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ABSTRACT

The efficacy of NH4Cl-induced activated carbon (NAC) in removing acetaminophen (ACT)
as a model of non-steroidal anti-inflammatory pharmaceutical compounds in aqueous
solution is investigated in this study. The experiments were performed in different
conditions of solution pH, contact time, initial concentration, adsorbent concentration, and
solution temperature to the adsorption of ACT on NAC. The results showed that ACT
adsorption onto adsorbent was not pH-dependent in the range of 2-9; but, at higher pH
values, the removal efficiency was significantly decreased. Adsorption of ACT by NAC
followed pseudo-second order kinetics, and the equilibrium adsorption data best fitted the
Langmuir isotherm. The maximum capacity was 233 mg/g. Overall, NAC efficiently
adsorbed ACT; thus, it can be considered as an affordable and cost-effective system for the
removal of pharmaceutical compounds from aqueous solutions.
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1. Introduction

In recent decades, the production and use of
pharmaceutical compounds for curing human and
veterinary diseases have increased rapidly [1]. A sig-
nificant portion of these compounds is excreted from
the body via feces or urine. So, pharmaceutical com-
pounds will find their way to the sewage collection
systems which are finally discharged into wastewater
treatment plants [2,3]. The conventional wastewater
treatment plants are usually designed for the removal
of suspended solids, biochemical oxygen demand
(BOD), and pathogeneses; thus, they cannot efficiently
remove pharmaceutical compounds. Therefore, these
compounds are finally released to the environment
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through the effluent of wastewater treatment plants.
Moreover, pharmaceutical compounds enter the envi-
ronment from pharmaceutical industries. Due to the
toxic effects of pharmaceutical compounds for human
and environmental health, direct (e.g., pharmaceutical
industry wastewater) and indirect (e.g., municipal and
hospital effluents) discharges of pharmaceutical
compounds into the environment and water resources
have become one of the increasingly recognized
emerging concerns in recent years [4]. Effluent
comprising pharmaceutical compounds should be
treated by a proper process in order to avoid adverse
effects on human and environment from contaminated
waters.

There are several chemical, biological, and physical
techniques for removing pharmaceutical compounds
from contaminated water, which include advanced
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Table 1
Summary of recently published literature on ACT adsorption by several activated carbon
Adsorption  Fitted Adsorption
Optimum rate order isotherm  capacity
Adsorbent Condition of experiment pH (degree) model (mg/g) Reference
Present study animal  pH 2-11 Independent Pseudo- Langmuir 233 -
hair-based activated second
carbon pH 2-11 Independent Pseudo- Freundlich 61.8 [9]
in 2-9 second
C = 0.04-0.4 mmol/mol
Activated by phosphoric
acid
Activated carbon pH 2-11 Independent Pseudo- Freundlich 59.9 [9]
derived from in 2-9 second
lignocellulose C = 0.04-0.4 mmol/mol
Activated by phosphoric
acid
Carbon-based pine ACT concentration =120-  Natural pH  Pseudo- Langmuir 188.7-270.3  [10]
gasification 480 mg/L, (around 5) second
residues Different weight ratios of
adsorbent and K,COj3
Peach stone-based adsorbent dose (5-10 mg) Without pH  Pseudo- Langmuir 204 [11]
PAC derived by adjustment second
chemical activation (5.8)
with K,CO, C, (20-180 mg dm )
solution volumes (15,
30 cm®), pHzpc =9
Cork waste-based adsorbent dose (5-10 mg) Without pH  Pseudo- Langmuir 200 [11]
PAC obtained by adjustment second
chemical activation (5.8)
with K,CO, C, (20-180 mg dm )
solution volumes (15,
30 cm®), pH,pe = 7.5
PET waste-based PAC adsorbent dose (5-10 mg) Without pH  Pseudo- Langmuir 113 [11]
obtained by C, (20180 mg dm™) adjustment second
physical activation (5.8)
at 925°C under CO, solution volumes (15,
atmosphere 30 cm?), pHzpe = 10.7
Commerecial coal- adsorbent dose (5-10 mg) Without pH  Pseudo- Langmuir 255 [11]
based PAC adjustment second
obtained from (5.8)
physical activation ~ C, (20-180 mg dm ™)
solution volumes (15,
30 cm®), pH,pe = 9.2
Commercial wood- adsorbent dose (5-10 mg) Without pH  Pseudo- Langmuir 267 [11]
based PAC adjustment second
obtained from (5.8)
physical activation ~ C, (20-180 mg dm ™)
solution volumes (15,
30 cm®), pH,pe = 9
Graphene pH 2-12 temp = 296-323, Almost Pseudo- - 18.06 [12]
nanoplatelets initial concentration of independent second (equilibrium
carbon 20 mg/L, 200 mg of in 2-8 capacity)

adsorbent and 200 ml of
solution volume

(Continued)
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Table 1 (Continued)
Adsorption  Fitted Adsorption
Optimum rate order  isotherm  capacity
Adsorbent Condition of experiment pH (degree) model (mg/g) Reference
Sisal waste Activation with K,COj; Natural pH  Pseudo- - - [13]
(around 6) second
Alumina Initial concentration of 74 - Freundlich - [14]
10 mg/L, and pH in
Neutral range
Silica Initial concentration of 6.8 - Freundlich - [14]
10 mg/L, and pH in
Neutral range
Porapak P Initial concentration of 7.2 - Freundlich - [14]

