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a b s t r a c t
Arsenic contaminated water is a serious threat to human health. Therefore, the aim of this study 
was to use a new method of stabilization of ZnO/TiO2 on activated carbon (I ZnO/TiO2) for the 
effective removal of arsenic from aqueous solutions. In this experimental study, a container with 
a useful volume of 3.14 L (height of 40 cm and diameter of 10 cm) was used. For this purpose, 
four main factors including pH (3–11), nanosorbent dose (1–3 g/L), initial arsenic concentration 
(1–10 mg/L), and reaction time (30–300 min) as effective factors in the arsenic removal efficiency. 
The results showed that arsenic adsorption increased with increasing contact time, adsorbent dose, 
and decreasing pH and arsenic concentration. A quadratic model was selected to estimate the 
removal of arsenic by the adsorption process with the modified adsorbent under study. The lin-
ear regression coefficient (R2) between experiments and different response values in the model for 
arsenic was >0.99. The optimal value for the studied variables was obtained for pH of 6.75, arsenic 
concentration of 9.76 mg/L, reaction time of 287.62 min, and nanosorbent dosage of 2.45 g/L. The 
maximum arsenic adsorption capacity under optimal conditions was predicted to be 4.53 mg/g. The 
results showed that the studied adsorbent for arsenic removal follows the Langmuir isotherm and 
quadratic kinetics (R2 > 0.99). The results of this study showed that the adsorption process using 
nano-photocatalytic adsorbents of TiO2 and ZnO has relatively high efficiency in arsenic adsorp-
tion and can be used as a suitable complementary treatment method for water and wastewater 
containing carcinogenic heavy metals such as arsenic.
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1. Introduction

Increasing the concentration of heavy metals in aquatic 
environments is a serious problem that threatens surface and 
groundwater resources [1–3]. Heavy metals due to natural 

interactions or due to human presence in the environment 
and discharge of contaminated effluents, mining, or exces-
sive use of water resources and as a result, increasing the 
concentration of these materials leads to non- compliance 
of water properties with the declared standards, and 
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therefore, it cannot be used without treatment and removal 
of heavy metals [4–7]. Heavy metals and metal complexes 
in aqueous media have different functions, which are 
dependent on the environmental conditions, the colloidal 
state of water, pH, ionic concentration of the solution, the 
colloidal concentration of metals, and the competition of 
metal cations. Even the presence of organic and inorganic 
ligands plays a role in it [8–10]. The most important issue 
about the pollution of aquatic environments with heavy 
metals is the excessive entry into the human body through 
water, food, and air. Lack of metabolism of heavy metals in 
the body causes accumulation and deposition in adipose 
tissue or muscle, bones, and joints, which generally causes 
neurological disorders (Parkinson’s, Alzheimer’s, depres-
sion), various cancers, brain deficiency, and hormonal 
imbalance [11]. Living organisms need very small amounts 
of heavy metals to continue growing and surviving, which 
are called trace elements, such as iron, cobalt, copper, mag-
nesium, molybdenum, vanadium, strontium, and zinc, and 
other heavy metals such as mercury, lead, and cadmium 
are not vital elements and do not have beneficial effects 
on the life of body organisms [12–14]. Arsenic sources vary 
in the environment; however, minerals, rocks, sediments, 
soils, fossil fuels, volcanic areas, and the atmosphere are 
generally arsenic sources. In natural waters, arsenic is often 
inorganic in the form of trivalent (arsenite) or pentavalent 
(arsenate) oxyanions. Organic forms of arsenic may form 
in surface waters as a result of biological activity but are 
not quantitatively significant [15]. Organic arsenic is often 
found in water polluted by industrial effluents. The con-
centration of arsenic in groundwater in most countries is 
less than 10 µg/L and is sometimes substantially much 
lower. However, some countries show arsenic levels in the 
range of 0.5–500 µg/L. This concentration has occurred 
due to natural conditions and factors [16]. Humans can 
be exposed to arsenic in a variety of ways. Waters from 
wells drilled in arsenic-rich soil layers, wells contaminated 
with industrial or agricultural wastes, contaminated dust, 
food contaminated with arsenic pesticides or grown with 
arsenic-contaminated water or arsenic-rich soil can expose 
humans to arsenic. For most people, dietary sources are the 
source of arsenic intake, and lower amounts are received 
from the climate [17]. The importance of arsenic is due to 
the disruption of DNA and RNA synthesis, which results in 
cancer. Increased births of exceptional children, low birth 
weight, abnormal births, and stillbirths are also observed 
due to the introduction of arsenic compounds. Chronic 
arsenic poisoning occurs after a long period (between 5 and 
20 d) of arsenic exposure, which symptoms of acute poi-
soning, including nausea, gastrointestinal pain, and diar-
rhea, immediately appear [18,19]. Symptoms of chronic 
poisoning have been caused by prolonged exposure to 
arsenic and include weight loss, chronic weakness, arsenic-
osis, cardiovascular disease, skin ulcers, and skin cancers. 
Exposure to arsenic, even in small amounts (0.05 mg/L), 
increases the risk of cancer of the skin, lungs, urinary 
tract, bladder, and kidneys. It also causes skin changes 
(causing dark or light spots on the skin). Increasing the 
thickness or yellow bulge on the skin and adverse effects 
on the nervous system (tremors and pain in the scalp) are 
other side effects of arsenic poisoning [20]. Inhalation of 

