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Abstract—Humic acids are one type of natural organic matter and precursors of chloro organic compounds that
cause a major problematic issue for water treatment plants. In the present study, Hyperbranched polyethylenimine
(HPEI) was grafted onto Fe;O, nanoparticles for HA adsorption from aqueous solution. Fe;O,@HPEI nanoparticles
were characterized via TEM, SEM, FTIR, XRD, VSM, and BET analysis. The effects of various operational parameters
including initial HA concentration, pH, adsorbent dose, contact time and ionic strength on the HA removal were
assessed. According to the obtained statistical model, the optimal condition was acquired at the initial HA concentra-
tion 79 mg/L, adsorbent dose 0.128 g/L, pH 3 and contact time 29 min, which up to 97.27% HA were adsorbed by
Fe;O,@HPEI that was close to the predicted result by the model (95.6%) that confirmed the validity of the selected
model. The adsorption data were fitted to the pseudo-second-order kinetic and Freundlich isotherm. Thermodynamic
parameters indicated that the adsorption process was spontaneous and endothermic. The fabricated Fe;O,@HPEI
nanoparticles could be repeatedly utilized as a suitable adsorbent to remove HA from the aqueous environment.
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INTRODUCTION

Humic acids (HA) are complex macromolecules and one type
of natural organic matter (NOM) that exist in soil and sources of
drinking water supply [1,2]. They are a very complex combination, so
cannot be illustrated by any single formula; however, C,gH,404NoS
is a common chemical formula for humic acid [3,4]. HA carry net
negative charges, resulting from the variety of different functional
groups such as carboxylic (-COOH) and phenolic (-OH) which
attached to aromatic rings [5].

HA is insoluble in water under strongly acidic conditions but
dissolves at pH above 2 (pH>2) [6]. Approximately 40-90% of dis-
solved organic matter found in the fresh water supply may be at-
tributed to this compound [5]. HA concentration in underground
and surface water ranges widely from 20 pg/L to 30 mg/L, respec-
tively [7]. HA in water can cause brown or yellow color, taste, odor,
and be a serious problem for aquatic organisms [8]. Furthermore,
in conventional drinking water treatment, HA reacts with chlorine
and produces disinfection by-products (DBPs), like trihalometh-
anes (THMs) [9] and haloacetic acids (HAAs), haloacetonitriles,
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haloketones, trichloronitromethane and trichloroacetaldehyde, which
are a potential precursor to carcinogenic [3,10]. Therefore, it is nec-
essary to find effective methods for removing HA from the water.
Various techniques have been used to minimize the concentration
of HA in aqueous solution, for instance, coagulation [11], electro-
coagulation [12], advanced oxidation [13], ultrafiltration [14] and
adsorption. Among these, adsorption has been generally considered
because it has easy operation, simple design, high efficiency, and
low investment [15].

In the past decades, magnetic nanoparticles have gained special
attention in water purification due to their high extraction efficiency,
simple manipulation process, large surface area, strong adsorption
ability; easily separated from water and easy recovery [16,17]. One
of the most commonly used magnetic materials is Fe;O, nanopar-
ticles that have been used in many areas, like biotechnology, biomedi-
cal, environmental remediation and wastewater treatment [18,19].
However, magnetic nanoparticles (Fe;O,) have some limitations,
as they form aggregations in aqueous solutions due to strong mag-
netic dipole-dipole attractions between particles and so lose their
ability to remove the pollution [17,20]. In addition, magnetite is not
stable and could be oxidized, which alters its magnetic properties
[21]. Thus, it is necessary to modify the surface of magnetic nano-
particles not only to solve these problems but also to enhance nano-
particle capacity and improve their efficiency [22]. For this purpose,
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magnetic nanoparticles have been modified with different amino
acids compounds like arginine [23], cysteine [17], lysine [24] and
guanidine [25].

Recently, the application of modified magnetic nanoparticles in
HA removal has been studied. Kumari et al. used polyethylene gly-
col (PEG) for surface modification of Fe;O, and its efficiency in HA
removal was investigated [26]. Fe;O,-chitosan hybrid nanoparticles
were prepared by Zulfikar et al. and successfully used to remove
HA [5].

