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In this paper, carbon aerogel as a nanostructure adsorbent was prepared from mixed resorcinol and formalde-
hyde precursors by the ambient pressure drying. Synthesis of carbon aerogel is performed in four main steps:
preparation of wet gel, aging, wet gel drying and pyrolysis. The cheap precursors in this synthesis were significant
and economical for the mass production. The prepared carbon aerogel was characterized by surface area
measurement, field emission scanning electron microscopy (FESEM), X-ray diffraction (XRD), energy dispersive
X-ray (EDX) mapping analysis and Fourier transform infrared (FTIR) spectroscopy. According to the surface area

gg{&l;rzse'mgel analysis, the carbon aerogel has a high surface area of 790 m? g !, a total pore volume of 1.47 cm® g ! and a mean
Mesopore pore diameter of 7.48 nm. According to the FESEM images, a uniform particle size distribution with a diameter of
Ibuprofen <50 nm was observed. Adsorption investigation of ibuprofen from aqueous solution was performed by the carbon
Adsorption aerogel. Design Expert with a coherent program was used for the adsorption process optimization. The main

Experimental design objective of this study was to evaluate operational variables such as contact time, adsorbent dosage, pH, and
interaction of these variables in the adsorption process. According to the kinetic study, the compatibility of
experimental data with the pseudo-second-order model represents the heterogeneous chemical adsorption on

the adsorbent surface. The results of Freundlich isotherm demonstrate the multilayer adsorption with a hetero-

geneous system for adsorption process.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Recently, the discovery of pharmaceutical contaminants in water
media has aroused the global concern. Hospital wastewaters need to
be monitored for the release of pharmaceuticals and non-observance
of hygiene standards [1-3]. There are several technologies such as ad-
vanced oxidative processes [4], adsorption [5], microbial degradation
[6] and membrane technology [7], which are used to remove these con-
taminants. Among these technologies, adsorption has attracted growing
attention due to its affordability, high efficiency, potential for regenera-
tion and eco-friendly nature [8,9]. A number of adsorbents with distinct
properties are used for water and wastewater treatment such as
activated carbon, clays, minerals and fly ash [10-12]. Aerogels are also
effective for the removal of various concentrations of hazardous water
pollutants which are considered as favorable adsorbents [13,14]. Carbon
aerogels (CA) are nanostructured sponge-like carbon materials with
unique properties like well-proportioned porosity, high surface area,
low density and the ability to adsorb multiple times their own weight
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[15-17]. Generally, carbon aerogels are derived from various precursors
such as organic precursors, carbon-based materials and biomass [18,19].
Ibuprofen (IBP), which is used for analgesic, antipyretic and swelling re-
duction, belongs to the class of nonsteroidal anti-inflammatory (NSAID)
and analgesic agent [20,21]. Ibuprofen dissolves in water with a solubil-
ity of about 21 mg L™ (298 K) and its reported concentration in surface
water is in the range of ng L™! to mg L™! [22-24]. In recent years, the
removal of ibuprofen, as a pharmaceutical contaminant, from aqueous
solutions has been considered. The molecular size of the ibuprofen is
1.3 x 0.6 nm?. This can give information about the accessibility of
these molecules to the pore channels of the mesoporous materials
[25]. New adsorbents such as graphene oxide, activated carbon and
zeolite were applied for the removal of IBP from water media [26-28].
Recently, carbon aerogels, as adsorbents, have been utilized to remove
different contaminants. Ren et al. employed carbon aerogel to remove
methylene blue with an adsorption capacity of 819.67 mg g~ '. They
chose the glucose as a precursor under the hydrothermal process to
produce the adsorbent [29]. Han et al. synthesized eco-friendly and hy-
drophobic carbon aerogel from affordable materials (cellulose-based
waste newspaper), which are used to adsorb organic materials such as
pump oil, ethanol and gasoline with an adsorption capacity of up to
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100% [30]. Heavy metals removal from aqueous media using carbon
aerogel have also been studied [31,32]. Huan et al. explored the use of
Fe nanoparticles/carbon aerogel for H,S removal as a sulfur compounds
and gained high adsorption percentage [33]. Also, carbon aerogel has
potentials for the IBP adsorption due to its specific texture and proper-
ties [34]. In order to attain the optimal response, statistical methods
with a coherent program are required. Response surface methodology
(RSM) is a well-known method based on a statistical approach in
which modeling the relationship between input parameters and
response can provide optimal conditions [35,36]. Besides, the central
composite design (CCD) as a subset of surface response methods con-
sists of three groups of design points (factorial, axial and center points)
that can estimate the curvature of system using a second-order equa-
tion [37]. This is the first paper to use carbon aerogel to investigate
the IBP removal from aqueous solutions. The use of cheap precursors
and simple drying at ambient pressure in this synthesis makes it signif-
icant and affordable for the mass production. The main objectives of this
study are as follows: (i) synthesis of mesoporous carbon aerogel based
on optimal operating conditions (973 K, 2 h) under ambient pressure
drying; (ii) investigation of the ibuprofen removal as a pharmaceutical
model from aqueous solutions using the proposed adsorbent; and (iii)
evaluation of operating variables such as contact time, adsorbent
amount, pH, and interaction of these variables in the adsorption process.
To this end, the response surface (central composite design) is espe-
cially effective. Kinetic studies are also carried out to determine the
rate of adsorption reaction.

