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ABSTRACT

In this experimental study, alum adsorbent was synthesized using an electrochemical process con-
sisting of aluminum (anode) and iron (cathode) electrodes in a 1 L cylindrical reactor. The structure
of the alum adsorbent was investigated using transmission electron microscopy, scanning electron
microscopy, X-ray diffraction, and Brunauer-Emmett-Teller techniques. Adsorption process exper-
iments were evaluated with four input parameters such as pH (4-9), alum nanoparticles dosage
(0.01-0.05 g/L), initial concentration of tannic acid (10-80 mg/L), and contact time (5-50 min). The
isotherm and adsorption kinetics were examined under optimal experimental conditions to evalu-
ate the adsorption process. The results of the physicochemical analysis confirmed the accuracy of
the alum structure. Under optimal conditions of the adsorption process, pH, adsorbent dose, initial
concentration of tannic acid, and contact time were 6, 0.05 g/L, 20 mg/L, and 50 min; Under these
conditions, the removal efficiency of tannic acid was obtained to be 93.9%. The results of the adsorp-
tion isotherm and kinetics studies showed that the adsorption process follows the Langmuir iso-
therm (R? = 0.99) while the process kinetics corresponds to the second-order kinetics model (R* = 1).
The results showed that alum can be used as a high-availability and cost-effective adsorbent to
remove tannic acid from aqueous solutions.
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1. Introduction

Tannic acid is a water-soluble polyphenolic compound
that is generated by the decomposition of organic matter
in the environment and is frequently found in most surface
and drinking waters. It has also been detected in the waste-
water of cork and fiber factories, medicinal plants, paper,
and leather industries [1]. Tannic acid is commonly found in

* Corresponding authors.

human diets including tea, beans, grapes, strawberries, etc.,
and is considered as a food additive and has antimicrobial
activity and has antioxidant properties [2]. Although tan-
nic acid has beneficial properties, it can cause serious and
high-risk problems because the presence of this substance
in drinking water may interfere with chlorine, which is a
disinfectant in the water, and as a result, form carcinogenic
products such as trihalomethanes [3]. These disinfection
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by-products are approved or suspected of human carcino-
genesis, which possibly causes cancers such as colorectal
and bladder cancer [4]. In addition, tannic acid has received
serious attention as an environmental pollutant due to its
toxicity to aquatic organisms such as algae, phytoplankton,
fish, and invertebrates [5]. Due to these cases, in order to
protect the environment and public health, it is necessary
to remove this contaminant from aqueous solutions. So far,
many physical and chemical processes have been used to
remove contaminants from aqueous solutions, including
many types of nanostructures [6], nanofibers, and nano-
tubes [7]. Also, due to its simplicity and high efficiency, the
adsorption method has been widely used in the removal
of tannic acid from aqueous solutions. There are several
adsorbents for the removal of tannic acid from aqueous
solutions, the most common of which are activated carbon,
resin, zirconium clay, chitosan, collagen fibers, and surfac-
tant-modified clay [8]. These processes have problems such
as high investment and operating costs and high sludge
production, and even some of these technologies are not
able to effectively remove tannic acid [9]; therefore, there
is an urgent need to develop effective and efficient tech-
nologies to remove tannic acid from water. In recent years,
advanced oxidation processes have attracted much atten-
tion for the removal of contaminants from aqueous solu-
tions. One of these processes is the use of electrochemical
techniques that have successfully helped the environment
in developed countries [10]. The application of the electro-
chemical process in the water and wastewater industry is
also very diverse. This technique has been used in various
situations and industries to remove a wide range of pollut-
ants [11,12]. This technique can be employed in water treat-
ment, breaking fat and oil emulsions in water, removal of
natural organic matter from water, defluoridation, removal
of diazinon and sulfate compounds [13], removal of heavy
metals [14], removal of phenolic compounds, treatment of
baker’s yeast production wastewater, treatment of mechan-
ical polishing wastewater, as well as radioactive wastewa-
ter treatment. So far, various studies have been conducted
on the use of electrochemical processes for the removal of
pollutants. In his study, Matson designed an electrochem-
ical mechanism to describe a device that had previously
been proposed as an electronic coagulator. In another study,
the removal of ammonia and nitrite from the aqueous solu-
tion in a batch reactor was investigated [15].