Hyperbranched polyethylenimine (HPEI) is a macromolecular
polyamine containing a large number of primary, secondary and
tertiary amine functional groups on its molecular chains [27]. In
addition, PEI has a high positive charge density in a broad pH range,
which makes it very useful in the functionalization of Fe;O, nanopar-
ticles to adsorb negatively charged analytes [28,29].

In the present work, HPEI was grafted onto Fe,O, nanoparticles
to improve the performance of HA removal from the aqueous envi-
ronment. The efficiency of fabricated Fe;O,@HPEI for adsorption
HA was studied and an appropriate model was suggested to deter-
mine the optimum value of various operational parameters and
obtaining favorable conditions.

MATERIALS AND METHODS

1. Materials

Humic acid sodium salt 50%, hyperbranched polyethylenimine
(HPEL molecular weight: 60,000 g/mol, 50 wt% in H,O), and [3-
(2, 3-Epoxypropoxy)-propyl]-trimethoxysilane (EPO, 98%) were
prepared from Sigma-Aldrich. FeSO,-7H,0, FeCl;-6H,O (Grade:
ACS, ISO, Reag. Ph Eur), ammonia solution (NH,OH, 25%), sodium

FCSO4.7H20 NH_}OH. NE

hydroxide (NaOH), Hydrochloric acid (HCL, 98%) and toluene
were obtained from Merck.
2. Synthesis of Fe;O, Nanoparticles

Magnetic nanoparticles (Fe;O,) were prepared by chemical co-
precipitation method. 0.7 g FeSO,-7H,0 and 1.17 g FeCl;-6H,0
were added into 50 mL deionized water and stirred for 30 min under
nitrogen gas at 70 °C. Then, 10 mL NH,OH (25%) was dropped
slowly into the mixture and stirred for 1 hour. The Fe;O, nanopar-
ticles were segregated by an external magnet. The product was
washed five times with water and dried in an oven at 50 °C for
24 hours.
3. Synthesis Fe;O,@HPEI Nanoparticles

1g of HPEI was poured into 200 mL dry toluene and 04g
EPO was dropped slowly in the reaction mixture and agitated for
24hours at 80°C. Then 1g prepared Fe;O, nanoparticles were
dispersed in 25 mL ethanol and added in the above reaction mix-
ture, stirring continued for 24 hours at 80 °C. The obtained black
powder was separated by an external magnet and washed several
times with ethanol. Finally; it was dried in vacuum for 24 hours [30].
The synthesis process is schematically illustrated in Fig. 1.
4. Characterization of Adsorbent

Imaging and examining the microscopic structure of magnetic
nanoparticles were carried out via field emission scanning electron
microscope (FE-SEM) and transmission electron microscopy (TEM)
(EM10C-100 KV, Zeiss Co, Germany). Fourier transform infrared
spectroscopy (FTIR) (Spectrum Two, PerkinElmer Co) was used
to achieve infrared spectrum of the adsorbent. For identification
phase of crystalline structures, X-ray diffraction (XRD) (X’ Pert
Pro, PANalytical Co, Netherlands) was utilized. In addition, mag-
netic property through vibrating sample magnetometer (VSM)
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Fig. 1. Synthesis procedure of Fe;O,@HPEI nanoparticles.
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(Meghnatis Daghigh Kavir Co, Iran) was determined, and the spe-
cific surface area was measured by Brunauer-Emmett-Tellers test
(BET) (Nova, Quantachrome CO, USA).
5. Preparation of Stock Solution of Humic Acid

HA stock solution was prepared by dissolving 0.5g of HA in
1,000 mL NaOH solution (0.01 mol/L) and stirring for 24 hours.
Then, the solution was filtered through a 0.45 um membrane fil-
ter (cellulose acetate). The HA stock solution was stored in a dark
place and at 4 °C [31]. Solutions of the desired HA concentrations
for the experiments were obtained by diluting the stock solution.
6. Adsorption Experiments

All experiments were performed in 50-mL Erlenmeyer flask con-
taining 25 mL HA solution with a predetermined dose of Fe;O,@
HPEI nanoparticles added. The pH was adjusted with NaOH (0.1
M) and HCI (0.1 M). Samples were shaken at 200 rpm during dif-
ferent contact time, and then the adsorbent was separated by a
magnet. The concentration of HA before and after adsorption was
measured with UV-VIS spectrophotometer (HACH DR-6000, USA)
at 254 nm wavelength. The removal efficiency and the adsorption
capacity [32,33] of the HA were determined by Egs. (1) and (2):