2. Materials and methods
2.1. Materials

Resorcinol (CgHgO), Formaldehyde (CH,O, 37%) and CTAB
(C19H42BrN) were all provided by Merck Company. Mili-Q water
was used with a minimum resistivity of 18.2 MQ cm™!. Ibuprofen
(C13H180,) was also supplied by Sigma-Aldrich Corporation.

2.2. Preparation of carbon aerogel

The mesoporous carbon aerogel was prepared by sol-gel polycon-
densation method and the ambient pressure drying process [38,39].
Initially, 5 g (0.045 mol) of resorcinol and 7.223 g (0.240 mol) of form-
aldehyde with a ratio of R/F = 1/2 were added to 7.2 mL of distilled
water. Then, 0.13 g of CTAB, as a catalyst, by a ratio of R/CTAB = 125
was added to that solution and stirred for 15 min to mix thoroughly.
Homogeneous solution with a pH of 5.8 was poured into a glass
container and sealed. Finally, the solution was placed in an oil bath
(353 K) for 7 days to polymerize and prepare the Resorcinol-
Formaldehyde (RF) gel. The container lid was opened after a week
and it was set under the hood at ambient temperature (298 K) for
2 days in order to release its volatile compounds. Finally, a dry gel was
obtained in the oven after two curing steps: at a temperature of 333 K
for 24 h and then at a temperature of 378 K for 24 h. Consequently, a
reddish-orange dry gel of RF was produced. For the purpose of pyrolysis
and carbonization, RF aerogel was placed in a tubular furnace at a tem-
perature of 973 K and thermal gradient of 278 K min ™~ under nitrogen
flow (150 mL min~ ') for 120 min.

2.3. Characterization

Morphology and the formation of microstructures were determined
by Field Emission Scanning Electron Microscope (FESEM, Tescan Mira3
FEG) equipped with an energy dispersive X-ray (EDX) mapping
detector. EDX and MAP techniques were used to demonstrate a semi-
quantitative view and frequency distribution of elements on a nano-
structure surface respectively. The surface area was determined by
Brunauer-Emmett-Teller (BET, BELSORP MINI II) analysis in the relative

Table 1
Operating variables and functional range of the CCD method for removing ibuprofen from
the aqueous environment.

