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HIGHLIGHTS

GRAPHICAL ABSTRACT

« Removal of hazardous
pharmaceutical pollutants by
graphene nanoplatelets (GNPs) was
studied.

« The effects of adsorption parameters
were studied and optimized.

« The adsorption was studied
kinetically and thermodynamically.

« GNPs were used for the removal of
the PPs from real environmental
samples.

This graph show the adsorption of aspirin (ASA), caffeine (CAF), and acetaminophen (APAP), from Red Sea
water (RSW), waste water (WW), and TAP water (TW), samples spiked with 20 mg/l, by GNPs.
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This study explores the removal of aspirin (ASA), acetaminophen (APAP), and caffeine (CAF); as examples
of hazardous pharmaceutical pollutants, from aqueous solution by graphene nanoplatelets (GNPs). Char-
acterization of the GNPs showed a transparent, layered structure with a smooth surface and many wrin-
kles, as well as a specific surface area of 635.2 m? g~ . The effects of adsorption time, GNPs mass, solution
pH, ionic strength, and temperature were studied and optimized. The effect of temperature on the
adsorption kinetics was investigated using pseudo-first-order, pseudo-second-order kinetic models,
and the experimental data were fitted well to the pseudo-second-order kinetic model. Also, the adsorp-
tion mechanism was explored using intra-particle diffusion and liquid film diffusion models, and the
results revealed that none of these models was the rate-determining steps. The adsorption was studied
thermodynamically, and the Gibbs free energy change (AG°), enthalpy change (AH®), and entropy change
(AS°), were calculated. The AG° values were negative at all temperatures indicating the spontaneity of the
adsorption of ASA, APAP, and CAF by GNPs from aqueous solution. GNPs showed great efficiency when
they were used for the removal of ASA, APAP, and CAF from real environmental samples.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

of human and veterinary medicinal compounds that are used
widely all over the globe. PPs exist in the environment at a very

Pharmaceutical pollutants (PPs) are a group of emerging
anthropogenic hazard contaminants that contain different groups
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low concentration but, generally due to their bio-accumulation,
they pose a potential long-term risk for aquatic and terrestrial
organisms. Therefore, over the past few years, PPs have been con-
sidered an emerging environmental problem. Usually, pharmaceu-
tical compounds are designed to affect humans and animals
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physiologically in very low concentrations. Since very low concen-
trations of pharmaceuticals may cause subtle, chronic effects on
ecosystems, the totality of their ecotoxicological impacts on the
aquatic environment over the long term is difficult to predict [1].
Pharmaceutical compounds are resistant to biological degradation
and retain their chemical structure long enough to do their adverse
effect [2]. The pharmaceutical pollutants most frequently found in
water treatment effluents are antibiotics, antacids, steroids,
antidepressants, analgesics, anti-inflammatories, antipyretics,
beta-blockers, lipid-lowering drugs, tranquilizers, and stimulants.
Currently, there are various methods used for the removal of con-
ventional pollutants from polluted water, such as submerged
membrane bioreactor [3] activated sludge treatment [4], con-
structed wetland [5], photocatalytic oxidation [6], catalytic ozona-
tion [7], or adsorption [8,9], but they cannot be used effectively to
remove pharmaceutical pollutants from water effluents [10].
Therefore, effective treatments are needed for this emerging class
of pollutants. Of the above mentioned methods, adsorption is the
most promising method for the removal of pollutants because both
water and the adsorbent could be recycled, and no by-products
would be produced. Hence, scientists continuously search for
new types of adsorbents and to develop new efficient removal
methods.

Graphene is a new fascinating carbon material that has
attracted the attention of scientist in recent years. It is a one-
atom-thick, two-dimensional (2D) layer of sp?-bonded carbon.
Graphene also exhibits extraordinary properties, such as excellent
mechanical, electrical, thermal, optical properties and very high
specific surface area. Additionally, graphene has also been used
as an excellent adsorbent for different pollutants [11-15] due to
its large, delocalized m-electron system, which can form strong
interactions with other pollutants.

In this study, high surface area graphene nanoplatelets were
used for the first time to adsorb/remove a group of the most fre-
quently used pharmaceutical compounds, aspirin (or acetylsali-
cylic acid), acetaminophen (N-acetyl-para-aminophenol), and
caffeine (1,3,7-trimethyl-1H-purine-2,6(3H,7H)-dione 3,7-dihy-
dro-1,3,7-trimethyl-1H-purine-2,6-dione). Aspirin (ASA) is the
most frequently used non-steroidal anti-inflammatory drug,
whereas acetaminophen (APAP) is used to reduce pain and fever.
Caffeine (CAF) is a central nervous system stimulant, which pre-
sents in many analgesic drugs. The effects of different adsorption
conditions were studied: solution pH, temperature, and adsorption
time. Additionally, the adsorption process was studied kinetically
to predict the adsorption rate in order to understand the adsorp-
tion behavior. Also, the adsorption was studied thermodynamically
to understand the mechanism of adsorption and its spontaneity by
calculating different thermodynamic parameters.