10 mg/L, and pH in
Neutral range

oxidation processes (AOPs) [5], biodegradation, mem-
brane filtration, coagulation, and adsorption [4,6,7].
Although chemical oxidation processes such as AOPs
can effectively remove pharmaceutical compounds,
they are complex and costly, and may generate toxic
by-products and secondary pollutants. Although
biological processes are the method of choice for treat-
ing biodegradable contaminants, they are inefficient in
the complete degradation of such recalcitrant com-
pound as pharmaceutical compounds [8]. Adsorption
is one of the promising techniques for the elimination
of pharmaceutical compounds, which is related to its
high adsorption capacity, low energy cost, and being
environmental friendly. Activated carbon is the most
widely used adsorbent. High performance and no
generation of toxic by-products are the significant
advantages of activated carbon in terms of removing
pharmaceutical compounds from drinking water.
Table 1 summarizes some published literature on ACT
removal by adsorption onto different activated carbon.
Although several studies have been performed to
examine removal of pharmaceutical compounds by
different activated carbon, no one has utilized
NH,Cl-induced activated carbon (NAC) for ACT
adsorption [9-14].

ACT (paracetamol and para-acetylaminophenol) is
a non-steroidal anti-inflammatory drug that is widely
used for pain relief and fever reduction all over the
world today [15,16]. This antipyretic drug is easily
available in most countries even without medical pre-
scription. In the United States, ACT was one of the
top 200 prescriptions in 2003. The usage of ACT in
Japan was about 10° g in 2003 [17]. In the UK, the con-
sumption of ACT with and without prescription was
about 3.5 billion of 500 mg tablets in 2000. According
to previous studies [18], about 58-68% of ACT is
excreted from the body when ingested in therapeutic

dosage. So, the concentration of ACT can be signifi-
cant in wastewater and water resources similar to
other pharmaceutical compounds. For example,
Rivera-Utrilla et al. [19] detected the concentration of
ACT in the inlet and outlet of WWTP as about 10,194
and 2,102 ng/L, respectively. Detected values of ACT
in Europe varied from 59 to 220 ng/L for the effluent
of WWTP and 12-777 ng/L for freshwater [20]. At
therapeutic doses, ACT is relatively safe; but, at over-
doses, concentration has some dangers such as liver
failure, gastrointestinal disease, and centrilobular
necrosis in the liver, and eventually hepatotoxic poten-
tial. Studies have shown that ACT could prevent
testosterone production by about 100 times less than
the therapeutic plasma concentration [21].

The aim of this study was to explain the potential
of NAC by a waste biomass for the pharmaceutical
compounds adsorption, which is one of the important
water contaminants. ACT was selected as a model of
non-steroidal anti-inflammatory pharmaceutical com-
pounds for extensive usage and possibility of pollut-
ing water resources. This study was conducted on the
variables including adsorbent dosage, contact time,
solution pH, solution temperature, and pollutant
concentration. Isotherm, thermodynamic of ACT
adsorption on NAC, and kinetic were also evaluated.

2. Material and methods
2.1. Preparation and characterization of activated carbon

Properties of NAC are similar to the adsorbent of
Moussavi et al. [22] study. Dried pomegranate wood
obtained from discarded agricultural waste was used
as the base material for the preparation of activated
carbon. After soaking carbonized waste granules in
NH,4C], the activation step was performed at 500-800°C



12864

under N, oven conditions. The prepared activated
carbon was then powdered and wused. Hydroxyl,
aliphatic, carboxylic, and carbonyl were the important
functional groups on the surface of the NAC. The BET
surface area and total pore volume (at P/Py = 0.99) of
NAC were 1,029 m*/g and 0.633 cm’/g, respectively.
The monolayer volume (V,,,) of NAC was 236.4 cm®/g.
Also, mean diameter of pores was 2.46 nm that was
calculated based on the following equation:

D, = (%) x 10° 1

where D, is the mean pore diameter (nm), V is the total
pore volume (cm>/g), and S is the BET area (m?/g).

2.2. Material

Commercial ACT was prepared from Aria
Company in Iran. Physicochemical properties of ACT
are listed in Table 2 [23,24]. The purity of each ACT
tablet was 325 mg. The ACT solution of 325 mg/L
was prepared by dissolving one tablet in 1L of dis-
tilled water on any working day. This stoke solution
was kept in the refrigerator at 4°C and other require
solution concentration provided from it.

2.3. Adsorption experiments

Table 3 presents the experimental runs and condi-
tions. All the adsorption tests were conducted in batch

Table 2
Physicochemical properties of Acetaminophen [23,24]
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reactor conditions by an Erlenmeyer flask. In each test,
50 mL of the solution containing the given concentra-
tion of ACT was transferred to the flask and pH level
of the solution was adjusted (with 0.1 N NaOH and
HCI) to the required value. The given amount of NAC
was added to the reactor, and the suspension was
placed on the magnetic instrument and stirred at
150 rpm for the preset time. While reaching the prede-
termined mixing time, the suspension was filtered
through a cellulose acetate filter with 0.2 um of pore
size and then the filtrate solution was analyzed for the
residual ACT. The determined variables and their
ranges were as follows: pH of the solution (2-12),
NAC concentration (0.1-2 g/L), initial ACT concentra-
tion (50-500 mg/L), solution temperature (10-40°C),
and reaction time (0.5-60 min in kinetic experiment
and 2 h in equilibrium tests). An equilibrium study
was performed in the concentration range of
100-500 mg/L ACT by adding the given mass of
0.05g NAC at 50 mL of solution to the Erlenmeyer
flasks at the pH of 7.1.