Variable Unit Code - +o Central point
Time s A 300 5400 475

pH - B 3 9 6
Adsorbent dosage gL™! C 0.5 1.5 1

pressure range of 0-0.99 at 77 K. Also, the Barrett-Joyner-Halenda (BJH)
method was used to determine the Porosity measure. Functional groups
and existing bonds were determined by Fourier-transform Infrared
spectroscopy between 400 and 4000 cm ™' (FTIR, Thermo Nicolet Ava-
tar 360, USA). The carbon aerogel crystalline structure was determined
by the analysis of X-ray Diffraction spectroscopy (XRD, D8-Advance
Bruker Cu Kl N = 0.15406 nm).

2.4. Zero point charge measurement

The zero point charge (pHpzc) of carbon aerogel was measured by
the analysis of zeta potential at pH = 5. The pH adjustment was carried
out by HCI (1 and 0.1 mol m—3) aqueous solutions. A sample of 0.02 g
carbon aerogel in an aqueous solution of 50 mL IBP (10 mg L™') was
used for this purpose.

2.5. Liquid phase adsorption

Initially, an aqueous solution with a concentration of 10 mg L ™! was
provided in order to study the adsorption of ibuprofen. The adsorption
experiments were carried out based on a batch system at ambient tem-
perature (298 K) in beaker containing 50 mL of specimen. The residuals

Table 2
The points and results obtained from the experimental design.
No. of Type of Time pH Adsorbent Removal Removal
experiment  experiment (s) dosage amount efficiency
(gL (mgl™) (%)

1 Factorial 1150 4 0.67 8.04 80.48
2 Factorial 4549 4 133 8.90 89.19
3 Central 2850 6 1.00 9.34 93.47
4 Axial 2850 3 1.00 9.74 97.40
5 Axial 5400 6 1.00 9.67 96.79
6 Axial 2850 6 1.50 9.76 97.62
7 Factorial 1150 4 133 9.97 99.78
8 Axial 300 6 1.00 8.61 86.14
9 Axial 2850 6 1.50 9.89 98.95
10 Factorial 4549 4 0.67 10.00 100.00
11 Factorial 4549 8 133 9.93 99.35
12 Factorial 4549 8 0.67 8.72 87.21
13 Central 2850 6 1.00 9.78 97.88
14 Factorial 1150 8 1.33 9.00 90.02
15 Factorial 4549 4 0.67 10.00 100.00
16 Axial 2850 3 1.00 10.00 100.00
17 Axial 2850 9 1.00 9.48 94.89
18 Axial 2850 6 0.50 8.26 82.62
19 Central 2850 6 1.00 10.00 100.00
20 Central 2850 6 1.00 9.90 99.03
21 Axial 5400 6 1.00 9.37 93.74
22 Central 2850 6 1.00 9.94 99.43
23 Axial 300 6 1.00 8.12 81.22
24 Axial 2850 9 1.00 9.25 92.51
25 Factorial 1150 8 0.67 8.98 89.83
26 Factorial 1150 8 0.67 8.73 87.35
27 Central 2850 6 1.00 8.67 86.76
28 Factorial 4549 8 0.67 8.47 84.73
29 Axial 2850 6 0.50 8.60 86.09
30 Factorial 1150 4 0.67 9.71 97.11
31 Factorial 4549 8 133 9.47 94.70
32 Factorial 4549 4 133 9.14 91.49
33 Factorial 1150 8 133 9.70 97.19
34 Factorial 1150 4 133 10.00 100.00




S. Abolhasani et al. / Journal of Molecular Liquids 281 (2019) 261-268 263

2853,25

2925.04

Transmittance (%)
1617,83 _

1455,99

3450

3900 3400 2900 2400 1900 1400 900 400

Wavenumbers (cm?)

