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ABSTRACT

The efficiency of reduced graphene oxide magnetite (rGOM) to remove selected non-steroidal
anti-inflammatory drugs from wastewater at high concentration was evaluated. Diclofenac sodium
(DCS) and aspirin (ASP) were chosen as target pharmaceuticals due to their common persistency in
wastewater. rtGOM was prepared to form graphene oxide (GO) using a one-step procedure where
the reduction of GO and attachment of Fe,O, particles to the surface of GO was carried out simul-
taneously. rGOM showed very good efficiency with percent removal of 98.5% and 90.5% at the
optimum conditions for ASP and DCS, respectively. The optimum condition for removal of DCS
is adsorbent dosage 14 g L7, the contact time of 40 min, and a pH of 5.0. While the optimum con-
ditions for ASP are adsorbent dosage 16 g L, contact time 40 min, and a pH of 3.0. The adsorp-
tion process was evaluated through different adsorption isotherm and kinetic models. Langmuir
isotherm model was found to be the best fitting for DCS adsorption with Q and K, values of
12.95 mg g and 0.091 L mg™, respectively. On the other hand, ASP removal was best described
by the Freundlich isotherm model with K, and n values of 5.95 and 2.49, respectively. Both pro-
cesses showed fast kinetics. Thermodynamic properties were calculated using the Sips isotherm
model. The adsorption of both drugs was found to be spontaneous with a negative value of Gibbs
free energy and positive enthalpy change indicating that the adsorption process was endothermic.
Continuous fixed-bed column adsorption was performed, and the data were fitted using different
isotherm models and it was observed that adsorption of DCS follows Yan model while adsorption
of ASP is described by Bohart-Adams model. A regeneration study was carried out which showed
that the removal efficiency was still significant for both ASP and DCS even after three cycles.
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1. Introduction gradual growth in the supply and demand of pharmaceu-
ticals have raised a serious concern over the treatment of

Pharmaceuticals have been used from ancient times in wastewater generated by these pharmaceutical industries.

different forms for the cure of diseases. The high demand
for pharmaceuticals has led to the growth of pharma-
ceutical manufacturing industries. This pharmaceutical
industry comprises more than one million employees and
R&D spending of around USD 75 billion [1]. However,
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Pharmaceutical in the water environment enter through
various routes and hence induces environmental concerns.
This leads to serious pollution of the water body which
could not be remediated efficiently with the current tech-
nology of wastewater treatment plants [2]. As a result, these

1944-3994/1944-3986 © 2021 Desalination Publications. All rights reserved.



402 A. Zaka et al. | Desalination and Water Treatment 212 (2021) 401414

pharmaceuticals find their way into different water bodies
causing adverse effects on living organisms even at very
low concentrations [3]. Several studies revealed that the
presence of these pharmaceuticals in the water body could
lead to serious toxic effects on both humans and animals
[4-6]. Therefore, innovative methods are needed to remove
pharmaceutical compounds from wastewater efficiently.

One of the most widely prescribed classes of pharmaceu-
ticals is non-steroidal anti-inflammatory drugs (NSAIDs).
This class is mainly used for the treatment of inflammation,
pain reduction, and prevention of blood clots [5,7,8]. Due
to their structural stability, NSAIDs are relatively resistive
to degradation in the environment and hence these com-
pounds are frequently found in different water bodies [9,10].
Recently, it was reported that diclofenac sodium (DCS) in
the marine environment undergo photodegradation yield-
ing different by-products [11]. Long-term exposure to
NSAIDs can have adverse effects on different ecological
species ranging from fish to birds as well as human beings
[12-14]. Hence, the need to remove these compounds before
entering the environment should be highly prioritized.