arsenic vapors causes respiratory diseases such as bron-
chitis, laryngitis, and swelling of the mucous membranes. 
The effect of arsenic on the stomach and intestines has also 
been seen, the symptoms of which are burning lips, swal-
lowing with pain, thirst and colic, nausea, and diarrhea 
[21,22]. For this purpose, various methods such as oxida-
tion process [23], coagulation and filtration [24], membrane 
methods [25], adsorption [26,27], ion exchange [28], and 
nanoparticle technology [29] have been investigated for 
arsenic removal. Nanoparticles have many applications 
in all sciences, and in the treatment industry, they show 
great flexibility. Nanoparticles that are activated by light, 
such as high-energy semiconductors, for example, titanium 
dioxide (TiO2) and zinc oxide (ZnO) have been consistently 
studied for their ability to remove and treat contaminants, 
and these materials are readily available, inexpensive, and 
of low toxicity [30–35]. Vaiano et al. [36] conducted a study 
for enhanced photocatalytic oxidation of arsenite to arse-
nate in water solutions by a new catalyst based on MoOx 
supported on TiO2. The results showed that TiO2 alone is 
not able to oxidize all As(III) present in solution, while the 
complete conversion of As(III) to As(V) was achieved in the 
presence of MoOx/TiO2 catalyst. In another study, Gholami 
et al. [37] conducted research on the application of ZnO/
TiO2 nanocomposite for photocatalysis of a herbicide 
(Bentazon). The results showed that the greatest removal 
of herbicide was observed at neutral pH due to photo- 
corrosion of ZnO on composite in acidic and basic conditions.

In recent decades, the application of nanotechnology in 
the removal of various contaminants such as dyes due to 
their ease and economic use compared to physicochemical 
and biological methods has been further developed. Toxicity, 
stability, and concentration of pollutants have significant 
environmental, economic, and health effects. One of the basic 
solutions to solve these challenges is the use of technologies 
that have low investment and operation costs and are very 
small in size but have a high capacity [31,38,39]. Therefore, 
this study was performed with the aim of adsorption of arse-
nic using the method of stabilization of ZnO/TiO2 nanopar-
ticles on activated carbon (ACαZnO/TiO2) from aqueous 
media.

2. Materials and methods

2.1. Materials and equipment

In the present study, arsenic trioxide (As2O3), trieth-
anolamine (C6H15NO3), zinc acetate dihydrate (Zn(CH3 
COO)2·2H2O), titanium butoxide (Ti(OBu)4), and granular 
activated carbon (GAC) were prepared from Sigma-Aldrich. 
Nitric acid (HNO3), zinc oxide (ZnO), hydrochloric acid 
(HCl), and titanium dioxide (TiO2) were also purchased 
from Merck (Germany). HACH model sension1 (USA) pH 
meter was used to adjust the pH. For the evaluation of ZnO/
TiO2 AC nanosorbent microstructures, the Field-Emission 
Scanning Electron Microscope FE-SEM model scanning 
electron microscope (SEM) was used. For determination of 
phases and crystallinity of nanosorbent, an X-ray diffraction 
pattern (XRD) (STADIP model, Germany) was employed, 
and for determination of ZnO/TiO2 AC nanosorbent, ele-
mental analysis X-ray energy diffraction (EDX), and EDX-
mapping spectroscopy were used.
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2.2. Preparation and synthesis of materials

There are various manufacturing methods for the pro-
duction of TiO2 and ZnO nanoparticles, including sol-
gel, hydrothermal, and co-precipitation; but in this study, 
because TiO2 and ZnO nanoparticles are coated on the basis 
of catalyst (activated carbon), the method of present work, 
similar to that of catalysts, was impregnation or immersion. 
For this purpose, first, the activated carbon was thoroughly 
washed with distilled water and then dried at 50°C for 2 h. 
The precursors of TiO2 and ZnO catalysts were prepared  
in a separate container. In the next step, by obtaining the 
stoichiometric ratio and calculating the molecular weight of 
titanium butoxide and zinc acetate, the amount of precur-
sor removal from the main substance is calculated so that 
20 mL of titanium butoxide and 12.6 g of zinc acetate are 
dissolved in 100 mL of ethanol and stirred with a magnet 
at 50°C for 1 h to dissolve completely. The dried catalyst 
base (activated carbon) was poured into a 250 mL beaker, 
and carbon was stirred with a magnet, then 100 mL of cat-
alytic precursors were added through a burette to a beaker 
containing activated carbon for 20 min. Stirring was then 
continued for 2 h at 60°C until the ethanol solvent was com-
pletely evaporated and the carbon was completely dried, 
and finally, the dried carbon was placed at 400°C for 2 h for 
the calcination process. There are various manufacturing 
methods for the production of TiO2 and ZnO nanoparti-
cles, including sol-gel, hydrothermal, and co-precipitation; 
but in this study, because TiO2 and ZnO nanoparticles 
are coated on the basis of catalyst (activated carbon), the 
method of present work, similar to that of catalysts, was 
impregnation or immersion. For this purpose, first, the acti-
vated carbon was thoroughly washed with distilled water 
and then dried at 50°C for 2 h. The precursors of TiO2 and 
ZnO catalysts were prepared in a separate container. In the 
next step, by obtaining the stoichiometric ratio and calcu-
lating the molecular weight of titanium butoxide and zinc 
acetate, the amount of precursor removal from the main 
substance is calculated so that 20 mL of titanium butoxide 
and 12.6 g of zinc acetate are dissolved in 100 mL of eth-
anol and stirred with a magnet at 50°C for 1 h to dissolve 
completely. The dried catalyst base (activated carbon) was 
poured into a 250 mL beaker. The carbon was stirred with a 
magnet, and 100 mL of catalytic precursors were then added 
through a burette to a beaker containing activated carbon 
for 20 min. Stirring was then continued for 2 h at 60°C until 
the ethanol solvent was completely evaporated and the 
carbon was completely dried, and finally, the dried carbon 
was placed at 400°C for 2 h for the calcination process.

