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Abstract

Removal of arsenic (As), as a toxic, carcinogenic, and mutagenic water pollutant, has been a topic of much thought and
discussion within environmental experts newly. One of the most popular AS removal method from aqueous solution is
adsorption. To the best of our knowledge, the combination of ZnO/TiO, immobilized on activated carbon (AC) has not been
used to AS removal from water. Therefore the aims of this study are (i) to develop a novel immobilized ZnO/TiO, activated
carbon (I ZnO/TiO, AC) for effective and economic arsenic removal, (ii) to investigate the effects of different variables (e.g.,
pH, contact time, dose) on I ZnO/TiO, AC system efficiency, (iii) to achieve nonlinear modeling using response surface
methodology (RSM) approach, and (iv) to optimize I ZnO/TiO, AC system for As removal from water with RSM-based
developed model. The final appropriate solution which was selected by developed response surface model demonstrated
that the best dosage, pH, contact time, and initial concentration to reach permitted concentration for output (10 pg/L) are
5.187 g/L, 6.758, 287.574 min and 9.767 mg/L, respectively. The appropriate achieved desirability (0.996) depicted that the

solution is acceptable.

Keywords Response surface methodology (RSM) - I ZnO/TiO, AC - Water - Arsenic - Photocatalyst - Adsorption

1 Introduction

Discharge from industry contains various organic and inor-
ganic pollutants [1-3]. Among these pollutants are heavy
metals which can be toxic or carcinogenic and which are
harmful to humans and other living species [4]. Removal of
arsenic (As), as a toxic, carcinogenic and mutagenic water
pollutant, has been a topic of much thought and discussion
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within environmental experts newly [5]. Industrial activities
(e.g., mining), agricultural crop protection products (e.g.,
pesticides and herbicides containing As), natural events
(e.g., forest fires), and fossil fuels combustion and so on
have led to increasing in As level ranged between 0.1 and
230 mg/L in water and wastewater [6]. On the other hand,
the As standard limitation guideline purposed by World
Health Organization (WHO) and the US Environmental
Protection Agency (USEPA) has become more strict (e.g.,
0.01 mg/L for drinking water). Therefore, finding an effec-
tive, economic, and innovative solution for purification of
water containing As is essential. There are different types
of toxic heavy metals (e.g., As) treatment method including
adsorption [7], precipitation [8], nanoparticles [9], mem-
brane separation [10], electrocoagulation [11], ion exchange
[12], and photo-catalyst [13—15]. Although these methods
were reported useful to remove a wide variety of pollutants
as well as As [16, 17], researchers have focused on finding
more effective and economic techniques through coupling
systems, novel method development, and other modifica-
tions [18-21] due to above-mentioned reasons. These efforts
have led to development of some emerging processes for As
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removal, but more try is needed to find a better solution. One
of the most popular As removal method from aqueous solu-
tion is adsorption. Despite many advantages of adsorption
such as treatment stability, simplicity of operation, and no
need to chemicals, which make this process popular, seri-
ous modifications are required to overcome its drawbacks
including desorption, relatively high cost, low selectivity,
and slow adsorption kinetic rates. A possible approach in
order to improve adsorption process is integrating it with a
high tech effective method that can solve previous problems
and make it as a novel practical technique. To achieve this
different alternative are available and nano-photocatalysts
(NP) seems to be the best choice because of its unique
potential abilities. In terms of As removal, converting the
As (IIT) to As (V) by photocatalytic oxidation can improve
capability of adsorption system [22]. Besides, As can also
be adsorbed by NP because of small size, large surface area,
and multiple active sites [17] which enhance As removal.
Thus the idea of combined use of photocatalyst and adsor-
bent for As removal was introduced by Nakajima et al.
[23]. Their findings demonstrated that by using a combi-
nation of adsorbent and TiO, suspension, all types of As
were converted into As (V), then very good As removal
(~97%) was achieved by photocatalyst—adsorbent system.
In another work, Zhang, Fu-Shen, and Hideaki Itoh were
studied simultaneous photocatalytic-oxidation and adsorp-
tion of As using slag-iron oxide-TiO, adsorbent (adsorbent
developed by solid waste slag, iron oxide, and TiO,). The
obtained results showed optimum condition pH =3, adsor-
bent dose =2 g/l (As concentration =20 mg/L), and 5 g/l (As
concentration =50 mg/L) to oxidize and remove As from
aqueous solution. They emphasized that photocatalyst makes
developed adsorbent efficient and economic [24]. The effect
of the crystalline size (6.6-30.1 6.6 and 30.1 nm) on photo-
catalytic oxidation and adsorption of As using TiO, NP were
determined by Xu Zhonghou and Xiaoguang Meng [25].
They documented that although the rate of As (III) oxidation
was not significantly affected by changes in NP size between
6.6 and 14.8, the oxidation rate decreased with an increase
in particle size (14.8-30.1 nm). In all of this attempts, two
major difficulties of this combined system are remain: (1)
difficult and time-consuming NP separation from treated
water and (2) high treatment cost which finding a solution
for them is the main goal of this study. Among different
type of NP, titanium dioxide (TiO,) showed good photo-
oxidation of As (III) to As (V) as well As adsorption [22].
There is a widespread tendency to utilize TiO, to water and
wastewater treatment for its exclusive properties including
non-toxicity, insolubility, and photostability [26]. To solve
recovery (separation) difficulties of this NP, immobilization
of TiO, on inert materials (e.g., activated carbon) and devel-
opment of integrated photocatalytic adsorbent (IPAs) has
been suggested [27]. In terms of resolving economic concern
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of TiO,, various attempts have been done, and one of the
most effective recent purposed solutions is combination of
TiO, with another alternative such as SiO, [28], zero-valent
iron (ZVI) [29], Ag [27], Cu and Au [30], and ZnO [31-33].
Compare with other NP, ZnO is more preferable because of
higher performance and relatively low cost.

