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ABSTRACT

In this paper, the graphene/polydimethylsiloxane coated magnetic Fe,O, adsorbents were fabricated
by the chemical co-precipitation method and were used in dairy wastewater treatment. Scanning
electron microscopy, Fourier-transform infrared spectrometer, vibrating-sample magnetometry,
X-ray diffraction test, and Brunauer-Emmett-Teller were employed to investigate the structure and
morphology of the magnetic nanoparticles. The effects of initial chemical oxygen demand (COD)
concentration, initial solution pH, temperature, and contact time on wastewater adsorption were
systematically studied in batch adsorption experiments. The batch adsorption experiments revealed
that increasing adsorbent dosage and contact time, but decreasing temperature and initial COD con-
centration increased percentage removal. The results indicated that maximum removal was achieved
as high as 98.5% using an adsorbent dosage of 25 g/L, pH of 2, and temperature of 45°C. In order
to investigate the mechanism and kinetics of the adsorption, experimental data were fitted to some
adsorption isotherms and kinetic models. The kinetic data showed that the adsorption processes were
associated with the pseudo-second-order mechanism. Also, the equilibrium data were more compat-
ible with the Liu isotherm. The maximum adsorption capacity was measured as 108.7 mg/g at 45°C.
The values of thermodynamic parameters (AG®, AS°, and AH®) showed that the adsorption of dairy
wastewater molecules onto the adsorbent surfaces was spontaneous, feasible, and endothermic. It is
inferred that this magnetic nano-adsorbent can be employed for effective dairy wastewater treatment.
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1. Introduction

The dairy industry is one of the topmost industries
among the food industry. One of the problems associated
with this industry is high water consumption in the produc-
tion of milk products such as yogurt, butter, cheese, curd,
etc. [1]. Water is also used in processes such as cooling of
milk products, cleaning and washing of the processing
equipment. This has resulted in increased wastewater gen-
eration leading to environmental problems [2]. Production

* Corresponding author.

processes like pasteurization or homogenization produce
wastewater with high levels of biological oxygen demand
and chemical oxygen demand (COD) along with pathogens
and odor [3]. This polluted water must be handled appro-
priately; otherwise, it pollutes water bodies and causes seri-
ous affects on our ecosystem [4]. Therefore, dairy wastewa-
ter treatment is essential. Many technologies and methods
have been used over the years for treating industries waste-
water and the primary focus of the treatment is to remove
the organic solvents and remove COD. These methods are

1944-3994/1944-3986 © 2023 Desalination Publications. All rights reserved.



O. Beiktash et al. | Desalination and Water Treatment 308 (2023) 110-122 111

effective in fields of reduction and time, but most of them
are expensive. These methods also have disadvantages, such
as the generation of chemical sludge by them, which must be
treated before disposal into the environment [5-8]. Some of
these technologies that have been used for dairy wastewa-
ter treatment are activated sludge treatment method, trick-
ling filters, aerated lagoon, facultative lagoons, constructed
wetlands, oxidation ditch, anaerobic treatment methods, etc.
[9,10]. Although they are effective in treating dairy effluents,
but these methods are uneconomical as they consume a lot
of power and chemicals.

Therefore, wastewater treatment design, which provides
low-cost with additional benefits from the reuse of water, is
very desirable [11]. It is widely recognized that the adsorption
technique is an effective and economical technique for waste-
water treatment which offers simplicity and operation flexi-
bility to produce high quality treated wastewater [12]. Several
synthetic and natural adsorbents such as activated carbon,
organoclays, films, meshes, sponges, etc, were researched
and applied to adsorb contaminations [13-15]. However, the
recycling of these adsorbents from water is difficult. Therefore,
the possibility of magnetic adsorbent as alternative have
been interested to many researchers [16]. With the help of an
external magnetic field, the adsorbents after the adsorption
of pollutants can be easily recycled from wastewater [17].

Recently, the construction of adsorbents for wastewa-
ter treatment based on magnetic nanoparticles has grown
significantly. The presence of ferromagnetic components
makes it possible to separate the adsorbent by applying a
magnetic field. This avoids the use of methods such as fil-
tration and sedimentation, which increase the process
cost and may not be effective. The main advantage of this
technology is the large amount of wastewater that can be
purified quickly using less energy, and not producing con-
taminants [18]. One of the problems associated with mag-
netic nanoparticles is their oxidation in air, hydrolysis in
aqueous solution and susceptibility to leaching under acidic
conditions. Therefore, to improve the quality and efficiency
of magnetic nanoparticles, it is necessary to be coated with
appropriate compounds [19].

Depending on the type of wastewater, special coatings
can be used to coat magnetic nanoparticles. Because, since
the effluent of the dairy industry is a type of oily effluent,
it is preferable to use super-hydrophobic coatings to coat
magnetic nanoparticles.