Electrochemical methods include electrical coagulation
and electrical flotation. The electrocoagulation phase pro-
vides the destabilizing agents that cause the neutralization
required to separate the contaminants. Electro-flotation also
produces factors that promote interparticle bridging or coag-
ulation, after which the formed complexes begin to precipi-
tate. Thus, the removal of contaminants from the system can
be achieved by removing sediments [16]. Electrocoagulation
and flotation using sacrificial anodes have been exten-
sively studied to remove suspended particles, organic com-
pounds, dyes, metal ions and inorganic anions, and various
combinations of water and wastewater [17]. The mecha-
nism of stabilization of suspended particles of contaminants
and breaking of emulsions in this process can be done by
interparticle bridging, charge neutralization, ionic layer
compression, and sweep coagulation.

The mechanism of action of the electrochemical process is
described in reactions 1-3. In general, oxidation (reaction 1)
and reduction (reaction 2) occur at the anode and cathode
electrodes, respectively. Therefore, if an aluminum elec-
trode is selected as the anode, these electrodes are decom-
posed according to (reaction 1), and aluminum hydroxides
are produced (reaction 3) [18].

Al A" + 3e (1)
2H,0+ 2¢” —»H,+ 20H" )

Al” + 30H — Al(OH) 3

3

The aluminum hydroxides produced can be reused.
If the water substrate used is pure water, the aluminum
hydroxide produced does not require any purification and
after drying at room temperature can be used directly to
remove contaminants. Alum nanoparticles have features
such as very low cost of synthesis, high availability, easy
preparation in the laboratory, and having significant effi-
ciency to remove contaminants [19]. On the other hand,
given that the tannic acid in aqueous solutions has high
importance and is a carcinogen, and no study has been
done on the removal of tannic acid by the adsorption pro-
cess using alum nanoparticles produced by the electro-
chemical process, this study was conducted to synthesize
alum nanoparticles through the electrochemical process
with electrodes of aluminum (anode) and iron (cathode)
for removal of tannic acid as a precursor of trihalomethanes
from aqueous solutions in different laboratory conditions
and to achieve optimal removal conditions.

2. Materials and methods
2.1. Materials required

All chemicals and reagents were prepared in analytical
with no more purification. The electrodes were made of alu-
minum and commercial iron plates. To adjust the pH of the
solution, H,50, and NaOH (with 98% purity) were prepared
from Merck Company, Germany. DC power device (model:
Dazheng-PS-302D) was used as an electric power supply.
The tannic acid powder was purchased commercially from
Sigma Company and was used in the laboratory by pre-
paring stock (1,000 mg/L) in different concentrations. The
chemical structure of tannic acid is shown in Fig. 1 [20].

2.2. Construction of a reactor for the synthesis of alum
nanoparticles

The electrochemical reactor consisted of an open Plexiglas
chamber in which four electrodes (2 aluminum electrodes
as anode and 2 iron electrodes as the cathode) were placed
every other one in the row at 1 cm distance and were con-
nected to a DC power source monopolar mode. A magnet
was used to provide mixing inside the reactor during the
process. The entire chamber was then placed on a magnetic
stirrer at 200 rpm. The schematic of the electrochemical
reactor is shown in Fig. 2.
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2.3. Synthesis of alum nanoparticles

Prior to the synthesis of nanoparticles, the surface of
the electrodes was sanded to remove impurities and then
placed in HCI solution and then washed with distilled water
for 1 min. Current density, synthesis time, distance between
electrodes, and pH were considered to be 3.3 mA/cm?, 5 h,
2 cm, and 7, respectively. After 5 h (reaction time), the con-
tents of the suspension were allowed to settle for 30 min,
and the supernatant was then removed using a pipette,
and the nanoparticles were dried at ambient temperature
for 72 h [21]. Transmission electron microscopy (TEM)
was used to determine the size and morphology of alum
nanoparticles. The morphology and crystallographic prop-
erties of the nanoparticles were also determined by scan-
ning electron microscopy (SEM). The crystal structure of
alum nanoparticles was determined by X-ray diffraction
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Fig. 1. Chemical structure of tannic acid.

