equation is the best one. 
Arshad et al.33 studied the kinetics of adsorption 
Zn onto neem biomass. They found that  
pseudo-second order model provided better 
correlation than pseudo first-order model. Li et 
al.4 computed the pseudo-second order model for 
their experimental data of studies on adsorption 
characteristics of Zn removal by magnetic 
chitosan modified with diethylenetriamine. 

The adsorption isotherms 

In order to determine the adsorption capacity 
the chitin crustaceous shell for Zn (II), and to 
identify the nature of this adsorption, the 
equilibrium adsorption isotherm is of basic 
importance. The Langmuir and Freundlich 
adsorption isotherm models were used to depict 
equilibrium sorption isotherms, and the 
calculated results of these models are given in 
table 3. As shown in table 3, the R2 value of the 
Freundlich isotherm was greater than that of the 
Langmuir isotherm for the adsorption of Zn (II). 
This indicates that the adsorption of Zn (II) on 
chitin particles is better described by the 
Freundlich model than the Langmuir model. 

Kalyani et al.34 reported that adsorption of zinc 
and copper on Gallus Domesticus shell powder 
followed both Freundlich and Langmuir models. 
Souag et al.35 and Israel et al.36 computed the 
Freundlich adsorption isotherm for their 
experimental data. 

In order to anticipate the Zn (II) adsorption 
efficiency by chitin crustaceous shell and to 
understand whether the process is favorable or 
unfavorable for the Langmuir type adsorption 
process, the isotherm shape can be classified by 
the dimensionless equilibrium parameter (R), 
and can be calculated as following: 

L
0

1
R (4)

1 bC
=

+
 

Where RL, Co, and b are the dimensionless 
equilibrium parameter or separation factor, the 
initial Zn (II) concentration (mg/l), and the 
Langmuir constant (mg/l), respectively. The 
value of RL (constant separation factor) indicates 
the shape of the isotherms to be either linear  
(RL = 1), favorable (0 < RL < 1), irreversible  
(RL = 0) or unfavorable (RL > 1). The data 
obtained in table 3 represent a favorable 
adsorption for both adsorbents. 

A comparison of the maximum capacity qmax 
of chitin crustaceous shell with those of some 
other adsorbents reported in the literature is 
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Figure 6. Influence of contact time on Zn (II) uptake by chitin crustaceous shell 

 
Table 2. Kinetic model constants during Zn (II) biosorption at pH 7 

Adsorbents qe (exp) mg/g Pseudo first-order kinetics Pseudo second-order kinetics 
K 1 (10−4) qe R2 K 2(10−4) qe R2 

Chitin shrimp shells 7.64 149 10.01 0.9577 5.4 12.562 0.9815 
Chitin crab shells 3.58 156 4.8128 0.9686 23 4.677 0.9918 

K1: The pseudo-first order rate constant (1/min); qe: The amount of metal sorption at equilibrium (mg/g);  
R2: Correlation coefficient; K2: The pseudo-second order rate constant (g/mg/min) 

 
Table 3. Langmuir and freundlich isotherm constants and correlation coefficients 

Adsorbents RL Freundlich model Langmuir model 
K f n R2 qm b R2 

Chitin shrimp shells 0.447-0.89 0.9664 1.1544 0.9992 270.270 0.00247 0.9783 
Chitin crab shells 0.52-0.915 0.6013 1.2119 0.9973 181.181 0.00184 0.7391 

RL: Constant separation factor; R2: Correlation coefficient; Kf: Freundlich isotherm constant; qm: The maximum 
adsorption capacity (mg/g); n: The Freundlich constant; b: The Langmuir constant  

 
given in table 4. Differences of metal uptake are 
due to the differences in properties of each 
adsorbent such as structure, functional groups 
and surface area. 

Conclusion 

The results of the present investigation show 
that chitin crustaceous shell has considerable 
potential for the removal of Zn (II) ions from 
aqueous solution. The adsorbed amounts of Zn 
(II) increased with a decrease in adsorbent 
dosage due to the decreasing number of 
unsaturated adsorption sites. The solution pH 
plays a significant role in influencing the 
capacity of an adsorbent towards Zn (II) ions. 
An increase in the pH of solutions leads to a 
significant increase in the adsorption capacities  

Table 4. Comparison of maximum capacity of chitin 
crustaceous shell for zinc adsorption with other 
adsorbents 