C,—-C
E(%)Z 0 e

x 100 (1

Table 1. Range of the input variables with their levels for HA adsorp-
tion on Fe;O,@HPEI nanoparticles

Parameters levels

Parameter Unit  Code

-1 0 1
HA concentration ~ mg/L A 10 55 100
pH - B 3 6 9
Contact time min C 2 16 30
Adsorbent dose g/L D 004 017 03

C,—C)V
Q.= G CIV )
m

where, C, (mg/L), C, (mg/L), q, (mg/g), m (g), and V (L) are the
initial concentration of the HA, the equilibrium concentration of the
HA, the adsorption capacity (HA adsorbed onto the Fe;O,@HPEI
nanoparticles), the adsorbent mass and the solution volume, respec-
tively [34].
7. Design of Experiments

The effects of various operational parameters including initial
HA concentration (10, 55 and 100 mg/L), adsorbent dose (0.04, 0.17
and 0.3 g/L), pH (3, 6 and 9), and contact time (2, 16 and 30 min)
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Fig. 2. (a) FE-SEM, (b) TEM image, and (c) histogram plot of Fe;0,@HPEI nanoparticles.
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on the HA removal by Fe;O,@HPEI nanoparticles were assessed.
Designing the model and analyzing experimental data involved
using the Design Expert software (version 7, trial, Stat-Ease). Box-
Behnken design was applied for response surface methodology. In
Table 1, the operational ranges of input variables with their coded
levels and also real units of variables are displayed. The response
variable was fitted to a second-order polynomial model for pre-
dicting the optimal conditions in HA adsorption process. The sec-
ond-order polynomial model can be expressed by Eq. (3) [35,36].

Y=4 +21K:1ﬂi : Xi+2£1ﬂii : Xf +Z£12jl<:lﬂii'xi'xj+ 3 3

where Y represents the predicted response (the percent of HA
removal), £ is the constant coefficient, 4, £, ; represent the lin-
ear, quadratic and interaction coefficients, respectively; x; or x; are
the variables. k and & are the number of factors studied and the ran-
dom error, respectively [37].

RESULTS AND DISCUSSION

1. TEM and FE-SEM Analysis

The morphology of the Fe;O,@HPEI nanoparticles was charac-
terized by field emission scanning electron microscope (FE-SEM)
and transmission electron microscope (TEM), and the results are
represented in Fig. 2. As shown in this figure, the nanoparticles had
a spherical shape. According to the histogram plot, the size of syn-
thesized Fe;O,@HPEI nanoparticles was in the range of 10 to 45 nm.
The results confirmed that Fe;O,@HPEI nanoparticles were at nano-
size scale.

2. X-ray Diffraction (XRD)

X-ray diffractometry (XRD) was used to examine the crystal
structure and integrity of the magnetic particles incorporated HPEL
The XRD pattern of Fe;O,@HPEI is illustrated in Fig. 3. It can be
easily observed that the sharp peaks at 26: 30.1° (220), 35.5° (311),
43.1° (400), 53.7° (422), 57.1° (511), 62.6° (440), and 74.9° (533)
matched the diffraction peaks of the pure Fe;O, (JCPDS No. 19-
0629) magnetic nanoparticles [38]. The characteristic peaks of Fe;O,
were observed, indicating that Fe;O, was present into the Fe;O,@
HPEIL Similar diffraction peaks for Fe;O, functionalized with poly-
ethylenimine were reported by the Chen et al. [28].
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Fig. 3. The XRD pattern of the Fe;O,@HPEI nanoparticles.
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3. FTIR