Design of experiment (DOE) as a collection of worth-
while mathematical techniques is applied to the statistical
modeling and systematic analysis of a problem in which
desired responses or output measures are optimized by input
variables or factors [34, 35]. One of the numerous DOEs
for empirical model building is response surface methodol-
ogy (RSM) [36, 37]. The RSM method is a collection of
mathematical and statistical techniques that use to develop,
improve, and optimize processes and can be used for evalu-
ation significance of several factors [38, 39]. The primary
aim of RSM is determination of the optimum operational
conditions for the system or specification a region ensuring
the operating conditions [40, 41]. The main advantage of
RSM over the conventional time-consuming approach of one
factor-at-a-time (OFAT) is the reduced number of experi-
mental runs needed for faster and more systematic investiga-
tion of the processing variables, including the simultaneous
interaction of the variables and modeling of the selected
response parameters [42, 43]. The central composite design
(CCD) is ideal to assign the operation individual variables
into a range of evaluations through the rationalized number
of design points along with a reliable curvature estimation to
obtain a reasonable amount of information for testing lack-
of-fit (LoF) [44, 45].

To the best of our knowledge, the combination of ZnO/
TiO, immobilized on activated carbon (AC) has not been
used to As removal from water. Therefore the aims of this
study are (i) to develop a novel immobilized ZnO/TiO, acti-
vated carbon (I ZnO/TiO, AC) for effective and economic
arsenic removal, (ii) to investigate the effects of different
variables (e.g., pH, contact time, dose) on I ZnO/TiO, AC
system efficiency, (iii) to achieve nonlinear modeling using
response surface methodology (RSM) approach, (iv) to opti-
mize I ZnO/TiO, AC system for As removal from water
with RSM based developed model, and finally (v) to study
adsorption equilibrium isotherms by Langmuir and Freun-
dlich models.

2 Materials and methods

2.1 Chemicals and adsorbent preparation

The whole chemicals of this study were analytical grade,
and required solutions were prepared by deionized water.

pH adjustment was done using 0.1 M HCl and 0.1 M NaOH
which were purchased from Merck (Germany). Granular
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AC (mesh=80-100) was purchased from Jacobi carbon
Company (Sweden). Arsenic trioxide (As,05) 99.99%
(Sigma-Aldrich, USA) was utilized for As (III) stock solu-
tion (1000 mg/L) preparation by dissolving 132 mg of its
powder in 10 ml sodium hydroxide 5% which acidified with
2 ml concentrated hydrochloric acid immediately and then
diluted to 100 ml with deionized water.