2.4. Analysis

Concentration of ACT in the solution was deter-
mined using a spectrophotometer (Unico-UV 2,100) at
242 nm. The pH was measured by a Sense Ion 378,
Hack pH meter. Solution temperatures were
determined by a thermometer. The amount of ACT

Structure (monomer form)
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Formula

MW

pKa

Log kow

Ky (atm m®/mol)

MDL (ug/L)

CAS no.

Rec. £ RSD (%)

Water solubility (mg/L)
Application

3

HO
°=<uu

29
x

HO[ o

151.2

9.38

0.46

6.4x10"

0.5

103-90-2

112+6

12,900

Non-steroidal anti-inflammatory drug

Note: Rec: recovery in DI water; RSD: relative standard deviation.
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Table 3
Experimental runs and conditions
Condition
Solution = NAC dose ACT concentration Temperature Contact time
Experiment pH (g/L) (mg/L) (O (min)
Effect of pH 2-12 0.8 100 25 20
Effect of NAC dose and initial ACT 7.1 0.1-2 50, 100, and 200 25 20
concentration
Effect of contact time 7.1 1 50, 100, and 200 25 0.5-60
Equilibrium of adsorption 7.1 1 100-500 1040 120
Effect of temperature 7.1 1 50 10-40 120
adsorption onto NAC was calculated based on AC® — —RTInK 4
removal percentage (Eq. (2)) and adsorption capacity - oRbm @)
Eq. 3)).
(Eq. 3)) s o
cc PRTTRORT
Acetaminoph 1 (%) =" x 100 2
cetaminophen removal (%) - X 2 AGus. = AHyp, — TASua ©)
\% _ . .
Adsorption capacity (mg/g) = (Co—Ce) 3) where R (8.314 J/mol K) is the gas Con'stant, T (K) is
m the absolute temperature, and K. (L/g) is the standard

where Cy and C; indicate the ACT concentration at ini-
tial time and time ¢ of the contact time, respectively. V
is the volume of the ACT solution and m is the mass
of added adsorbent.

All the tests were performed in duplicate to ensure
the reproducibility of the results; the mean of these
two measurements was taken to represent each
evaluation. Isotherm, kinetic, and thermodynamic
analyses were performed using the related models
and equations. Pseudo-first order (PFO) and pseudo-
second order (PSO) models were utilized for adsorp-
tion kinetic analyses. Langmuir and Freundlich
models were done for the isotherm analysis.

2.5. Adsorption thermodynamics and modeling

The thermodynamics of ACT adsorption onto
NAC was evaluated by the adsorption experiments
performed in an Erlenmeyer flask, containing 50 mL
of solution, in the conditions presented in Table 3. The
solution was shaken in a temperature-controlled
shaker incubator. This experiment was conducted at
various temperatures of 10, 20, 30, and 40°C. At the
end of each test, the suspension was analyzed as
described in Section 2.4. The thermodynamics of ACT
adsorption onto NAC was analyzed using an
estimated change in adsorption free energy (AG”),
adsorption enthalpy (AH®), and adsorption entropy
(AS°) as described in the following equations [25]:

thermodynamic equilibrium constant defined by
ge/Ce. By plotting a graph of In K. vs. 1/T, the values
AS° and AH® can be estimated from the slopes and
intercepts [26].

3. Results and discussion
3.1. Influence of solution pH

Effect of the solution pH was examined for ACT
removal by NAC in the range of 2-12 under the
conditions given in Table 3. The results are shown in
Fig. 1. The influence of ACT hydrolysis was also
evaluated and demonstrated no significant decomposi-
tion at various pH levels. As shown in Fig. 1, the per-
centage of adsorption did not significantly change by
alternating the pH value. The adsorption percentage
of ACT decreased very slowly from 90 to 83% with
the pH increase from 2 to 10. But, with further
increases of pH up to 12, the adsorption capacity
declined considerably from 83 to 70%. These phenom-
ena can be justified by considering the pH,,. of NAC
and pK, of ACT. At the solution pH level of lower
than 7.8 (pH,,0), the surface of NAC charged to posi-
tively. On the other hand, because ACT is a weak acid
[9], the form of neutral species mostly exists at the pH
below its pK, (9.38). So, the adsorption mechanism is
not based on the electrostatic attraction in the noted
pH ranges. For the protonated neutral species of ACT
solution with positive charged of adsorbent, removal
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Fig. 1. Influence of solution pH on ACT adsorption onto
NAC (ACT concentration: 100 mg/L; solution pH: 2-12;
NAC concentration: 0.8 g/L; contact time: 20 min).

was nearly constant (90-83%) and pH was indepen-
dent in the pH range of 2-10; but, when the pH was
enhanced over the pK,, the sorption decreased by
70%. The reasons may be related to the anionic species
of ACT and NAC surfaces and finally electrostatic
repulsion between them. According to another investi-
gation mentioned in Table 1, almost all the researchers
have similarly reported the nearly constant adsorption
of ACT by different adsorbents in the pH range of
2-10. In these studies, adsorption has been either
pH-independent or performed at the natural pH of
solution with proper removal percentage. For exam-
ple, the adsorption of pharmaceutical pollutants onto
graphene nanoplatelets [12] showed that the adsorp-
tion of ACT did not change at the pH of 2-8 (about
80%); but, at further pH values (up to 11), efficiency
decreased by 73%. In another research performed by
Liu et al. [9] on the sorption of norfloxacin and aceta-
minophen by animal hair-based activated carbon, the
ACT adsorption had a constant rate from 88 to 92% at
the pH of 2-9; but, in a higher pH range, the removal
efficiency was significantly decreased by 70%.