FTIR analysis was used to confirm that HPEI were successfully
grafted on the Fe;O, nanoparticles. The FTIR spectra of Fe;O, and
Fe;O,@HPEI nanoparticles are illustrated in Fig. 4. The absorption
peaks at 625 and 628 cm ™' correspond to the stretching vibration
of the Fe-O, assigned to the magnetite phase. Also O-H stretching
vibration at 3,405 cm ™ band was found for the Fe;O, nanoparticles.
For Fe;O,@HPEI, The stronger peak at 3,448 cm™' was ascribed to
N-H stretching that demonstrated amino functional groups formed
on the surface of nanoparticles. The intensity observed at 2,971 cm™
and 2,893 cm™' was ascribed to C-H bands, and the peaks at 1,645
cm™' and 1,389 cm™" are attributed to the stretching vibration of
C-C. The Si-O-H and Si-O-Si stretching appear at about 1,000
em 'and 1,121 em ™.
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Fig. 4. FTIR spectra of Fe;O,@HPEI nanoparticles.
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Fig. 5. BET adsorption plot of Fe;O,@HPEI nanoparticles.
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4. BET BET are presented in Fig. 5. It is obvious that the Fe,O,@HPEI had
The specific surface area of the Fe;O,@HPEI nanoparticles was a high specific surface area 38.13 m’/g that is helpful to adsorption.
measured by BET (Brunauer-Emmet-Teller) analyzer. The data of In addition, Fe;O,@HPEI had a high active surface, as pore vol-
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Fig. 6. (a) The diagram of VSM magnetization, and (b) the magnetic separation of Fe;O,@HPEI nanoparticles after HA adsorption.

Table 2. Experimental and predicted data for HA adsorption on Fe;O,@HPEI nanoparticles

Run Level of variables Response (HA removal %)
number HA concentration (mg/L) pH Time (min) Adsorbent dose (g/L) Experimental Predicted
1 100 6 16 0.04 14.89 19.1
2 55 6 2 0.04 10.59 13.18
3 55 6 30 0.04 21.08 20.75
4 55 6 16 0.17 23.35 18.73
5 55 6 30 0.3 28.94 30.29
6 55 3 16 0.04 91.72 88.94
7 55 9 2 0.17 15.92 10.61
8 55 3 16 0.3 97.79 98.48
9 55 9 30 0.17 16.71 18.19
10 55 3 2 0.17 84.23 86.91
11 10 3 16 0.17 82.31 87.37
12 10 6 16 0.3 40.93 34.07
13 10 9 16 0.17 18.71 23.16
14 55 6 2 0.3 21.77 22.72
15 55 6 16 0.17 22.72 18.73
16 55 3 30 0.17 97.31 94.48
17 100 3 16 0.17 96.86 94.02
18 55 6 16 0.17 16.26 18.73
19 55 6 16 0.17 16.84 18.73
20 10 6 30 0.17 26.61 25.23
21 100 6 2 0.17 13.52 12.22
22 55 6 16 0.17 16.6 18.73
23 55 9 16 0.04 13.33 12.64
24 55 6 16 0.17 17.64 18.73

25 100 6 30 0.17 16.91 19.8

26 10 6 2 0.17 16.08 17.66
27 100 9 16 0.17 9.10 5.64
28 55 9 16 0.3 18.66 22.18
29 10 6 16 0.04 17.84 14.83
30 100 6 16 0.3 18.59 18.94

Korean J. Chem. Eng.(Vol. 37, No. 1)
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Fig.7. (a) The plot of the experimental data against predicted data, and (b) Normal probability plot for HA adsorption on Fe;O,@HPEI

nanoparticles.

umes and average pore diameters were 0.1197 cm’/g and 12.56
nm, respectively. In another study, Xia et al. stated that the specific
surface area of Fe;O,@PEI was 7.0 m’/g [27].
5. VSM Analysis

Magnetic materials should have strong magnetic properties to
be easily separated from aqueous solutions [39]. The specific satu-
ration magnetization of Fe;O,@HPEI nanoparticles was assessed
by a vibrating sample magnetometer (VSM). Fig. 6(a) shows the dia-
gram of VSM magnetization. The specific saturation magnetiza-
tion of the Fe;O,@HPEI nanoparticles was about 56.7 emu/g. Ac-
cording to Fig. 6(b), the modified Fe;O, nanoparticles have good
magnetic properties and could be easily separated from the solu-
tion by an external magnetic field.

The Fe;O,@HPEI nanoparticles had superparamagnetic behav-
ior and low saturation magnetization values that can be used as a
magnetic adsorbent.