2. Materials and methods
2.1. Materials

Graphene nanoplatelets (GNPs) were obtained from XG Science
(xGnP®-C-750), USA. xGnP® Graphene Nanoplatelets are unique
nanoparticles consisting of short stacks of graphene sheets having
a platelet shape with thickness ranging from 1 to 20 nm and width
ranging from 1 to 50 pm. The pharmaceutical drugs; aspirin, acet-
aminophen, and caffeine, were obtained from Sigma-Aldrich Can-
ada (laboratory reagent grade). All other chemicals were obtained
from Sigma-Aldrich (analytical grade) and all solutions were pre-
pared using deionized water. A stock solution of 1000 mg/l con-
taining ASA, CAF, and APAP was prepared by dissolving 10 mg
from each chemical in 10 ml deionized water. 0.1 M NaOH was
prepared by dissolving 4.0g in 100 ml deionized water, and

diluting 0.83 ml of concentrated nitric acid (37.2%, sp. gr. 1.19) to
100.0 ml with deionized water.

2.2. Characterization techniques

Transmission Electron Microscopy (TEM) measurements of the
graphene nanoplatlets was made with a JEOL JEM 2100FX micro-
scope operating at 200 keV, point resolution of 0.31 nm. The spec-
imens for analysis were prepared by dispersing the powdered
sample in ethanol using an ultrasonic bath. A drop of each resulting
suspension was placed on a copper grid covered with a porous car-
bon film. X-ray diffraction (XRD) analysis was performed with an
X-ray diffractometer from X'Pert Pro PANalytical. Bragg’s angles
(20) between 20 and 60° were recorded at a rate of 0.04° per step
with 20 s per step. Textural properties were evaluated by means of
N, adsorption-desorption isotherms recorded at liquid N, temper-
ature with a Micromeritics ASAP 2000 apparatus. Samples were
degassed at 150 °C under vacuum for 24 h. Specific areas were cal-
culated by applying the BET equation within the relative pressure
range P/P° = 0.05-0.30 [16].

2.3. Analytical method

Aspirin, caffeine, and acetaminophen concentrations were mea-
sured using HPLC (Hewlett Packard 1100 series liquid chromato-
graph (Avondale, CA)). The HPLC system consisted of two pumps
and UV detector. Separations were achieved on analytical reversed
phase C18 column (4.6 x 150 mm, 5 pum) at a mobile phase flow
rate of 1 ml/min under isocratic conditions a mixture of water/ace-
tonitrile/triethylamine/acetic acid (84.6:15:0.2:0.2; v/v/v/v). The
sample size injected was 10 pl and UV detection wavelength was
254 nm and the chromatogram is presented in Fig. 1.

2.4. Adsorption experiments

Adsorption experiments were carried out to explore the effect
of adsorption parameters; adsorption time, adsorbent mass, solu-
tion pH, ionic strength, and solution temperature. A series of
10.0 ml solutions containing 20.0 mg 1~! of ASA, CAF, and APAP,
were prepared in 25.0 ml glass bottle and kept at a certain temper-
ature, (2) the pH of the solution was adjusted using 0.1 M NaOH
and 0.1 M HCI, and then certain amount of the GNPs were added
into the solution. The solution was shaked continuously for a cer-
tain period of time, then after the completion of preset time inter-
vals; the solution was filtered immediately through a filter paper
(Whatman® quantitative filter paper, ashless, Grade 42, 2.5 um))
to collect the supernatant. The residual of ASA, CAF, and APAP con-
centrations in the aqueous solution were then determined by HPLC
and prior to injection the solution was filtered through 0.45 pm
syringe filter (Cellulose Acetate), to be sure that the injected
solution is free from any GNPs, to avoid the blockage of the HPLC
column, and misleading results. The % adsorbed by both filter pa-
per and syringe filter was less than 2%. The percentage adsorption
in solution was calculated using Eq. (1):

(G- Cr)

% Adsorption = .
0

x 100 (1)
where (y is the initial concentration (mg/1), C; is the final concentra-
tion after a certain period of time (mg/l). The adsorption kinetics
was studied to identify adsorption rate and mechanism. Kinetic
experiments were carried out by mixing 200.0 mg GNPs with
200.0 ml of 20.0 mg/l ASA, CAF, and APAP and the solution pH
was adjusted to 8.0 using 0.1 M NaOH/0.1 M HCI solutions. The
samples were withdrawn at predetermined time, filtered, and the
residual concentrations of ASA, CAF, and APAP were measured.
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Fig. 1. HPLC-UV chromatogram of ASA, CAF, and APAP.

The adsorption capacity at any time was calculated according to the
following equation:

(Co—Cp)V

q. = —m (2)

where ¢, is the amount of ASA, CAF, and APAP adsorbed by the GNPs
(mg/g), V is the initial solution volume (L) and m is the GNPs mass
(8).