(XRD). Brunauer-Emmett-Teller (BET) analysis was used
to determine the specific surface area of nanoparticles.

2.4. Experimental procedure

This study was performed experimentally and on a lab-
oratory scale. In order to perform the adsorption process,
a 0.5 L cylindrical reactor was used. The sample volume
at each stage of the experiment was 150 mL. Taking into
account the two repetitions in the experiments, a total of 60
samples were tested in different conditions. Independent
variables in this study included pH (4-9), alum nanoparti-
cles dosage (0.01-0.05 g/L), initial concentration of tannic
acid (10-80 mg/L), and contact time (5-50 min). Initially, the
amount of tannic acid, pH value, and the alum nanoparticle
dosage were selected 10 mg/L, 6 and 0.01-0.05 g/L, and at
different times (5, 10, 20, 30, 50 min), the samples were taken
to determine the optimal amount of alum nanoparticles.
Then the amount of tannic acid in the range of 10-80 mg/L
was tested to obtain the optimal concentration of tannic acid.
After determining the optimal amount of alum nanoparti-
cles and the concentration of tannic acid, the optimal pH
value was determined using pH values of 4, 5, 6, 8, and 9.
The maximum wavelength of tannic acid absorption was
determined at 278 nm [22] by UV/VIS spectrophotometer
(DR-5000). In order to measure the residual concentration
of tannic acid, different samples were made with specific
concentrations and their adsorption rate was read by spec-
trophotometer. The standard curve was then drawn based
on the adsorption rate and specific concentrations. The out-
let samples of the process were centrifuged at 30,000 rpm
for 4 min, and after passing through a 0.45-micron filter,
the residual concentration in the samples was measured.

Al (anode)

lee_ (cathode)

Non-conductive -
Electrode =
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Fig. 2. Schematic of the electrochemical reactor and monopolar parallel electrodes.
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Finally, by performing kinetic experiments, the adsorption
capacity in equilibrium was calculated.

The adsorption rate of tannic acid on the adsorbent was
denoted by g,. The value of g, was calculated using Eq. (4).

(C.-c,)v
q. M (4)
In Eq. (4) C, represents the initial concentration of the desired
tannic acid solution (mg/L); C, is the final concentration of
the same solution (mg/L); V is the volume of the solution (L),
and mass of the desired dry adsorbent mass (g).

Adsorption isotherms are used to predict and deter-
mine the adsorbent performance. In this study, Langmuir,
Freundlich, and Temkin isotherms have been used; their
equations and parameters are shown in Table 1. According
to Table 1, g, represents the equilibrium concentration of
tannic acid in the solid phase (mg/g), C, indicates the equi-
librium concentration of tannic acid in the liquid phase
(mg/L); g,, is the maximum adsorption capacity in mg/g, and
K, in the Langmuir isotherm, is energy related to chemical
adsorption (L/mg). The basic characteristic of the Langmuir
isotherm is expressed by a dimensionless constant called
the equilibrium parameter, or R, which is defined in Eq. (5).

R = )
1+K,C,

where, K, is the Langmuir constant, and C, is the initial
concentration of tannic acid (mg/L). R, indicates the type
of isotherm so that if R, = 0 is irreversible; if 0 < R, <1 is
desirable; if R, =1 is linear, and if R, > 1 is undesirable [23].
In Freundlich isotherm, K, indicates the adsorption capac-
ity at a unit concentration, and 1/n is the adsorption inten-
sity. If 0 = 1/n is irreversible; if 0 < 1/n < 1 is the desired
state, and 1/n = 1 is the undesirable state. In the Temkin
isotherm, K also represents the Temkin constant.