6. Box-Behnken Design

Based on the Box-Behnken design, 30 runs were conducted, and
the results of adsorption experiments are presented in Table 2.
Table 2 and Fig. 7(a) show the experimental data and the model
predictions on the HA adsorption by Fe;O,@HPEI nanoparticles.
Fig. 7(b) illustrates the normal probability of residuals. It reveals
that residual points are close to a straight line. which indicates that
the error terms are definitely normal and the selected regression
model is appropriate [40].
7. Multiple Regression Analysis and ANOVA

The multiple regression analysis and the accuracy of the model
were analyzed by ANOVA, presented in Table 3. The model ade-
quacy was checked by P-value, F-value, R, and lack of fit [41]. Based
on the statistical testing of the model, P-value was less than 0.05,
demonstrating the model was significant at the 95% confidence
level [42]. The high F-value of 245.2 describing the model is statis-

Table 3. Results of analysis of variance (ANOVA) for HA adsorption on Fe;O,@HPEI nanoparticles

Source Sum of squares df Mean square F-value p-Value
Model 26376.14 6 3297.02 245.22 <0.0001
A 88.62 1 88.62 6.59 0.018
B 17463.54 1 17463.54 1298.8 <0.0001
C 172.07 1 172.07 12.8 0.0018
D 272.94 1 272.94 20.3 0.0002
AB 145.93 1 145.93 10.85 0.0035
AD 94.09 1 94.09 7 0.0151
B’ 8134.91 1 8134.91 605.05 <0.0001
D’ 64.38 1 64.38 4.79 0.0401
Residual 282.35 21 13.45

Lack of fit 229.86 16 14.37 1.37 0.3892
Pure error 52.49 5 10.5

Cor total 26658.48 29

R-squared: 0.989, Adj R-squared: 0.985, Pred R-squared: 0.968
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tically acceptable [37]. And the lack of fit of the statistical model sponding P-values were less than 0.05.

was more than 0.05, which was suitable [43]. The correlation coef- The regression coefficients were estimated by using multiple regres-
ficient (R®) indicates how differences in one variable can be explained sion technique. The regression model equation is given as follows:
by a difference in a second variable and describes their interac-

tions [44]. The higher R’ value (0.989), close to 1, demonstrated the HA removal (%)=+205.699+(0.349x A)— (55.35xB)+(0.27xC)
aptness of the model [45]. According to the results, the individual +(21.749xD)— (0.0447x AxB)— (0.829x AxD)
effects of independent parameters were significant as the corre- +(3.758 BY)+(178.041xD%) @

HA removal (%a)
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Fig. 8. The 3D surface plots for HA adsorption on the Fe;O,@HPEI nanoparticles.

Korean J. Chem. Eng.(Vol. 37, No. 1)



100 S. M. Pormazar et al.

The independent variables of HA concentration, pH, contact
time, and adsorbent dose were coded as A, B, C, and D in the model,
respectively. According to the coefficients in Eq. (4), the positive
and negative signs of each parameter and their interaction, respec-
tively, indicated the synergistic and adversary effects on the response.
Thus, contact time, HA concentration and adsorbent dose had a
synergistic effect on the HA adsorption, whereas pH had an adverse
effect.

8. Interactive Effect of Parameters

Assessment of the interactive effect of parameters in a process is
crucial for multivariate optimization [46]. The interactions between
variables are presented in Fig. 8. According to Fig. 8(a), increasing
HA concentration from 10 to 100 mg/L and decreasing pH from
9 to 3 leads to increasing the efficiency of HA adsorption. An in-
crease in HA concentration leads to an increase in the driving
forces to overcome the resisting forces in order to pass HA mole-
cules from liquid to the adsorbent surface [47]. Similar results by
Derakhshani et al. [1] and Wang et al. [48] also reported that by
increasing HA concentration, adsorption capacity is also increased.

Pursuant to Fig. 8(a), (d), (e), as can be seen, the removal effi-
ciency increased when pH decreased from 9 to 3. It is noticeable
that pH played a major role in removing HA by Fe;O,@HPEI nano-
particles. This result may be attributed to the surface charge of
Fe;O,@HPEI nanoparticles and the nature of HA. At lower pH,
the number of H' ions increased and leading to the protonation of
the amine groups on the Fe;O,@HPEI nanoparticles, which im-
proved the positively charged surface of nanoparticles for the bind-
ing HA negatively charged [10]. Similar findings were reported by
Pasandideh et al. [49] and Wang et al. [50], that maximum adsorp-
tion of HA on magnetic nanoparticles was observed at pH 3.