The independent performance of ACT adsorption
to pH on NAC can be considered an advantage,
because the treatment process can perform at any pH
or natural pH of the solution and for full-scale
application; changing water pH level to optimum
point is eliminated. So, this process will be more
cost-effective than other pharmaceutical compounds
adsorption mechanisms which may need acidic or
basic agents for attaining proper pH level.

3.2 Influence of initial ACT concentration and adsorbent
dosage

Since in adsorption process, economic considera-
tions of adsorbent preparation are important,
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determination of optimum dosage and amount of
available surface for sorption should be calculated. On
the other hand, pharmaceutical effluent and water-
polluted resources may have variant pharmaceutical
compounds concentrations; so, answering the follow-
ing question is challenging: How could different ACT
concentrations influence the performance of NAC for
removing ACT? Considering the aforementioned
magnitude, the adsorption of 50, 100, and 200 mg/L
of ACT concentrations was investigated as a function
of various NAC concentrations under the conditions
given in Table 3. The result is presented in Fig. 2.

According to Fig. 2, two important achievements
are considerable. First, with increasing NAC concen-
tration, the removal percentage of ACT will be
enhanced to the maximum value for all three initial
ACT concentrations. Enhanced adsorption efficiency
with increasing NAC dose for each specific concentra-
tion of ACT can be attributed to the increase in free
available adsorption sites and adsorbent to adsorbate
ratio. The present results were in accordance with
those reported previously for the adsorption of ACT
onto animal hair-based activated carbon [9], in which
an increase in adsorbent concentration can led to
increased removal percentage; however, removal per-
centage of the present findings was contrary, which
may be due to different experimental conditions and
adsorbent properties.

The second point that can be extracted from Fig. 2 is
the dosage of NAC at different ACT concentrations;
with increasing initial concentration, the optimum
dosage of NAC needs to be increased as well. For exam-
ple, at the removal efficiency of 92% for 50, 100, and
200 mg/L of ACT concentration, the optimum adsor-
bent dosage was 0.6, 0.8, and 1.8 g/L, respectively. This
result shows that the determination of optimum NAC

100 - g

80

60 |
= C=50 mg/L

C =100 mg/L
C =200 mg/L

40

20 -

Acetaminophen adsorption (%)

0

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2 22
Adsorbent concentration (g/L)

Fig. 2. Influence of initial concentration on adsorption of
ACT onto NAC as a function of NAC concentration
(contact time: 20 min; solution pH: 7.1; NAC concentration:
0.1-2 g/L; initial concentration: 50-200 mg/L.; solution
temperature: 25°C).
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dosage depends straightly on the concentration of ACT
in solution; higher ACT concentration (up to 0.8 g/L of
NACQC) requires greater dose of NAC. Liu et al. [9]
reported 89-92% removal of 152 mg/L ACT for
0.6 g/L of cattail fibers-activated carbon (CFAC) and
high-pressure animal hair activated carbon (H-AHACQC),
respectively, after 3 d of contact time. Compared to this
study at the specific removal efficiency of 92% for ACT
adsorption, NAC had significantly higher experimental
adsorption capacity than CFAC and H-AHAC (0.08 vs.
0.025mg/g). Considering the above-mentioned
findings, NAC can be one of the promising adsorbents
that are provided from agricultural wastes, as low-cost
raw material to prepare, to removal of ACT in aqueous
solution. Unlike other adsorbents such as animal hair
and fruit waste which are very hard to gather and
consumer-dependent, NAC is easily available with high
adsorption capacity.

3.3. Influence of contact time

Adsorption of varying initial ACT concentrations
onto NAC was evaluated at different contact time
under the conditions provided in Table 3. Fig. 3 repre-
sents the average results of duplicated experiment. As
can be seen in Fig. 3, adsorption percentage of ACT
was increased by increasing the contact time at each
concentration. About 95 and 90% of ultimate ACT
adsorption occurred just at 10 min at the concentra-
tions of 50 and 100 mg/L, respectively. The equilib-
rium adsorption times of ACT at the concentrations of
50, 100, and 200 mg/L under optimum conditions
were 45, 30, and 30 min, respectively, with the corre-
sponding percentage removals of approximately 99,
94, and 77%. A similar trend was reported for ACT
equilibrium adsorption time of about 9 h at the initial

100
90
80

70 -

60

Acetaminophen adsoption (%)

50 === c=50 mg/L
¢=100 mg/L
40
¢=200 mg/L
30
20
10
0
0 10 20 30 40 50 60 70

Contact time (min)

Fig. 3. ACT adsorption as a function of contact time (initial
concentration: 50-200 mg/L; solution pH: 7.1, NAC con-
centration: 1 g/L; solution temperature: 25°C).
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concentration of 152 mg/L [9], compared to the
present work, it was very high at long contact time,
which may be related to high affinity of ACT to NAC
and structure properties of NAC.