Fig. 1. FTIR spectrum of carbon aerogel.

of ibuprofen adsorption in specimens were measured by UV-Vis spec-
trophotometer (AnalyticJena-Spekol 1300.1) with a maximum wave-
length of 224 nm [40,41]. The concentration of unknown specimens
was determined by the calibration curve. The equilibrium adsorption
capacity, q. (mg g~ '), was determined by the following equation:

qezw 1)

where C. and Cy are the concentration of remaining ibuprofen at
the equilibrium and the initial concentration of ibuprofen based on
mg L1, respectively. It should be borne in mind that V is the volume
of solution in terms of L and W is the adsorbent dosage in g.

2.6. Experimental design

The Design-Expert 7 software was employed to perform the experi-
mental design, investigate the effects of different parameters and deter-
mine the final model; furthermore, the central composite design (CCD)
method was used to designate the surface response. The influence of
operating parameters like pH, time, adsorption dosage and their inter-
action on the removal of ibuprofen from the aqueous environment
were examined. The range and level of these parameters are shown in
Table 1.

4000
1 .,, "
3500 Weigh%  Atomic%
1EKa 73.87 78.75
3000{ Ka 4.98 4.55
] Ka 20.79 16.64
2500_: La 0.36 0.06
1 100.00 100.00
2000
10 Ka
1500 -N Kar
1000
500
1||BrLa} BrKa Brkf
0 — L L — T
5 10 15

All 34 runs were performed. The results of experiments based on the
CCD method are shown in Table 2. Considering the arbitrariness of alpha
value, this parameter was considered equal to 1.5. All experiments were
performed in the volume of 50 mL of ibuprofen solution, with an initial
ibuprofen concentration of 10 mg L™ ! at room temperature. The HCl
and NaOH (1 and 0.1 mol m—3) solutions were used to adjust pH.

The relation between responses and independent variables can be
obtained using the following second-order polynomial equation:

k k I k
Y =Bo+ 2 i1 BiXi + Zi:13iixz'2i + Zf:] i=j—1BijXiXj + €0 (2)

In Eq. (2), Y is the sign of responses, k is the number of independent
factors, ??y is the sign of crossing and i, ii, ij and ?? are linear coefficients,
second-order and interactive effects, respectively. Also, x; and x; indicate
the encoded levels for independent variables [42,43].

3. Results and discussion
3.1. Characterization of carbon aerogel

The FTIR spectrum of carbon aerogel in a 400 to 4000 cm ™! is shown
in Fig. 1. The peak at a wavenumber of 3450 cm ™! is related to the hy-
droxide (-OH) groups on the surface, which represents the hydrophilic-
ity of carbon aerogel. Furthermore, the wavenumber of 1617.83 cm™!
indicates the double bond of C=C in resin resole aromatic rings [44].
The peaks at a wavenumber of 1100- and 1253 cm~! confirm the re-
maining C—N amine groups caused by the presence of CTAB in the ini-
tial composition. The vibration caused by the peak at a wavenumber of
1455.99 cm ™~ illustrates the functional group (C—O); Moreover, the
wavenumber of 1729.61 cm ™!, which is associated with the extant
carbonyl group (C=0) in the organic aldehyde compound, is related
to resorcinol-formaldehyde aerogel.

The elemental composition of carbon aerogel is shown in Fig. 2 using
EDX map micrograph. Carbon element, as a major component with a
percentage of 73.87 wt%, confirms the structure of constructed carbon.
The amounts of N, Br and O in the adsorbent structure are 4.98, 0.36
and 20.79 wt%, respectively.

The XRD pattern of as-prepared adsorbent is illustrated in Fig. 3.
Strong C (0 0 2) and weak C (1 0 1) diffraction peaks are placed at
26 = 25° and 26 = 43° respectively. The wide peaks reveal that the
synthesized carbon aerogel is an amorphous compound [45]. The
high intensity of peaks indicates a high percentage of graphitizing
the carbon-aerogel structure [46].

The observed pores in carbon-aerogel SEM images confirm the pore
fluid exit during drying process; moreover, the compound consists of

Kev

Fig. 2. EDX analysis and element map on carbon aerogel.
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Fig. 3. XRD spectrum of carbon aerogel.

relatively uniform and regular particles with a diameter of <50 nm
(Fig. 4a, b).