In order to immobilization of ZnO and TiO, on AC, dip-
coating approach [46] was used in which Ti(OBu), and
Zn(CH;COO), - 2H,0 were used as precursors. TiO, sol
was synthesized by diluting Ti(OBu), in PrOH and adding
to water dropwise under vigorous stirring (pH=2.5 adjusted
by HNO; purchased from Merck, Germany). The molar ratio
of PrOH and water to Ti(OBu), were 1.42 and 151, respec-
tively. Then the solution was kept under reflux condition
at 75 °C for 24 h. Eventually, PrOH and n-butyl alcohol
removal were occurred by rotary evaporator under vacuum.

For ZnO sol preparation, first 21.90 g of Zn(CH;COO),
was stirred in 500 ml ethanol for 30 min (water bath 50 °C),
then 14.9 gr CcH,sNO; was added, and stirring was con-
tinued for 1 h. After this stage heat treatment and vibration
was done at 40 °C for 30 min. By adding 15 gr granular AC
(GACQC), vibration was continued for 30 min, and then the
suspension filtered and dried. Finally calcination was done
at 300 °C for 4 h. In next step TiO, was coated via adding
previous produced ZnO/AC to 500 ml TiO, sol followed by
vibrating (30 min), filtering, drying, and calcining at 400 °C
(2 h).

2.2 Pilot specifications

The utilized experimental pilot was made from a glass cyl-
inder with diameter = 100 mm, height =500 mm, and total
volume=3.93 L. A cylinder made from quartz (internal
and external diameter 34 mm and 36 mm, respectively) was
placed in center of glass cylinder as a safety shield for ultra-
violet lamp (total V=0.51 L). After this, the final reactor
effective volume was calculated to be 3.42 L. Two centrifu-
gal pumps (Art %Cmcal Co., China) were used for circulation
of I ZnO/TiO, AC to maximize the performance of catalytic
process. An ultraviolet mercury lamp (365 nm, 300 W) was
placed in a quartz shield for UV resource of the reactor.
The schematic of the experimental pilot was shown in Fig. 1
with detail.

2.3 Experimental design

Experimental design was consist of four numerical factors
including pH (3-11), I ZnO/TiO, AC dose (1-3 g/L), As
concentration (1-10 mg/L), and contact time (30-300 min)
at three levels (— 1, 0,4 1) as well as two responses (R; =As
removal, q. = adsorption capacity). Thirty runs were devel-
oped using design expert software version 8 (STAT-EASE
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Fig.1 Schematic of experimental pilot

Inc., Minneapolis, USA) by using a central composite design
(CCD). The second-order model (quadratic polynomial) was
utilized for the prediction of responses (Eq. 1) [47-49].

K k k-1 k
Y=p+ Z piXi + Z BiX; + Z Z PiXiX; M
i=1 i=1

i=1 j=i+l

where f,B;,5;, and f;; are the regression coefficients; X; and
X are the independent numerical variables (coded values
form); k is the total number of designed variables, and Y is
the predicted response [50, 51]. The amount of As removal
was calculated by Eq. 2:

As

—As,
ASR =

x 100 )

in
Sl‘
where Asy represented the As removal performance (%);

As;, initial As concentration; and As, remain As concentra-
tion after contact time. Levels of change for each variable
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included central levels (0), and high and low levels of fac-
tors (+ 1 and — 1), which their actual values are shown in
Table S1.

2.4 Analytical procedures

All of the analytical procedure was done according to the
standard methods for the examination of water and waste-
water handbook [52, 53]. All of the samples were filtered
using filter paper (Whatman No. 42-Germany). The pH and
temperature were measured by a portable pH meter (HACH-
USA). The concentration of As was measured by inductively
coupled plasma atomic emission spectroscopy (ICP-OES)
method (SPECTRO ARCOS-Germany) at 188.98 nm. All
experiments were repeated three times.