As illustrated in Fig. 3, before stabilizing equilib-
rium at each concentration, the adsorption efficiency
at each contact time was decreased by an increase at
the initial concentration of ACT with constant concen-
tration of the adsorbent. According to the specific
amount of adsorbent applied in this section of the
experiment, a decrease in the efficiency of ACT
removal with an increase in the initial concentration
can be due to restricted adsorption sites and a
decrease in intra-particle diffusion. So, the adsorption
of ACT onto NAC depends on the initial ACT concen-
tration and contact time.

The experimental adsorption capacity of ACT onto
the adsorbent was increased by an increase in the
initial concentration and contact time. For any equilib-
rium time of ACT concentration, adsorption capacities
reached 49.5, 94.3, and 154.2 mg/g, respectively. An
increase in adsorption capacity (mg/g) with the
increased initial concentration of ACT may be due to
enhanced osculation between ACT ions and NAC
particles; increased concentration gradient and rate of
mass transfer had the same explanations [12]. In
general, these forces led to the enhancement of ACT
uptake by NAC particles.

3.4. Kinetic modeling

Kinetic information is needed for designing and
modeling adsorption processes as well as determining
optimum operating conditions, adsorbate uptake rate,
and finally time for equilibrium specification [27]. To
attain these aims, the experimental data were fitted
with two of the most widely used kinetic models of
PFO and PSO at the adsorbent concentrations of 0.4
and 1g/L. The kinetic information is acquired from
the models presented in Table 4. The fitted linear
regression plots demonstrated that the experiment
data had better coordination with the PSO model for
all the three investigated concentration and two adsor-
bents with higher determination coefficient (R* > 0.99)
than those of the PFO model. Moreover, the validity
of the PFO and PSO order models was assessed by
calculating standard deviation (Ag) between experi-
mental and model-predicted adsorption capacities
according to the following equation:

Ag = \/Z[(qem - qcal)/qew]z )

n—1
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As shown in Table 4, the values of Aq for all the con-
centrations and adsorbents were very low for PSO than
PFS, which confirmed the last result. Therefore, ACT
adsorption onto NAC is favored by PSO model. The
number of studies related to ACT adsorption, espe-
cially information correlating adsorption kinetic, is
very restricted. Nevertheless, nearly all of the available
works have reported PSO as the best fitted model with
the experimental data (Table 1), which is in agreement
with the finding of the present work. Fitness of the
experimental data to the PSO implies that adsorption
is likely to be controlled by chemisorption [28]. The fit-
ted linear regression plots of PSO are shown in Fig. 4.
The value of PSO adsorption constant (k) for the
adsorbent concentration of 1 g/L (optimum amount) at
the ACT concentrations of 50, 100, and 200 mg/L was
0.77, 0.013, and 0.009 mg/(g min), respectively.
Considerable decrease of k, with the increased ACT
concentration represented the result that the mass
transfer may be the limiting step of adsorption and
that the rate of ACT mass transfer to NAC could be
improved with enhanced initial concentration gradient
[27]. This result was not observed at adsorbent concen-
tration of 0.4 g/L. On the other hand, as shown in
Table 4, an increase in PSO kinetic constant (k,) with
increased NAC concentration confirmed the conclusion
that the mass transfer is the controlling step in adsorp-
tion [29]. In fact, by increasing the NAC concentration
as an adsorbent, the adsorption sites for the specific
numbers of ACT molecules concentration increased
and also the resistance of ACT mass transfer from
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solution bulk onto NAC decreased [30]. Also, Cabrita
et al. [11] showed very higher PSO kinetic constant (k)
than the present work, which indicated that the mass
transfer of ACT in their work was not a limited step.

3.5. Equilibrium adsorption and isotherm modeling of ACT
onto NAC

The equilibrium adsorption of ACT was evaluated
under the conditions given in Table 3. The results are
shown in Fig. 5 as removal efficiency and adsorption
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Fig. 5. The removal efficiency and capacity of ACT adsorp-
tion onto NAC under equilibrium condition prepared in
Table 3.
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Fig. 4. Pseudo-second-order plots of adsorption of different concentrations (50-200) of ACT onto NAC in adsorbent

concentration of 0.4 (a) and 1 g/L (b).
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capacity. As depicted in Fig. 5, ACT removal
efficiency in equilibrium conditions was decreased
from 97.1 to 36.7% at the initial ACT concentration of
100-500 mg/L, respectively. But, ACT adsorption
capacity in equilibrium conditions was increased
from 2.9 mg/g at the initial ACT concentration of
100 mg/L-316.5 mg/g when the ACT concentration
was increased to 500 mg/L. Considering the constant
concentration of NAC as the adsorbent in the solution,
the decreased percentage of the removal as a function
of ACT concentration can be related to the decrease of
adsorbated ACT molecules vs. the remainder ACT
concentration. In other words, by increasing the ACT
concentration, the availability adsorption sites became
limited [31]. As shown in Fig. 5, the enhanced adsorp-
tion capacity with increased ACT concentration under
the conditions of these experiments can be attributed
to the increased mass transfer of ACT molecules to
the given mass of adsorbent, thus increasing the
adsorption capacity [32].

The equilibrium adsorption data were also applied
for the analyses of isotherm obtained from the
experiments at different temperatures. Isotherm
studies are beneficial tools for describing the behavior
of adsorption reaction, designing and optimizing
process, and determining the maximum capacity of
NAC for adsorbing ACT. Therefore, the conformity of
the experimental data was evaluated using two of the
most widely used isotherm models: Langmuir and
Freundlich. The linear forms of these models and also
the information obtained from fitting the experimental
equilibrium adsorption data are summarized in
Table 5. Based on the determination coefficient (R?),
the best fitted model was selected.