To evaluate the adsorption mechanism, adsorption con-
stants can be determined using first- and second-order kinetic
equations [24]. The linear form of the first-order model
in Eq. (6).

k]
t 6
2.303 ©

logg, —q, =logg, -
where, g, is the amount of tannic acid adsorbed at equilib-
rium (mg/g), g, is the amount of tannic acid adsorbed at
time t (mg/g), and k, is the equilibrium constant of the first-
order kinetic rate (1/min).

Table 1

The linear form of the second-order kinetic model for the
adsorption of tannic acid by alum nanoparticles is as Eq. (7).

N . %)
9, kg, 4.

where, g, is the amount of tannic acid absorbed at equilib-
rium (mg/g) and k, is the equilibrium rate constant of the
second-order kinetic equation (g/mg min). The linear state
between t/q, and contact time (t) can be approximated by sec-
ond-order kinetics.

The kinetic model of intraparticle diffusion based on
the diffusion parameters in the adsorption processes is
obtained using Eq. (8) [25].

g, =kt +1 ®)

where, I represent the width of the origin and the constant
k,is the intracellular diffusion velocity (mg/g min'?).

3. Results
3.1. Determining the structural characteristics of the adsorbent

The surface properties of alum nanoparticles (corre-
sponding diameter and morphology) by TEM are shown
in Fig. 3a. Examination of the image shows that the parti-
cle size is almost spherical and has a smooth and uniform
surface. The diameter of alum nanoparticles was approx-
imately 25 nm. The crystallographic properties of alum
nanoparticles by SEM analysis are shown in Fig. 3b. SEM
analysis for alum nanoparticles showed a spherical struc-
ture with a size of approximately 100 nm. Fig. 3¢ identifies
the crystal structures of alum nanoparticles by XRD. For
alum nanoparticles, diffraction peaks with 20 angle were
observed at 18.45°, 20.46°, 27.79°, 37.47°, 40.54°, 44.79°, 52.53°,
58.41°, 63.95°, and 70.93°. The particle size of boehmite
AlOOH using the Monshi et al. equation [26] was 90 nm.
To describe the specific surface area of alum nanoparticles,
the BET technique in Fig. 3d was used. The specific surface
area of alum nanoparticles by BET analysis was obtained
to be 109.79 m?/g. The pore volume and diameter of alum
nanoparticles were 25.225 cm®/g and 2-50 nm, respectively.

3.2. Results of independent variables effect
3.2.1. Effect of pH

Fig. 4 shows the changes in the removal efficiency of
tannic acid at different pH values. With increasing pH from

Types of isotherms with equations and parameters used in this study

Isotherm Equation Linear form of the equation Parameters

Langmuir q,=(q,K.C)1+KC) C/q,=(1/Kg,)+(CJq,) q,,= (slope)™; K, = slope/intercept
Freundlich g,=K(C) Ing, =InK, +n" InC, K, = exp(intercept); 1 = (slope)™
Temkin q,, = slope; K= exp(intercept/

9.= 0K C)

q,=q,InK; +q,InC,

slope)
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Fig. 3. (a) TEM, (b) SEM, (c) XRD, and (d) BET images related to the structural characteristics of alum nanoparticles.
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Fig. 4. Effect of pH on the tannic acid removal from aqueous solutions (alum nanoparticle dose: 0.05 g/L; initial tannic acid

concentration: 20 mg/L; contact time: 50 min).

acidic to the state near neutral, the removal efficiency of tan-
nic acid increased (pH = 6), while at the alkaline condition,
the efficiency decreased again, and the efficiency of the pro-
cess showed a decreasing trend. Under optimal conditions

of other variables (nanoparticle concentration of 0.05 g/L,
initial tannic acid concentration of 20 mg/L, and contact
time of 50 min) at pH of 4, the removal efficiency was 89.5%.
With increasing pH to 6, efficiency to 93.8% increased, and
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finally, at pH of 9, the removal efficiency decreased again
and reached 86.2%. Therefore, the pH of 6 was selected
as the optimal pH of the process to remove tannic acid.