Adsorbent Uptake (mg/g) Reference 
Bentonite 52.91 37 
Red mud 12.59 37 
Bacillus subtilis 137.00 37 
Fungal biomass 98.00 37 
Lignin 95.00 37 
Scarp rubber 100.00 37 
Crab carapace 172.50 37 
Amberlite IRC-718 156.89 37 
Chitosan 58.83 37 
Lewatit TP-207 89.56 33 
Biosolids 36.87 33 
Powered waste sludge 168.00 33 
Neem bark 137.67 33 
Neem leaves 147.08 33 
Chitin shrimp shells 270.27 This study 
Chitin crab shells 181.18 This study 
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of Zn (II) on the chitin crustaceous shell. The 
adsorbed amounts of Zn (II) ions increased with 
increase in contact time and reached the 
equilibrium after 180 min. The equilibrium data 
have been analyzed using Langmuir and 
Freundlich isotherms. The Freundlich isotherm 
was demonstrated to provide the best 
correlation for the adsorption of Zn (II) on the 
chitin crustaceous shell. The pseudo-first-order 
and second-order kinetic models were used to 
describe the kinetic data. The dynamical data fit 
well with the second-order kinetic model. The 
uptake of zinc by chitin crustaceous shell in this 
study is comparable with other adsorbents 
reported in the literature. The results showed 
that zinc uptake by chitin crustaceous shell in 
this study was significantly higher than most of 
the selected biosorbents. 
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AbstractAbstractAbstractAbstract 
Dental offices produce a variety of dangerous wastes during normal business day. Most of these waste are non-
hazardous that can be managed as household wastes; however, some component are hazardous and can pose a 
risk to human and the environment if discarded to Municipal Solid Wastes. These types of wastes must be 
managed separately. Therefore, the aim of this study was to assess the component and production rate of dental 
waste in Sari city, northern of Iran in 2011-2012. A descriptive cross-sectional study was conducted on 64 private 
dental practices from 146 available dental clinics in Sari city using a checklist and questionnaires which contain 
25 questions and items. Dental wastes were weighed to determined qualitative and quantitative analysis. The data 
were analyzed using SPSS and MS-Excel. The results indicated that 77% of produced wastes were non-hazardous. 
The acceptable level management was observed only in 3.7% offices. The most desirable element management 
was accurate collecting (30.88%) in these offices. In general, it can be concluded that there is no proper 
management of wastes in dental centers of Sari. The mercury recycling is required for optimal management of 
dental waste. Furthermore, the dentists’ education must be takes place to perform the management activities 
including reduction, separation and recycling inside the office. 
KEYWORDS:KEYWORDS:KEYWORDS:KEYWORDS: Waste Management, Dental Waste, production 
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Introduction1    

Dental waste is one of the high sensitivity 
environmental problems due to its hazardous 
toxic and pathogenic factors, including 
pharmaceutical, chemical, radioactive, infectious 
and sharp wastes.1 Dental wastes are relatively 
new environmental issues that have been focused 
more in recent years and have been conducting 
several studies in different countries.2 

Generated wastes at the dental centers are 
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contained various types. Blood and bloody 
tissues, sharp objects, heavy metals, paper, 
cardboard, glass, gloves and many other 
materials, which are produced in these centers 
can be classified as infectious, non-infectious, 
hazardous, household and administrative 
wastes, etc.3,4 The fixer and developer drugs, 
which are used in advent and X-ray processes 
contain hazardous material.5 The conservation 
and recovery act Section11008(a) includes 
guidelines and information toward the medical 
waste and production centers. This information 
includes the quantity and quality of waste and 
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its production facility and its proper 
management method. Dental clinics and offices 
produce such wastes.6 

Some products in dentistry clinics, such as 
amalgam, contain mercury. Approximately, 
10,000 tons per year of mercury is extracted, and 

it is estimated that about 3-4% is used in dentistry 
of Australia.7 The most important work that can 
be performed in the field of efficient dental waste 
management is to prevent waste component to be 

mixed, because of their different characteristics. 
Therefore, management method must be 
regulated based on such properties.5 Although 

hazardous wastes have a small fraction of dental 
wastes, however, they need to be managed 
correctly, otherwise they can transmit the disease 
agents, such as HIV and hepatitis B virus, and 

other infectious agents. They also can have 
negative environmental impacts, caused by heavy 
metals and radioactive components.4,8 

Collection, recycling and disposal of dental 
wastes depend on their component. Radioactive 
waste must be separated from other wastes. 
However, infectious and sharp wastes must be 

collected separately in a puncture resistant 
container.8 The studies in Hamadan2 and 
Qazvin, 9 Iran, Palestine and India8,10 showed the 

amount of produced and specific dental waste 
management. 

Therefore, the aim of this research was to 
assess the component and production rate of 
dental wastes in Sari, Iran. 

Materials and Methods 

This is a descriptive cross-sectional study which 

it is conducted on 64 offices (which participate in 
this study) from 146 private dentistry offices and 
dentists clinics in Sari city. The data about 
management method of each parameter was 
collected by observation, interviews and 
questionnaires. The questionnaires were 
consisted the 25 questions.5 The offices with 
negative total points had poor management 
level, point of 0-5 had average management level 
and more than 5 point had top management 
level.5 The produced wastes were weighed using 
a scale (Vidas, model: vi4051). The production 
per capita was determined by referring to 14 
randomly selected offices. Various components 
of wastes (non-hazardous, sharp and infectious 
wastes, etc.) were weighed, and the number of 
visiting people was recorded at a special table. 
Then, the amount of production per capita was 
calculated with whole produced waste divided 
to the number of visiting people. The collected 
data were analyzed by the descriptive statistic 
using the using SPSS for Windows (version 18.0, 
SPSS Inc., Chicago, IL, USA). 