As seen in Table 5, it is evident that the R of
Langmuir isotherm model was higher than another
fitted model for all the tested temperature. This
finding suggests that the adsorption of ACT onto
NAC particle sites is distributed as homogeneous
monolayer and has a free-energy change for all
adsorption sites [9,33]. Furthermore, the favorability
of ACT adsorption onto NAC was assessed by
equilibrium dimensionless parameter (Rp) acquired
from Langmuir equation, where C; is the initial
concentration of ACT in each temperature. Based on
Ry factor, the adsorption process can be considered
as unfavorable (Rp >1), linear (R =1), favorable
(0 <Ry, < 1), or irreversible (R =0) [31,34]. The ana-
lyzed values of Ry of this work fell between 0 and 1
at the temperature ranging from 10 to 40°C (Table 5),
suggesting that the adsorption process of ACT onto
NAC was favorable. At higher ACT concentration at
each temperature, Ry values were lower and tended
to zero, which demonstrated that the adsorption
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process was therefore more favorable. On the other
hand, the value of constant n in the Freundlich
model was also greater than unity (Table 5), which
verified that NAC is an appropriate and beneficial
adsorbent for ACT removal [29,35]. The maximum
calculated adsorption capacity (§max) from Langmuir
model in this work was 233 mg/g at 10°C. The gmax
of NAC at different temperatures did not have
significant variations. Based on a few available
reports on the isotherm of ACT adsorption onto
different adsorbents (Table 1), no higher maximum
adsorption capacity has been found, which is in
contrast to NAC, except commercial activated carbon
that has very similar capacity to NAC.

3.6. Thermodynamics of adsorption and its modeling

Thermodynamic analysis prepares valuable
information on the mechanism of adsorption. To
investigate the thermodynamics of ACT adsorption
onto NAC, the adsorption experiments were investi-
gated at various solution temperatures from 10 to
40°C. The results in terms of ACT removal percentage
as a function of solution temperature are shown in
Fig. 6. As can be seen in Fig. 6, the ACT adsorption
percentages onto NAC were slightly decreased from
99.4 to 93.8% with the increased temperature from 10
to 40°C. The decrease of ACT adsorption with
increased temperature suggested that the ACT adsorp-
tion was an exothermic process at the elevated
temperature [36].

1007 \

80 -
60 -

40

Adsorption (%)

20 4

0 10 20 30 40 50
Solution temperature (‘C)

Fig. 6. The effect of solution temperature (10-40°C) on
adsorption of ACT onto NAC (contact time: 120 min; solution
pH: 7.1; NAC concentration: 1g/L; initial concentration:
50 mg/L).
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Table 6
Thermodynamic parameters of ACT adsorption onto NAC
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Parameter Temperature (K)

283.15 293.15 303.15 313.15
AG” (k] /mol) —-105 —106.6 —108.29 —109.94
AS* (k] /mol) —0.165
AH"® (k] /mol) —58.28

In order to explain and confirm the mechanism of
ACT adsorption onto NAC, the thermodynamics of
adsorption was evaluated using AG®, AH®, and AS’
given by Egs. (4)-(6). The obtained thermodynamic
information is given in Table 6. Accordingly, the value
of AH® was negative, confirming that ACT adsorption
onto NAC is an exothermic process; hence, the
amount adsorbed at equilibrium must decrease with
increasing temperature [25]. Also, negative enthalpies
indicated that the adsorption process was energetically
favorable [37]. The negative value of AS” reflected that
randomness was decreased at the solid/liquid inter-
face during the adsorption of ACT onto NAC parti-
cles. The low value of AS° indicated no significant
changes on entropy [38].

4. Conclusion

The adsorption of ACT, as a model of non-
steroidal anti-inflammatory pharmaceutical com-
pounds, on an activated carbon, which was prepared
from agricultural waste using innovated NH,Cl-in-
duced activation method, was examined under differ-
ent operational variables. The experiments indicated
that the adsorption rate of ACT onto NAC was inde-
pendent from the solution pH. Also, it was found that
NAC was able to remove high concentration of ACT
at relatively short contact time (less than 5 min) with
the low concentration of adsorbent. PSO and
Langmuir models were fitted to kinetic and equilib-
rium experimental data, respectively. The maximum
adsorption capacity was achieved ranging from 233 to
193 mg/g for the temperature between 10 and 40°C.
The preparation of NAC from agricultural waste and
its independence from the solution pH made it an
available and cost-effective adsorbent for the ACT
removal from aqueous solution.

Acknowledgments

The authors acknowledge Tarbiat Modares
University for financial and technical support of this
study.

References

[1]1 Y. Chen, G. Yu, Q. Cao, H. Zhang, Q. Lin, Y. Hong,
Occurrence and environmental implications of
pharmaceuticals in Chinese municipal sewage sludge,
Chemosphere 93 (2013) 1765-1772.

[2] Q. Yan, X. Gao, L. Huang, X.M. Gan, Y.X. Zhang, Y.P.
Chen, X.Y. Peng, J.S. Guo, Occurrence and fate of
pharmaceutically active compounds in the largest
municipal wastewater treatment plant in Southwest
China: Mass balance analysis and consumption back-
calculated model, Chemosphere 99 (2014) 160-170.