2.5 Adsorption kinetics
2.5.1 Pseudo-first-order

The pseudo-first-order kinetic model which was introduced
very useful for adsorption studies by many literatures
[54-56] is described as follow:

In [Qe - Qt] =In qe — klt (3)

where ¢, is adsorption capacity at equilibrium (mg/g), g,
is the amount of solute absorbed by adsorbent at time=t
(mg/g), and k, is pseudo-first-order kinetic rate constant. By
plotting the term of In [qe — q,] versus t the amount of &, can
be calculated [57].

2.5.2 Pseudo-second-order

The pseudo-second-order kinetic model is another popu-
lar kinetic model which was utilized widely for adsorption
studies. The general equation of this model is given below
(Eq. 4) [58]:

ot 1

4% 9. kg X
where g, is adsorption capacity at equilibrium (mg/g), g,
is the amount of solute absorbed by adsorbent at time=t
(mg/g), and k, is pseudo-second-order kinetic rate constant.
The term of ¢ / q, versus t was plotted for calculation of k,.

2.6 Adsorption equilibrium isotherms

Determination of best isotherm model which has good
agreement with experimental data is one of the important
factors in adsorption studies. In this study two most popular
isotherms including Langmuir and Freundlich were used as
follow:

@ Springer

2.6.1 Langmuir isotherm

The general linear equation of Langmuir isotherm [59, 60]
is expressed as follows:

Lo(gto) &+ )
de KL * 9max Ce Dmax

where g, is adsorption capacity at equilibrium (mg/g), gmax
is the maximum adsorption capacity (mg/g), C, is adsorbate

concentration in solution at equilibrium (mg/L), and K| is
the constant of the Langmuir isotherm (L/mg) [61].

2.6.2 Freundlich isotherm

The general linearized form of Freundlich model which was
applied to describe multilayer adsorption over the heteroge-
neous surface by many literatures [55, 56, 59, 62] is given
below:

Ing, =InK; + (1/n)InC, (6)

where ¢, is adsorption capacity at equilibrium (mg/g),
C, is adsorbate concentration in solution at equilibrium
(mg/L), and K is the constant of the Freundlich isotherm
(mg/g)/(mg/L)"'™; n is the Freundlich adsorption validity
indicator, when the value of (1/n) ranged between 0 and
1 represent an appropriate adsorption by Freundlich iso-
therm. The chemisorption is happen when (1/n < 0) and
the Langmuir isotherm is favorable when (n = 0). Plotting
In g, versus In C, demonstrates a straight line which the slope
and intercept represent 1 /n and K, respectively [63, 64]. To
give greater insight into the CCD results, Pareto analysis was
used to calculate the percentage effect of each independent
variable (P;) on the removal of As (Eq. 7) [65-67]:

P .
Py = (552 x 100 i #0 %)

3 Results and discussion
3.1 XRD and SEM analyzes

Scanning electron microscope (SEM) of the prepared I ZnO/
TiO, AC is presented at Fig. 2a. As can be seen clearly in the
colorful section of the image, the ZnO/TiO, nanoparticles
were regularly dispersed on AC. It also shows ZnO and TiO,
were covered most surface of the AC which increase the
catalytic activity of I ZnO/TiO, AC due to good interaction
with UV. The black and white section of the image is show-
ing the morphology, pour, and particle sizes as well as over-
all situation of the lab synthesized I-ZnO/TiO, AC. It clearly
shows that I-ZnO/TiO, AC have different morphology,
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Fig.2 a Scanning electron
microscope (SEM) of the pre-
pared I ZnO/TiO, AC, b X-Ray
diffraction comparison of AC,
TiO,, ZnO, I ZnO/TiO, AC
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shape, and sizes which make a heterogeneous photocatalytic
adsorbent. In addition it can verify that particles size are
ranged between 57.92 and 63.33 nm (nm) so the structure of
particles are confirmed as nanoscale (< 100 nm).

The structure of the prepared I-ZnO/TiO, AC was
studied by XRD analyzes (CuKa and A =1.54060 A).
Figure 2b shows the XRD pattern and main peaks of
rutile phase at 26 including 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). It also shows the peaks of anatase phase
at 20 including; 25.31 (011), 37.75 (004), 48.06 (020),
53.86° (015), and 55.08° (121).