Results and Discussion 

Quality and quantity of dental wastes 
The amount of generated waste generated 
wastes per capita and percent of each part of the 
wastes are shown in table 1. The maximum 
production rate in dental clinics was related to 
common waste (77.06%). 
Dental waste management 
The results indicated that there are low, 
average and acceptable levels of management 
in the studied offices, 51.85%, 44.45% and 
3.7%, respectively. 

 
Table 1. Produced waste in dental offices of Sari w ith 6 ± 2 visited persons per day 
 Infectious waste Safety box wastes Common wastes 

Average of waste produced in day (g) 98.16 ± 24.38 19.66 ± 3.55 395.83 ± 96.56 

Maximum (g) 122.00 25.00 520.00 

Minimum (g) 60.00 15.00 270.00 

Per capita (g) 16.82 3.37 67.85 

Percentage (%) 19.10 3.83 77.06 
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Figure 1 shows that the positive activity in 
various stages of dental waste management is 
very poor except for waste separation. 

According to the results obtained by the 
questionnaire, proper waste disposal was 
observed in 3.84% of clinics. Also, the proper 
wastes are collecting, with regarding time, place 
and collecting along with municipal wastes 
observed in 30.88% of the studied clinics. 

Table 2 presents the management methods of 

different parts of dental wastes, obtained by 
questionnaires. Mostly, the recycling and 
separation was poor, and the dangerous wastes 
were released directly into the trash or  
sewer system. 

The reduction of waste generation is the first 
priority in solid waste management. While the 
results of this study indicated that there is no 
program for waste reduction in 69.2% of the 
Dental offices of Sari (Figure 1). 

 

 
Figure 1. The percentage of the functional element of dental solid waste management in Sari 
 
Table 2. Method for dentistry offices waste managem ent in Sari based on questionnaires 

Type of waste Management method Percent of clinics 

Amalgam wastes 
Discharge into toilet, Trash and sewer system 91.7 

Recycling 8.3 

Empty amalgam capsules 
Recycling of residues amalgam and then disposed to trash 30.4 

Unloading to trash 69.6 

Radiographic film pocket 
Unloading to trash 78.9 

Separation and recycling of lead foil and disposal of residues part into trash 21.1 

Fixer 
Discharge to toilet and sewer system 94.4 

Recycling 5.6 

Developer 
Discharge to toilet and sewer system 94.7 

Recycling 5.3 

Sharp wastes 

Using of Safety box, cutter 78.9 
Temporary storage in various containers and then disposed of them with 

the container into the trash 
11.5 

Directly dispose in trash 9.6 
Method of sterilization of dental 
instrument and equipment 

Using of autoclave and combination of sterilizing agents (oven, autoclave, 
disinfecting and sterilizing solutions) 
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Therefore, to gain the optimum waste 
management, it is vital to pay attention to waste 
reduction. Waste reduction program is applicable 
by using reusable dental equipment and 
instrument, and products with less packaging.5 A 
study by Sudhakar and Chandrashekar indicated 
that 39.1% of respondents did not separate their 
extra amalgam or mercury; but, disposed it to 
municipal solid wastes.11 According to the 
results, dentists had no plan for waste recycling 
in their offices. Therefore, educational programs 
are essential to improving their knowledge and 
attitudes on waste management programs, which 
can lead to increase their participation in such 
programs. As can be seen from table 1, the 
highest percent of the wastes are common or 
semi-domestic wastes. The most important work 
that can be performed for optimum dental waste 
management is to prevent dental wastes to be 
mixed up, due to their different component and 
characteristics (infectious, toxic, semi-domestic 
and etc.), which requires different management 
methods. Kizlary et al. investigated the 
composition and production rate of solid waste in 
4 dental labs in Xanthium of Greece. These four 
centers produced 75% of total solid waste of this 
state. The sampling was done in 2 month and the 
samples were divided in to three groups: (a) the 
infectious and potentially infectious wastes, (b) 
none-infectious wastes, (c) house hold wastes. 
The amount of these groups was 74%, 26%, 0.5%, 
respectively. This amount was 0.007% of 
municipal solid wastes in this state.3 Rezai et al. 
conducted a survey on the weight and volume of 
the infectious waste from offices, laboratories, 
dressings and private radiology in Shiraz city in 
2004. They observed that the maximum amount 
of infectious waste (62.2 Kg and 666 L) was 
produced in dental clinics.12 