Nitrogen adsorption-desorption isotherm and pore size distribution
of prepared carbon aerogel are shown in Fig. 5. Adsorption and desorp-
tion isotherm is of type (IV), which can be considered as an example of
mesoporous (from 2 to 50 nm) structure. The observed hysteresis is of
H1 type (based on IUPAC denomination) and it represents the cylindri-
cal geometry of pores [47]. The BET surface area, the total volume of
pores and their average pore diameter are 790 m? g~ !, 1.47 cm> g !
and 7.48 nm, respectively.

3.2. Statistical analysis

The results of variance analysis (ANOVA) with backward removal for
improving the quality of the predicted model are presented in Table 3.
The effects of various parameters and the final model can be predicted
based on the data presented in this table. The important and effective
parameters of the model are specified by P-value and F-value. P-value
has a significance level of ?? = 0.05 so that parameters whose value is
less than this value are considered as significant. On the other hand,
higher F-value indicates accurate prediction for experimental data.
Moreover, low P-value of the presented model indicates its validity
and significance. The adsorbent dosage, the square of adsorbent dosage
and time are considered as the most important parameters in ibuprofen
adsorption by carbon aerogel. The adequate precision reveals the ratio
of predicted values to the average predicted errors (signal to noise
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Fig. 5. Nitrogen adsorption and desorption isotherm at a temperature of 77 K and the pore
size distribution of carbon aerogel.

ratio). Accordingly, values higher than 4 are acceptable. It is worth men-
tioning that the proposed model will be useless if the coefficient of var-
iance is <10 [48]. The coefficient of variance and adequate precision are
6.17 and 32.63, respectively. The quality of curve fitting is determined
by the coefficient of determination (R?) and the adjusted coefficient of
determination (Rzadj). The fitting of the model will be important if
these parameters are close to 1 [49]. As such, R? (0.966) and R?,q;
(0.958) show that values predicted by the response surface model are
close to the experimental values. In the absence of a fit parameter,
high-values indicate the accuracy of the predicted model. The final
model of the ibuprofen adsorption by carbon aerogel based on the ad-
sorption capacity (mg g~ ') and coded variables is as follows:

Removal amount = 9.69 + 0.23A—0.29B—3.31C—0.27AC
+0.31BC—0.28A% + 0.94C? (3)

The diagram of normal probability percentage is shown in Fig. 6. The
linear distribution of data suggests that error values are distributed nor-
mally without a specific variance [50]. The random dispersion of data in
the curve of internally studentized residuals versus predicted values
(Fig. 7) indicates that the variance is constant.

The simultaneous effect of two variables of time and adsorbent dos-
age on the amount of ibuprofen removal by adsorbent is illustrated in

WO: 1.65 mm
View field: 2.77 pm Det: InBeam

SEM MAG: 50.0 kx  Date(m/dy): 01/04/18 Mashhad (MUMS)

Fig. 4. Carbon-aerogel FESEM images a) 20 pm scale and b) 500 nm.
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Table 3
ANOVA for response surface reduced quadratic model.

Source Sumof df Mean  F-value P-value
squares square
Model 29871 7 4267 10846 <0.0001 Significant
A (time) 1.31 1 131 3.32 0.0799
B (pH) 217 1 217 551  0.0267
C (adsorbent dosage) 273.90 1 27390 696.18 <0.0001
AC 1.18 1 1.18 3.01 0.0948
BC 1.52 1 1.52 3.86 0.0602
A? 1.42 1 1.42 3.60 0.0688
2 15.63 1 1563 3972 <0.0001
Residual 1023 26 039
Lack of fit 4.29 7 0.61 1.96 0.1146  Insignificant
Pure error 5.93 19 031
Cor total 30894 33