It is noteworthy to mention that each experiment was per-
formed in triplicate and the reported values are the average of
the three measurements. Also, the adsorption of ASA, CAF, and
APAP by the glassware’s and filter paper was determined by run-
ning a blank experiment without GNPs and was found to be
negligible.

2.5. Real water samples

Two real samples were used to study the efficiency of GNPs for
the removal of ASA, CAF, and APAP. A tap water sample (TWS) was
collected from our lab after allowing the tap water to flow for
10 min. The wastewater sample (WWS) was collected from the
waste water treatment plant at King Abdulaziz University, Jeddah
City. Both samples were filtered through 0.45 pm Millipore filter
paper and kept in Teflon® bottles at 5 °C in the dark. The properties
of the three real water samples are tabulated in Table 1.

Table 1
Analysis of the Red Sea water, waste water, and tap water samples.
RSWS WWS TWS

Collection date 25/3/2013 06/4/2013 18/4/2013
pH 7.6 7.01 8.85
TDS (mg/1) 39,000 1112 108
Conductivity (uS/cm) 78,000 1593 169
TSS (mg/l) 2 1 Nil
COD (mg/l) 184 6 Nil
BOD (mg/l) 36.3 35 Nil
Na* (mg/l)* 16,561 205 109
Ca?* (mg/l)°* 738.4 66.57 88
Mg?* (mg/1)* 1987 14 14

3 Measured with an Optima 4300TM DV ICP-OES (PerkinElmer®).

3. Results and discussion
3.1. Characterization of GNPs

A transmission electron microscope (TEM) was used to charac-
terize the graphene nanoplatelets by their morphological struc-
ture. As seen in Fig. 2, GNPs exhibit a transparent, layered
structure with a smooth surface and many wrinkles. Fig. 3 showed
the XRD pattern of graphene nanoplatelets with diffraction peaks
corresponding to (002) and (100) planes characteristics of GNPs
[17]. Usually, the adsorption process greatly depends on the spe-
cific surface area of the solid adsorbent. Therefore, it is crucial to
measure the specific surface area of the GNPs using nitrogen
adsorption/desorption isotherms. The adsorption isotherms were
determined from N, adsorption measured at 77 K and the results
were presented in Fig. 4. The isotherm obtained was classified as
a type IV isotherm with an H3 type hysteresis loop according to
the original IUPAC classification and corresponding to solids with
platelike particles [18]. The specific surface area for the GNPs
was calculated from the BET equation and was found to be
6352m%g .

3.2. Adsorption study

Adsorption of organic pollutants such as ASA, CAF, and APAP
from aqueous solutions by carbon-based adsorbents might be gov-
erned by non-electrostatic interactions, and predominantly by Van
der Waals interactions. However, there are many other, minor fac-
tors that affect this type of interaction and consequently affect the
adsorption process. These factors include adsorption time, adsor-
bent mass, and solution conditions including pH, ionic strength,
and temperature. Accordingly, the effect of different factors on
the interaction between GNPs and ASA, CAF, and APAP was ex-
plored and studied.

The effect of GNP mass on the adsorption profile of ASA, CAF,
and APAP was studied using 2.0, 5.0, 10.0, 15.0, 20.0 mg, and the
% adsorption was 25.0%, 44.6%, 62.3%, 79,1%, 94.3%, for ASA,
82.1%, 97.3%, 98.4%, 99.2%, 99.5%, for CAF, and 55.3%, 76.8%,
84.5%, 97,1%, 98.3%, for APAP, respectively. Generally, it was ob-
served that the percentage of ASA, CAF, and APAP adsorption

Fig. 2. Transmittance electron microscope image for the GNPs.
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Fig. 3. XRD pattern for the GNPs.
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Fig. 4. Nitrogen adsorption/desorption isotherms for GNPs.

increased almost linearly with the increase of GNP mass until an
adsorbent mass of 15.0 mg was used. Increases in GNP mass be-
yond 15.0 mg slightly affect adsorption, as most of the ASA, CAF,
and APAP had already been adsorbed. This trend is mostly attrib-
uted to the increase in the adsorption surface area due to the in-
crease in GNP mass, and thus the availability of more active
adsorption sites for the ASA, CAF, and APAP molecules. Once most
of the ASA, CAF, APAP molecules were adsorbed, further increases
of GNP mass did not affect the percentage of adsorption. Accord-
ingly, further experiments were conducted using 10.0 mg of GNPs
to be able to monitor the change in% adsorption upon the change in
the other factors. Using 10.0 mg GNP% adsorption was 62.3% for
ASA, 98.4% for CAF, and 84.5% for APAP.
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Fig. 5. The effect of adsorption time on the adsorption of ASA, CAF, and APAP by
GNPs from model solution. (Experimental conditions: 10.0 ml, pH 8.0, 4.0 mM
KNO3, 10.0 mg GNPs, 296 K, and ASA, CAF, and APAP concentrations 20.0 mg 1)
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Fig. 6. The effect of solution pH on the adsorption of ASA, CAF, and APAP by GNPs
from model solution. (Experimental conditions: 10.0 ml, 60.0 min, 4.0 mM KNOs,
10.0 mg GNPs, 296 K, and ASA, CAF, and APAP concentrations 20.0 mg 1~'.)