Graphene and graphene-based materials are becom-
ing a prominent topic for research in recent times. The
2-dimensional structure of graphene and its unique proper-
ties have opened the gates for its utilization in many fields
ranging from electrochemical studies to nanoelectronics
[15]. High surface area and good chemical and thermal sta-
bility allow the graphene family to be used as an adsorbent
in water treatment and removal of pollutants [16]. Graphene
oxide (GO) is a compound obtained after the oxidation of
graphene through strong oxidizing agents. The surface of
GO comprises oxygen-containing functional groups such
as hydroxyl, epoxy, carbonyl, and carboxyl thus mak-
ing it highly hydrophilic and stable [16,17]. Furthermore,
the reduction of RO by reducing agents yielded materials
called reduced graphene oxide (rGO) that have unique
properties [18]. Accordingly, GO and rGO has been suc-
cessfully used for the removal of different contaminants
such as heavy metals and dyes [19-21]. These carbon-based
adsorbents have also shown good adsorption capability
to remove pharmaceutical compounds from water [22].
However, the difficulty in the separation of adsorbent from
the water tends to limit the use of GO and rGO on large
scale. Therefore, the need to modify GO particles with
other suitable compounds arose. Magnetite nanoparticles
(Fe,O,) have attracted the attention of researchers due to
their suitable properties. These particles have low toxicity
and can be easily separated using a magnet. The attach-
ment of magnetite particles to the surface of GO has also
shown better adsorption efficiency in some studies [16].

In this study, rGO was found to be more suitable for
modification with magnetite nanoparticles than GO. Hence,
rGO was selected to be treated with magnetite nanoparti-
cles to obtain reduced graphene oxide magnetite (rGOM)
that was successfully characterized. The efficiency of
rGOM towards the removal of two selected pharmaceuti-
cals (DCS and ASP) was studied and optimized using the
batch process. The adsorption efficiencies are optimized
with respect to adsorbent dosage, contact time, pH, initial
concentration as well as temperature. The kinetics and ther-
modynamic of the adsorption process were also studied.

Continuous fixed-bed column adsorption was also per-
formed, and the data were fitted using different isotherm
models. Regeneration of the adsorbents was also investi-
gated for economical and practical applications. The appli-
cation of this newly synthesized adsorbent is considered to
be novel in its application toward the removal of drugs from
pharmaceutical wastewater due to its cost-effectiveness,
ease of preparation, and regeneration.

2. Materials and methods
2.1. Materials

Graphene oxide was purchased from Xiamen Tmax
Battery Equipment Ltd. (China) and used without any fur-
ther purification. Analytical grade iron chloride tetrahy-
drate (FeCl-4H,0) was obtained from Sigma-Aldrich Inc.
(Germany). Double distilled deionized water was used to
prepare all solutions. Pure samples of DCS and aspirin (ASP)
were obtained from a Local Pharmaceutical Company in
UAE and were used as-is. Hydrochloric acid and sodium
hydroxide of analytical grades were used for pH adjust-
ments. Analytical grade ammonia (28%) was obtained from
Merck Millipore (Germany).

2.2. Instrumentation

Adsorption was carried out in a temperature-controlled
multi-stack refrigerated shaking incubator (DAIHAN
Scientific, South Korea). Orion 201A+ basic pH meter
(Thermo Electron Corporation, USA) was used to measure
the pH of the solution. The UV-Vis measurements were car-
ried out using Cary 50 Conc (Varian, Australia), 0.45 pm
MCE syringe filters (Chrome Tech, Germany) were used to
filter the solution after adsorption experiments and prior
to UV-Vis analysis. Samples were dried in an air oven
(GALLENKAMP, Weiss Technik, UK). High-resolution
images of the adsorbents before and after adsorption of the
adsorbates were generated using a scanning electron micro-
scope (TESCAN VEGA.3-LMU, USA). Fourier-transform
infrared spectroscopy (FTIR) was recorded using an
FTIR spectrometer (Perkin Elmer, USA).

2.3. Methods
2.3.1. Preparation of rtGOM (rGO-Fe,O,)

rGOM nanocomposite was synthesized using a method
described elsewhere [23]. Briefly, 500 mg GO particles were
dispersed in 500 mL of distilled water and then sonicated for
3 h at room temperature. Ammonia solution (28%) was then
added drop-wise to GO suspension until the pH becomes
>11. 10 g of FeCl,-4H,O was then added very slowly to the
suspension. Vigorous stirring was then carried out for 3 h
after which the mixture was left overnight at room tempera-
ture. The solution was then filtered and washed with dis-
tilled water to remove any ammonia before drying at 60°C.

2.3.2. Adsorption experiments

500 mg L7 stock solutions of pharmaceuticals were
prepared in distilled water. Batch adsorption experiments
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were conducted to quantify the effect of contact time,
adsorbent dosage, initial adsorbate concentration, pH, and
temperature on the removal efficiency of DCS and ASP by
the rGOM. In a typical experiment, a solution of known
concentration was prepared in an Erlenmeyer flask. The pH
of the solution was adjusted, and a known mass of rGOM
was added to the solution before placing it in a shaking
incubator at a specified temperature for a pre-determined
time. rtGOM was then separated from the solution using a
syringe filter. The concentration of DCS and ASP was then
determined using a UV-vis spectrophotometer from a cali-
bration curve at the analytical wavelength. The removal
efficiency was calculated using Eq. (1).