Fig. 8. The pH has been considered constant and equal to 6. The results
reveal that the amount of carbon aerogel can be the most effective
parameter in ibuprofen removal. The maximum removal efficiency is
reached in the highest adsorbent dosage (1.33 g L™!) and the highest
time (4549.8 s). The IBP molecules was removed in a short time
(<300 s), and they reached equilibrium gradually. Accessibility of the
more active sites of the adsorbent for IBP molecules at the initial stage
was credited to the fast adsorption rate. The contact time has a direct
effect on the removal efficiency of IBP by carbon aerogel. The active
sites and the surface areas available for adsorbing contaminants in-
crease with an increase in adsorbent dosage [37,42]. For this reason,
the amount of the adsorbed IBP has grown up by increasing the adsor-
bent dosage of carbon aerogel.

The simultaneous effects of two variables of pH and adsorbent dos-
age on the amount of ibuprofen removal by adsorbent are illustrated
in the 3D diagram of Fig. 9. The maximum removal is reached at the
highest adsorbent dosage (1.33 gL !) in pH = 4. As mentioned earlier,
the increase of the carbon aerogel dose led to the increase of the
adsorbed IBP because of greater contact between the adsorbent surface
and IBP molecules. Ibuprofen is a weak acid with PK, of 4.92. The surface
charge of ibuprofen is cationical and positive in pH < 4.92 due to the
protonation of carboxyl groups. Moreover, the ibuprofen is converted
into the anionic form with a negative surface charge in pH > 4.92 due
to the loss of proton from the carboxyl group in its structure [24].
Since pHpy,. of the synthesized carbon aerogel is equal to 2.1, according
to the analysis of zeta potential, the surface charge of adsorbent

Normal Plot of Residuals

Normal % Probability
8 3

T T T T T
-2.19 -1.12 -0.06 1.00 2.06

Internally Studentized Residuals

Fig. 6. Curve of normal probability percentage versus residuals.
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Fig. 7. Curve of additional values versus predicted values.

becomes positive and cationic in pHs less than pH,,. and the adsorbent
appears in an anionic form with a negative charge in pHs higher than
2.1. Therefore, the surface charge of carbon aerogel is negative at pH
range of 3 to 4.92. Therefore, it can be concluded that the electrostatic
interaction of the surface of carbon aerogel with negative charge and
ibuprofen with positive charge leads to the interaction of between
ibuprofen and carbon aerogel as the adsorbent. A repulsive force was
observed at pH > 4.92 due to the negative charge of adsorbent and ad-
sorbate; therefore, the removal efficiency was reduced. Given the insig-
nificance of pH in the process of ibuprofen removal by the experimental
design, this parameter has a low impact on the removal process. On the
other hand, the carbon aerogel with H-donor functional group (—OH) is
based on the performance of hydrogen bonding with deprotonated IBP
as an H-acceptor molecule in alkaline pH (>4.92). The m-mt stacking in-
teraction between IBP molecules and the carbon aerogel and hydrogen
bonding can be established at all pH ranges due to the aromatic rings in
CA and adsorbate molecules and therefore the removal process of the
ibuprofen controlled depending on these parameters.

3.3. Optimization

The proposed model (in Eq. (3)) was used to determine the opti-
mum conditions of carbon aerogel for the removal of ibuprofen from
the aqueous solution. For this happen, the desired inputs and expected
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Fig. 8. 3D diagram of ibuprofen removal in terms of time and the adsorbent dosage by
carbon aerogel.
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Fig. 9. 3D diagram of ibuprofen removal in terms of pH and the adsorbent dosage by
carbon aerogel.

outputs should be selected based on an arbitrary approach. Here, the
optimization was carried out to gain access to the maximum ibuprofen
removal. Other operating parameters were considered within the de-
fault range of the Design-Expert. According to the proposed response,
if the effluent with an initial ibuprofen concentration of 10 mg L™!
and pH = 4 is placed in contact with 1.33 g L~ of carbon aerogel for
1164 s, the predicted removal by the model will be 9.89 mg L™,
which equals to 7.43 mg g~ of adsorption capacity (Table 4). The valid-
ity of the proposed model is also demonstrated with the compatibility of
the experimental data with the predicted data.