A part of the results from the questionnaire is 
shown in table 2. According to this table, 84% of 
the dug-out amalgam particle from patient’s teeth 
and 4.2% of the excess residual amalgam is 
discharged to the wastewater. One of most 
common material in tooth restoration is 

amalgam.9 The study of Sushma et al. indicated 
that 97.9% of dentists were aware of waste 
management policy. About 47.9% of them 
delivered the wastes without separation and 
disinfection to municipal waste collectors, 42.7% 
of gases and bloody swabs were placed in special 
color-coded plastics. 32.2% of dentists were 
delivered the collected residual amalgam to 
waste management services and 85.4% of dug-
out amalgam from teeth is poured into wastes 
directly.10 A study by Ogden et al. in dental 
clinics of northern Sweden showed that only 36% 
of dentists separated the mercury or the residual 
amalgam.13 Treasure and Treasure  were studied 
disposal of hazardous wastes in dental offices in 
New Zealand. The results of 767 filled 
questionnaires showed that 56.4% of dentists 
were covered the bloody swabs by wastes paper. 
Only 24.4% of infected and sharp wastes were 
collected in common wastes. Qualitative 
interviews with dentists indicated that they did 
not have the knowledge on the infected wastes 
disposal. The Government regulations on waste 
disposal did not motivate dentists to care for the 
guidelines. There were no specific waste disposal 
services in some areas, and some dentists did not 
embrace special services due to the high cost.14 
Results of this study showed that dental’s units 
were not equipped by amalgam filter. Thus, 
using units equipped by amalgam filter is 
effective to achieve optimal management of 
generated wastes. For example, Germany has 
decreed all dentistry to use an amalgam separator 
and remover with at least 95% removal 
efficiency.15 The study of Jamie in Montana of 
USA indicated that the mercury was disposed of 
by 79% of dental offices in Bio-hazardous 
materials storage containers and is burned along 
with other bio-medical wastes. 13% of the dug-
out amalgam from teeth was poured in wastes. 
Only 5% of dentists recovered the empty capsules 
of amalgam. 70% of dentistry disposed of the 
empty capsules in municipal solid wastes, and 
20% of capsules were putted in bio-hazardous 
containers.16 In the present study, 69.6% of empty 
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amalgam capsules were disposed of in the trash. 
Using of mercury storage kit is another method to 
manage the generated amalgam. The results of 
this study showed that 95.85% of dentistry did 
not use storage kits. Fixer liquid along with 
advent solution is widely used for oral radiology. 
The fixer liquid is classified as a hazardous 
material because it contains a high concentration 
of silver, and should not be directly discharged 
into sewer or trash. Silver recycling is the best 
method for its management. However, only 5.6 
percent of the offices in the present study used 
this method for the management of fixer drug. If 
fixer liquid is not mixed with the developer 
solution (hydroquinone + potassium hydroxide), 
it can be discharged in sewer.15 

It is contained 50% of mercury approximately 
which are combined with silver, tin and other 
metal in lower amount.17 Mercury should not be 
entered into the septic tank because it is a toxic 

and hazardous material and can lead to 
groundwater contamination.15 Several methods 
may be used to control dental’s mercury 
discharges, e.g. dental mercury control by 

development of Best Management Practices 
(BMP) is one of the choices. For example, laws of 
installation of amalgam separator in many states 

of USA are considered as a type of BMP.18 In this 
study, the autoclave were applied in 48.1% of the 
offices to sterilize the dentistry equipment, and 
51.9% used the combined methods (autoclave, 

oven, disinfecting and sterilizing solution). In 
another survey by Cannata et al. it was reported 
that all clinics used autoclave for sterilization. 

Chemical disinfectant solutions were used in 12 
clinics from 14 clinics that were performed the 
superficial disinfection mainly. In five clinics, 
there was a separate section for contaminated 

wastes storage.7 
Although, in recent decades, the institutions, 

dental associations and government agencies 
have been issued various guidelines and 
recommendations to observe the principles of 
infection control,19 which can lead to improve the 
principles observance; but, these 

recommendations and guidelines was not 
enough. Failure to comply with the law by 
dentists, increasing the number of patient with 
AIDS and hepatitis B and C, and, consequently, 
the increasing transmission risk of these diseases 
in the dental center has led many people to be 
frightened and anxious about being treated by 
the dentist, and going to the centers.1 

Assurance of proper sterilization operation by 
these devices is effective step to controlling the 
transmission of infectious via dentistry’s 
equipment. In addition, knowledge on the proper 
application of disinfectant solutions can reduce 
contaminations discharged into sewer systems. 

Conclusion 

Generally, it concluded that there is no proper 
management of wastes in dental centers of Sari. 
It is recommended that the increasing the 
knowledge of dentists about reduction, 
separation, and recycling of wastes is essential to 
achieve the proper management of dental 
wastes. In the next step, clear codification must 
be done to restrict the using of certain toxic 
compound and their discharge to sewer and 
trash, and, also, continuous monitoring 
implementation of such codifications. 
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AbstractAbstractAbstractAbstract 
Biofilm is communities of microorganisms attached to the surface and is able to concentrate metal species within 
their cell structure. Therefore, the aim of this study was to produce Escherichia coli biofilm on zeolite (clinoptilolite) 
and evaluate its ability for nickel (Ni) and chromium (Cr) adsorption from aqueous solutions. A laboratory-scale 
batch model was used for biodsorption assay. The effect of initial metal concentrations and pH on the removal 
efficiency was studied. Two isotherm equations were used for analyzing the experimental data. The results showed 
that Ni uptake by biofilm were higher than Cr. The biosorption process was best described by the Langmuir model. 
Fourier transform infrared confirmed that there are some functional groups on the biomass surface that may 
interact with the metal ions. It is concluded that the biofilm is very promising for the removal of metal ions from 
aqueous solution and hence may be encourage the utilization of biofilm in environmental applications. 
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Introduction1    