(Co _ Ce)
Removal % =C7><100 @)

0

where C; and C, are the initial and final concentration of
DCS and ASP in mg L. Each experiment was performed in
triplicates for statistical validation.

2.3.3. Continuous-flow experiments

Continuous-flow experiments were performed in a
glass tube with an internal diameter of 1 cm and a length
of 50 cm. The adsorbent was placed inside the tube sup-
ported by glass wool at the top and bottom to avoid any loss.
The flow was adjusted and maintained by the continuous
introduction of wastewater from the top of the tube. The
volume of water processed was measured after certain time
intervals and samples were analyzed using a UV-Vis spec-
trophotometer. Water containing pharmaceuticals was con-
tinuously processed until no change was observed between
the initial and final concentrations of pharmaceuticals.

3. Results and discussion
3.1. Characterization of adsorbent

Scanning electron microscopy (SEM) and FTIR tech-
niques were used for the characterization of the different
nanomaterials. The FTIR spectra of GO, rGOM, ASP, and
DCS rGOM-DCS and rGOM-ASP are shown in Figs. 1
and 2. All the samples show a strong peak at a wavenum-
ber of around 3,400 cm™ indicating the presence of water.
Fig. 1d indicates that GO has the following peaks at 2,920;
2,852; 1,720; 1,628; 1,050 and 580 cm™, indicating the
presence of different functional groups on the nanomate-
rials as described in the introduction [23]. The FTIR spec-
tra of rGOM (Fig. 1c) shows that most of the above peaks
are still present except for the one at 1,720 cm™, with
the appearance of new peaks at 800 and 892 cm™. These
changes indicate that rGO was successfully modified to
yield rGOM. Figs. 1b and 2b display the FTIR spectra of
rGOM loaded with ASP and DCS. Upon comparing these
spectra with those of free ASP and DCS reveals that an
appearance of the following peaks 750; 1,100; 1,400 and
1,550 cm™ for DCS and the appearance of 600 and 1,550 cm™
peaks for ASP. These observations indicate the successful
attachment of these drugs on the rtGOM upon adsorption.
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Fig. 1. FTIR spectra of (a) DCS, (b) DCS-rGOM, (c) rGOM,
and (d) GO.
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Fig. 2. FTIR spectra of (a) rGOM, (b) ASP-rGOM, (c) GO, and
(d) ASP.

Figs. 3a and b show the SEM images of GO and rGOM.
It can be clearly observed that the morphology of graphene
oxide was changed after the introduction of magnetite
particles onto its surface confirming surface modifica-
tion. Figs. 3c and d show the SEM images of rGOM after
it was loaded with DCS and ASP respectively. Clearly, an
agglomeration of the rGOM particles can be seen in both
images due to both pharmaceuticals, thus confirming the
adsorption process.

3.2. Adsorption studies

The first step of this study was to find out the optimum
parameters for the removal of both DCS and ASP by rGOM.
Dosage of rGOM, contact time between adsorbate and
adsorbent, initial concentration of the adsorbate and initial
pH of the solution were varied for this purpose. The exper-
iments were carried out at 25°C. The concentration of the
pharmaceutical was quantified using UV-vis spectroscopy
at A = 276 nm for DCS and A = 296 nm for ASP. The effect
of each parameter is explained and summarized below.



404 A. Zaka et al. | Desalination and Water Treatment 212 (2021) 401414

SEM HV: 20.0 kV D: 11.62 mm VEGA3 TESCAN

View field: 597 ym Det: SE 100 pm
SEM MAG: 348 x Date(midiy): 05/16/19 | CIF - American University of Sharjah

SEM H\: 20.0 kV WD: 14.97 mm

View field: 104 pm Det: SE

SEM MAG: 2.00 kx |Date(midly): 05/16/19 | CIF - American University of Sharjah

(©)

VEGA3 TESCAN

®

s
SEM HV: 20.0 kV

View field: 115 pm
SEM MAG: 1.81 kx | Date(midiy): 05/16/19 | CIF - American University of Sharjah

WD: 14.85 mm VEGA3 TESCAN

(d)

Fig. 3. SEM images of (a) graphene oxide, (b) rGOM, (c) rGOM after adsorption of DCS, and (d) rGOM after adsorption of ASP.