Fig. 5 shows the effect of adsorption time on the percentage of
adsorption of ASA, CAF, and APAP by GNPs. The figure shows that
the percentage of adsorption of these three pharmaceutical pollu-
tants increased with time for the first 10 min. At this point, equilib-
rium was achieved, with adsorption of 63.5%, 94.3%, and 87.6%, for
ASA, CAF, respectively. After 10 min, no further improvement in%
adsorption was observed. Also, it is clear from the figure that
ASA, CAF, and APAP adsorption occurred in two different stages.
The first stage occurred during the first 10 min of adsorption, and
was characterized by the high number of active binding sites on
the GNPs surface during this phase. Adsorption occurred rapidly
in this step, which indicates that the adsorption was controlled
by the diffusion process of the ASA, CAF, and APAP molecules from
the bulk phase to the GNPs surface. In the second step, adsorption
was most likely an attachment-controlled process due to the de-
crease in the number of active sites available for the ASA, CAF,
and APAP molecules on the GNPs’ surface. For further experiments,
60 min of adsorption time was selected to ensure that equilibrium
was attained for the adsorption of ASA, CAF, and APAP by GNPs.

The effect of pH on the removal efficiencies of ASA, CAF, and
APAP by GNPs at pH values from 2.0 to 11.0 was explored and
the results are presented in Fig. 6. In general, the removal of phar-
maceutical compounds by GNPs was not dependent on the pH of
the solution in the case of ASA and CAF; the percentage of adsorp-
tion (70% and 80%, respectively) was not changed significantly by
altering the pH value. In the case of APAP, increasing the pH from
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2.0 to 8.0 did not change the percentage of adsorption, but further
increases of the pH, up to 11.0, were associated with a sudden de-
crease in the percentage of adsorption from 88.7% to 73.8%. This
may be attributed to electrostatic repulsion between the nega-
tively charged APAP ions; the pK, value of APAP is 9.9 [19] and
the GNPs covered by the negative hydroxide ions.

It is well known that ionic strength may affect the electrostatic
and hydrophobic interactions between the adsorbate and the solid
adsorbent. Thus, it is crucial to study the effect of ionic strength on
the adsorption behavior of ASA, CAF, and APAP by GNPs. The influ-
ence of ionic strength on the adsorption of pharmaceutical com-
pounds is significant, as it creates different adsorption situations
in which the electrostatic interactions between the GNPs’ surface
and the pharmaceutical compounds are either attractive or repul-
sive. lonic strength was adjusted in this study by adding concen-
trated KNOs to the solution containing ASA, CAF, and APAP, and
the final concentrations of KNO3; were 0.001, 0.002, 0.004 and
0.008 M, respectively. As it is presented in Fig. 7, the percentage
of adsorption of ASA by GNPs was not altered by an increase in
the ionic strength of the solution. This indicates that electrostatic
interaction is not involved in the overall adsorption process. Mean-
while, the percentage of adsorption of CAF was slightly enhanced
by increasing the KNO3 concentration in the solution, and this indi-
cates an enhancement in electrostatic attraction due to m-7
stacking between the neutral CAF (pK, = 14.0) and the GNPs’ sur-
face. On the other hand, the percentage of adsorption of APAP
was not significantly altered by an increase in KNOs; from 0.001
to 0.004 M; the percentage of adsorption remained around 89.2%
throughout this range. Further increases in KNO3 to 0.008 M were
accompanied by a significant decrease in the percentage of adsorp-
tion to 81.1%. This may be due to a hindering effect caused by the
high concentration of positively charged potassium ions and/or by
the competition between the other pollutants present in the solu-
tion for adsorption on the available binding sites.