We now present the brief literature analysis of dairy
waste treatment reported earlier to highlight the novelty of
this study. Ekka et al. [20] used a hybrid system based on
coagulation and adsorption for high-strength dairy waste-
water treatment. Results of the study showed that about
68% and 74% of COD was removed by using adsorption and
coagulation methods, respectively. Pathak et al. [21] reported
the potential ability of rice husk without any modification
as a bio sorbent for the adsorption of organic pollutants
from dairy wastewater. A removal up to 92.5% was achieved
using an adsorbent dosage of 5 g/L, pH of 2, and tempera-
ture of 30°C. Falahati et al. [22] studied the dairy wastewa-
ter treatment by graphene oxide nanosheets and demon-
strated the maximum absorption capacity of the adsorbent
was 730 mg/g for total nitrogen, 600 mg/g for total phos-
phorus, 26,000 mg/g for COD, and 5,500 mg/g for turbidity.

Al-Ananzeh [23] explored the potential of using the syn-
thesized nanoparticles of CuONPs as an adsorbent for the
treatment of dairy wastewater. According to their results, the
highest COD removal percentage, 95%, was achieved with
a temperature of 25°C, pH value of 7.5, 1 g of adsorbent,
and a contact time of 120 min.

In this paper, we present a new magnetic nanoparticle,
coated with a graphene-containing polymer (polydimethyl-
siloxane) coating. Since dairy wastewater is oily waste, this
research, it was tried to use super hydrophobic magnetic
adsorbent. Therefore, polydimethylsiloxane doped with
graphene was used as a coating of magnetic nanoparticles.

The morphology and composition of the synthesized
adsorbents were characterized using scanning electron
microscopy (SEM), Fourier-transform infrared (FTIR) spec-
troscopy, X-ray diffraction (XRD) test, vibrating-sample mag-
netometry (VSM), and Brunauer—-Emmett-Teller (BET). The
adsorption properties were evaluated by equilibrium adsorp-
tion experiments. The potential ability of these magnetic
nanoparticles as the adsorbent for the adsorption of organic
pollutants from dairy wastewater was evaluated. The effects
of initial COD concentration, pH, adsorbent dosage, solu-
tion temperature on adsorption, and the adsorption kinetics,
isotherms, and thermodynamic parameters were studied.

2. Experimental set-up
2.1. Materials

Polydimethylsiloxane (PDMS, average Mn ~ 550) was
purchased from Sigma-Aldrich (USA). Ferrous chloride and
ferric chloride were sourced from Merck Schuchardt OHG
(Germany). Acetone, ethanol, and ammonium hydroxide
were purchased from Merck (Germany). Graphene nanopow-
der (11-15 nm) was provided by SkySpring Nanomaterials,
Inc., US. Deionized water was obtained by a purification
system (Millipore). Wastewater sourced for this research
was provided by a local dairy factory. The characteristic of
dairy wastewater used in this study is illustrated in Table 1.

2.2. Synthesis of graphene/PDMS coated Fe,O, magnetic
nanoparticles

The super-hydrophobic PDMS/graphene coated Fe,O,
magnetic nanoparticles were synthesized by this procedure

Table 1
Dairy wastewater characteristics*

Dairy wastewater characteristics Value

Chemical oxygen demand 375 mg/L

Biological oxygen demand 287 mg/L

Total dissolved solids 653 mg/L

Total suspended solids 876 mg/L

QOil 254 mg/L

Alkalinity 432 mg/L CaCo, equivalent
Conductivity 1,112 mS/cm

pH 7.56

*Taken from the influent primary sedimentation basin of waste-
water treatment plant.
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(co-precipitation method): At first, 2.5 g of PDMS was stirred
in 50 mL of acetone for 30 min to obtain a homogeneous dis-
persion. Next, 0.1 g of graphene (G) was added to the PDMS
solution and sonicated for 30 min to form a homogenous
solution. Then, ferrous chloride (2.0 g) and ferric chloride
(5.2 g) at the 1:2 weight ratio were added into the PDMS/
graphene solution under continuous stirring at 50°C for 1 h
to obtain a yellowish colloidal solution. After that, 10 mL of
ammonium hydroxide (25%) was added into solution under
continuous stirring until the obtained suspension was black.
The mixture was stirred at 50°C for 1 h, and then cooled
to room temperature. The obtained suspension was then
centrifuged at 5,000 rpm for 10 min and the settled parti-
cles were washed with DI water and ethanol several times
to remove excess chemical reagents, and finally dried in an
oven at 90°C for one night. The obtained black precipitate
was Fe O,/(graphene/PDMS) nanoparticles and was ready
for use.

2.3. Characterization

SEM images were obtained using a using JSM-IT500
InTouchScope™ (Japan) scanning electron microscope with
an accelerating voltage of 10 kV. For preparation of the SEM
images, the material samples were dispersed on a double
side conducting tape on an aluminum support, and then
coated with a thin film of gold. FTIR was performed by a
Nicolet™ iS20 FTIR spectrometer. The specific surface area
was measured by using micrometrics, ASAP 2020, surface
area and porosity analyzer. The average pore size and total
pore volume were also determined. A VSM (Model: 7400
series, Lake Shore, United States) was employed to study
the hysteresis loops and the magnetic properties of the
magnetite nanoparticles.