3.2.1. Effect of adsorbent dosage

Dosage of the adsorbent is a very important param-
eter for practical application of the process as the eco-
nomics of the system are heavily dependent on it. In this
experiment, the dosage of rGOM was varied between 8.0
to 20.0 g L, and the percent removal of ASP and DCS was
calculated. Fig. 4 displays the effect of the dosage on the
percent removal of each drug. The inspection of this figure
reveals that increasing the dosage of rGOM is accompa-
nied by an increase in the removal efficiency of both DCS
and ASP. This observation could be explained based on
the availability of adsorption sites. As the dosage increase,
the available sites increase. However, after a certain value,
the removal efficiency became constant. This observation
could be attributed to either the non-availability of driv-
ing forces for adsorption under specified conditions [24]
or to the saturation of available active sites. Based on the

experimental results, a dosage of 14 and 16 g L™ was selected
as the optimum dosage for DCS and ASP, respectively.

3.2.2. Effect of contact time

The effect of contact time on the percent removal of
both drugs is shown in Fig. 5. Both DCS and ASP showed
fast kinetics with more than 80% removal within the first
10 min. The percent removal then remains almost con-
stant. It is known that the physisorption process does not
require any activation, hence results in fast kinetics. On
the other hand, chemisorption could be either fast or slow
depending on the activation energy of the process [25].
Based on these data alone, the nature of the adsorption
process could be associated with neither physisorption
nor chemisorption. Further experiments are needed for
such identification. A contact time of 40 min was chosen as
the optimum value of the removal for both DCS and ASP.
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Fig. 4. Effect of dosage on the removal of DCS and ASP using
rGOM. Shaker speed: 175 rpm; contact time: 120 min; initial con-
centrations of DCS and ASP: 100 mg L™; pH: 5 + 0.1 for DCS
and 3 + 0.1 for ASP; temperature: 25°C.
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Fig. 5. Effect of time on the removal of DCS and ASP using rGOM.
Shaker speed: 175 rpm; dosage: 14 g L™ for DCS and 16 g L*
for ASP; initial concentrations of DCS and ASP: 100 mg L;
pH: 5+ 0.1 for DCS and 3 + 0.1 for ASP; temperature: 25°C.

3.2.3. Effect of pH

pH plays a significant role in the adsorption process
helping in understanding the mechanism of the process
along with the species taking part in the adsorption. It can
be observed from Fig. 6 that both DCS and ASP show high
removal at low pH values while the removal decreases
slightly as the pH become basic. Maximum removal for
DCS was observed at a pH of 5 while ASP showed maxi-
mum removal at pH 3. These values were taken as the
optimum pH for the removal of both drugs.

To understand the behavior of removal efficiency
as a function of pH, it is better to investigate the nature
of charges on the surface of the adsorbent as well as the
nature of the stable form of the adsorbate at that pH.
The dissociation of DCS and ASP along with pKa values are
shown in Fig. 7. Tayyebi and Outokesh [26] showed that the

405

surface of rGOM carries a positive charge at pH below 1.9
and remains negatively charged above this value. Hence,
it is expected that the removal efficiency of both drugs to
be high when they carry either a positive charge or neu-
tral. Inspection of Fig. 6, reveals that the percent removal
of DCS is high at low pH and decreases of increasing pH.
Fig. 7 indicates that the pK_ value of DCS is 4.35, hence it is
present as neutral species at low pH and negatively charged
ion at high pH. These properties indicate that at low pH
van der Waals forces play a major role in the adsorption
process; however, electrostatic repulsion is taking over at
high pH. Hence, this prediction is an acceptable explana-
tion of the observed dependence of the percent removal of
DCS on pH. On the other hand, aspirin has a point of pK_
of 3.5, indicating that the predominant species at pH < 3.5
is neutral in nature whereas it becomes negatively charged
ion at higher pH. Hence, it is expected that the percent
removal to be controlled by van der Waals forces at low pH
and electrostatic repletion at high pH. These predictions
can successfully explain the observed results in Fig. 6.