Environmental pollution by heavy metals has 
led to serious problems for humans and other 
organisms in the environment due to their 
nonbiodegradability and accumulation in the 
living organisms.1-3 Conventional methods for 
removing heavy metals from industrial effluents 
contains various processes such as precipitation, 
coagulation, ion exchange, electrodialysis, 
electrocoagulation, reverse osmosis, evaporation 
and filtration.4,5 However, most of the above 
mentioned processes have significant economic 
and technical limitations such as low efficiency, 
high sludge production, disposal of sludges 
containing large amounts of heavy metals, need 
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for specific chemicals and expensive 
regeneration process.4,6 Therefore, it is 
recommended to find new alternatives and 
biosorption can be considered as a new method.3 

Biosorption is a process in which formation of 
usually chemical bonds between metal ions and 
functional groups on the surface of some 
biomaterials; such as bacteria, fungi, algae and 
agricultural residues; leads to separation of 
metals from aqueous solution. Biosorption 
mechanism is usually related to the chemical 
bonding between the adsorbent functional 
groups (metabolically mediation uptake) and 
the metal ions or ion-exchange reaction due to 
the high ion exchange capacity of the biosorbent 
(physicochemical adsorption). Economical 
nature and an ecofriendly behavior are the 
major advantages of a biosorption. Hence, is 
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being developed as an alternative to 
conventional methods for the removal of heavy 
metals. However, high affinity for metal uptake, 
rapid uptake and maximum adsorption capacity 
are some of the significant factors that should be 
considered in biosorbent selection. Most 
microorganisms such as bacteria, fungi, yeasts 
and algae are able to concentrate metals from 
aqueous solutions and to accumulate in their cell 
structure.7 Among the various biosorbents, 
bacteria because of their small size, ubiquity, 
growing under controlled conditions and 
adaptation to a broad range of the 
environmental situation are used as an efficient 
biosorbents.5,7 Bacteria can produce macro-
molecules, known as extracellular polymeric 
substances (EPSs), which is important in the 
development of biofilms.5,8 ESP is mainly 
composed of polysaccharides, nucleic acids, 
proteins, lipids or humic substances which 
contain several functional groups such as the 
carboxyl, amine, hydroxyl and phosphoric 
groups.5,9 Among various functions of ESP in 
biosorption processes , the most important ones 
are adhesion to cell surfaces and accumulation 
of elements from the environment.9,10 However, 
batch adsorption of pollutants and possible 
exiting from the reactor are two major problems 
of biofilm that reduce efficiency and cause 
operational problems.3,6,9 Therefore, a supported 
media for biofilm can be useful to reduce the 
above problems. 

Several synthetic and natural materials have 
been used as supporting materials for bacterial 
biofilms. Among the various media, materials 
with a porous structure and high adsorption 
affinity to pollutants and biofilm would be a 
suitable alternative. Since zeolite has ion-
exchange properties, thus it can be used as a 
supporting media for the bacterial biofilms. 
Zeolite is a mineral with a crystalline structure 
and contains numerous microscopic pores.11 Ion-
exchange properties of zeolite are the main 
reason for metals uptake. However, other 
mechanisms such as pore structure and surface 
charge are also involved in metals uptake.12 

Based on the zeolites chemical structure, and the 
amount of exchangeable cations in their 
chemical structure, zeolites can show different 
capacities for metals uptake.12,13 As other 
researchers have pointed out, raw zeolite is 
considered as an available and low cost material 
with different capacity for heavy metals’ 
uptake.11,13 Wingenfelder showed raw zeolite 
has a high capacity to absorb lead but, its ability 
to adsorb cadmium is less.14 Adsorption capacity 
of zeolite can be increased by modification of 
their chemical structure or surface properties. A 
new method for this purpose is surface coverage 
of zeolite by a specific biofilm by which not only 
continuous treatment is applicable by biofilm, 
but also keeps it within the reactor.3,6,7 For 
example, Quintelas et al. used Escherichia coli 
biofilm on granular activated carbon for the 
adsorption of hexavalent chromium (Cr) from 
industrial wastewater.3 this study aimed to 
investigate the ability of a E. coli biofilm , an 
effective agent for metal adsorption, supported 
on zeolite (clinoptilolite) for the removal of 
nickel (Ni) and Cr from aqueous solutions. 