2.3. Design and construction of studied pilot

The present study was performed on a laboratory scale 
and discontinuously in a container (made of Pyrex glass) 
with a useful volume of 3.14 L and a height of 40 cm, and a 
diameter of 10 cm. The actual shape and complete specifica-
tions of the reactor used in this study are presented in Fig. 1. 
The studied reactor consisted of a lamp chamber made of 
quartz tube with a height of 40 cm and a diameter of 3.6 cm 
and also had a UV lamp made of a quartz with a height of 
25 cm and a diameter of 3 cm. The whole reactor was con-
trolled by a control panel mounted next to the reactor.

2.4. Design and optimization of experiments by central composite 
design-response surface methodology method

Response surface methodology (RSM) is a set of statis-
tical techniques used to optimize processes in which the 
desired response is affected by a number of variables. This 
method creates a polynomial from the samples and data 
obtained and explains the relationships between these data. 
Now, to analyze and create polynomials in this method, dif-
ferent statistical models such as central composite design 
(CCD), Box–Behnken, etc. are used [40–43]. In the present 
study, statistical design of experiments and data analy-
sis was performed using CCD by Design-Expert statistical 
software (version 11). The design of experiments with the 
CCD approach is known as the strongest and most effective 
subset of RSM. This approach has also been reported as a 
very effective method in modeling and optimizing waste-
water treatment processes. According to Table 1, the domain 
and levels of variables (nanosorbent dose, pH, reaction 
time, and initial concentration of arsenic) were examined at 
three levels with codes of +1, 0, and –1 for high, medium, 
and low values, respectively. Based on CCD, 30 experi-
ments were designed. The laboratory conditions used in this 
study are shown in Table 2. Data obtained from responses 
of the RSM model were calculated using analysis of vari-
ance (ANOVA). Response variables for arsenic adsorption 
(response variable, qe) in the form of the following polyno-
mial regression model [Eq. (1)] were presented as a function 
of independent variables [44,45]:
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where Y is the response variable for the factor level (arse-
nic removal efficiency); β0 is intercept; β is the regression 
coefficient calculated from the values obtained from Y. 
Sections of XiXj and Xi2 include criteria for interactive and 
quadratic interaction, respectively [46,47]. The nominal fit 
quality of the polynomial equation was evaluated using the 
obtained coefficients R2 and the values of R2 (adjusted-R2) 
to measure the suitability of the model. P < 0.05 was con-
sidered as the appropriate significance. Because the opti-
mal conditions provided by the software are theoretical, 
the experiments presented were reviewed and compared 
in terms of operational and practical conditions. Therefore, 
the optimal operating conditions were studied and tested 
separately. In this regard, in optimal operating conditions, 
experiments were performed with three repetitions and the 
suitability of the model was evaluated. Finally, inductively 
coupled plasma atomic emission spectrometry (ICP/AES) 
was used to measure arsenic heavy metal.

2.5. Adsorption isotherm and kinetics studies

The kinetics of adsorption can be described using sev-
eral models. A simple kinetic model is the pseudo-first-order 
equation [Eq. (2)] [48,49]:

dq
dt

K q qt
e t� �� �1  (2)
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After definite integration by applying the initial condi-
tions qt = 0 at t = 0 min and qt = qt at t = t, Eq. (2) becomes 
Eq. (3) [50]:

log log
.

q q q
K

te t e�� � � � 1

2 303
 (3)

where qe and qt are the amounts of adsorbate adsorbed 
(mg/g) at equilibrium and at any instant of time t (min), 
respectively and K1 is the rate constant for pseudo-first-order 
adsorption (1/min).

The pseudo-second-order kinetic model based on equi-
librium adsorption can be represented in Eq. (4) [51,52]:

t
q K q

t
qt e e

� �
1

2
2  (4)

where K2 is the equilibrium rate constant of pseudo- 
second-order adsorption (g/mg min).

The adsorption process is always correlated with theo-
retical equations which can be depicted by isotherm models 
that are shown by the following equations. Freundlich iso-
therm is one of these models, which is utilized to portray 
the adsorption on heterogeneous surfaces. This model can 
be shown by the following equation [Eq. (5)] [53]:

 

Name Material Diameter 
(cm)Volume Height (cm)Manufacturer 

Reaction chamber Pyrex glass 10 3.14 40 Tehran pyrex 

Lamp chamber Quartz tube 3.6 0.41 40 Germany 

UV lamp Quartz 3 - 25 Philips, Germany 

Electrical control panel The control panel was manufactured by a manufacturer in Lalehzar 

Adsorbent Ordered for production (Pak Abnama Engineering Company) 

Fig. 1. The actual shape of the pilot examined in this study.

Table 1
Range of experiments and levels of independent variables

Independent variables Ranges and levels

–1 0 +1

A Nanosorbent dose, g/L 1 2 3
B pH 3 7 11
C Reaction time (T), min 30 165 300
D Arsenic concentration (C), mg/L 1 5.5 10
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q KCe e
n= 1/  (5)

where Ce is the equilibrium concentration of the solution 
(mg/L), qe is the amount of adsorbed arsenic per unit of 
adsorbent mass (mg/g), K is Freundlich constant, and 1/n 
represents the adsorption intensity. The linear form of this 
isotherm model is as follows in Eq. (6) [54]:

log log logq K
n

Ce F e� �
1  (6)

The curve obtained from the logqe vs. logCe can help to 
calculate the parameters of Freundlich isotherms.

Langmuir isotherm model describes the systems that 
are having simple monolayer adsorption onto the adsor-
bent surface. This model has supposed that the adsorption 
takes place at specific adsorption sites. Therefore, Langmuir 
isotherm can be defined according to Eq. (7) [55]:

C
q q b

C
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e

e m

e

m
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where Ce is the equilibrium concentration of the arsenic in 
solution (mg/L), qe is the adsorption capacity at equilibrium 
(mg/g), b (L/mg) is the Langmuir constants, related to the 
binding constant, and qm (mg/g) is the maximum adsorp-
tion capacity.