3.2.4. Effect of initial adsorbate concentration

The effect of initial concentrations of ASP and DCS
on the percent removal of both drugs by rtGOM is shown
in Fig. 8. Initial concentrations of both pharmaceuticals
were varied from 100 to 300 mg L. The results show
that a decrease in the percent removal of both drugs were
observed as initial concentration increases. This obser-
vation could be explained on basis of the saturation of
rGOM sites at a high pharmaceutical concentration as
predicted by the Langmuir adsorption model (Eq. (3)).

3.2.5. Effect of temperature

Fig. 9 shows the effect of temperature on the percent
removal of both drugs by rGOM at the optimum con-
ditions. Fig. 9 reveals that the percent removal for both
drugs is slightly decreasing with increasing temperature.
However, the large standard deviation in the data prevents
a solid conclusion about the thermodynamic nature of the
process. Other methods should be used to evaluate the
thermodynamic parameters as described in the pertaining
section below.

3.3. Adsorption isotherms

Langmuir, Freundlich, and Temkin isotherm models
were utilized to fit the adsorption data in order to have
a better understanding of the adsorption mechanism.
The experiments were performed at optimum conditions
while varying the concentrations of DCS and ASP. The
drug adsorption capacity at equilibrium (Q,) was calculated
using Eq. (2):

(Co _Ce)V

m

Q.= 2)
where Q (mg g™') is the amount of DCS and ASP adsorbed
per gram of rtGOM, C, and C, are the initial and equilib-
rium concentrations (mg L™) of DCS and ASP, respectively.
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Fig. 6. Effect of pH on the removal of DCS and ASP using
rGOM. Shaker speed: 175 rpm; dosage: 14 g L' for DCS
and 16 g L7 for ASP; initial concentrations of DCS and ASP:
100 mg L'; contact time: 40 min; temperature: 25°C.
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Fig. 7. Dissociation of pharmaceuticals (a) diclofenac sodium
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Fig. 8. Effect of initial concentration on the removal of DCS and
ASP using rGOM. Shaker speed: 175 rpm; dosage: 14 g L for
DCS and 16 g L™ for ASP; pH: 5+ 0.1 for DCS and 3 + 0.1 for ASP;
contact time: 40 min; temperature: 25°C.

V (L) is the volume of the solution and m (g) is the mass
of rtGOM used in an experiment. Fig. 10 display the depen-
dence of Q, on the equilibrium concentration at 25.0°C.
The observed adsorption curves for both DCS and ASP
represent type 1 adsorption isotherm in which mono-
layer formation is obtained [27]. To model the adsorption
process, Langmuir, Freundlich, and Temkin models were
employed. The linear forms of these models are given in
Egs. (3)-(5), respectively [28].

¢ _G ., 1 -
Qt’ Qm QmKL
1
logQ, =logK, +—logC, 4)
n
Q, = BInK, + BInC, ®)

where Q (mg g) is the maximum adsorption capacity,
K, (L mg™) is the Langmuir isotherm constant, K, (mg*
LY g1y and n are the Freundlich isotherm constants and
B (J mol™) and K, (L mg™) are Temkin isotherm constants.
Fig. 11 display the plot of each isotherm together with their
regression coefficients (R?). Inspection of this figure reveals
that the Langmuir isotherm model is best describes the
adsorption isotherm for DCS, whereas the Freundlich iso-
therm model was found to be best to describe the adsorp-
tion isotherm for ASP. Table 1 summarizes the isotherm
constants for the removal of DCS using the Langmuir
model and the removal of ASP using the Freundlich model.
A comparison of maximum adsorption capacity (Q,)
of different adsorbents used for the removal of DCS and
ASP is shown in Table 2. It can be observed from the
table that the obtained values of Q, in this work is low
as compared to other adsorbents. Inspection of this table
reveals that it is tempting to render the single-layered
graphene oxide and 3D graphene structure to be the most
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Fig. 9. Effect of temperature on the removal of DCS and ASP
using rGOM. Shaker speed: 175 rpm; dosage: 14 g L™ for DCS
and 16 g L for ASP; pH: 5 + 0.1 for DCS and 3 + 0.1 for ASP;
contact time: 40 min; initial concentrations of DCS and ASP:
100 mg L.
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Fig. 11. Comparison of different isotherm models used to fit the data (a) DCS and (b) ASP.

practical adsorbents for the removal of these drugs from
the environment. However, the economical preparation
of these adsorbents is highly costly which hinders their
application. The low values of Q  for both drugs appear
to hinder their practical applications, however, the high

in batch sequential contactors overcome

operational cost.

density of rGOM and its easy recovery by simple magnets

this disadvantage.