2.4. Adsorption study
2.4.1. Batch experiments

The adsorption studies by graphene/PDMS coated mag-
netic Fe,O, adsorbent was studied by batch method. These
studies were done in 250 mL Erlenmeyer flasks containing
a fixed amount of adsorbent. The effects of solution pH,
contact time, initial COD concentration, and temperature
were investigated on adsorption efficiency.

The pH measurement was done by following the elec-
trometric method using a digital pH meter (HMDPHMSO0,
USA). For adsorption tests, at first a certain amount of
adsorbent was added to the samples in the Erlenmeyer flask.
Then the mixture was taken on a shaker with an agitation
speed of 200 rpm at the sufficient time for adsorption. After
passing a certain of time, the mixtures were centrifuged and
sieved with filter paper and the final COD concentration
was determined in the filtrate using Digital Reactor Block
(Model DRB 200, HACH, USA) and 4260/50 dual beam
spectrophotometer. The effects of various parameters on the
percentage removal were observed by varying initial pH
of wastewater (2, 3,4, 5, 6,7, 8,9, 10, 11 and 12), adsorbent
dosage (5, 10, 15, 20, 25, 30, 35, and 40 g/L), temperature
(298, 308, and 313 K), contact time (0-150 min) and initial
COD concentration (100, 200, 300, 400, 500, 600, 700, 800 and

900 mg/L). Then, using the following equation, the removal
percentage can be obtained [24]:

Ci_Ce
C,

i

R(%)= )

where C, is the initial COD concentration and C, is the
final COD concentration (mg/L). In addition, the COD
absorption capacity can be obtained by the following
equation [24]:

m C -C
7 [g}“ “xV @
gr m

where C, and C; are equilibrium and initial COD concentra-
tions (mg/L), respectively. Also, V is the volume of solution
(L), and m is the adsorbent mass (g).

2.4.2. Sorption model analysis

In order to show the adsorption mechanism and steps
of process speed control, such as mass transfer and chem-
ical reactions, kinetic models were used to test the exper-
imental data. These models are including non-linear
pseudo-first-order, pseudo-second-order, and intraparticle
diffusion models. The non-linear pseudo-first-order equation
is expressed by Eq. (3) [25,26].

—=K,(q.-4,) ®)

where ¢, and g, (mg/g) are the absorption capacities at the
time of ¢ (min), and K, is related to the absorption rate con-
stant (min™). After integrating and applying the bound-
ary conditions, at t =0, g,= 0 and at t = ¢, q, = g, the linear
form of the above equation will be as follows [25,26]:

In(q, —q,)=1n(q,)- Kt )

The pseudo-second-order equation is expressed as
follows [27]:

J
éh:KA%—%f )

t

where g, and g, have the same meaning in Eq. (5). K,
(g/mg'min) is also the rate constant of the pseudo-second-
order model.

The linear form of Eq. (5) is as follows:

t 1

= +—
q kxq 4,

(6)

The intraparticle diffusion model is expressed the
relationship between g, and ' as in Eq. (7) [28]:

q:= Kidtl/z +C %
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where K, (mg/g-min'?) is the intraparticle diffusion rate con-
stant, and C (mg/g) is the constant that indicates the effect
of the boundary layer thickness on the amount of intra-
particle diffusion.

Non-linear Langmuir, Freundlich, Temkin, Redlich-
Peterson and Liu equations were used to model the adsorp-
tion equilibrium results and measure the adsorption rate
under different conditions. The non-linear Langmuir
equation is expressed as follows [29]:

X bxC
Zleg = e 8
[m] e qm‘“[l+KL><CJ @®

where (x/m) is the surface coverage fraction (the ratio of the
covered surface to the total surface available for adsorp-
tion). The parameter K is called the Langmuir adsorption
equilibrium constant and is a measure of how strongly the
adsorbed molecules are adsorbed on a surface. q__is also
the maximum adsorbed COD concentration corresponding
to the monolayer coating, and C, (mol/L) is the equilibrium
COD concentration of adsorbate at equilibrium.

The non-linear equation for the Freundlich model is
described by Eq. (9) [30]:

q,= ("j =K, xCV" ©)
m

where K, ((mg/g)(mg/L)") is the Freundlich constant related
to adsorption capacity; n is the Freundlich exponent related
to the adsorption favorability. If the value of 1/n lies in
between (0 < 1/n < 1) it shows that isotherm is favorable; if,
1/n = 0, it indicates isotherm is irreversible, and if, 1/n > 1,
it is unfavorable.

The Temkin isotherm takes into account linear rather
than logarithm decrease of the heat of adsorption while
ignoring extremely low and very high concentrations.
This model assumed that a uniform distribution of bind-
ing energy occurred. The Temkin equation is given by
Eq. (10) [31]:

q, :ﬂln AC, (10)
bT

where A, (L/g) is the Temkin constant corresponding to the

maximum binding energy, b, (J/mol) is the Temkin constant

related to the heat of adsorption, R (8.314 J/mol'K) is the

gas constant, and T (°K) is the absolute temperature.