Table 2
Results of experiments performed for the studied response (arsenic adsorption)

Run A: nanosorbent dosage 
(g/L)

B: pH C: reaction time 
(min)

D: arsenic concentration 
(mg/L)

qe (mg/g)

Actual value Predicted value

1 2 7 165 5.5 2.19 2.20
2 1 11 300 10 7.85 7.86
3 1 7 165 5.5 3.09 3.08
4 2 7 30 5.5 1.09 1.08
5 2 7 300 5.5 3.35 3.35
6 3 3 300 10 3.76 3.77
7 1 11 30 1 0.26 0.26
8 3 3 30 10 0.66 0.64
9 3 11 30 1 0.89 0.88
10 1 3 300 1 1.66 1.65
11 1 3 30 10 2.58 2.59
12 1 11 300 1 1.68 1.69
13 3 11 300 1 0.12 0.12
14 2 7 165 5.5 2.25 2.20
15 1 3 300 10 7.88 7.88
16 2 7 165 5.5 2.19 2.20
17 1 11 30 10 2.52 2.51
18 2 7 165 5.5 2.17 2.20
19 3 3 30 1 0.96 0.96
20 3 11 30 10 0.47 0.49
21 3 7 165 5.5 1.34 1.33
22 2 11 165 5.5 2.19 2.18
23 2 3 165 5.5 2.24 2.23
24 3 11 300 10 3.68 3.67
25 2 7 165 1 0.75 0.74
26 2 7 165 10 3.68 3.67
27 3 3 300 1 0.15 0.15
28 2 7 165 5.5 2.20 2.20
29 2 7 165 5.5 2.17 2.20
30 1 3 30 1 0.27 0.27

Std. Dev. 0.0223 R2 0.9999
Mean 2.21 Adjusted R2 0.9988
C.V. % 1.01 Predicted R2 0.9958
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3. Results and discussion

3.1. Determination of nanosorbent characteristics

Scanning electron microscopy can provide various 
information about the surface layers of matter by generat-
ing an electron beam and shining it on the sample surface 
and scanning the return rays. Therefore, in this research, 
the scanning electron microscopy (SEM) technique was 
used to evaluate the nanostructures of I ZnO/TiO2 AC 
nanosorbent at different magnifications (500 nm and 1, 20, 
10, and 50 µm), which are shown in Fig. 2. According to 
Fig. 2, ZnO/TiO2 nanoparticles are regularly dispersed in 
AC. The results also show that ZnO and TiO2 cover most 
of the AC surface and increase the catalytic activity of I 
ZnO/TiO2 AC due to good interaction with UV rays. The 
black-and-white section of the image shows morphol-
ogy, cast, and particle size, as well as the general state of 
in vitro synthesis of I ZnO/TiO2 AC. This clearly shows 
that I ZnO/TiO2 AC has different morphology, shape, and 

size, which creates a heterogeneous photocatalytic adsor-
bent. In addition, according to the shape, the particle size 
is between 57.92 to 63.33 nm, so the particle structure is 
confirmed as a nanoscale (<100 nm). Elemental analysis 
of ZnO/TiO2 AC nanosorbent was performed using X-ray 
energy diffraction (EDX) and EDX-Mapping spectroscopy, 
and the results are presented in Figs. 3a and b. According 
to the results, the main elemental compounds of C, O, 
Ti, Cr, and Zn were obtained with weight percentages of 
10.65%, 21.12%, 5.79%, 6.7%, and 55.73%, respectively.

X-ray diffraction test is a non-experimental method that 
provides comprehensive information about the chemical 
composition and crystal structure of natural and industrial 
materials. Each crystal material has its own unique X-ray 
diffraction pattern that may be used as a fingerprint for 
identification. The most widespread use of XRD is in the 
identification of crystalline compounds based on their dif-
fraction pattern. Therefore, in the present study, the X-ray 
diffraction (XRD) pattern of powder samples was used 

Fig. 2. SEM images of I ZnO/TiO2 AC nanosorbent with different magnifications.
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to determine the phases and crystallinity of I ZnO/TiO2 
AC nanosorbents (Fig. 3c). According to the results, the 
peaks and phases of the main rutile observed at 2θ for the 
examined I ZnO/TiO2 AC nanosorbent were 27.44° (110), 
36.07° (011), 39.20° (020), 41.24° (111), 44.05° (120), 54.32° 
(121), 56.64° (220), 62.72° (002), 64.06° (130), 69.01° (031), 

and 69.78° (112). Also, the main peaks of the anatase phase 
were obtained at 2θ including 25.31° (011), 37.75° (004), 
48.06° (020), 53.86° (015), 55.08° (121). Considering the 
XRD pattern, it is quite clear that the main peaks at 2θ are 
31.80° (010), 34.46° (002), 36.29° (011), 47.57° (012), 56.62° 
(110), 62.88° (013), 67.96° (112) and 69.10° (021), which 

 

(a) 

(b) 

(c) 

Fig. 3. (a) EDX image, (b) EDX-mapping image, and (c) XRD spectrum image of the I ZnO/TiO2 AC nanosorbent.
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confirm the presence of ZnO on the prepared adsorbent. 
The above facts show that the synthesized I ZnO/TiO2 AC 
nanosorbents contain standard ZnO and TiO2.

3.2. Modeling the adsorption process by RSM-CCD method

Central composite design (CCD) was used to find the 
relationship between process responses and variables. In 
this study, reaction time, pH, nanosorbent dose, and arsenic 
concentration were considered as variables, and the amount 
of arsenic adsorption was considered as the response. In the 
central composite design used in this study, the total num-
ber of experiments was 30 for arsenic adsorption by ZnO/
TiO2 AC nanosorbent. Three levels of +1, zero, and –1 were 
considered for high, medium, and low values   for model fit, 
respectively. Table 2 presents the test steps, along with the 
results obtained at each test step.