From the XRD pattern, it is quite clear that the main
peaks of 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) at 20 are confirming the presence of ZnO on the pre-
pared adsorbent. The above mentioned facts revealed that
the lab synthesized I-ZnO/TiO, AC contain standard ZnO
and TiO,.

3.2 Experimental modeling analysis
The designed experiments including factors and obtained

responses are summarized in Table 1. In order to determine
the regression model of As removal by I ZnO/TiO, AC, a

T T
10 20

T T T
30 40 50 60 70

Position [*2Theta] (Copper (Cu))

quadratic model was utilized to find out the relationship
between independent numerical variables and predicted
responses. Central composite design was developed this
relationship as follows:
As R =92.0366 + 4.2083 A — 1.0433 B

+27.2078 C - 8.415 D - 0.5287 AB

+0.3212 AC + 0.1925 AD + 0.1550 BC

+0.0812 BD + 4.9762 CD — 5.1598 A”

— 8.7748 B? — 17.6548 C? + 0.3502 D? (8)

As R = -3.5414 + 25.145 D + 7.6093 pH

+0.4694 T —3.5289 C — 0.1321 D x pH

+0.0024 DX T+ 0.0428 Dx C

+ 0.0003 pH X T + 0.0045 pH x C

+0.0082 T x C — 5.1598 D* — 0.5484 pH?

-0.0010 T* +0.0173 C? ©)
which Eq. 8 is based on coded factor (the high levels of the
factors are coded as+ 1 and the low levels of the factors are
coded as — 1) and Eq. 9 is based on actual factor so it can be
used to make predictions about the responses for given levels

of each factor. In Eq. 8, A, B, C, and D represent the nano
absorbent dose, pH, contact time, and As concentration,
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Table 1 Experimental design Runs Coded values Un-coded values Responses
and responses ;
X X, X3 Xy D (g/L)* pH CT (min) C (mg/L) R, R,
1 0 0 0 0 2 7 165 5.5 9273 2.55
2 -1 1 1 1 1 11 300 10 80.97 8.09
3 -1 0 0 0 1 7 165 5.5 8232 452
4 0 0 -1 0 2 7 30 5.5 46.96 1.29
5 0 0 1 0 2 7 300 5.5 100 2.75
6 1 -1 1 1 3 3 300 10 91.74  3.06
7 -1 1 -1 -1 1 11 30 1 42.16 0.42
8 1 -1 -1 1 3 3 30 10 2587  0.86
9 1 4 -1 -1 3 11 30 1 48.81 0.16
10 -1 -1 1 -1 1 3 300 1 87.13 0.87
11 -1 -1 -1 1 1 3 30 10 16.34 1.63
12 -1 1 1 -1 1 11 300 1 86.43 0.86
13 1 1 1 -1 3 11 300 1 9539  0.32
14 0 0 0 0 2 7 165 5.5 9346  2.57
15 -1 -1 1 1 1 300 10 7989 799
16 0 0 0 0 2 165 5.5 93.61 2.57
17 -1 -1 1 1 11 30 10 14.95 1.49
18 0 0 0 0 2 7 165 5.5 91.94 253
19 1 -1 -1 -1 3 3 30 1 51.82 0.17
20 1 1 -1 1 3 11 30 10 23.79 0.79
21 1 0 0 0 3 7 165 5.5 89.63 1.64
22 0 1 0 0 2 11 165 5.5 81.24 2.23
23 0 -1 0 0 2 3 165 5.5 83.48 229
24 1 1 1 3 11 300 10 86.51 2.88
25 0 0 0 -1 2 7 165 1 100 0.50
26 0 0 0 1 2 7 165 10 82.97 4.15
27 1 -1 1 -1 3 3 300 1 97.57 0.32
28 0 0 0 0 2 7 165 5.5 94.02  2.58
29 0 0 0 0 2 7 165 5.5 91.87 253
30 -1 -1 -1 -1 1 3 30 1 45.19 0.45