The Redlich-Peterson model is widely used as a com-
promise between Langmuir and Freundlich systems. It
agrees with the Freundlich and the Langmuir models at the
high and low adsorbate concentrations, respectively. The
non-linear Redlich-Peterson equation is expressed as in
Eq. (11) [32]:

K..C
1= (1)
+ 0 Cy

where K, (L/g) and o, (L/mg) are the Redlich-Peterson
isotherm constant, while f is the Redlich—Peterson isotherm
exponent.

The Liu isotherm model is the combination of the
Langmuir and the Freundlich isotherm models, but some of
the assumptions, such as the monolayer assumption of the
Langmuir model and the infinite adsorption assumption of
the Freundlich model, are negligible. The Liu equation is
given below [33]:

— qm (KSCe )nl

12
1+(KC,)" (12
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where K is the Liu equilibrium constant (L/mg), and 7, is the
Liu model exponent.

2.4.3. Thermodynamic evaluation of dairy wastewater
adsorption

Determination of thermodynamic parameters of adsorp-
tion is one of the criteria in describing the adsorption pro-
cess. These parameters (Gibb’s free energy (AG®, kJ/mol),
standard enthalpy (AH°, kJ/mol), and standard entropy
(AS°, J/mol-K) are expressed using Egs. (13)-(16) [34].

AG°=-RTInK, (13)
C
K == 14
=c (14)
AG°® =AH°-TAS° (15)
InK, = AS®_AH (16)
R RT

where R is the gas constant (8.314, J/mol-K), T (K) is the tem-
perature, K, is the distribution coefficient for the adsorption,
C, is the amount of adsorbed by per adsorbent (mmol/g),
and C, is the adsorbate concentration in solution at equi-
librium (mmol/mL). The amounts of AH®° and AS° were
obtained by the slope and intercept of the solid line drawn
using the plots of InK, vs. 1/T.

2.4.4. Statistical evaluation of models

The kinetics and isotherm models were evaluated by
the adjusted determination factor (R ;?) and an error func-
tion (F_, ), which is a measure of the differences in the
theoretical amount of adsorbate by the adsorbent (g) and
the amount measured experimentally. These functions are
given below [35]:

2

z:l(qi,exp - ﬁi,exp )2 - Z,ﬂ(qi,exp - ﬁi,model )
n _ 2
z,- (qi/exp - qi,exp)

y 1, -1
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where g, ., and g, denote the values of q that are pre-
dicted by the fitted model and measured experimentally,
respectively. Also, 7, is the average of experimentally
measured g, 1 is the number of experiments performed, and
p is the number of parameters of the fitting model.

3. Results and discussion
3.1. Characterization

The SEM image of the sample is illustrated in Fig. 1. It
is clear that the PDMS/graphene coated Fe,O, magnetic
nanoparticles synthesized in this study had a spherical
shape with an average diameter of around 54 nm (Fig. 1a).
Also, it is illustrated that the surface of PDMS/graphene
coated nanoparticles is rough with wrinkle, which com-
posed of agglomerates of graphene flake. These wrinkles
can also be confirmed with an atomic force microscopy
image (Fig. 1b and c).

The FTIR spectrums of adsorbent are shown in Fig. 2. In
the FTIR spectra of adsorbent before adsorption, the charac-
teristic peaks at ~1,729; 3,457 and 2,865 cm™ are attributed
to C=C skeletal vibrations, -OH stretching vibrations

and C-H stretching vibrations of the methylene group of
graphene sheets. The peaks at 1,263; 1,186 and 753 cm,
represent the functional groups of Si-CH, O-5i-O and
Si—-(CH,), of the PDMS molecule. Also, the Fe-O bond
stretching vibration at 573 cm™ was observed.

The intensities of the absorption peaks at 1,566 cm™ (aro-
matic ring vibration of graphene) are decreased gradually
after adsorbing dairy wastewater molecules by adsorbent,
suggesting that there was m—mt stack effect between PDMS/
graphene coated Fe,O, magnetic nanoparticles and dairy
wastewater molecules. Also, new characteristic peaks at
2,546; 1,926; 1,698 and 1,634 cm™ appeared in the FTIR spec-
trum, indicating that dairy wastewater molecules interact
with PDMS/graphene coated Fe,O, magnetic nanoparticles.