[3] E. Aydin, I. Talinli, Analysis, occurrence and fate of
commonly used pharmaceuticals and hormones in the
Buyukcekmece Watershed, Turkey, Chemosphere 90
(2013) 2004-2012.

[4] A. Pal, K.Y.H. Gin, A.Y.C. Lin, M. Reinhard, Impacts
of emerging organic contaminants on freshwater
resources: Review of recent occurrences, sources, fate
and effects, Sci. Total Environ. 408 (2010) 6062—-6069.

[5] F.LR. Rosario-Ortiz, Eric C. Wert, S.A. Snyder, Evalua-
tion of UV/H,0O, treatment for the oxidation of
pharmaceuticals in wastewater, Water Res. 44 (2010)
1440-1448.

[6] Y. Luo, W. Guo, HH. Ngo, L.D. Nghiem, F.I. Hai, J.
Zhang, S. Liang, X.C. Wang, A review on the occur-
rence of micropollutants in the aquatic environment
and their fate and removal during wastewater treat-
ment, Sci. Total Environ. 473-474 (2014) 619-641.

[7]1 TM.S. Salem Attia, X.L. Hu, D.Q. Yin, Synthesized
magnetic nanoparticles coated zeolite for the adsorp-
tion of pharmaceutical compounds from aqueous solu-
tion using batch and column studies, Chemosphere 93
(2013) 2076-2085.

[8] K. Yaghmaeian, G. Moussavi, A. Alahabadi, Removal
of amoxicillin from contaminated water using NH4Cl-
activated carbon: Continuous flow fixed-bed adsorp-
tion and catalytic ozonation regeneration, Chem. Eng.
J. 236 (2014) 538-544.

[91 H. Liu, W. Ning, P. Cheng, J. Zhang, Y. Wang, C.
Zhang, Evaluation of animal hairs-based activated car-
bon for sorption of norfloxacin and acetaminophen by
comparing with cattail fiber-based activated carbon, J.
Anal. Appl. Pyrol. 101 (2013) 156-165.

[10] M. Galhetas, A.S. Mestre, M.L. Pinto, I. Gulyurtlu, H.
Lopes, A.P. Carvalho, Carbon-based materials pre-
pared from pine gasification residues for acetamino-
phen adsorption, Chem. Eng. J. 240 (2014) 344-351.

[11] I. Cabrita, B. Ruiz, A.S. Mestre, .M. Fonseca, A.P.
Carvalho, C.O. Ania, Removal of an analgesic using
activated carbons prepared from urban and industrial
residues, Chem. Eng. J. 163 (2010) 249-255.



A. Mashayekh-Salehi and G. Moussavi [ Desalination and Water Treatment 57 (2016) 12861-12873

[12] L.A. Al-Khateeb, S. Almotiry, M.A. Salam, Adsorption
of pharmaceutical pollutants onto graphene nanopla-
telets, Chem. Eng. J. 248 (2014) 191-199.

[13] A.S. Mestre, A.S. Bexiga, M. Proen¢a, M. Andrade,
M.L. Pinto, I. Matos, .M. Fonseca, A.P. Carvalho,
Activated carbons from sisal waste by chemical activa-
tion with K,COjz: Kinetics of paracetamol and ibupro-
fen removal from aqueous solution, Bioresour.
Technol. 102 (2011) 8253-8260.

[14] O. Lorphensri, J. Intravijit, D.A. Sabatini, T.C. Kibbey,
K. Osathaphan, C. Saiwan, Sorption of acetaminophen,
17a-ethynyl estradiol, nalidixic acid, and norfloxacin
to silica, alumina, and a hydrophobic medium, Water
Res. 40 (2006) 1481-1491.

[15] E.D. De Laurentiis, C. Prasse, T.A. Ternes, M. Minella,
V. Maurino, C. Minero, M. Sarakha, M. Brigante, D.
Vione, Assessing the photochemical transformation
pathways of acetaminophen relevant to surface
waters: Transformation kinetics, intermediates, and
modelling, Water Res. 53 (2014) 235-248.

[16] C.C. Su, AT. Chang, LM. Bellotindos, M.C. Lu,
Degradation of acetaminophen by Fenton and electro-
Fenton processes in aerator reactor, Sep. Purif. Tech-
nol. 99 (2012) 8-13.

[17] H. Xiao, H. Song, H. Xie, W. Huang, J. Tan, J. Wu,
Transformation of acetaminophen using manganese
dioxide-mediated oxidative processes: Reaction rates
and pathways, ]. Hazard. Mater. 250-251 (2013)
138-146.

[18] M.D.G. de Luna, RM. Briones, C.C. Su, M.C. Lu,
Kinetics of acetaminophen degradation by Fenton
oxidation in a fluidized-bed reactor, Chemosphere 90
(2013) 1444-1448. 3

[19] J. Rivera-Utrilla, M. Sanchez-Polo, M.A. Ferro-Garcia,
G. Prados-Joya, R. Ocampo-Pérez, Pharmaceuticals as
emerging contaminants and their removal from water.
A review, Chemosphere 93 (2013) 1268-1287.

[20] M. Huguet, V. Simon, H. Gallard, Transformation of
paracetamol into 1, 4-benzoquinone by a manganese
oxide bed filter, J. Hazard. Mater. 271 (2014) 245-251.