3.3. Adsorption kinetics

The effect of solution temperature on adsorption behavior was
studied kinetically to predict the adsorption rate and adsorption
mechanism between pharmaceutical pollutants and GNPs. The ef-
fect of temperature on the removal of ASA, CAF, and APAP, from an
aqueous solution by GNPs was studied kinetically and the results
are presented in Fig. 8. This figure shows that raising the solution
temperature is associated with significant decreases in adsorption
of the pharmaceutical pollutants from the solution by GNPs. The
percentage of adsorption of ASA was decreased from 64.8% to
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Fig. 7. The effect of solution ionic strength on the adsorption of ASA, CAF, and APAP
by GNPs from model solution. (Experimental conditions: 10.0 ml, 60.0 min, pH 8.0,
10.0 mg GNPs, 296 K, and ASA, CAF, and APAP concentrations 20.0 mg 1~'.)
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63.6% and 60.7%, when the solution temperature was raised from
296 to 308 K, and 323 K, respectively. For CAF, the percentage of
adsorption decreased from 98.5% to 96.0% and 93.2%. Adsorption
of PAP decreased from 90.3% to 84.9% and 79.7%. The enhancement
of the adsorption of ASA, CAF, and APAP by GNPs caused by lower-
ing the solution temperature may indicate the exothermic nature
of the adsorption process, which will be discussed in the thermo-
dynamics section of this paper. From these experimental data, it
was obvious that equilibrium adsorption capacity could be
achieved after 5.0 min, as is presented in Fig. 8. Adsorption equilib-
rium was completely achieved within 20 min, which indicates the
fast diffusion of pharmaceutical molecules from the liquid phase to
the GNPs’ surface. One significant, practical importance of this fast
adsorption is the application of smaller reactor volumes, which
ensure high efficiency and low cost. The maximum adsorption
capacities reached for ASA, CAF, and APAP adsorbed on GNPs were
13.02 mg/g, 19.72 mg/g, and 18.06 mg/g, respectively, when the
initial solution concentration was 20.0 mg/l, using 200 ml at
296 K and 200 mg GNPs.

In order to investigate the mechanisms of adsorption,
various kinetic models have been suggested: pseudo-first-order,
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pseudo-second-order kinetic models using Egs. (3) and (4) based
on Lagragen equation [20]:

In(ge —q¢) = In g, — kit 3)

t 1 t

= +7
4 kg q.

(4)

where k; (min~!) is the pseudo-first-order adsorption rate coeffi-
cient, k, g/(mg min) is the pseudo-second-order rate coefficient,
and g, and g, are the values of the amount adsorbed per unit mass
at equilibrium and at any time t, respectively. Plotting In(g.—q) vs. t
for ASA, CAF, and APAP at different temperatures did not converge
well and did not give straight lines with very low linear regression
coefficients, as it is presented in Table 2. Meanwhile, applying the
pseudo-second-order rate equation to the adsorption of ASA, CAF,
and APAP experimental data converged very well, with excellent
regression coefficients and straight lines, as is presented in Fig. 9.
The parameters of the kinetic models were calculated from the
experimental data, and the results of the pseudo-first-order and
the pseudo-second-order kinetic parameters for ASA, CAF, and APAP
adsorption by GNPs are presented in Table 2. Based on the values of
the linear regression coefficients, the adsorption of ASA, CAF, and
APAP by GNPs was found to be best described by the pseudo-sec-
ond-order model (R?>0.99). Also, the results showed that the
amount adsorbed per unit mass of GNPs at equilibrium (qe caic), cal-
culated from the slope of the pseudo-second-order plot, were in
agreement with experimental values (qeexp), Whereas this amount
was underestimated by the pseudo-first-order model. These find-
ings confirm the suitability of the pseudo-second-order rate equa-
tion for the description of ASA, CAF, and APAP adsorption by GNPs
from aqueous solutions, and agreed well with previous studies. Car-
bon-based materials were used for the adsorption of acetamino-
phen kinetically and the adsorption data showed that the process
follows the pseudo-second-order kinetic model [21]. Also, sepiolite
was used for the removal of caffeine from aqueous solution and the
adsorption process was found to obey the pseudo-second-order ki-
netic model [22].
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3.4. Adsorption rate-controlling mechanism

Adsorption is a multi-step process involving the transport of the
adsorbate molecules from the aqueous phase to the surface of the
solid adsorbent particles followed by diffusion through the bound-
ary layer to the external surface of the solid adsorbent; then the
adsorption occurs at an active site on the solid adsorbent surface,
and finally through intra-particle diffusion and adsorption through
the solid adsorbent pores and aggregates. The intra-particle diffu-
sion rate is expressed by the following equation [23]:

q; = kigt'? + C (5)

where ¢, is adsorption capacity at any time (t), k;q is the intra-par-
ticle diffusion rate constant (mg/g min'/?), and C (mg/g) is a con-
stant proportional to the thickness of the boundary layer. Plotting
qc vs. t'? should converge and give a straight line. This line must
pass through the origin if the adsorption process is controlled by
the intra-particle diffusion. The experimental data of ASA, CAF,
and APAP adsorption by GNPs at different temperatures were fitted
using the intra-particle diffusion model, but they did not converge
well and did not have straight lines that passed through the origin.
In general, only the last part of the adsorption for all the kinetic data
converged well with acceptable linear regression coefficients, as is
shown in Table 2. This indicates that intra-particle diffusion is a part
of the adsorption mechanism, but it is not the rate-determining step
for the adsorption of ASA, CAF, and APAP by GNPS at different
temperatures.