According to the results presented in Table 3, it is 
clear that the quadratic model is the most suitable model 
to describe the adsorption of arsenic from aqueous solu-
tions using titanium dioxide (TiO2) and zinc oxide (ZnO) 
nano-photocatalytic adsorbents. Considering the results of 
Table 3, it is clear that the quadratic model has the highest 
values of adjusted R2 (R2-adj.) and R2. Therefore, the model 
was selected for analysis. The overall prediction perfor-
mance of the model is defined by the coefficient of certainty 
R2. In this study, the relatively high value of R2 (0.9999) 

indicates a good correlation between the predicted values 
of the model and the actual values. However, the value of 
R2 must be consistent with (close to) R2-adj. When the two 
values are very different, it is possible that non-significant 
expressions are included in the model (146). In the pres-
ent study, the value of R2-adj. (0.9958) is very close to the 
value of R2. The results of ANOVA analysis with F-values 
and P-values of each model expression for the nanosorbent 
are presented in Table 3. In the ANOVA table, coefficients 
with P-values greater than 0.1 are considered statistically 
insignificant and are excluded from the quadratic equa-
tions. In ANOVA statistical analysis, a significant degree 
of P-value is shown to determine the significance of the 
response model. P-values (0.0001) of arsenic adsorption 
indicate that the sentences in the studied models are signif-
icant (P < 0.05). Regarding the significance of the model, as 
can be interpreted from the above table, the P-value is less 
than 0.05, which means that the model is significant at con-
fidence intervals of 5% (Table 3). Accuracy measurement is 
an indicator for determining the amount of error in experi-
ments, and the ratio greater than 4 is a desirable value [56]. 
In the experiments performed in this study, the values of 
accuracy (491.9232) are significantly greater than 4 (Table 2).

The final model equation is presented to predict the 
process response in Eq. (8). In this equation, A, B, C, and D 
are the four independent variables in this study, which are 
defined in Table 2–4.

Table 3
Analysis of variance (ANOVA) for the proposed model for arsenic adsorption

Source Sum of squares df Mean square F-value P-value

Model 102.63 14 7.33 14,730.84 <0.0001 Significant
A-D 0.0782 1 0.0782 157.15 <0.0001
B-pH 0.0120 1 0.0120 24.06 0.0002
C-T 0.1144 1 0.1144 229.91 <0.0001
D-C 0.0717 1 0.0717 144.07 <0.0001
AB 0.0053 1 0.0053 10.56 0.0054
AC 4.74 1 4.74 9,528.05 <0.0001
AD 6.90 1 6.90 13,873.09 <0.0001
BC 0.0028 1 0.0028 5.54 0.0327
BD 0.0046 1 0.0046 9.16 0.0085
CD 15.43 1 15.43 30,997.04 <0.0001
A2 1.994E-06 1 1.994E-06 0.0040 0.9504
B2 1.994E-06 1 1.994E-06 0.0040 0.9504
C2 0.0001 1 0.0001 0.1798 0.6775
D2 1.994E-06 1 1.994E-06 0.0040 0.9504
Residual 0.0075 15 0.0005
Lack of fit 0.0031 10 0.0003 0.3580 0.9216 Not significant
Pure error 0.0044 5 0.0009
Corr. total 102.64 29

Source Sequential P-value Lack of fit P-value Adjusted R2 Predicted R2

Linear <0.0001 <0.0001 0.6545 0.5750
2FI 0.9673 <0.0001 0.5743 0.4303
Quadratic <0.0001 0.1261 0.9975 0.9938 Suggested
Cubic 0.7742 0.0293 0.9967 0.9227 Aliased
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AB AC AD

e = − − + +
− − − −
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0 051 1 00 0 446 0 374
0 618 0 314

2 2

2 2
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BD CD A B
C D
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3.3. Adequacy of the model

The first test, examination of the graph of the normal 
function of the residuals is shown in Fig. 3a. The difference 
between the values obtained from the experiment and the 
values fitted by the model is called the residual. The points 
obtained from the experiment should be placed on a straight 
line to indicate the normality of the data; this straight line 
is usually given on the basis of theoretical observation and 
preferably with emphasis on the central points to the end 
[57]. The points are approximately along a straight line, so 
it can be intuitively concluded that the residual has a nor-
mal distribution. Fig. 3a shows that almost all data points 
are distributed on a straight central line, indicating a normal 
distribution of data. Fig. 3b shows a graph of the residual 
values in front of the test number. The error diagram accord-
ing to the order of the experiment shows the hidden errors 
and affective on the response. Normally, this chart should 
follow a random pattern. The existence of a specific trend 
in this diagram shows that a time-related factor affects the 
response, and to fix this defect, the experiments should be 
performed in random order or should be blocked. Fig. 3b 
shows that the data are randomly scattered, and none of 
the data deviates from the standard deviation. Thus, it can 
be concluded that the quadratic model presented in Table 3 
is significant and adequate. How the studentized residual 
changes vs. the fitted (predicted) values is shown in Fig. 3c. 
In this diagram, the points must be randomly distributed; as 
it can be seen, the points follow a specific pattern of random 
scattering. In Fig. 3c, the residual changes do not follow a 
specific trend, which indicates that the variance is constant. 
Figs. 3b and c show that all residuals are randomly scat-
tered within the standard deviation range, confirming that 
none of the experiments need to be repeated.