4D I ZnO/TiO, AC dosage; CT contact time; C As initial concentration; R; As removal (%); R, adsorption

capacity (mg/g)

respectively. The amount of F value (=822.68) indicate the
model is significant. There is only a 0.01% chance that an F
value this large could occur due to noise. The P values less
than 0.05 in each terms demonstrate model terms are signifi-
cant, and greater than 0.1 indicate the model terms are not
significant (A, B, C, D, CD, A2, B?, and C? were obtained
as the significant model terms). All of these findings refer
to appropriate model which was developed. Additional
information About analyses of ANOVA are summarized in
Table 2. As can easily understand from this table the amount
of predicted R-squared of 0.9938 is in reasonable agreement
with the adjusted R-squared of 0.9975 (difference < 0.2). The
signal to noise ratio of 89.608 (>4) means it is adequate sig-
nal so this model can be used to navigate the design space.
Figure S1 shows the Pareto graphic analysis. The results of
Fig. S1 suggest that among the variables, contact time (C)
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Table 2 Summary of model statically analyses

Parameter As removal qe

Sum of squares 21,246.67 30.97

df 14 14

Mean square 1517.62 221

F value 822.68 291.96

P value <0.0001 (significant) <0.0001

Prob>F (signifi-
cant)

Std. Dev 1.36 0.09

Mean 73.29 0.34

R-squared 0.9987 0.9963

Adj R-squared 0.9975 0.9929

Pred R-squared 0.9938 0.9806

Adeq Precision 89.6080 62.4704
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Table 3 Final selected solution Number D (g/L) pH T(min) C(mg/L) AsR(%) q.(mg/g) Desirability Result
for meeting requirement

1 2.456 6.756  287.570  9.768 99.900 4.365 0.996 Selected

variable was the most important factor for As removal with
34.49%. The lack of fit (LoF) which compares residual error
with pure error was also checked and shown to be not signifi-
cant in comparison with pure error. In our present study with
regard to As removal onto used adsorption process, the LOF
is not significant relative to the pure error, indicating good
response to the model (P value >0.05). A desirable R? value
is close to 1, and a reasonable agreement with adjusted R? is
necessary. As can be seen from results, the model regression
coefficient (R>=0.9987) shows that 99.87% of variability in
As removal can be explained by the predicted model and is
left with 0.13% residual variability. Furthermore, in present
study for As removal, the predicted R? of (0.9938) is in rea-
sonable agreement with the adjusted R? of (00.9975). To sur-
vey the ability of models among various models (linear, 2FI,
quadratic, and cubic), the sequential model sum of squares
was performed. The adequate model for removal efficiency
of As was selected by the probability value (P <0.05) and
the Fisher’s F value along with the determination of coeffi-
cient (R?). The fit summary for removal efficiency of As sug-
gested a quadratic relationship, where the additional terms
were significant and the model was not aliased. Residuals
plots describe the difference between the observed values
of a response and its predicted value and are essential to
estimate the adequacy of the model. Normal test plots are
graphical tools for signifying the residuals departure from
a straight line. The normal probability plot of As removal
using adsorption process (Fig. S1a show that almost all data
points are normally scattered near to the straight line and

there is no gross distribution around the line. The adequacy
of the model was also evaluated by the plot of residuals ver-
sus the predicted responses. Figure S1b disclosed that the
random scatter of the residuals around the zero denotes the
proper behavior of the models and the gratification of con-
stant variance assumptions. Furthermore, in a well-designed
model, the residuals should be independent of time or any
other parameters. In the represented externally studentized
residuals versus run (Fig. S1c), any observable trend dem-
onstrates independency of the residuals to the runs. In gen-
eral, the proposed model was adequately able to predict the
removal of As by adsorption process.

3.3 Optimization of process

After modeling step finding optimized criteria for As removal
in maximum concentration was carried out with emphasize
on meeting standard regulations. According to Environmen-
tal Protection Agency (EPA) maximum contaminant level
(MCL) of 10 pg/L is acceptable for drinking water [68]. The
final appropriate solution which was selected by developed
response surface model is presented in Table 3. It demon-
strated that the best dosage, pH, T, and initial concentration
to reach permitted concentration for output (10 pg/L) are
2.456 g/L, 6.756, 287.570 min, and 9.768 mg/L, respectively.
The appropriate achieved desirability (0.996) depicted that
the solution is acceptable (also the agreement of predicted
and actual values in Fig. 3). Similar findings were reported
by Tsimas et al. (2009) (pH=6.4) [69].