3.2.2. Effect of initial concentration of alum nanoparticles

The different concentrations of alum nanoparticles
were shown in Fig. 5. By increasing the dose of alum
nanoparticles, the efficiency of the process for the removal
of tannic acid has increased dramatically. With increasing
the dose of nanoparticles from 0.01 to 0.05 g/L, the removal
efficiency has increased from 83.4% to 93.9%. Based on
this, the nanoparticle dose of 0.05 g/L was selected as the
optimal dose.

3.2.3. Effect of initial concentration of tannic acid

Fig. 6 describes the effect of different concentrations of
tannic acid on its removal efficiency in the adsorption pro-
cess. With increasing the initial concentration of tannic

100
80
X 60
&
40
20

0.02

acid from 10 to 20 mg/L, the removal efficiency initially
increased from 84.3% to 93.6%, but with changing the con-
centration of tannic acid from 20 to 80 mg/L, the removal
efficiency decreased and reached 88.1% at a concentra-
tion of 80 mg/L. Therefore, a concentration of 20 mg/L of
tannic acid was selected as the optimal concentration of the
process.

3.3. Effect of contact time

Changes in the contact time of the adsorption process to
remove tannic acid are shown in Fig. 7. As can be seen, at a
contact time of 5 min, the removal efficiency of tannic acid
is 85.3%. By increasing the contact time from 5 to 10 min,
the removal efficiency increased to 88.1%. Then, with
increasing the contact time, the removal efficiency of tan-
nic acid gradually increased, and finally, at a contact time
of 50 min, the removal efficiency reached 93.9%. Therefore,
the optimal time for the process equilibrium was consid-
ered to be 50 min.

91.
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Fig. 5. Effect of initial concentration of alum nanoparticles on the removal of tannic acid from aqueous solutions (initial tannic acid

concentration: 20 mg/L; pH: 6; contact time: 50 min).
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Fig. 6. Effect of initial concentration of tannic acid on its removal from aqueous solutions (alum nanoparticle dose: 0.5 g/L; pH: 6;

contact time: 50 min).
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3.4. Tunnic acid removal efficiency under optimal conditions

After performing experiments related to parameters
including pH, alum nanoparticles dosage, initial concentra-
tion of tannic acid, and contact time in different conditions
and by repeating the experiments twice, the optimal con-
ditions of the independent variables of the present study
were obtained. Thus, pH of 6, alum nanoparticles dosage
of 0.05 g/L, the initial tannic acid concentration of 20 mg/L,
and contact time of 50 min were determined as the opti-
mal state. Under the above optimal conditions, the removal
efficiency of tannic acid by alum adsorbent synthesized by
electrochemical process reached 93.9%.

3.5. Investigation of isotherm and adsorption kinetics

Adsorption isotherms are very important from a the-
oretical and practical point of view in processes. For this
purpose, Langmuir, Freundlich, and Temkin models were
studied to evaluate the interaction between tannic acid and
adsorbent and pollutant adsorption capacity. The results of
isotherm parameters of three types of Langmuir, Freundlich,
and Temkin isotherms in adsorption of tannic acid by
alum nanoparticles were shown in Table 2 and Fig. 8a—c.
By comparing the isotherm parameters in three different
models, it was observed that the value of correlation coef-
ficient (R?) in the Langmuir model is approximately close

100
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to 1 (R*=0.99), so it can be said that the adsorption process
follows the Langmuir isotherm.