Nitrogen adsorption/desorption isotherm studies were
carried out by the BET method. Based on nitrogen adsorp-
tion/desorption (Fig. 3), Fe,O, magnetic nanoparticles are
classified in group II and PDMS/graphene coated Fe,O,
magnetic nanoparticles in group IV of this analysis. This
isotherm reveals the H, hysteresis loop in the range of 0-1
(P/P,) for both types. The H, hysteresis loop is usually asso-
ciated with slit-like and non-uniform size structures which
suggest the mesoporous structure. As shown in Table 2,

(TR SR Oy
AiA- B

Det WD

-’ i"*n.;

F——"500nm
T 50 €50

Fig. 1. Scanning electron microscopy and atomic force microscopy image of the PDMS/graphene coated Fe,O, magnetic

nanoparticles surface.
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there is a clear difference between the active surface of
Fe,O, magnetic nanoparticles and PDMS/graphene coated
Fe,O, magnetic nanoparticles. In addition, the BET surface
area for Fe,O, magnetic nanoparticles and PDMS/graphene
coated Fe,O, magnetic nanoparticles is 17.16 and 83.01 m?%/g,
respectively. It is indicating that Fe,O, magnetic nanoparti-
cles adhere to each other due to their high magnetic prop-
erty and bullet shape. So, the active surface will reduce.
By coating the nanoparticles with the PDMS/graphene, the
particle interactions between the iron oxide nanoparticles
are reduced and the agglomeration of these nanoparticles is
reduced.

The PDMS/graphene coated Fe,O, magnetic nanopar-
ticles exhibit a broad pore size distribution from 2 to
8.0 nm. The mesoporous structure of Fe,O, nanoparticles
and the large surface area of graphene in the adsorbent
structure cause a significant increase in adsorption efficiency.

The magnetic property of prepared Fe, O, magnetic
nanoparticles and PDMS/graphene coated Fe, O, mag-
netic nanoparticles was measured by a VSM. Fig. 4 shows
the hysteresis loops of these nanoparticles at room tem-
perature. As can be seen, for both prepared nanoparticles,
the magnetization reduces from a plateau state to zero on
removal of the magnetic field, which is evidence that the
prepared nanoparticles are superparamagnetic. Also, the
M =73.5emu/g, M =0.79 emu/g and C,~ 2.3 Oe were obtained
for nude Fe, O, magnetic nanoparticles while for PDMS/
graphene coated Fe,O, magnetic nanoparticles these param-
eters (M, M, and C)) were obtained 34.4 emu/g, 0.49 emu/g
and 0.31, respectively. It is concluded that the magnetic
property of nanoparticles after coating was reduced by
comparing the values of nude nanoparticles. Nevertheless,

After Adsorption

TN T Y Y T

W A

3500 3000 2500 2000 1500 1000 500

Transmittance (%)

Wavenumber (cm?)
Fig. 2. Fourier-transform infrared spectra of PDMS/graphene

coated Fe,O, magnetic nanoparticles before and after dairy
wastewater adsorption.

Table 2:

prepared nanoparticles have proper behavior and can be
used in adsorption applications.

The XRD spectra of the Fe,O, MNPs (magnetic nanopar-
ticles) and PDMS/graphene coated Fe,O, magnetic nanopar-
ticles is shown in Fig. 5. The Fe,O, MNPs exhibit the inten-
sity peak at 20 = 30.3°, 36.6°, 42.0°, 54.1°, 55.9°, and 61.5°. All
these diffraction peaks are indexed to the magnetic cubic
structure of Fe,O, (JCPDS 19-0629) corresponding to the
(220), (311), (400), (422), (511), (440) lattice planes, respec-
tively. For the XRD pattern of PDMS/graphene coated Fe,O,
magnetic nanoparticles, it can also be observed that there are
the distinct peaks at 20 = 11.41° and 25.1° which attributed
to the PDMS crystal plane and graphene, respectively, indi-
cating that the PDMS/graphene coating is well covered on
the Fe,O, MNPs. Also, the XRD pattern of PDMS/graphene
coated Fe,O, magnetic nanoparticles at 20 of 30.3°, 36.6°,
42.0°, 54.1°, 55.9°, and 61.5° are smooth. This phenome-
non indicates that the characteristic diffraction peaks of
Fe,O, MNPs are covered by graphene and PDMS.
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Fig. 3. Nitrogen adsorption-desorption isotherms for (a) Fe,O,
magnetic nanoparticles and (b) PDMS/graphene coated Fe,O,
magnetic nanoparticles.

Textural properties of Fe,O, magnetic nanoparticles and PDMS/graphene coated Fe,O, magnetic nanoparticles

Adsorbent

Total surface area (m?%/g)

Total pore volume (cm®/g)  Average pore diameter (nm)

Fe,O, magnetic nanoparticles 17.16
PDMS/graphene coated Fe,O, 83
magnetic nanoparticles

0.151 24.6
0.121 54
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3.2. Batch experiments
3.2.1. Effect of adsorbent dosage

The effect of the adsorbent dosage on the adsorption
process is shown in Fig. 6. According to the figure, the per-
centage removal increases with increasing the adsorbent
dosage, which is due to the increase in specific surface area
and more adsorption sites. With increasing the adsorbent
dosage up to 25 g/L, the percentage removal increases rap-
idly, after which there was no further increase up to 40 g/L.
The reason for staying constant is to reach the equilibrium
adsorption capacity at higher adsorbent dosage. The adsor-
bent concentration of 25 g/L is considered the optimal
dosage in subsequent experiments.