Box-Cox chart is a tool that helps to determine the most 
appropriate conversion power of response data [58]. The 
lowest point in Fig. 4d represents the value of λ that results 
in the smallest sum of squares of residuals in the model. 
The potential for improvement is maximum when the range 
of maximum to minimum response values is greater than 3. 
Currently, the difference between the maximum and min-
imum values is less than 3, and therefore there is no need 

to convert. In Fig. 3d, the lowest point in the Box–Cox 
scheme (best λ = 1) confirms that there is no need to transmit 
the system response.

3.4. Optimization of the main variables in the arsenic 
adsorption process

The optimization method available in RSM-CCD in 
Design-Expert software was used to achieve the highest 
amount of arsenic adsorption. According to the results 
presented in Fig. 5, the optimal conditions for the stud-
ied parameters were pH = 6.75, arsenic concentration of 
9.76 mg/L, reaction time of 287.62 min, and nanosorbent 
dose of 2.45 g/L. Therefore, this row was selected as the 
optimal operating conditions. The maximum amount of 
arsenic adsorption under optimal conditions was predicted 
to be 4.53 mg/g. Because the optimal conditions provided 
by the software are theoretical, the experiments presented 
were examined in terms of operational and application con-
ditions. Therefore, in the optimal conditions designed by 
the software, the optimal values of which are in accordance 
with Fig. 5, the maximum amount of arsenic adsorption by 
the proposed model was predicted to be 4.53 mg/g. Then, 
the optimal experiment was performed with three repeti-
tions according to the value of the mentioned parameters. 
In practice, the amount of arsenic adsorption was 4.38 mg/g. 
According to the results, it can be inferred that the actual 
removal of arsenic has an error of 0.15 mg/g compared to 
the predicted performance, and this small difference indi-
cates the validity of the fitted model. Fig. 6 presents the 
results of the study of the effect of each factor alone on the 
removal of arsenic using nano-photocatalytic adsorbents 
of titanium dioxide (TiO2) and zinc oxide (ZnO) under 
optimal operating conditions.

3.5. Effect of effective parameters on the arsenic adsorption process

Reducing the number of experiments and examining 
the interaction between parameters, analyzing the results 
of experiments is an effective method in optimizing various 
processes, including adsorption processes. Response sur-
face is a powerful statistical tool for designing and analyz-
ing test results, simulating the effect of effective factors on 
each other, and finding optimal conditions [59]. In classical 
multivariate optimization experiments, the studied vari-
ables are optimized separately, and during optimization of 
one variable, the other variables are considered constant. 
In this case, the effect of variables on each other cannot be 
determined [42,60,61]. In order to investigate the effect of 

Table 4
Comparison of the adsorption capacity of different adsorbents for arsenic adsorption

Adsorbent Maximum adsorption capacity (qmax) (mg/g) Adsorption isotherm References

Polythiophene/Fe2O3 nanocomposites 42.81 Langmuir [63]
Adsorption process 0.108 Langmuir [74]
Adsorption process (BCMDS-YD) 4.56 Langmuir [79]
Adsorption process 6.46 Langmuir [77]
ACαZnO/TiO2 nanoparticles 4.53 Langmuir In study
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(a) 
(b) 

(c) (d) 

Fig. 4. (a) Distribution of residuals, (b) Graph of residual values vs. predicted values, (c) graph of residual values vs. test number, and 
(d) Cox–Box diagram of the output of the RSM method for arsenic ion adsorption examined by nanosorbents.

Fig. 5. Diagram of optimal conditions for arsenic adsorption in the process under study.
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each variable and the interaction or dual effects of the vari-
ables on the response generated by the model, three-di-
mensional and counter diagrams based on the polynomial 
function of the model were prepared using experimental 
design software. Figs. 6 and 7 show the three-dimensional 
response surface diagrams related to arsenic removal effi-
ciency as a function of initial pH (3–11), arsenic concen-
tration (10–11 mg/L), nanosorbent dose (1–3 g/L), and the 
reaction time (30–300 min).

The pH of the solution is one of the factors that affect 
the efficiency of adsorbents by affecting the tendency of the 
adsorbent surface to the contaminant. For this purpose, one 
of the most important parameters in the removal of metal 
ions in the adsorption process is the initial pH of the solu-
tion, which has a great effect on the sites of adsorption of 
metal ions on the adsorbent surface and the chemical struc-
ture of the metal in water. It should be noted that at high 
pH, OH– ions in solution form complexes with metal ions, 
which reduces the percentage of metal ion removal [35]. 
The pH parameter is directly dependent on the competitive-
ness of hydrogen ions with adsorbed material ions on the 
active sites of the adsorbent surface. In general, the effect 
of pH on the adsorption of heavy metals by adsorbents can 
be attributed to the separation or non-separation of acidic 
groups. These groups at pH above pKa are mainly in the 
dissociated state and can exchange H+ with metal ions in 
the solution [62]. While at low pH, it is not possible to bond 
with the metal cation due to the lack of separation of these 
functional groups. In this regard, at this stage of the exper-
iments, the pH parameter was examined in the range of 
3–11 to investigate the effect of solution pH on the efficiency 
of the arsenic adsorption process from aqueous solutions. 
The results showed that at the beginning of the experiment, 
with increasing the pH to about 7, the amount of arse-
nic absorption by the studied process increased, and then 

with increasing the pH from 7 to 11, the efficiency of arse-
nic adsorption decreased (Figs. 6 and 7). The results of the 
present study were consistent with the results of the study 
of Eisazadeh and Hemati [63]. In the study of Eisazadeh 
and Hemati [63], the highest arsenic uptake efficiency was 
obtained at a pH of about 6. Also, in a study conducted by 
Asgari et al. [64] for removing arsenic from drinking water 
by the adsorption process, the results showed that the high-
est arsenic removal efficiency was obtained at a pH of about 
6, which is consistent with the results of the present study. 
Also, the results obtained in this study were similar to the 
results of Banerjee et al. [65]. The results of Banerjee et al. 
[65] showed that at pH more than 8.5, the arsenic removal 
efficiency decreased but at pH less than 7.5, the arsenic 
removal efficiency increased significantly. As in the present 
study, the highest arsenic removal efficiency was obtained at 
a pH of about 7, and at values higher than this pH, the effi-
ciency of arsenic removal decreases. In fact, the competition 
between the hydroxide ion in the solution and the adsor-
bent sites for the placement of the arsenic metal ion results 
in a MOH bond, which results in a stable state in the metal 
in the solution; this reduces the metal transfer to the adsor-
bent and reduces the adsorption efficiency [66].