Hence, our study contributes to the novelty of the removal
of these drugs in a natural environment with minimum
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Table 1
Adsorption isotherms parameters for the removal of DCS and
ASP by rGOM at 25°C

Model Adsorption parameters
DCS ASP
Langmuir K, (Lmg™) 0.091 0.267
Q, (mgg) 13.76 21.41
R? 0.999 0.989
Freundlich K, (mg=/n L g1 3.39 5.95
n 3.53 2.49
R? 0.978 0.999

3.4. Adsorption thermodynamics

A clear picture of adsorption phenomena cannot be
obtained without studying the thermodynamics of the
process. The value of different thermodynamic properties
such as Gibbs free energy, enthalpy, and entropy is vital to
understand the feasibility and thermal aspects of adsorption
[38]. In order to calculate the above-mentioned properties,

A. Zaka et al. | Desalination and Water Treatment 212 (2021) 401414

the equilibrium constant, K as a function of temperature.
Once the value of Q% n, and Keq was determined after
regression analysis, the van't Hoff plot was obtained, and
it is shown in Fig. 12. The values of the parameters calcu-
lated are shown in Table 3. The change in Gibbs free energy
was calculated using Eq. (7) given by Yu et al. [45].

AG=-RTInK,, @)
where R (] mol™ K7) is the general gas constant, and T (K)
is the temperature. The values of other thermodynamic
parameters were calculated using the van’t Hoff Eq. (8).

®)

Although the van't Hoff plot for DCS gave a linear
relation, the graph for ASP was curved and therefore the
above equation cannot be used. A polynomial fit was sug-
gested for such processes where enthalpy does not remain
constant with respect to temperature [46]. The equation
used for the case of ASP adsorption is given as:

Sips equation [44] was used which is given in Eq. (6). InK_ —a+ b L ©)
eq T TZ
Q =Q" & (6)  where
©1+K CF
where Q" (mg g”) is the maximum theoretical capacity Ap—_g[p+ 2c (10)
and n_ is the Sips constant. Eq. (6) was used to estimate T
Table 2
Comparison of adsorbent capacities of different adsorbents
S. No. Adsorbent Maximum adsorption References
capacity (mg g™)
Adsorption of DCS
1 Carbon nanotubes (CNT) 27 [29]
2 Commercial activated carbon 76 [30]
3 Activated carbon (AC) derived from cocoa shell 63 [31]
4 Single layered graphene oxide (GO) 750.0 [32]
5 Reduced graphene oxide (rGO) 59.67 [33]
6 3D graphene aerogel 596.71 [34]
7 CTAB-ZIF-67 54.31 [35]
8 CNT/HNO, 24 [36]
9 AC derived from olive stones 11 [37]
10 rGO-magnetite 12.95 This study
Adsorption of ASP
1 Graphene nanoplatelets 12.98 [38]
2 Activated carbon (AC) derived from rice hull 178.98 [39]
3 Activated carbon (AC) derived from tea leaves 178.5 [40]
4 N-CNT/B-cyclodextrin NC 72 [41]
5 Fe/N-CNT/p-cyclodextrin NC 71.9 [41]
6 Molecularly imprinted polymer 0.03 [42]
7 Tyre waste 40.40 [43]
8 rGO-magnetite 21.41 This study
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Fig. 12. Van't Hoff plot. Experimental conditions: shaker speed:
175 rpm; contact time = 40 min; pH = 5 + 0.1 for DCS and
3 £ 0.1 for ASP; rGOM dosage = 14 g L for DCS and 16 g L™
for ASP; initial concentrations of DCS and ASP: 100 mg L.

Table 3
Calculated Sips parameters at different temperatures

Temperature (K) DCS ASP
K n, K n,
eq s eq s
298.1 15.84 3.670 114.45 2.474
308.1 17.85 3.402 384.64 1.879
318.1 19.56 3.268 80.65 2.595
and
c
AS=R|a- Tz (11)

The values of thermodynamic properties obtained are
given in Table 4. The value of Gibbs free energy shows
that the process of adsorption for both pharmaceuticals
is physical in nature (between —20 to 0 k] mol™) while the
negative sign is an indication of the spontaneous nature
of the process. Moreover, the positive value of enthalpy
(AH) for aspirin implies that the adsorption is endother-
mic in nature. The positive sign of entropy change for
DCS adsorption shows an increase in the randomness of
the system [47]. Negative values of entropy were observed
for ASP which was strongly affected by temperature.