The results of kinetic constants of adsorption of tannic
acid by alum nanoparticles were presented in Table 3 and
Fig. 9a-c. In this study, the first-order and second-order
adsorption kinetics and intraparticle diffusion under opti-
mal conditions were investigated. The results showed that
the correlation coefficient (R?) of the second-order kinetics
in the adsorption of tannic acid by alum nanoparticles was
1. Accordingly, according to the obtained constant coeffi-
cients and correlations, it can be said that the process fol-
lows the second-order kinetic model.

4. Discussion

TEM images are used for a more detailed study of the
physical structure and surface morphology of nanoparti-
cles. In the present study, the TEM image showed the parti-
cle size as spherical and uniform. In the study of Mittal et al.
[27], the spherical structure of Fe,O, nanoparticles used for
the removal of green malachite dye was analyzed by TEM
images. In another study by Sun et al. [28], the spherical
shape of poly iron, aluminum silicate, and sulfate nanopar-
ticles from ash analyzed by TEM was approximately
25-30 nm. The study of the physical structure and mor-
phology of the surface of alum nanoparticles was analyzed
using SEM images. SEM analysis for nanoparticles showed

93.9

20

30

50

time, min

Fig. 7. Effect of contact time on the removal of tannic acid from aqueous solutions (nanoparticle concentration: 0.05 g/L; initial tannic

acid concentration: 20 mg/L; pH: 6).

Table 2
Results of isotherms of tannic acid adsorption by alum nanoparticl
acid: 20 mg/L; pH: 6)

es (adsorbent concentration: 0.05 g/L; initial concentration of tannic

Isotherm Langmuir isotherm Freundlich isotherm Temkin isotherm
q,(EX) g, (mg/g) K (L/mg) R, R* K/ (mglg) N R ¢, ,(mglg) K (L/mg) R
3759 3759 0.0702 0.064 099  352.02 481 098  90.04 90.35 0.95
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Table 3

Results of kinetic parameters of tannic acid adsorption by alum nanoparticles (adsorbent concentration: 0.05 g/L; initial tannic acid

concentration: 20 mg/L; pH: 6)

Kinetic First-order kinetics Second-order kinetics Intraparticle penetration
qu (EX) (qu)Cal kl Rz (qu)Cal k2 RZ k}) I RZ
375.9 9.07 0.063 0.78 370.3 0.018 1 171 364.5 0.73

an almost spherical structure with a size of approximately
100 nm. In the study of Liuzhang et al. [29], SEM analy-
sis showed approximately similar results for morphology
and crystallographic properties of Al203 nanoparticles
[29]. The crystal structure of alum nanoparticles was deter-
mined by the XRD method. Diffraction peaks with a 20
angle were observed in the results of this study, and the
particle size was obtained to be 90 nm, which was in line
with the Monshi et al. study [26]. The results of BET anal-
ysis showed that the surface area was 109.79 m?/g, and the
pore volume and pore diameter of alum were 25.225 cm®/g
and 3.50 nm, respectively. The study conducted by Wang
et al. [30] on the use of alum sludge for the production of
aluminum hydroxide in the chemical coagulation process
showed that following changes in temperature, surface,
and volume of particles increased from 5.8 to 95.6 m*/g
and from 0.008 to 0.414 cm?®/g, respectively. Yang et al. [31]
conducted another study based on BET analysis using
alum sludge pore structure and reported that the spe-
cific surface area of alum sludge was 49.03, which was
significantly related to the present study.

In adsorption processes, the pH factor plays an import-
ant role in removing contaminants from aqueous solutions
and is one of the important components of the water and
wastewater quality parameter that can affect the adsorp-
tion capacity by changing the adsorbent surface. In Fig. 4,
with increasing the pH from the acidic to the state near to
neutral (pH = 6), the process efficiency has increased, but
at alkaline conditions, the removal efficiency has gradu-
ally decreased. On the other hand, the optimal pH value of
alum is in the range of 5-7-5 because at this pH, aluminum
hydroxide (Al(OH),) flocs have the least solubility [32].