Adsorbent dosage or amount of adsorbent is an import-
ant parameter in the rate of metal adsorption by adsor-
bent [67]. Increasing the amount of adsorbent is one of the 
effective parameters in increasing the adsorption efficiency 
because with increasing the amount of adsorbent, the exist-
ing surface for adsorption of the adsorbate increases [68]. 
The results of the effect of adsorbent dose on adsorption 
capacity show that with increasing adsorbent dose, adsorp-
tion capacity decreases, and in contrast, removal efficiency 
increases (Figs. 6 and 7). Increasing the amount of adsorbent 
means increasing the adsorbent surface and more access 
of contaminant molecules to the adsorption points on the 

Fig. 6. Diagram of how the effect of the main variables in the optimal operating conditions on the adsorption and desirability of the 
process.
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Fig. 7. Three-dimensional and counter diagrams of the interaction of nanoparticle dose and reaction time on the response 
rate of arsenic removal using nano-photocatalytic adsorbents of titanium dioxide (TiO2) and zinc oxide (ZnO).
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adsorbent surface, which increases the removal percentage. 
On the other hand, increasing the adsorbent dose means 
faster adsorption of the contaminant from the solution and 
decreasing its concentration in the solution. This reduces 
the number of molecules available to create maximum sur-
face coverage, which reduces the amount of contaminants 
adsorbed per unit weight of adsorbent. This trend indicates 
that the adsorbed particles on the adsorbent surface with 
the molecules remaining in the solution close the internal 
pores of the adsorbent or cause the adsorption particles to 
accumulate and coalesce, resulting in a reduction of the 
active points for adsorption [49]. Adsorption rate is one 
of the most important factors in the design of adsorption 
experiments in the laboratory. Consequently, time depen-
dence must be determined in such systems under different 
process conditions. Since the adsorption processes are of 
the equilibrium reaction type, so the contact time plays an 
essential role in the progress of the reaction; also, the reac-
tion proceeds to reach equilibrium. If the adsorbate compo-
nent easily accesses the adsorption sites of the adsorbent, it 
needs less contact time to reach the maximum adsorption 
rate, but if this access is difficult, the contact time should be 
increased to reach the maximum adsorption [69]. In general, 
the adsorption process of arsenic metal ions on the adsor-
bent surface can be divided into two stages, that is, fast and 
slow. The first step, which is done more quickly, is related 
to the internal penetration of metal ions.

In the second stage, which occurs at a slower rate, the 
active binding groups are located in the cell wall of the 
adsorbent particles. The high initial adsorption rate is due 
to the surface bonds that these active groups have estab-
lished with the metal ion. Over time, the decrease in the fre-
quency of active sites decreases the metal adsorption rate. 
Also, the rapid phase of metal ions by the adsorbents may 
be due to the presence of many pores and the structure of 
cavities in the adsorbent, which allows rapid penetration for 
metal adsorption at binding sites [70]. In this study, it was 
found that the percentage of arsenic removal by nano-pho-
tocatalytic adsorbents of titanium dioxide (TiO2) and zinc 
oxide (ZnO) is directly related to the contact time, that is, 
with increasing the contact time from 30 to 300 min, the 
amount of arsenic adsorption increases (Figs. 6 and 7). In 
this process, at the beginning of the adsorption reaction, 
the removal percentage has increased due to the frequency 
of adsorption sites and the large difference between the 
concentration of adsorbate in the solution and its amount 
at the adsorbent surface [71]. However, this increase has 
taken on a very gentle slope over time due to the presence 
of a contaminant layer on the adsorbent surface. It is also 
difficult to occupy the remaining empty surface areas over 
time because there is a kind of repulsion between the mole-
cules adsorbed on the adsorbent surface and the molecules 
in the solution phase. In a study conducted by Mosaferi 
and Mesdaghinia [72] for arsenic removal in aqueous solu-
tions, the results showed that the adsorption efficiency 
increased with increasing contact time.

The initial concentration of the pollutant is one of the 
most important factors affecting the adsorption process; for 
this purpose, different concentrations of arsenic (1–10 mg/L) 
were tested in the adsorption process by nano-photocata-
lytic adsorbents of titanium dioxide (TiO2) and zinc oxide 

(ZnO). According to the results, with increasing the initial 
concentration of arsenic, the amount of adsorbed arsenic 
also increases, so that it can be said that the removal effi-
ciency of the process is affected by the initial concentration 
of arsenic. Therefore, in general, at the beginning of the 
reaction, increasing contaminant concentration was led to 
increase the efficiency of the process in removing arsenic, 
but after a while, the efficiency of the process decreased. 
This phenomenon can be related to the fact that at the begin-
ning and early stages of adsorption, a large number of empty 
surface sites were available for adsorption. However, the 
remaining active surface sites decreased over time, and arse-
nic adsorption subsequently decreased; this may be due to 
repulsive forces between adsorbed molecules on the surface 
of the solid adsorbent and the liquid mass [73]. Mentioned 
results are consistent with the results of the study by Maleki 
and Eslami [74]. Also, the increase in adsorption capac-
ity with increasing arsenic concentration can be due to the 
high probability of collision between arsenic ions and the 
adsorbent surface [74].