80— (a)
60+
i b
40- (b)
E 20+
=
E 1]
g ]
= 207 __J
-0
-60
-804
[ [ =] [ [ o = [=] =1
2 3 e 5] e 2 2 e
(=] (T3] [=] i (T3] = T3] =]
=1 - — i — - =l

Applied field (Qe)

Fig. 4. Vibrating-sample magnetometry curves for the pre-
pared (a) Fe,O, magnetic nanoparticles and (b) PDMS/graphene
coated Fe,O, magnetic nanoparticles.

PDMS/Graphene coated Fes0s4 MNPs

3 A
o 311 400 440
£
(0]
=
U
-
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L 1 1 L

0 20 40 60 80
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Fig. 5. X-ray diffraction patterns of Fe,O, nanoparticles and
PDMS/graphene coated Fe,O, magnetic nanoparticles.
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3.2.2. Effect of initial COD concentration

The wastewater initial COD concentration effect on
the percentage COD removal at pH = 7.56, contact time
of 60 min, and the optimal adsorbent dosage of 25 g/L is
shown in Fig. 7. It was observed that by increasing the ini-
tial COD concentration from 100 to 200 mg/L, the removal
efficiency increases and then by further increasing, the
percentage removal decreases. It is due to the increase of
the driving force to overcome the total resistance result-
ing from the transfer of mass between the liquid and solid
phases (adsorbent). As the COD concentration increases,
despite the greater driving force, the adsorption efficiency
decreases due to the saturation of the adsorption sites by the
adsorbent.

3.2.3. Effect of initial pH

Fig. 8a shows the zeta potential of the graphene/PDMS
coated Fe,O, MNPs under different pH conditions. It was
concluded that the zeta potential is positive when the pH is
less than 4.7, and negative when pH is more than 4.7. Also,
Fig. 8b shows the effect of initial pH on percentage removal
by graphene/PDMS coated Fe,O, MNPs. It is evident that the
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40
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10

Adsorbent (g/l)

Fig. 6. Effect of adsorbent dosage on percentage removal by
the graphene/PDMS coated Fe,O, MNPs (T = 25°C, agitation
speed: 250 rpm, pH: 7.56).
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Fig. 7. Effect of initial chemical oxygen demand concentration
on percentage removal by the graphene/PDMS coated Fe,O,
MNPs (T = 25°C, agitation speed: 250 rpm, pH: 7.56).
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percentage removal is significantly decreased from 69.5 to
6.1 mg/g by pH increasing up to 10. The adsorbent surface
at low pH, values would be protonated, which enhances
the interactions between the organic substances and binding
sites through attractive forces. On the other hand, the milk
protein has a negative charge in milk suspension, resulting
in the electrostatic repulsion due to the reduction of elec-
trostatic force of attraction between the oppositely charged
adsorbate molecules and the adsorbent binding sites in
alkali medium.
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Fig. 8. Effect of solution pH on (a) zeta potential of the adsor-
bent and (b) percentage removal by the graphene/PDMS coated
Fe,O, MNPs (T =25°C, agitation speed: 250 rpm).
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3.2.4. Effect of the contact time

The effect of contact time on the percentage removal by
the graphene/PDMS coated Fe,O, MNPs is shown in Fig. 9.
In the adsorption process, the equilibrium time is considered
as the time when the adsorption efficiency is constant and
does not change significantly over time. According to Fig. 9,
it turns out that the adsorption capacity of the graphene/
PDMS coated Fe,O, MNPs towards dairy wastewater
increased drastically at the first 50 min, then rose constantly
at a relatively slow speed, and finally remained constant. It
can be attributed to the frequency of active sites at the begin-
ning of the process. Over time, the adsorption sites on the
adsorbent are occupied, and the process slows down and
eventually tends to be almost constant, so that more time
has little effect on the adsorption rise. The amount of absorp-
tion reaches its maximum in the first 50 min and does not
change much after that.

3.2.5. Effect of temperature

Fig. 10 shows the effect of temperature on COD removal
and the adsorption capacity of dairy wastewater by the syn-
thetic adsorbents. As can be seen, for all of adsorbents, with
the increase in temperature, the absorption capacity and
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Fig. 9. Effect of contact time on the adsorption of dairy waste-
water by the graphene/PDMS coated Fe,O, MNPs (T = 25°C,
agitation speed: 250 rpm, pH: 7.56).
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Fig. 10: Evaluation of temperature on (a) percentage removal and (b) adsorption capacity of dairy wastewater by the graphene/
PDMS coated Fe,O, MNPs, PDMS coated Fe, O, MNPs, graphene coated Fe,O, MNPs and Fe, O, MNPs (agitation speed:

250 rpm, pH: 7.56).
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then COD removal increases. For example, for the graphene/  can interact with the active adsorption sites of adsorbents,
PDMS coated Fe,O, MNPs, with increasing temperature owing to the decrease of the solution viscosity along with
up to 55°C, the percentage of COD removal increases from  the increasing temperature.