Materials and Methods 

The bacterium E. coli (PTCC 1330) was obtained 
from Iranian Research Organization for Science 
and Technology. Heavy metals stock solutions 
were prepared by diluting K2Cr2O7 and NiCl2 
(6H2O) in distilled water. Atomic absorption 
spectrometric standards were prepared from 
1000 mg/l metal solutions. The clinoptilolite (a 
natural zeolite) was obtained from Afrandtooska 
Co. The chemical compositions of clinoptilolite 
are given in table 1. 

Medium for growth of E. coli was prepared 
using 5 g/l beef extract, 10 g/l peptone, 5 g/l 
NaCl at pH 7.2. The prepared medium was 
sterilized for 20 min at 121°C, cooled to room 
temperature, Inoculated with bacteria and kept 
at 37°C for 24 h with moderate stirring in 
incubator. Batch adsorption experiments were 
conducted using 2 g of clinoptilolite with 15 ml 
of E. coli culture media and without E. coli (for 
comparison purposes) and 100 ml of the 
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different concentration of Ni and Cr solutions 
varied between 50 mg/l and 1000 mg/l in 250 
mL beaker. The beakers were stirred at a 
constant rate of 120 rpm at 37°C for about 10 
days (time required to reach an equilibrium, 
accordingly to previous studies).1,3 Then, 1 ml 
samples were taken, centrifuged and analyzed 
for metal ions concentrations. The determination 
of metal ions concentrations was performed by 
atomic absorption spectrometry (PG-990, 
England). The Fourier transform infrared  
(FT-IR) spectra of biosorbents were taken in KBr 
pellets using a Tensor 27 spectrophotometer 
(Bruker Optik GmbH, Germany). 
 
Table 1. Chemical composition of clinoptilolite 

Component Weight (%) 

SiO2 66.50 

Al 2O3 11.80 

TiO2 0.20 

Fe2O3 1.30 

CaO 3.10 

MgO 0.70 

K2O 3.00 

Na2O 2.00 

P2O5 0.01 

L.O.I. 12.00 

 
Biosorption capacity was determined from 

the difference between the initial and residual 
concentrations of the metal ion in the solution at 
the sampling time as follows:15 

i t
t

V(C -C )
Q =

m  
where Qt is the amount of metal adsorbed per 

unit mass of biodsorbent at a given time (mg/g), 
V the volume of solution (L), Ci and Ct are the 
initial concentration and the residual 
concentration of metal ions at a given time 
(mg/l), and m is the dry weight of the 
biosorbent (g). In order to evaluate the 
biodsorption capacity, the experimental data 
were fitted to Langmuir and Freundlich 
isotherm models. 

Results and Discussion 

The solution pH is one of the most important 
factors that affect biological sorption process, 
because of its effect on the charge state of metals 
and also adsorbent surface. Therefore, effect of 
pH on studied metals uptake by zeolite and 
biofilm was evaluated and shown in figure 1. As 
is known, the cationic metals’ adsorption 
efficiency is lower at acidic pH. It was observed 
that Ni and Cr uptake increased with increase in 
pH up to pH of 6 and then it decreased with any 
further increase in pH. It is clear that at pH below 
6, hydrogen ions compete with positive charge 
ions for adsorption sites. Therefore, this condition 
limits the access of Ni ions to the adsorption sites 
and decreases Ni removal.3 Furthermore, at 
alkaline pH values, the adsorption of Ni 
decreases because soluble hydroxylated 
complexes of the metal ions is formed and 
compete with Ni for adsorption sites.16 According 
to Bhattacharyya and Gupta, biological uptake of 
Ni decreases at pH values higher than 8 due to 
precipitation of Ni ion as a hydroxide.17 Based on 
other studies, the optimal pH for the biosorption 
of Ni was around 6 due to the effect of pH on 
metal speciation and metal binding sites on the 
biomass surface.18-20  
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Figure 1. Effect of pH on the uptake of nickel and 
chromium by zeolite/biofilm (C0 = 10 mg/l) 

 
Cr adsorption changes trend at different pH 



 

 

 
 

http://jaehr.muk.ac.ir 

Removal of Ni and total Cr using E. coli Ebrahimi et al. 

  J Adv Environ Health Res, Vol. 2, No. 2, Spring 2014       129 

is similar to Ni. For pH values higher than 6, the 
formation of hydroxyl complexes of Cr and 
increasing the number of hydroxyl ions in the 

solution and its competition with CrO�
� for 

adsorption sites on the surface of the adsorbent, 
are the most reason for decreasing of Cr uptake.7 
At pH lower than 6, Cr is in an anionic state and 
its biosorption decreases due to the competition 
with ions like nitrate ion from nitric acid that is 
used to adjust the pH and maintenance of low 
acidic condition.20 Hence, in this study all 
adsorption experiments carried out in pH value 
of 6. 