3.4. Kinetic study

A key point to note here is that the evaluation of adsorption kinetics
is essential to examine the rate of reaction. Two models of adsorption
kinetics, which are widely used for the adsorption processes, are first-
order kinetics and second-order kinetics [51]. Lagergren's kinetic
equation (first-order), which is the first model for describing the
adsorption of solid-liquid systems based on solid capacity, is according
to the following equation [52]:

kit
Log(qe—4;) = Log(de) — 5355 )

where g. (mg g~ ') and q; (mg g~ ') indicates the adsorption capacities
in equilibrium and time (t) respectively; k; (g mg~! min~!) is the
pseudo-first-order kinetic constant. The diagram of Log (qe-q) in
terms of t has the gradient of k; and the y-intercept of Log (qe).

Ho's equation (second-order), which describes chemical adsorption
caused by valence forces through electron sharing and electron ex-
changing between the adsorbent and the adsorbate, follows the relation
below [53]:

t
= 5

9 h q ®)
where h (mg g~ ! min~"') is the initial adsorption rate in the form of
h = k,qe®. K, (gmg~ ' min~"') is the constant of Eq. (5), which is de-
termined by drawing the curve of t/q, versus t. The kinetic studies

Table 4
Optimal operating conditions and the amount of predicted removal.

Optimized condition Ibuprofen removal

(mgL™")
Time (s) pH Adsorbent dosage (gL~!) Desirability Experimental Predicted
1164 4 133 0.746 9.97 9.89

Table 5
Adsorption kinetic parameters obtained from comparing experimental data with the
models of Ho and Lagergren.

Ho's model (pseudo-second-order) Lagergren's model (pseudo-first-order)

Qe(cal)  qe(exp) R? K; Qe (cal)  qe(exp) R? K

8.984 8.847 0999  0.263 4.648 8.847 0819 0.378

on the adsorption of IBP were carried out at 600 rpm and 25 °C using
a syringe filter (0.45 pm) for separation. The residual concentration of
the pollutant was determined by UV-Vis spectroscopy (Analyticjena-
Spekol 1300.1) at the maximum wavelength (A = 224 nm). At first, a
10 mg L~ ! solution of ibuprofen was provided to perform kinetic exper-
iments. All experiments were conducted in the volume of 50 mL of
ibuprofen solution with an adsorbent dosage of 0.05 g and pH = 2. The
contact times considered for investigating the equilibrium adsorption ca-
pacity were 1, 3, 5, 10, 15 and 20 min, respectively. As for the results of
the experimental design, the adsorption outputs were significant in
acidic pHs; therefore, pH = 2 was considered for the above solutions.
The constants extracted from the curve fitting of Lagergren's and Ho's
models for ibuprofen removal are listed in Table 5. As can be seen, the re-
sults of Ho's model are more consistent with the experimental data.
Thus, the chemical interactions between ibuprofen molecules and car-
bon aerogel particles control the adsorption rate and show the chemical
adsorption nature of the process. The amount of q., predicted by Ho's
model is more compatible with the experimental ge.

The effect of contact time on the efficiency of ibuprofen removal by
carbon aerogel is shown in Fig. 10. Increasing contact time in the
range of 1 to 20 min leads to enhanced ibuprofen removal efficiency
by carbon aerogel. According to the results, the efficiency of ibuprofen
removal reaches about 84.25% after 10 min, which is a slight change in
comparison with the observed efficiency of 88.47% after 20 min. Thus,
an equilibrium time of 10 min was considered for the process.