In a study, Yang et al. treated the river water by coagu-
lation process using aluminum persulfate (alum) and poly-
aluminum chloride, and found the highest process efficiency
at pH = 6 as the optimal state, the results of which were con-
sistent with the present study [33]. At low pH values, the
positive charge density at the adsorbent surface increases,
and the electrostatic attraction force significantly increases
between the positive surface charge of the adsorbent and
the contaminant molecules, which leads to improving the
distribution and dispersion of the contaminant [34].

In a study conducted for the adsorption of tannic acid
using amine group activated silica adsorbent, it was noted
that the maximum adsorption capacity of tannic acid is
512.2 mg/g and its adsorption is strongly dependent on pH
and ionic strength and electrostatic reactions play a crucial
role in the adsorption of tannic acid [35]. Adsorbent con-
centration is an effective and important factor in adsorption
processes because the amount of tannic acid removed and
the amount of adsorbent consumed and, as a result, the cost

of the operation is affected [36]. In the present study, the
efficiency of the process was slightly increased by increas-
ing the adsorbent dose. The high efficiency of the process
and the increase in the adsorption of tannic acid are due
to the increase in the number of active sites, the increase
in the adsorbent surface, and the presence of a strong driv-
ing force that occurs due to an increase in the initial dose
of the adsorbent [37]. The results of the study by Sun et
al. [38] revealed that by increasing the dose of polyaniline
adsorbent, tannic acid removal efficiency was increased;
this is almost consistent with the present study. One of the
most important factors, which should be considered in the
adsorption of contaminants, is the effect of the initial con-
centration of the adsorbate. In this study, with increasing
the initial concentration of tannic acid from 10 to 20 mg/L,
the efficiency initially increased, but with increasing the
concentration of contaminants, the removal efficiency grad-
ually decreased, and the removal efficiency was higher at
low concentrations. On the other hand, considering that
for a certain amount of adsorbent, its active surface is con-
stant, so with increasing the initial concentration of contam-
inants, process efficiency decreases due to the shortage of
active sites at the adsorbent surface. Adsorbents have also
limited adsorption sites that, as the initial concentration of
the contaminant increased, their capacity is saturated more
rapidly and the removal efficiency decreased [39,40]. The
results of the study conducted by Sarici-Ozdemir and Onal
[8] showed that with increasing the initial concentration of
tannic acid, the adsorption efficiency onto activated carbon
decreases, which was in line with the results of the present
study. One of the important factors in the adsorption pro-
cess is the effect of contact time, which is directly related
to the adsorption capacity and removal efficiency of tannic
acid. In the present study, with a gradual increase in contact
time from 5 to 50 min, the removal efficiency of tannic acid
increased and the highest removal efficiency was obtained
at high contact times. In general, the adsorption capacity
increases with time and at a certain time reaches a con-
stant value and no molecule of tannic acid is removed from
the solution. Adsorption of tannic acid rapidly occurred
in the early stages of treatment time and slowed down
near equilibrium. It is clear that in the early stages, a large
number of empty surface sites are available for adsorption,
and over time, it remains difficult to occupy the remain-
ing empty sites because a repulsion between the adsorbed
tannic acid on the solid surface and the molecules in the
solution phase occurs [41]. Various studies have shown
the positive effect of contact time for high efficiency of the
adsorption process for optimal removal of the contami-
nant, the results of which were consistent with the present
study [42,43].
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Pseudo first order (a)
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Fig. 9. Pseudo-first-order (a), pseudo-second-order (b) and intraparticle diffusion (c) kinetics models for tannic acid on alum nanopar-

ticle surface.