Figure 2 shows the effect of initial 
concentration of Cr and Ni on the removal of 
studied metals and their uptake. As is clear, the 
equilibrium adsorption capacity for the 
adsorption of Ni and Cr ions increased with 
increasing their initial concentration. In fact, in 
the solution with a high metal concentration, 
ions can be adsorbed better. While the removal 
efficiency showed the reverse trend. Hence, the 
metal removal rate decreased with increase in 
initial concentration. The maximum amount of 
Ni adsorbed per mass of adsorbent (zeolite and 
zeolite/biofilm) for concentrations of 10, 30, 50, 
70, 90 and 110 mg/l were obtained 0.53, 1.26, 
1.85, 2.45, 2.7 and 2.75 for zeolite and 1.01, 2.41, 
3.96, 5.23, 6.21 and 7.46 for zeolite/biofilm, 
respectively. Instead, the removal percentage 
decreased from 53% to 25% for zeolite and from 
88 to 59 for zeolite/biofilm with increasing of Ni 
concentration from 10 to 110 mg/l. Similarly, the 
maximum amount of Cr adsorbed per mass of 
adsorbent (zeolite and zeolite/biofilm) for 
concentrations of 10, 30, 50, 70, 90 and 110 mg/l 
were obtained 0.4, 1.14, 1.9, 2.1, 1.98 and 2 for 
zeolite and 0.8, 2, 2.81, 3.22, 3.2 and 3.3 for 
zeolite/biofilm, respectively. Instead, the 
removal percentage decreased from 40% to 18% 
for zeolite and from 70 to 26 for zeolite/biofilm 
with increasing of Cr concentration from 10 to 
110 mg/l. These results are shown in figure 2. 

In the adsorption process, the initial 
concentration of ions in solution has a key role 
as a driving force to overcome the mass transfer 
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Figure 2. Effect of initial metal concentration on uptake 
values of nickel and chromium 

 
resistance between the liquid phase and solid 
phase. Thus, it is expected that with an increase 
in metal ions the metal uptake will increase.21 
The results showed that Ni and Cr uptake rate 
were relatively high at the beginning of the 
process due to abundance available adsorption 
sites. However, the number of active sites for the 
adsorption gradually decreases with an increase 
in process time and the adsorption rate slightly 
decreased, leading to the formation of the 
adsorption equilibrium. At low metal 
concentrations, adsorption sites are available 
and could easily be occupied since the ratio 
between the number of metal moles in solution 
and available surface area is low. Therefore, 
absorption is independent of the initial 
concentration. Nevertheless, at high 
concentrations of metal the removal efficiency is 
dependent on the initial concentration because 
the number of available sites is less than the 
number of metal moles. Horsfall et al. stated 
when the initial concentration increases, the 
removal rate decreases. At higher concentration, 
the number of ions competing for the available 
binding sites on the biomass surface increases 
and thus reduces the number of binding sites.22 
Meanwhile, at higher concentration, the average 
distance between the adsorbed species will be 
reduced, which affects the distribution of surface 
charge. Thus, the ability of adsorbate to migrate 
to the adsorbent surface changes and, as a result, 
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the fixation reduces.7 Akhtar et al. showed that 
at high concentrations, the absorption is 
insignificant due to saturation of the binding 
sites of biosorbent.23 However, increase in the 
biomass capacity at higher concentrations can be 
related to differences in metal ion concentration 
gradient between the solution and inside of the 
microbial mass.7 Finally, at very high 
concentrations of metal ions, solid-liquid 
equilibrium is limited by diffusion of metal ions 
into the microbial mass.7 In other words, the 
metal ions should diffuse through intraparticle 
diffusion into the biomass surface, and this 
mechanism is slow.20 Also, comparison of the 
results of the adsorption of studied metal ions 
by zeolite with and without biofilm bacteria 
showed better results in the adsorption process 
when the bacterial biofilm is used, which 
confirms the important role of biofilms in 
biological uptake. In fact, zeolite provides 
necessary surface for biofilm development and 
then biofilm provides a high concentration of 
biomass per unit volume hence bacteria can 
remain inside the reactor for an unlimited 
period, resulting in increased electrostatic 
interactions between metal ions and 
extracellular polymers.7 Functional groups 
responsible for the bioadsorption process are 
mainly carboxyl, hydroxyl, carbonyl, sulfonate, 
amide, imidazole, phosphonate and 
phosphodiester groups. Most of these groups 
exist on E. coli biofilms, leading to their 
interaction with metal ions.20 This fact has been 
confirmed by Pradhan et al.24 

Comparison of biosorption performance 
showed differences between Ni and Cr uptake. 
As Ni showed better results. Chemical 
properties of metals (valence, electronegativity, 
ionic radius and atomic weight) and properties 
of the biomass (structure, functional groups and 
surface area) cause the main differences in 
biosorption capacity.16 Accordingly, the 
electronegativity, ionic radius and atomic 
weight of Ni are 1.8 Pauling, 69pm and 58.7 u, 
respectively, and for Cr they are 1.6 pauling, 44 

pm and 51.99 u, respectively.16,20 Ni has a higher 
electronegativity than Cr and then better 
retentions on the biomass surface, which 
promotes the penetration into the EPSs.20 