3.5. Adsorption isotherms

Equilibrium adsorption isotherms of Langmuir and Freundlich were
determined at different adsorbate dosage [9,27]. Freundlich adsorption
isotherm for describing the adsorption characteristics is according to
the following equation:

Log(q.) = Log(Ky) + 1 Log(C:) ©

where K¢ (Lmg™!) is the Freundlich isotherm constant and n is the ad-
sorption capacity. Also, g (mg g~ ') and C. (mg L™!) are the equilibrium
adsorption capacity and the concentration of remaining IBP at the

100

The Efficiency of Ibuprofen Removal%

0 1 1 1
0 5 10 15 20 25

Contact Time (min)

Fig. 10. Effect of contact time on the efficiency of ibuprofen removal by carbon aerogel.
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Table 6

Adsorption isotherm parameters obtained from Freundlich isotherm model.
R 1/n Ke(Lmg™")
0.933 3.034 6.472

equilibrium, respectively. The diagram of Log (q.) in terms of Log (C.)
has the slope of 1/n and the y-intercept of Log (K).

Langmuir adsorption isotherm can be obtained using the following
linear equation:

1 1 1
r_1. 7
de dm qulce ( )

where k; (Lmg ™) is the Langmuir isotherm constant and g, (mg g~")
is the maximum monolayer coverage capacity. For this purpose, six
different solutions with an initial concentration of 10-35 (mg L™!) IBP
were prepared. Each ibuprofen solution with the volume of 50 mL
and 0.02 g dose of adsorbent was stirred with 600 rpm for 90 min at
pH = 2 and 25 °C. The residual concentration of the IBP was determined
by UV-Vis spectroscopy (AnalyticJena-Spekol 1300.1) at the maximum
wavelength (N = 224 nm). Adsorption data was fitted better with
Freundlich isotherm (R? = 0.933) compared with R> = 0.906 using
Langmuir isotherm. The parameters of fitting the Freundlich adsorption
isotherm are listed in Table 6. This demonstrates the multilayer adsorp-
tion with a heterogeneous system for IBP molecules on the carbon
aerogel surface. The value of 1/n above one indicates cooperative
adsorption.

4. Conclusion

In this study, carbon aerogel was prepared by the sol-gel process and
drying in ambient pressure as a cost-effective method using the pyroly-
sis of the organic aerogel of RF. According to the results, the synthesized
hydrophilic carbon aerogel had a high surface area with the mesoporous
structure. This carbon nanostructure was used to remove the pharma-
ceutical contaminant of ibuprofen from the aqueous effluent. The
surface response method (CCD) was employed to determine the final
model and examine the effects of different parameters such as pH,
time and adsorbent dosage. The coefficient of determination (0.966),
the coefficient of adjusted determination (0.958) and adequate preci-
sion (32.63), obtained from the ANOVA results confirmed the accuracy
of the predicted second-order statistical model. The adsorbent dosage,
time, the interaction of time-adsorbent dosage and the interaction of
pH-adsorbent dosage were considered as the most effective operating
parameters in the process of adsorbing ibuprofen by carbon aerogel.
Under optimal conditions, the effluent with an initial ibuprofen concen-
tration of 10 mg L™!, pH = 4 and contact time of 1164 s with 1.33 g L~!
of carbon aerogel predicted a removal value of 7.43 mg g~ !, which was
equivalent to a removal efficiency of 98.90%. With regard to the results
of pseudo-second-order model, this adsorption was in keeping with the
model and the adsorption process was performed heterogeneously for
the mesoporous adsorbent of carbon aerogel and the organic compound
of ibuprofen. The role of m-m stacking interaction and hydrogen bonding
during the adsorption, the small size of the ibuprofen molecules com-
pared with the pore size of carbon aerogel (average pore diameter of
7.48 nm), chemical interactions (kinetic results) and multilayer adsorp-
tion with a heterogeneous system (isotherm results) demonstrated
both mesoporous structure and surface chemistry are important in the
adsorption mechanism.
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