72.8% to 95.56%. Also, the adsorption capacity reached the
maximum value of 176.7 mg/g at 55°C, which indicates that
the adsorption process is endothermic. It might be explained
by the fact that, at higher temperatures, the diffusion rate The relationship between adsorption capacity by
of wastewater molecules increases, and more molecules adsorbent and the concentration of solute in solution at

3.3. Adsorption isotherms
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Fig. 11. Linear isotherm models of dairy wastewater adsorption on graphene/PDMS coated Fe,O, MNPs (pH 7.56, adsorbent dose:
25 g/L, T=25°C + 1°C), (a) Langmuir, (b) Freundlich, (c) Temkin, (d) Redlich—Peterson and (e) Liu.
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equilibrium is quantitative analyzed using absorption iso-
therms. Investigation of adsorption isotherms is necessary
for the design of absorption systems. Herein, the isotherm
data were fitted to Langmuir, Freundlich, Temkin, Redlich—
Peterson, and Liu models. These models are expressed
in the linear form as Eqs. (19)—(23), respectively [36].

&t & (19)
qt’ KLqmax qmax
1
Ing, =—InC, +InK, (20)
n
q,= [") R4, + R e, 1)
m T bT
ln[C”J =In| 2% |4+ BInC, 22)
9. KRPZ
Ing, =lng?K} +nlnC, (23)

The plot of the linear forms of the above-mentioned
isotherm models are presented in Fig. 11, and the calcu-
lated isotherm parameters along with correlation coeffi-
cient (R?) are listed in Table 3. By comparing, the isotherms
data from the table, the higher correlation coefficient (R?),
and lower SD values of Liu isotherm than other isotherms,
implying the adsorption of dairy wastewater onto graphene/
PDMS coated Fe,O, MNPs can well follow the Liu isotherm
model. This model predicts that the active sites of the adsor-
bent cannot have the same energy. Therefore, the adsorbent
may have active sites preferred by the adsorbate molecules
for occupation; considering various functional groups on
the graphene/PDMS coated Fe,O, MNPs our results shows
that the active sites of the graphene/PDMS coated Fe,O,
MNPs will not have the same energy.

As can be seen from Table 3, the maximum adsorption
capacities based on the Langmuir model enhanced with
increasing solution temperature, which is an indicator of the
endothermic nature of the adsorption of dairy wastewater
by the graphene/PDMS coated Fe,O, MNPs surfaces. The 3
value obtained from Redlich-Peterson model is greater than
one, which confirms the invalidity of this model. Also, the
value of the R?  obtained from the Temkin model was low
for all studied temperatures. This means that the Temkin
model is unsuitable for describing the adsorption equilib-
rium process.

3.4. Adsorption kinetic analysis

In order to study the mechanism of dairy wastewater
adsorption, the experimental kinetic data were fitted using
the kinetic models (pseudo-first-order, pseudo-second-
order, and intraparticle diffusion models). The results of
kinetic data are presented in Fig. 12 and Table 4.

As can be seen from the comparison of correlation coef-
ficients, the pseudo-second-order model is more appro-
priate in predicting the rate of the adsorption process.

Also, the g, value predicted for this model was close to the
experimental one. In the pseudo-second-order model, the
rate-limiting step corresponds to chemisorption, which is
based on valence forces generated by sharing or exchang-
ing electrons between the adsorbent and adsorbate.

The Weber’s intraparticle diffusion model was used to
study the kinetic mechanism of dairy wastewater onto the
graphene/PDMS coated Fe,O, MNPs surface. The plot of g,
vs. t2 shows two linear regions, indicating two steps exist
during the adsorption process. The first and sharper region
is related to the external diffusion of dairy wastewater
molecules, while the second region attributes to the diffu-
sion of dairy wastewater molecules into the less accessible
pores of adsorbent, where intraparticle diffusion was the
rate-limiting step.

The intraparticle diffusion rate constant (K,,) value for
step I and II was determined from the slope of each curve.
As can be seen, the slope of the first linear region was
much higher than rate constant of the second step, indicat-
ing that intraparticle diffusion controls the adsorption rate
mainly. However, external mass transfer resistance cannot
be neglected, although this resistance is only significant
at the initial time.