3.6. Recyclability performance of the adsorbent for the 
adsorption of arsenic

The recyclability performance of an adsorbent is an 
important parameter to evaluate the application of the adsor-
bent. The re-use of the ACαZnO/TiO2 nanoparticles adsor-
bent in the adsorption of arsenic was tested by continuous 
adsorption experiments under the determined optimum 
operating parameters by using RSM-CCD. The process 
mentioned above was repeated ten times under the same 
conditions to determine the recyclability performance of 
the adsorbent. The removal efficiency of arsenic ion was 
consecutively investigated to determine the reusability of 
the adsorbent (Fig. 8). As shown in Fig. 8, after ten reuses 
of adsorbent, the removal efficiency of cadmium ion was 
reduced by only about 2.6%.

3.7. Isotherm and kinetic studies

3.7.1. Isotherm studies

Adsorption isotherms are adsorption properties and 
equilibrium data that describe how contaminants react 
with the adsorbent and play an essential role in optimiz-
ing adsorbent consumption. Establishing the right relation-
ship for the equilibrium curve and optimizing the design 
of an adsorption system to remove contaminants is crucial. 
Equilibrium isotherms of adsorption are presented by plot-
ting the concentration of pollutants in the solid phase vs. the 
concentration of arsenic in the liquid phase. Langmuir and 
Freundlich isotherms were used in this study. The results 
are presented in Fig. 9. The results of arsenic adsorption 
isotherm studies follow the Langmuir model due to the 
higher numerical regression value. The value of R2 related 
to arsenic adsorption by the studied nanosorbent was 0.995 
for Langmuir isotherm and 0.8652 for Freundlich isotherm, 
which showed better compliance with the Langmuir iso-
therm. Freundlich and Langmuir isotherm models are used 
to model many adsorption processes. In the Langmuir 
isotherm, it is assumed that a single layer of adsorbate is 
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located on the homogeneous surface of the adsorbent, and 
the adsorption of each molecule on the surface has the same 
adsorption activation energy. In the Freundlich model, it is 
assumed that the adsorption of adsorbate on the surface of 
the adsorbent is heterogeneous adsorption and the energy of 
adsorption sites for the adsorbate is different from each other. 
The Langmuir equation is reliable for the process of adsorp-
tion on perfectly uniform surfaces, while the Freundlich 
equation is applicable for non-uniform surfaces [75].

Although the Langmuir isotherm represents the 
adsorption of many compounds on adsorbents, its assump-
tions are seldom correct because most adsorbents have 
defects (the adsorbent is not uniform), and the adsorbate 
molecules are usually not pure, so adsorption for initial 
molecules adsorbate and subsequent molecules are not the 
same. The Brunauer–Emmett–Teller model is very useful 
for eliminating the mentioned shortcomings [76]. A better 
fit of the Langmuir isotherm model indicates that a layer 
of the adsorbate component covers the adsorbent surface 

and the adsorption of each molecule of the adsorbate com-
ponent has equal activation energy. It also indicates the 
homogeneity of the adsorbent. Following the adsorption 
process from the Langmuir isotherm model is indicative of 
this fact that the adsorption of the ionic substrate (cationic 
or anionic) faces weak competition from solvent molecules 
[76,77].

3.7.2. Kinetic studies

Kinetic models are proposed to clarify the adsorption 
mechanism and evaluate the adsorbent performance, which 
depends on the physical and chemical properties of the 
adsorbent and the mass transfer process. Adsorption kinetics 
of the adsorbate component is required to select the optimal 
process conditions on a large scale. Kinetic parameters that 
are useful for predicting adsorption rate provide important 
information for process design and modeling [78,79]. One 
of the most important factors in designing the adsorption 
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Fig. 9. (a) Langmuir and (b) Freundlich isotherm model for arsenic adsorption.
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system (to determine the residence time of the adsorbate and 
the dimensions of the reactor) is the prediction of the rate of 
the adsorption process, which is controlled by the kinetics 
of the system. Adsorption kinetics depend on the physical 
and chemical properties of the adsorbent, which affects the 
adsorption mechanism [78–82]. Second-order reactions pro-
ceed at a rate commensurate with the square of raw mate-
rial, while for first-order kinetics, the rate is proportional 
to the concentration of the contaminant. Pseudo-second 
kinetic shows that chemical adsorption is a rate-slowing step 
and controls adsorption processes [11,83,84]. According to 
Fig. 10, based on the comparison of the R2 values obtained 
for the first and second order kinetics, it was shown that 
in the case of the modified adsorbent for arsenic adsorp-
tion, the results follow the pseudo-second-order model. 
Also, the adsorption capacity of arsenic and the isotherm 
model by other adsorbents are presented in Table 4.

4. Conclusion

The obtained experimental data were fitted to the qua-
dratic model during CCD analysis, and the relationship 
between arsenic adsorption and independent factors was 
expressed using a quadratic polynomial equation. The 
results showed that the adsorption of arsenic on the adsor-
bent is well described by the pseudo-second kinetic model 
(R2 > 0.99). The adsorption process follows the Langmuir 
isotherm model, which states the existence of monolayer 
adsorption (R2 > 0.99). The results also showed that the 
optimal conditions for the studied parameters were as fol-
lows: pH = 6.75, arsenic concentration = 9.76 mg/L, reaction 
time = 287.62 min, and nanosorbent dose = 2.45 g/L. The 
maximum amount of arsenic adsorption under optimal 
conditions was predicted to be 4.53 mg/g. In general, the 
results of the study showed that the adsorption process can 
be used as an effective process in the adsorption of heavy 
metals such as arsenic from aqueous solutions.
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