Fig.3 The amount of actual
versus predicted values

4, L g

1 3 3 "
AD=245608 B:pH=6.75754

10

30 300 1 10
CT=287533 DC =9.76766

T
14.95

As R=99.8998

Desirability = 0.996

//QL
100

0.1627 8.097

Qe =4.36543

@ Springer



10490

Biomass Conversion and Biorefinery (2023) 13:10483-10494

Fig.4 The amount of actual
versus predicted values effect
of contact time and I ZnO/TiO,
AC dosage on AS removal

X1=AD 100
X2=C:T

Actual Factors

150
C:T(Min) 120

3.4 Performance evaluation

Effects of various criteria on As removal are shown in
Fig. 4. Figure 4 illustrates effect of contact time and I ZnO/
TiO, AC dosage on As removal and q, in optimized con-
dition (actual factor: D=5.18741 g/L and pH=6.75755).
There is a direct relationship between increases in contact
time and decreases in As concentration and system per-
formance. Minimum removal efficiency of 14.95% was
obtained for T=30 min and C=10 mg/L. This was prob-
ably done due to the required time for oxidation of As.
Tsimas et al. (2009) were reported that 30 min reaction
time is needed for completely As oxidation with initial
concentration of 10 mg/L [69]. So after oxidation of As,
the adsorption rate was increased with T which 99.90% of
As was removed at T=287.6 min C=9.8 mg/L. Figure 5
was plotted for evaluation of simultaneous effect of contact
time and pH on As removal (actual factor: D=5.18741 g/L.
and C=9.76734). From the figure it can easily understand
that the best performance was achieved in pH=6.8 and also
depict the drop in performance as any decrease or increase
in pH. Similar behavior was observed by Altundogan et al.

Fig.5 Effect of contact time
and pH on As removal

X1=B: pH
X=CT 120

Actual Factors 10
A D=518741
D:C=976734
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As R (%)

X1=AD
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(2000) [70]. This phenomenon is expected due to point of
zero charge (pH,,,.) of both nanoparticles. The pH,,, . of TiO,
was ranged between 4.5 and 6.1 according to previous lit-
erature, and this amount was reported 6.9 for ZnO. Based on
previous studies, ZnO effectively works in the pH range of
5.8-6.8, and these findings are in accordance of our results
(Singh et al., 2012). Figure 6 demonstrates effect of contact
time and As initial concentration on As removal in which as
we expected the performance was dramatically decreased by
increasing the As concentration (14.95-100%).

3.5 Adsorption kinetics and isotherm

After finding the optimized points, the kinetic analyses of
As removal was studied, and the results are summarized in
Fig. 7. According to Fig. 7a, the equilibrium time and q,
were 250 min and 3.896, respectively. Figure 7b was plot-
ted for pseudo-first-order kinetic model and the result dem-
onstrated that the obtained data have good agreement with
this model (R?>=0.9749). Figure 7c was obtained using
pseudo-second-order kinetic model, and the correlation

" AsR (%)

X1=8:pH
x2=C:T

Prediction 99.9|

Actual Factors

C: T (Min)




Biomass Conversion and Biorefinery (2023) 13:10483-10494 10491

Fig.6 Effect of contact time

and As initial concentration on Xt=C:T

X2=D:C
As removal
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coefficient (R?>=0.9995) depicted this model has better  analyses. The result showed that the Langmuir isotherm
agreement with the experimental data. Figures 7d and e  has better agreement with the obtained data.
were plotted for the appropriate isotherm for adsorption
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4 Conclusion

An immobilized ZnO/TiO, activated carbon (nanoscale) was
developed to arsenic removal from water and was modeled by
response surface modeling approach to find the optimized condi-
tion. According to obtained results, the best dosage, pH, T, and
concentration to meet environmental requirements are 5.187 g/L,
6.758, 287.574 min, and 9.767 mg/L, respectively. The evalua-
tion of obtained model was showed that the model is appropriate
to use for performance prediction of the system. Finally, it can be
concluded that the novel immobilized ZnO/TiO, activated carbon
have a very high performance in As removal along with economic
it manner, so it is seriously purposeful for practical use.
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