Table 4
Thermodynamic properties

3.5. Continuous fixed-bed column adsorption

Apart from batch experiments, a fixed bed adsorption
study is useful for the industrial applicability of water
treatment through adsorption. In this method, the system
is most likely to be far from equilibrium and hence the
removal efficiency is affected by additional parameters
such as column depth, flow rate, and column diameter [48].
In particular, the interpretation of the removal efficiency
in a packed bed column depends on several factors such
as adsorption kinetics, resistance to film, diffusion mecha-
nism, and dispersions in liquid flow. Several models for the
removal of pollutants in a fixed bed column are reported
in the literature such as the Thomas model, Bohart-Adams
model, Clark model, and Yan et al. model [24]. These
models are applied in this study for the interpretation of
the experimental breakthrough curves. The linearized
form of each model is given in Eqs. (14)-(17), respectively.

ln[go - 1} - Km% —K, Gt (12)
t
h{?} =K,,Ct—K,,N, [jj (13)
0 0
C n-1
In[[o] - 1] =InA-rt (14)
Cf
C
In o |=4lnV —alnbd (15)
C,-C,

where C, C, t and n are the initial concentration of the phar-
maceutical (mg L), the concentration of pharmaceutical
at any time (mg L), time (min) and Freundlich param-
eter, respectively. K, and K,, are the rate constants for
Thomas and Bohart-Adams model, respectively. A and r
are parameters for the Clark model. V is the volume (mL)
whereas a and b are the parameters for Yan model. Z is the
bed depth (cm), N, is the saturation concentration (mg L),
U, is the superficial velocity (cm min™), Q is the flow
rate (mL min™) and g, is the adsorption capacity (mg g™).

3.5.1. Effect of flow rate

The effect of flow rate on the breakthrough point for
the removal of the DCS and ASP with an initial concen-
tration of 100 mg L™ and bed depth of 1.8 cm is shown

DCS ASP
T (K) 298.1 308.1 318.1 298.1 308.1 318.1
AG (k] mol™) —6.848 —7.384 —7.865 -11.75 -14.75 -10.88
AH (k] mol™) 8.315 93.44 129.6 163.5
AS (J mol? K7) 50.905 -53.51 -172.9 -281.2
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in Figs. 13a and b. Inspection of Fig. 13 reveals that DCS
(Fig. 13a) and ASP (Fig. 13b) shows completely different
behavior in terms of breakthrough points. The removal of
ASP (Fig. 13b) remains high in the initial phase of the pro-
cess reaching the breakthrough points at 220 and 170 mL
using a flow rate of 0.45 and 0.65 mL min™, respectively. On
the other hand, the breakthrough point for DCS is reached
much faster at 20 mL and seems to be independent of the
flow rates used. The apparent decrease in the breakthrough
point of ASP as a function of the flow rate can be explained
on the basis that increase in flow rate results in decreas-
ing contact time and hence a decrease in the adsorption
capacity and service time of the column.

3.5.2. Effect of bed depth

The effect of the bed depth of adsorbent in a fixed-bed
column is shown in Fig. 14. It is evident from the figure
that the increase in the bed depth from 1.8 to 3.6 cm results
in increasing the breakthrough point from 200 to 400 mL in
the case of ASP (Fig. 14b). On the other hand, and since
the Q, for DCS is low, no apparent effect of bed depth on
the breakthrough point is observed for DCS (Fig. 14a).
The increase in breakthrough points in the case of ASP
could be attributed to the availability of more active sites
as a result of larger bed depth [48].

3.5.3. Fixed-bed adsorption models

Different models used to fit the adsorption data for
fixed-bed adsorption of DCS and ASP are shown in Figs.
15 and 16, respectively. The highest value of R? for the
adsorption of DCS was observed for Yan model. Yan model
is based on the assumption that the adsorption process fol-
lows the Langmuir isotherm model and suggests that the
rate-limiting step is not defined by internal and external
diffusion [49] and the results obtained for DCS are simi-
lar to previously reported studies [50]. On the other hand,
Bohart—-Adams model was found to fit the data obtained
from ASP adsorption. It assumes that the rate of uptake of
the adsorbate is proportional to the concentration of adsor-
bate in the bulk liquid and the residual adsorptive capac-
ity of the adsorbent. Bohart-Adams model takes several