Despite the lower ionic radius and atomic 
weight of Cr, which promotes Cr ions 
penetration into the polymeric net, low 
adsorption capacity of Cr is justified by its 
anionic state.20 This unexpected result may also 
be related to xenobiotic effect caused by the Cr 
ions on the bacterium biofilm. Since metal 
binding to the bacterial biofilm is a metabolic 
pathway that is sensitive to the metal toxicity.20 
Barros et al. expressed the low removal of Cr by 
the zeolite is related to the difference between 
big anionic radius of Cr and the porous 
diameter of the zeolite and also the strong 
propensity of Cr to form complexes in the 
aqueous solution.25 
Adsorption isotherms are an important factor in 
system design and describe the interaction 
between the adsorbent and adsorbate. Two 
different models–Langmuir and Freundlich – 
were fitted, and sorption isotherm parameters 
calculated by linear regression (Figures 3 and 4) 
for the best fit and are shown in table 2. 

When zeolite was used as the adsorbent, the 
best fit for Cr was obtained with the Langmuir 
isotherm (R2 = 0.95) and for Ni the best fit was the 
obtained with the Freundlich isotherm (R2 = 0.98). 
However, when zeolite/biofilm was used, the 
best fit for Ni and Cr was obtained with the 
Langmuir isotherm. Langmuir coefficients of 
determination (R2) for Ni and Cr adsorption were 
obtained 0.98 and 0.95, respectively, which 
indicating a good fit of the Langmuir monolayer 
model for the uptake of Ni and implies a good 
mathematics adaptation. It may due to the 
homogeneous distribution of adsorption sites on 
the adsorbent surface. Langmuir isotherm 
assumes the adsorbent surface as homogeneous. 
However, Freundlich isotherm is important 
because it do not assume a homogeneous surface. 
According to the results, it is observed that the 
Freundlich model well describes the uptake of Ni 
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by zeolite. As shown in table 2, the value of QL 
for Ni is 3.96 mg/g, which is about 1.52 times 
larger than that for Cr, showing a higher 
biodsorption capacity of the biosorbent for Ni 

than that for Cr. A similar observation was 
reported by Quintelas et al.3 for higher 
biodsorption capacity of the biosorbent for 
Ni.5,20 

 

 
Figure 3. Biosorption isotherms of nickel and chromium based on the Langmuir model 

 

 
Figure 4. Biosorption isotherms of nickel and chromium based on the Freundlich model 

 
Table 2. Parameters of Langmuir and Freundlich isotherms for biosorption of Ni and Cr 

Type of adsorbent Type of metal 
Freundlich model Langmuir model 

KF (mg/g) bF (l/g) R2 KL (L/g) QL (mg/g) R2 
Zeolite 

Ni 
0.21 0.60 0.98 0.047 10.29 0.87 

Zeolite + biofilm 0.33 0.84 0.96 0.031 3.96 0.98 
Zeolite 

Cr 
0.15 0.65 0.94 0.400 2.87 0.95 

Zeolite + biofilm 0.57 0.44 0.94 0.046 2.60 0.95 
Ni: Nickel; Cr: Chromium; KF: Freundlich constant; bF: Degree of linearity between the solution concentration and the amount adsorbed;  
R2: Linear regression coefficient; KL: Langmuir constant related to the affinity of binding sites; QL: Lagmuir adsorption capacity 
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Figure 5 shows the FT-IR spectra of unloaded 
and metal loaded microbial biomass in the range 
of 1000-4000/cm. This spectrum was performed 
to determine the functional groups that might be 
responsible for the biosorption process. As the 
unloaded biomass spectrum shows, there are a 
number of absorption peaks, which reflecting 
the complex nature of the biomass. Based on 
the results obtained by Volesky26 and Pavan et 
al.27 hydroxyl, carbonyl, carboxyl, sulfonate, 
amide, imidazole, phosphonate and 
phosphodiester groups are main functional 
groups responsible for a biosorption process 
which some of them present on the E. coli 
biomass. Comparison between the spectra 
showed that unloaded biomass spectrum has a 
slight change in certain bands after uptake of 
metals. Therefore, these changes indicate a 
possible role of those functional groups in 
biosorption process. 

Conclusion 

This study was conducted to determine the 
ability of zeolite with and without E. coli biofilm 
for biosorption of Ni and Cr. It was found that 
the biosorption process is pH-dependent for 
both metals, and the maximum uptake was 
obtained in the pH of 6. 

The equilibrium adsorption capacity for 
metal uptake increased with increasing initial 
concentration while the removal efficiency 
showed a reverse trend. The best isotherm fit 
for Ni and Cr was obtained with Langmuir 
model. FT-IR analyses showed that the main 
functional groups on the biomass were 
hydroxyl, carboxyl and phosphate groups that 
may be the main binding sites for biosorption 
of the Ni and Cr by E. coli. The presence of the 
biofilm increased the uptake efficiency of the 
zeolite that confirms the important role of 
biofilms in the adsorption process. 
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