Contact time also plays an important role in designing the ad-
sorption process. Based on Fig. 8(b), (d), (£), it is observed that with
increasing contact time from 2 to 30 minutes the removal efficiency
of HA increased. This is because of a large number of empty sur-
face sites existing to attract HA molecules [51]. Similar results were
reported by Malakootian et al. who studied on the removal of
Acid green 20 by modified Sepiolite [43].

As mentioned in Fig. 8(c), (e), (f), the adsorbent dose grows
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from 0.04 to 0.3 g/L causing the rise of the adsorption. This could
be explained due to the accessibility of rather active sites at higher
mass [52]. Similar trend was reported by Fakhri et al. for antibi-
otic removal by MgO nanoparticles and ZnO-MgO nanocompos-
ites [53]. Also, similar interaction for adsorption of phenol and 4-
chlorophenol by spherical activated carbon was reported by Leong
etal. [54].

The simultaneous influence of contact time and the adsorbent
dose is presented in Fig. 8(f). As shown, at a higher dose of Fe;O,@
HPEI nanoparticles more active sites are available for the adsorp-
tion, and longer time increases the interaction between the adsor-
bent and adsorbate, allowing more adsorption percentage [51].

9. Optimization

Box Behnken design provides a set of experiments, within the
specified range of factors for the optimization of the adsorption
process. According to the suggested statistical model, the optimal
condition was acquired at the initial HA concentration 79 mg/L,
adsorbent dose 0.128 g/L, pH 3 and contact time 29 min. The ex-
perimental result shows HA removed in optimum condition up to
97.27%. It was close to the response predicted by the model (95.6%),
which confirmed the validity of the suggested model. Under the
optimum condition, the HA adsorption capacity of Fe;O,@HPEI
was 600 mg/g. Moreover, comparison of Fe;O,@HPEI nanoparti-
cles with Fe;O, for HA adsorption demonstrated Fe;O, removed
8.7% of HA in optimal circumstances. It shows that the surface
modification of Fe;O, nanoparticle with HPEI has highly increased
its capacity for HA removal.

10. Adsorption Kinetics

Adsorption kinetics have been applied to predict the adsorption
rate and identify the mechanism that controls the adsorption pro-
cess [55]. The pseudo-first-order model and pseudo-second-order
model were utilized to investigate the mechanism of HA adsorp-
tion on Fe;O,@HPEI nanoparticles (Fig. 9).

The pseudo-first-order kinetic model can be expressed by Eq. (5):

K
log(q,~q)=logq, ~ 555=t ®)

where g, is the adsorption capacity at time t (min), q, (mg/g) is the
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Fig. 9. (a) Pseudo-first-order, and (b) pseudo-second-order plots for HA adsorption on Fe;O,@HPEI nanoparticles (HA concentration: 79

mg/L, pH: 3, adsorbent dose: 0.128 g/L).
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Table 4. Kinetic parameters for HA adsorption on Fe;0,@HPEI

nanoparticles

Kinetic Kinetic constant Value

Pseudo-first order q. (mg/g) 1.49
k,*107° (min™") 0.036
R’ 042

Pseudo-second order q. (mg/g) 75.76
k,*10™* (mg/g min) 0.087
R’ 0.9999

adsorption capacity at equilibrium, k; (min™") is the pseudo-first-
order rate constant. g, and K; were computed from the slope and
intercept of the plot of log (q,—q,) versus time.
The pseudo-second-order kinetic model can be described by
Eq. (6) [56]:
1_ Lz +L ©)
q: que 9
where K, (mg/g min) is the pseudo-second-order rate constant. K,
is obtained from the intercept and the plot of t/q, versus time [57].
The parameter values of kinetic models for HA adsorption on
Fe;O,@HPEI nanoparticles are listed in Table 4. As observed in
Table 4 and Fig. 9, the correlation coefficient (R’) of pseudo-second
order (0.9999) is higher than the pseudo-first-order (0.42). This result
indicates that the mechanism of HA adsorption on Fe;O,@HPEI

0.003

0.002

lige

0.001

0.000

5.8

5.5

0.E+00 6.E+05

belongs to the pseudo-second-order kinetic model. So the adsorp-
tion process is controlled by chemical adsorption mechanism [10].
11. Adsorption Isotherm Study

The surface properties and capacity of adsorbent are usually de-
scribed by equilibrium adsorption isotherms [58]. In this study; Lang-
muir, Freundlich, and Dubinin-Radushkevich isotherms were em-
ployed to describe the adsorption isotherm under different humic
acid concentrations. The Langmuir model linear equation was pre-
sented in Eq. (7):

1,11
quax qmaxCe

1o )
qe

where q, (mg/g) is the adsorption capacity at equilibrium con-
dition and C, (mg/L) is HA equilibrium concentration. g,, (mg/g)
is the maximum adsorption capacity and b (L/mg) is the Lang-
muir constant. q,, and b were determined from the intercept and
slope of 1/q, versus 1/C, linear plot, respectively.