@ 0. N, .
T i
Y g m
0.84
0.6+
S
O 0.4+
0.2
] = 0.45mL/min
0.0 s (.65 mL/min

0 100 200 300 400
Volume Eluted (mL)

Table 5
Continuous fixed-bed adsorption model parameters for the
removal of DCS and ASP using rGOM

Adsorption Parameters DCS ASP
models

K, Lmg!min? 0.206 0.182
Thomas q, mg g™’ 5.249 23.59

R? - 0.859 0.8257
Bohart. K,, Lmg' min? 0049  0.128

N mg L 10,227.2 16,830.5
Adams 0

R? - 0.389 0.922

A - 54.05 13236
Clark r min! 0.025 0.024

R? - 0.742 0.867

a - 3.1414 2112
Yan b mL 48522  336.771

R? - 0.9583  0.5256

factors into account such as bed depth (cm) and superfi-
cial velocity (cm min™) of the fluid and the effect of each
parameter can be approximately estimated [51]. The cal-
culated regression coefficients (R? along with different
model parameters are summarized in Table 5.

3.6. Regeneration study

Reusability study is one of the most important aspects
of adsorption. A good adsorbent must retain its capac-
ity to adsorb the pollutants after several cycles and should
be easily regenerated. tGOM was reused for three cycles
in batch adsorption mode. Regeneration was performed
after each cycle using a 0.01 M NaOH solution. In a typi-
cal experiment, the optimum amount of rGOM was mixed
with pharmaceutical solutions at the optimum pH. After
the completion of adsorption, rtGOM was separated from
the solution, mixed with 100 mL of 0.01 M NaOH solution,
and then sonicated for 2 h. The adsorbent is then filtered,
washed with warm water (at 60°C), and then dried at 120°C.
The results from the regeneration and reusability study are

(®) 1. ;
0.8 #
{
0.6 J
o o
O 0.4 4
0.2 s
// L]
“ - L (.45 mL/min
B e * 065 mLimin

0 50 100 150 200 250 300 350 400
Volume Eluted (mL)

Fig. 13. Effect of flow rate of solution on the removal of (a) DCS and (b) ASP by using rGOM. Bed depth = 1.8 cm; pH =5 + 0.1;

initial concentration = 100 mg L'; temperature = 25°C.
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Fig. 14. Effect of bed depth of rtGOM on the removal of (a) DCS and (b) ASP by using rGOM. Flow rate = 0.45 mL min™;
pH =5 +0.1; initial concentration = 100 mg L; temperature = 25°C.
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Fig. 15. (a) Thomas, (b) Bohart-Adams, (c) Clark, and (d) Yan model for fixed-bed adsorption of DCS using rGOM.
Flow rate = 0.65 mL min™; bed depth = 1.8 cm; pH = 5.0 + 0.1; initial concentration = 100 mg L; temperature = 25°C.

shown in Fig. 17. It can be observed that the removal effi-
ciency remains above 60% for DCS and above 75% for ASP
even after three cycles of regeneration and reuse. Hence rGOM was used as an adsorbent for the removal
rGOM can be successfully applied for the removal of of two very common anti-inflammatory drugs, namely
anti-inflammatory drugs from industrial wastewater. DCS and aspirin. The removal efficiency was found to be

4. Conclusions
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Fig. 16. (a) Thomas, (b) Bohart-Adams, (c) Clark, and (d) Yan model for fixed-bed adsorption of ASP using rGOM
Flow rate = 0.65 mL min™; bed depth = 1.8 cm; pH = 3.0 + 0.1; initial concentration = 100 mg L-!; temperature = 25°C.
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Fig. 17. Reusability study. Experimental conditions: shaker
speed: 175 rpm; contact time =40 min; pH =5 + 0.1 for DCS and
3 +0.1 for ASP; rGOM dosage = 14 g L™ for DCS and 16 g L™ for
ASP; initial concentrations of DCS and ASP: 100 mg L; tempera-
ture = 25°C.

high with almost 80% removal in the first 10 min. Batch
adsorption experiments were conducted to find the opti-
mum conditions for adsorption of both drugs. Different
isotherm models were used to fit the adsorption data.
Thermodynamic parameters of adsorption were calculated.
Fixed-bed column adsorption was performed and fitted to
well-known models. The study was concluded by inves-
tigating the optimum condition of rGOM regeneration.
The results revealed that rGOM can be reused for more
than three cycles without loss in its performance
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