The liquid film diffusion model is another kinetic model that as-
sumes the flow of the adsorbate molecules through a liquid film
surrounded the solid adsorbent. The liquid film diffusion model
can be expressed as follows:

In(1 - F)

= kgt (6)

where F is the fractional attainment of equilibrium (F = q,/q.) and ks
(min~!) is the film diffusion rate coefficient. Application of the
liquid film diffusion model to the adsorption data of ASA, CAF,
and APAP by GNPs at different temperatures did not converge well
and the linear regression coefficients were very poor. The liquid film
diffusion model was applied to the first 2 min in all kinetic data and,

Table 2

Different kinetic models parameters for the adsorption of Aspirin, acetaminophen, and caffeine by GNPs at different temperatures.
Acetaminophen Caffeine Aspirin
Temperature  qeexp (Mg/g)  Jecac (Mglg) ki R Qeexp (MEE)  decac (Mglg) ks R Geexp (MEE)  decac (Mgfg) ki R?
Pseudo-first-order kinetic model
296 K 12.98 1.47 0.052 0.759 19.72 0.473 0.039 0.505 18.07 1.68 0.042 0.787
308 K 12.73 1.78 0.039 0.819 19.22 1.09 0.043 0.705 17.00 1.03 0.048 0.751
323K 12.14 243 0.042 0.831 18.66 2.11 0.045 0.855 1595 1.23 0.034 0.670
Temperature  qeexp (Mg/g)  decac (Mgfg) ks R? Geexp (MG[E)  Gecarc (Mgfg) ko R? Qeexp (MG[E)  Gecarc (Mglg) ks R?
Pseudo-second-order kinetic model
296 K 12.98 13.02 0.188 0.999 19.72 19.72 0.777 0.999 18.07 18.07 0.185 0.999
308 K 12.73 12.71 0.138 0.999 19.22 19.22 0.303 0.999 17.00 17.02 0.331 0.999
323K 12.14 12.14 0.105 0.999 18.66 18.67 0.127 0.999 15.95 15.88 0.211 0.999
Temperature Kig (mg/g min'/?) C (mg/g) R Kig (mg/g min'?) C (mg/g) S Kig (mg/g min'’?) C (mg/g) R
Intra-particle diffusion model
296 K 9.33 x 1073 12.87 0.909 5.25x 1073 19.65 0.874 8.09 x 1072 17.26 0.903
308 K 1.09 x 107" 11.59 0.975 2.36 x 1072 18.95 0.987 2.11x1072 16.78 0.945
323K 5.04 x 1072 11.54 0.927 1.75 x 107! 17.03 0.883 7.44 x 1072 15.13 0.940
Temperature Ky (min™) R? Krg (min~1) R? Ky (min™") R?
Liquid film diffusion model
296 K 0.335 0.945 1.43 0.875 0.815 0.774
308 K 0.118 0.973 1.10 0.782 0.773 0.803
323K 0.784 0.758 1.01 0.817 0.704 0.764
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Fig. 9. Pseudo-second-order plots for ASA, CAF, and APAP adsorbed by GNPs at
different temperatures. (Experimental conditions: 200.0 ml, pH 8.0, 4.0 mM KNOs,
200.0 mg GNPs, and ASA, CAF, and APAP concentrations 20.0 mg1-'.)

surprisingly, this data mostly converged with acceptable linear
regression coefficients. This is presented in Table 2. This indicates
that the liquid film diffusion controls the adsorption process within
only the first 2 min in general, but was not the rate-determining
step for the whole adsorption process.

From the above results and discussion, it may be concluded that
the application of GNPs for the removal of ASA, CAF, and APAP from
an aqueous solution followed mainly pseudo-second-order kinetic
model, as was confirmed by the convergence of the experimental
data, the excellent correlation coefficients (>0.99), and the agree-
ment between the calculated and experimental amounts adsorbed
per unit mass of GNPs. Also, the removal process takes place in dif-
ferent steps, including liquid film diffusion and intra-particle diffu-
sion, but none of these steps rate-determining. The adsorption
mainly is due to the m-m electron donor-acceptor interaction be-
tween the ASA, CAF, and APAP molecules and GNPs.

Also, according to the above results and discussion, the adsorp-
tion capacities of ASA, CAF, and APAP by GNP at 296 K were
12.98 mg ASA/g GNP, 19.72 mg CAF/g GNP, and 18.07 mg APAP/g