[21] L.A. Schaider, R.A. Rudel, J.M. Ackerman, S.C.
Dunagan, ].G. Brody, Pharmaceuticals, perfluorosur-
factants, and other organic wastewater compounds in
public drinking water wells in a shallow sand and
gravel aquifer, Sci. Total Environ. 468-469 (2014)
384-393.

[22] G. Moussavi, A. Alahabadi, K. Yaghmaeian, M.
Eskandari, Preparation, characterization and adsorp-
tion potential of the NH4Cl-induced activated carbon
for the removal of amoxicillin antibiotic from water,
Chem. Eng. J. 217 (2013) 119-128.

[23] Y. Kim, K. Choi, ]J. Jung, S. Park, P.G. Kim, J. Park,
Aquatic toxicity of acetaminophen, carbamazepine,
cimetidine, diltiazem and six major sulfonamides, and
their potential ecological risks in Korea, Environ. Int.
33 (2007) 370-375.

[24] A. Yu-Chen Lin, C.A. Lin, HH. Tung, N.S. Chary,
Potential for biodegradation and sorption of acetami-
nophen, caffeine, propranolol and acebutolol in

12873

lab-scale aqueous environments, J. Hazard. Mater. 183
(2010) 242-250.

[25] A. Kara, E. Demirbel, N. Tekin, B. Osman, N. Besirli,
Magnetic vinylphenyl boronic acid microparticles for
Cr(VI) adsorption: Kinetic, isotherm and thermody-
namic studies, J. Hazard. Mater. 286 (2015) 612-623.

[26] Z. Zawani, L. Chuah, T.S.Y. Choong, Equilibrium,
kinetics and thermodynamic studies: Adsorption of
Remazol Black 5 on the palm kernel shell activated
carbon, Eur. J. Sci. Res. 37(1) (2009) 67-76.

[27] Y.A. Aydin, Nuran Deveci Aksoy, Adsorption of
chromium on chitosan: Optimization, kinetics and
thermodynamics, Chem. Eng. J. 151 (2009) 188-194.

[28] X.S. Wang, L.F. Chen, F.Y. Li, KL. Chen, W.Y. Wan,
Y]J. Tang, Removal of Cr(VI) with wheat-residue
derived black carbon: Reaction mechanism and
adsorption performance, J. Hazard. Mater. 175 (2010)
816-822.

[29] G. Moussavi, H. Hosseini, A. Alahabadi, The
investigation of diazinon pesticide removal from con-
taminated water by adsorption onto NH4Cl-induced
activated carbon, Chem. Eng. J. 214 (2013) 172-179.

[30] B.H. Hameed, Removal of cationic dye from aqueous
solution using jackfruit peel as non-conventional
low-cost adsorbent, J. Hazard. Mater. 162 (2009)
344-350.

[31] K. He, F. Qiu, J. Qin, J. Yan, D. Yang, Selective
adsorption of L-TA/D-TA by p-cyclodextrin derivative
modified with L-tryptophan: Isotherm, Kkinetic and
thermodynamics studies, J. Ind. Eng. Chem. 20 (2014)
1293-1300.

[32] W.T. Tsai, K.J. Hsien, H.C. Hsu, Adsorption of organic
compounds from aqueous solution onto the synthe-
sized zeolite, J. Hazard. Mater. 166 (2009) 635-641.

[33] R. Baccar, M. Sarra, J. Bouzid, M. Feki, P. Blanquez,
Removal of pharmaceutical compounds by activated
carbon prepared from agricultural by-product, Chem.
Eng. J. 211-212 (2012) 310-317.

[34] R. Sivaraj, C. Namasivayam, K. Kadirvelu, Orange
peel as an adsorbent in the removal of Acid violet 17
(acid dye) from aqueous solutions, Waste Manage. 21
(2001) 105-110.

[35] G. Moussavi, B. Barikbin, Biosorption of chromium
(VD) from industrial wastewater onto pistachio hull
waste biomass, Chem. Eng. J. 162 (2010) 893-900.

[36] D. Karadag, Y. Koc, M. Tursan, B. Armagan, Removal
of ammonium ion from aqueous solution using natu-
ral Turkish clinoptilolite, J. Hazard. Mater. 136 (2006)
604-609.

[37] EK. Silva, S.V. Borges, ] M.G. da Costa, F. Queiroz,
Thermodynamic properties, kinetics and adsorption

mechanisms of Swiss cheese bioaroma powder,
Powder Technol. 272 (2015) 181-188.
[38] A. Kara, E. Demirbel, Kinetic, isotherm and

thermodynamic analysis on adsorption of Cr(VI) ions
from aqueous solutions by synthesis and characteriza-
tion of magnetic-poly(divinylbenzene-vinylimidazole)
microbeads, Water Air Soil Pollut. 223(5) (2012)
2387-2403.



	Abstract
	1. Introduction
	2. Material and methods
	2.1. Preparation and characterization of activated carbon
	2.2. Material
	2.3. Adsorption experiments
	2.4. Analysis
	2.5. Adsorption thermodynamics and modeling

	3. Results and discussion
	3.1. Influence of solution pH
	3.2 Influence of initial ACT concentration and adsorbent dosage
	3.3. Influence of contact time
	3.4. Kinetic modeling
	3.5. Equilibrium adsorption and isotherm modeling of ACT onto NAC
	3.6. Thermodynamics of adsorption and its modeling

	4. Conclusion
	Acknowledgments
	References