84 S.A. Matboo et al. | Desalination and Water Treatment 241 (2021) 74-86

The findings of Zhou and Haynes [44] study showed
that alum adsorbent has a significant efficiency in removing
Pb(II) and Cr(IIl and VI) metals from aqueous solutions and
this adsorbent effectively increases the removal efficiency of
contaminants. The study of Poorsadeghi et al. [45] showed
that the removal efficiency of arsenic from water using syn-
thesized alum nanoparticles reached 92%. These findings
were largely consistent with the present study and show
that alum nanoparticles are effective in removing pollut-
ants from various aquatic environments.

Adsorption isotherms designate how contaminants react
with adsorbents and play a key role in optimizing adsorp-
tion consumption. In this study, three types of Langmuir,
Freundlich, and Temkin isotherms have been investigated.
Process isotherm studies showed that the process follows
the Langmuir isotherm model. The Langmuir isotherm
is one of the simplest types of isotherms that can provide
information on the adsorption capabilities of the adsorbent
and can express the equilibrium behavior of the adsorption
process. This isotherm shows the relationship between the
contaminant range in the solid phase (adsorbent) and the lig-
uid phase (solution) [46]. The Langmuir isotherm assumes
that the adsorbent surface is perfectly uniform and that
each active site of the adsorbent can absorb a maximum of
one adsorbate molecule, so the adsorbed layers will be one
molecule thick (single layer). In addition, it is assumed that
all adsorption sites have the same affinity for adsorbate
molecules and that there is no interaction between adsor-
bate molecules. In Freundlich isotherm, the adsorbent has
a non-uniform surface that is composed of different levels
of adsorption sites. The Temkin isotherm explains that the
adsorption heat of all molecules on the adsorbent surface
decreases linearly with the amount of surface coverage
due to the adsorption-adsorption interactions; therefore,
the adsorption potential of the adsorbent for adsorbates
can be evaluated with the Temkin isotherm in which the
decrease in adsorption heat is linear [47].

The adsorption capacity of alum nanoparticle for tannic
acid from isotherm of Langmuir was compared with that
reported by other studies using other adsorbents. According
to Table 4, the adsorption of alum for tannic acid is very
effective compared to other adsorbents. Therefore, the alum
nanoparticle adsorbent has a super adsorption ability of
tannic acid.

In order to provide information about the factors affect-
ing the reaction rate, kinetic evaluation is necessary. Kinetic
models that are widely used in sources for adsorption

Table 4
Isotherm models parameters and comparison of adsorption ca-
pacities of tannic acid of different adsorbents

Adsorbent Q... (mg/g) References
Clay 153 [48]
Chitosan-montmorillonite 240 [49]
Fe,0,@SiO,-NH, 140.85 [22]
magMCM-41-NH, 2253 [35]
Polyaniline 225 [38]
Biochar 67.41 [50]

processes include first-order, second-order kinetics, and
intraparticle diffusion. These kinetic models are used to
determine the control mechanism of adsorption processes,
such as surface adsorption, chemical reaction, or diffusion
mechanisms [51]. The results of the present study showed
that the adsorption process follows the second-order kinetic
model. The second-order kinetics is an interesting and use-
ful model because various studies have shown that the
kinetics of most adsorption systems in different concentra-
tions of pollutants and different amounts of adsorbent are
well compatible with this system [52,53].

5. Conclusion

In this study, the nature and structure of alum adsorbent
were confirmed using TEM, SEM, XRD, and BET analyses.
After performing the experiments, the optimal conditions
for the removal of tannic acid with alum nanoparticles were
obtained (pH = 6, alum nanoparticles dosage = 0.05 g/L,
initial tannic acid concentration = 20 mg/L, and contact
time = 50 min) and under these conditions, the removal
efficiency reached 93.9%. Based on the findings of the iso-
therm and kinetics study, the adsorption process follows
the Langmuir isotherm (R? = 0.99) and the second-order
kinetics (R? = 1). The results showed that through employ-
ment of alum nanoparticles, the highest tannic acid removal
efficiency is obtained by the adsorption process, and
alum can be used as a high-availability and cost-effective
adsorbent to remove tannic acid from aqueous solutions.
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