GNP within 10 min at 293 K. These adsorption capacities were
compared with other adsorption capacities reported in literatures.
It worth to mention that to the best of the authors knowledge, no
study focus on the adsorption/removal of ASA, CAF, and APAP to-
gether from solution, hence in this part a comparison for each pol-
lutant was carried out. Carbon-based materials made from fly ash
were used for acetaminophen adsorption and the maximum
adsorption capacity obtained was 222 mg/g within 240 min [21].
Sepiolite was used as low cost adsorbent for the removal of caf-
feine and the equilibrium was reached in 10 days with adsorption
capacity of 20.0 mg/g [22]. The adsorption of ASA from solution by
natural zeolites and clays was studied and maximal adsorption
capacity obtained for ASA was 2.1 x 107> mol/g (3.36 mg/g) at
303 K after 2 h [9]. In another study, molecularly imprinted poly-
mers (MIPs) were used for the selective separation of acetamino-
phen and aspirin using supercritical fluid technology and the
results showed maximum adsorption capacities of 200 pmol/g
(30.2 mg/g) and 230 pumol/g (41.4 mg/g), respectively, within
120 min at 298 K [24]. In another study, different MIPs were used
for the selective separation of aspirin, and the results showed max-
imum adsorption capacities of 54.0 umol/g (9.72 mg/g) within
720 min at 298 K [25]. The adsorption of acetaminophen and other
pharmaceutical compounds by silica, alumina, and Porapak P was
studied with a hydrophobic medium and the results showed that
the adsorption of acetaminophen was insignificant (no values were
reported) [26,27]. Sorption and sorption-biodegradation of acet-
aminophen, caffeine, and other pharmaceutical compounds using
soil/sediments was studied. The results showed that sorption of
acetaminophen and caffeine was 30% and 76% was removed,
respectively, using 100 g soil/sediments from 500 ml water sam-
ples spiked with 50 pg/l [28]. The adsorption of nine selected
micropollutants (six pharmaceuticals, two pesticides, and one
endocrine disruptor) in water using an activated carbon was stud-
ied [29]. According to the authors, more than 90% of the APAP and
CAF were adsorbed from the solution by activated carbon within
240 min with equivalent adsorption capacities of 0.1 mg/g for both
APAP, and CAF, at pH of 7.0 and 293 K. Granular activated carbon
was used in another study for the removal of caffeine from aqueous
solution and adsorption capacity of 190.9 mg/g was observed at
296 K within 90 min [30]. According to the above recent literature
review, it obvious that the adsorption capacities observed in this
study for ASA, CAF, and APAP by GNPs were; in general, much high-
er than the reported values, and more over the time required for
the adsorption to reach equilibrium in this study was the fastest
ever reported. This showed the efficiency of GNPs for the removal
of ASA, CAF, and APAP from aqueous solution.

3.5. Thermodynamic studies

The feasibility and spontaneity of the process of ASA, CAF, and
APAP adsorption by GNPs was studied by calculating thermody-
namic parameters: Gibbs free energy change (AG), enthalpy
change (AH), and entropy change (AS). The thermodynamic
parameters were calculated from the variation of the thermody-
namic distribution coefficient D with a change in temperature
according to the equation [31]:

— %
D=¢ )
where ¢, is the amount of ASA, CAF, and APAP adsorbed by GNPs,
(mg/g) at equilibrium, and C, is the equilibrium concentration of

ASA, CAF, and APAP in the solution (mg/l). The AH and AS may be
calculated according to the following equation [32]:
AS AH
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Plotting InD vs. 1/T for the adsorption of ASA, CAF, and APAP by
GNPs, straight lines were obtained, as is presented in Fig. 10. The
AH and AS values were calculated from the slope and the intercept
of the straight line, respectively. The AH values were negative;
—5.42 k]/mole, —46.6 kJ/mole, and —25.4 kJ/mole, for the adsorp-
tion of ASA, CAF, and APAP by GNPs from aqueous solution, respec-
tively. The negative values confirm the exothermic nature of the
adsorption of ASA, CAF, and APAP by GNPs, which explains the de-
crease in adsorption at higher temperatures. The magnitude of AH
suggests a weak type of bonding between ASA, CAF, and APAP by
GNPs, such as physical adsorption, rather than chemical adsorp-
tion. The negative values of AS, —13.1 J/mole K, —123.0 J/mole K,
and —67.3 J/mole K, suggested a decrease in randomness at the
GNP/solution interface during the adsorption of ASA, CAF, and
APAP on the GNPs’ surface. The negative entropy of the adsorption
and immobilization of ASA, CAF, and APAP on the GNPs’ surface
may be attributed to the decrease in the degree of freedom of
the pharmaceutical molecules.

The AG values were calculated at 296 K from the relation:

AG = AH — TAS 9)

The free energy change, AG, was negative, as would be expected
for a product-favored and spontaneous reaction. The negative val-
ues of AG; —1.54 kJ/mole, —10.2 kJ/mole, and —5.42 k]J/mole, repre-
sents the adsorption of ASA, CAF, and APAP by GNPs from aqueous
solution, respectively. Generally, the negative values of AG, AH,
and AS suggest that the removal process is an enthalpy-driven pro-
cess. It is noteworthy that the AG values were representative of the
adsorption behavior of ASA, CAF, and APAP by GNPs from aqueous
solution, as is shown in Fig. 11. The more negative the AG, the
more spontaneous the adsorption was; accordingly, a more nega-
tive AG was associated with a higher the percentage of adsorption
or adsorption capacity. CAF had the highest percentage of
adsorption at 98.6% at 296 K, followed by APAP with 90.3% at
296 K, and finally by ASA at 64.8% at 296 K. Their AG values were
—10.2 kJ/mole, —5.42 kJ/mole, and —1.54 kJ/mole, respectively.
Also, the same trend was observed for the AH: a more negative
AH was associated with an increased adsorption of the pharma-
ceutical pollutants. This is presented in Fig. 11. One possible expla-
nation for these phenomena might be the pK, values of the
pharmaceutical pollutants. At a solution pH of 8.0, only ASA mole-
cules were ionized (pKj, is 3.5) which decreased the -7 interaction
between the negatively charged ASA ions and the GNPs’ surface;
consequently, the percentage of adsorption decreased. Meanwhile,
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Fig. 10. Plot of InD vs. 1/T for the estimation of thermodynamic parameters for
ASA, CAF, and APAP adsorbed by GNPs. (Experimental conditions: 200.0 ml, pH 8.0,
4.0 mM KNOs, 200.0 mg GNPs, and ASA, CAF, and APAP concentrations 20.0 mg1-1.)
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both CAF (pK, is 14.0) and APAP (pK, is 9.9) exist as neutral mole-
cules, and their -7 interaction with the GNPs reached its maxi-
mum; consequently, the percentage of adsorption increased.