3.5. Thermodynamic analysis

The plot of In(K) vs. 1/T is illustrated in Fig. 13,
and the results of thermodynamic data are presented in

Table 3
Isotherm parameters for adsorption of dairy wastewater by
graphene/PDMS coated Fe,O, MNPs at different temperatures

Adsorption Parameters Temperature (°C)
isotherm model 25 35 45
9. (mg/g) 8172 93.61 107.93
. K, (L/mg) 0.220 0.312 0.394
Langmuir
R? 0.932 0.901 0.921
F .. 0.61 0.65 0.63
K. (L/g) 1.92 2.32 3.41
Freundlich n 1.19 1.15 1.13
R? 0.964 0.953 0.935
error 0.71 0.74 0.78
A, (L/g) 11.82 13.32 15.34
. b, (J/mol) 17721 18122  185.45
Temkin r
R? 0.973 0.932 0.914
o 0.54 0.51 0.58
K, (L/g) 241 443 7.76
oy (L/mg)  0.98 0.81 0.74
Redlich-Peterson 1.67 1.82 2.13
R? 0.942 0.922 0.902
wrror 0.43 0.65 0.53
9. (mg/g)  85.91 98.73 108.71
K, (L/mg) 0.006 0.009 0.012
Liu n, 0.92 1.22 1.45
R? 0.995 0.990 0.971
0.32 0.28 0.30

error
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Fig. 12. Linear kinetic models of dairy wastewater adsorption on graphene/PDMS coated Fe,O, MNPs (pH 7.56, adsorbent dose:
25 g/L, T=25°C + 1°C), a) pseudo-first-order, b) pseudo-second-order and c) intraparticle diffusion models.

Table 4

Kinetic parameters for adsorption of dairy wastewater by graphene/PDMS coated Fe,O, MNPs at different chemical oxygen

demand concentrations

Adsorption kinetic model Parameters Initial chemical oxygen demand concentration (mg/L)
100 200 300 400
q, (mg/g) 33.11 60.12 99.21 181.10
K, (min™) 0.09 0.11 0.14 0.17
Pseudo-first-ord !
sendo-tstorder R 0.931 0.920 0911 0.934
wrror 091 0.87 0.77 0.75
g, (mg/g) 50.23 58.81 111.11 166.12
K, (g/mg-min) 0.0010 0.0009 0.0006 0.0001
Pseudo- d-ord: 2
seridorseconcroraer R 0.982 0.981 0.983 0.981
0.32 0.35 0.21 0.22
K, (mg/(g-min'?)) 0.33 0.28 0.18 0.12
) e C (mg/g) 1.25 2.16 3.71 442
Intraparticle diffusion model R 0911 0.952 0.941 0.893
0.51 0.48 0.61 0.72

error

Table 5. The results show that the AG® values at the stud-
ied temperature are negative. The negative values of AG®
indicate the tendency of the adsorption process to be spon-
taneous, and there is a high tendency of dairy wastewater

molecules for adsorption by the adsorbent. The positive
value of AS° indicates an increase in the system randomness
at the solid/liquid interface with some structural changes
in the adsorbent and adsorbate. Also, the positive value of
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Fig. 13. Relation between thermodynamic equilibrium coef-
ficient and temperature in dairy wastewater adsorption onto
graphene/PDMS coated Fe,O, MNPs.

Table 5
Thermodynamic analysis data at different temperature
ace( M ane| M ase[ M
mol mol mol
2 1
o 308 318 32.81 122.79
-4.33 -5.37 -6.73

AH is indicative of an endothermic process. This result is
entirely consistent with the previous results of increasing
the adsorption with increasing temperature.

4. Conclusion

In this study, a new type of graphene/PDMS coated mag-
netic Fe,O, nanoparticles as the adsorbent was fabricated
to adsorption of organic pollutants from dairy wastewater.
The resulting magnetic nanoparticles were characterized by
SEM, FTIR spectroscopy, VSM, and BET. SEM micrographs
revealed that the graphene containing polymeric network
coated the magnetite particles. The FTIR spectra showed
adsorption bands attributed to the functional groups of
polymeric network, graphene, and also the Fe-O bonds of
magnetite. The nitrogen adsorption/desorption (BET) anal-
ysis confirms the slit-like and non-uniform size structures
of the adsorbent, which suggest the mesoporous structure.
According to VSM analysis, for both prepared nanoparticles
(coated and non-coated), the magnetization reduces from
plateau state to zero on the removal of the magnetic field,
which is evidence that the prepared nanoparticles are super-
paramagnetic. Also, by comparing the parameters of M, M,
and C, for coated and non-coated adsorbents, it is revealed
that the magnetic properties of nanoparticles after coating
were reduced by comparing the values of nude nanoparti-
cles. Adsorption of organic pollutants from dairy wastewater
was conducted in an aqueous medium at different pH val-
ues, temperatures, contact times, and initial COD concentra-
tions. According to experimental data, the phenomenon of
adsorption was favored at a higher temperature and lower
pH in this case. Maximum removal as high as 98.5% could
be achieved using an adsorbent dosage of 25 g/L, pH of 2,

and temperature of 45°C. Results show that the adsorption
kinetic follows pseudo-second-order kinetic model, and
the isothermal adsorption models fit Liu model well. The
thermodynamic parameters suggested that not only was
the adsorption by graphene/PDMS coated magnetic Fe O,
nanoparticles spontaneous and exothermic in nature, but
also the negative entropy change indicated an enthalpy
driven process. Therefore, the graphene/PDMS coated mag-
netic Fe,O, nanoparticles can be introduced as a potential
adsorbent in dairy wastewater treatment.
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