The Freundlich isotherm is represented by the following equation:

logq,=logK;+ ﬁ(IOgCe) ®)

where q, and C, are described above. K; (mg/g)(L/mg)"" and n
are Freundlich constant and the intensity of adsorption, which can
be computed from the linear plot of log q, against log C,.

Dubinin-Radushkevich isotherm can be used to describe adsorp-
tion mechanism with a Gaussian energy distribution onto a het-
erogeneous solid’s surface. The linear equation form of Dubinin-

3.0 (b)

0.0 0.2 0.4 0.6

+06 2.E+06 2.E+06 3.E+06
&

Fig. 10. (a) Langmuir, (b) Freundlich, and (c) Dubinin-Radushkevich isotherms for HA adsorption on Fe;O,@HPEI nanoparticles
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Table 5. Isotherm parameters for HA adsorption on Fe;O,@HPEI

Table 6. The comparison of maximum HA adsorption capacity of

nanoparticles

Adsorption isotherm Isotherm coefficient Value

Langmuir Qo (M) 476.2
b (L/mg) 0.7
R’ 0.78

Freundlich K; (mg/g)(L/ mg)”" 879
n 1.65
R’ 0.93

Dubinin-Radushkevich L (mol’/J) 3*%1077
q» (mg/g) 377.6
R’ 0.82

various adsorbents
Adsorbent Mmmum adsorption References
capacity (mg/g)
Palygorskite 17 (7]
HDTMA-Bentonite 330.34 [60]
Zinc oxide-coated zeolite 60 [61]
Fe;0,@Si0,-PANI 36.3 (48]
Fe;O,@Chitosan 44.8 [47]
Fe;O,@PEG 59.9 [26]
Fe;0,@Mg/Al-LDHs 353.8 [50]
Fe,O,@HPEI 476.2 This work

Radushkevich model is given by:
]-nqe:lnqm_ﬁ‘g2 (9)

where q,, (mg/g) is the theoretical saturation capacity;, £ is Dubi-
nin-Radushkevich isotherm constant related to the adsorption en-
ergy (mol’/J’), and ¢ is the Polanyi potential, which can be calcu-
lated by the following equation:

1
P R.T.ln[1+ d (10)

where R (J/mol K) is the gas constant, T (K) is the absolute tem-
perature and C, (mg/L) is adsorbate equilibrium concentration.
The values of q,, and were obtained by drawing a curve between
Ing, versus & [59].

Fig. 10 shows the Langmuir, Freundlich, and Dubinin-Radskov-
ich isotherm models, and the isotherm parameters are presented
in Table 5. As can be seen, the highest correlation coefficient (R>=
0.93) is related to the Freundlich isotherm, which is close to 1.
Therefore, the HA adsorption on the adsorbent follows the Freun-
dlich isotherm. This result indicates that the adsorption of HA on
the Fe,O,@HPEI surface sites is multilayer [30].

Furthermore, Table 6 shows the comparison of HA adsorption
capacity by different adsorbents. It is obvious that Fe;O,@HPEI nano-
particles have better adsorption capacity than other adsorbents.