4. Environmental applications

The applicability of GNPs to the removal of the selected phar-
maceutical pollutants was explored using real environmental
aqueous samples: tap water (TWS), wastewater (WWS), and Red
Sea water (RSW). The concentrations of the three pollutants were
measured initially and were found below the detection limit of
the HPLC. Accordingly, the three real water samples were spiked
with 0.2 ml concentrated solution of ASA, CAF, and APAP
(1000 mg 1~!) was added to 10.0 ml of the real water samples to
obtain final concentrations of 20 mg1~!. Then the real samples
were equilibrated overnight, and then the 10.0 mg of GNPs was
added to the spiked samples and left for 60.0 min. Then the
amount adsorbed was calculated by comparing the concentrations
of the pharmaceutical pollutants before and after the adsorption. In
general, most of the CAF and APAP were removed from the TWS,
WWS, and RSWS spiked samples, whereas more than 80.0% of
the ASA was removed. The percentage of ASA, CAF, and APAP re-
moved were, respectively, 81.5%, 97.4%, and 95.5%, for the TWS,
87.7%, 98.1%, and 98.0%, for the WWS, and 80.0%, 96.4%, and
95.6% for the RSWS with concentration of 20 mg1~'. In general,
the adsorption of ASA, CAF, and APAP by GNPs from RSWS was
slightly low compared with WWS and TWS. This is may be due
to the high concentration of Na*, Ca?*, and Mg?* in the sea water
sample (Table 1), which compete with the ASA, CAF, and APAP
for the adsorption on the GNPs binding sites. The same phenome-
non was observed in previous studies [33,34]. Also, the low adsorp-
tion of ASA, CAF, and APAP by GNPs from TWS compared with
WWS could be attributed to the higher pH value of the tap water.
This confirms the applicability of GNPs for environmental remedi-
ation, especially in regard to pharmaceutical pollutants such as
aspirin, acetaminophen, and caffeine.

5. Conclusions

The adsorption/removal behavior of aspirin, acetaminophen,
and caffeine by high surface area graphene nanoplatelets from
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aqueous solutions was investigated. The effect of different environ-
mental factors in the adsorption process was studied and the re-
sults revealed that most of the ASA, CAF, and APAP could be
removed using 10.0 mg GNPs, after 10.0 min, at 296 K, and in solu-
tions with a pH of 8.0. The adsorption was studied kinetically and
the experimental data were best fitted using the pseudo-second-
order kinetic model, which provided excellent correlation coeffi-
cients and agreement between the experimental adsorption capac-
ities and the calculated one. The adsorption capacities for ASA, CAF,
and APAP were 12.98 mg/g, 19.72 mg/g, and 18.07 mg/g at 296 K,
respectively. The adsorption capacities decreased in inverse rela-
tionship to solution temperature, indicating the exothermic nature
of the adsorption process. The experimental data were fitted by in-
tra-particle diffusion and liquid film diffusion models in order to
determine the rate-determining step of the removal process; the
fitting occurred only for a part of the adsorption, indicating that
none of the models control the adsorption process solely. The ther-
modynamics study of the adsorption process showed the sponta-
neity of the adsorption since the AG® values were negative; AG
values were —10.2 kJ/mole, —5.42 k]/mole, and —1.54 kJ/mole, for
the adsorption of ASA, CAF, and APAP, respectively. The adsorption
process was exothermic in nature with negative AH° values; these
were —5.42 kJ/mole, —46.6 kJ/mole, and —25.4 k]/mole for the
adsorption of ASA, CAF, and APAP, respectively. The negative values
of AS, —13.1]/moleK, —123.0]/mole K, and —67.3 J/mole K for
ASA, CAF, and APAP, respectively, were due to the decrease in the
degree of freedom resulting from the immobilization of pollutant
molecules on the GNPs’ surface. Finally, GNPs were used success-
fully for the removal of the ASA, CAF, and APAP from spiked tap
water, waste water, and sea water with high efficiencies.
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