12. Thermodynamic Study
Thermodynamic parameters reflect the relationship between

100
(a) f

O
Y

HA removal (%)
o
S

85

80
290 300 310 320 330

Temperature (K)

Table 7. Thermodynamic parameters for HA adsorption on Fe;O,@

HPEI nanoparticles
Temperature (K) AG (kJ/mol) AH (kJ/mol)  AS (J/mol K)
298 —-13.94
308 —-14.76
318 —-19.99 783 307
328 —22.51

HA adsorption and temperature. Fig. 11(a) shows the effect of tem-
perature at the range from 298 to 328 K on the HA adsorption by
Fe;O,@HPEI nanoparticles. The adsorption thermodynamic has
been investigated via thermodynamic parameters, including the
standard entropy change AH (kJ-mol™), the average standard en-
thalpy AS (J-mol"K™") and the change in Gibbs free energy AG
(kJ-mol ") that calculated by the following equations:

AG=-RTInK, 11)
AS AH

InK,=22 -2 (12)

AG=AH-TAS (13)

where T is temperature, and K, and R are equilibrium distribution
constant and universal gas constant (8.314] mol ' K ), respec-
tively. The values of AH and AS (Table 7) were calculated from the
slope and intercept of the plot of In K, versus 1/T (Fig. 11(b)) [62].

9.0

0.0
0.003 0.0031 0.0032 0.0033 0.0034

T

Fig. 11. (a) Effect of temperature on HA adsorption, and (b) plot of In K, versus 1/T.
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By considering the results, the positive value of AH shows that
the adsorption was endothermic [63], while positive AS indicated
that the disorder of solid/liquid interface was increased through-
out the adsorption process. The negative AG value confirmed that
the sorption process was spontaneous [64].

13. Influence of Ionic Strength

Inorganic ions (Br, CI', F, NOj) at low concentrations natu-
rally exist in natural waters [65], which may remarkably affect the
efficiency of the adsorption process, because they can bind to func-
tional groups on the surface of nanoparticles [66]. In the present
research, the influence of the ionic strength on the HA adsorption
onto Fe;O,@HPEI nanoparticles was investigated. So, different
concentrations of NaCl from 100 to 500 mg/L were added to the
solutions containing 79 mg/L HA. From the results shown in Fig.
12, it is evident that HA adsorption efficiency on Fe,O,@HPEI
nanoparticles decreased with increasing ionic concentration of NaCl,
probably since inorganic anions (Cl") occupy the active sites of ad-
sorbent and compete with HA molecule for adsorption onto the
adsorbent surface [50].

14. Regeneration of Fe;0,@HPEI

The reuse of adsorbents is a crucial factor in the practical appli-
cation of the adsorbent [67]. To evaluate the reusability of the Fe;O,@
HPEI nanoparticles, HA loaded on the Fe;O,@HPEI nanoparti-
cles was desorbed by washing three times with 0.1 mol/L NaOH and
deionized water. Then, the rinsed nanoparticles were subjected to

100

HA removal (%a)

0 50 100 250 500
NaCl concentration (mg/1)

Fig. 12. Effect of NaCl concentration on HA adsorption on Fe;O,@
HPEI nanoparticles (HA concentration: 79 mg/L, pH: 3,
adsorbent dose: 0.128 g/L, time 29 min).

HA removal (%)

1 2 3 4
Number of recycle

Fig. 13. Regeneration of Fe;O,@HPEI (HA concentration: 79 mg/L,
pH: 3, adsorbent dose: 0.128 g/L, time 29 min).

HA removal again. The data in Fig. 13 show that Fe;O,@HPEI nano-
particles retain high HA removal efficiency, about 82.83%, after
four consecutive cycles. These data confirm that Fe;O,@HPEI can
be used frequently to remove HA with no significant reduction in
its efficiency.

CONCLUSION

The characterization of the synthesized Fe;O,@HPEI nanoparti-
cles showed HPEI was successfully grafted on the surface of Fe;O,.
The fabricated Fe;O,@HPEI nanoparticles could be utilized as a
suitable adsorbent to remove HA from the aqueous environment.
Higher HA adsorption efficiency was found when the HA concen-
tration, adsorbent dose and contact time enhanced and the pH value
was set in the acidic range. According to Box-Behnken design, the
optimal condition was acquired at initial HA concentration 79 mg/
L, adsorbent dose 0.128 g/L, pH 3 and contact time 29 min, which
up to 97.27% HA was adsorbed by Fe;O,@HPEL It was close to
the predicted response by the model (95.6%) that confirmed the
validity of the suggested model. The adsorption data were fitted to
the pseudo-second-order kinetic and Freundlich isotherm. Ther-
modynamic parameters indicated that the adsorption process was
spontaneous and endothermic. Moreover, the regeneration study
indicated that Fe;O,@HPEI can be used frequently to remove HA
from aqueous solution.
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