American Journal of Analytical Chemistry, 2015, 6, 528-538 ":‘ Scientific
Published Online May 2015 in SciRes. http://www.scirp.org/journal/ajac ":Q’ §3§ﬁg;“mg
http://dx.doi.org/10.4236/ajac.2015.66051 ¢

Surface Modification of Commercial
Activated Carbon (CAG) for the Adsorption
of Benzene and Toluene

Anna Sylmara da Costa Lopes!, Samira Maria Leao de Carvalho?,
Davi do Socorro Barros Brasill, Rosivaldo de AlciAntara Mendes?2, Marcelo Oliveira Limaz2

'Universidade Federal do Para, Belém, Brasil
%|nstituto Evandro Chagas, Ananindeua, Brasil
Email: annalopes.ta.gi@hotmail.com

Received 11 February 2015; accepted 5 May 2015; published 8 May 2015

Copyright © 2015 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).

Abstract

In this work, we determined the surface characteristics of natural (CA-1) and HNO; treated (CA-2)
CAG. Equilibrium, Kinetics and breakthrough for adsorption of benzene and toluene by CA-1 and
CA-2 were studied. Concentrations of benzene and toluene (mg/L) were determined by gas chro-
matography with headspace extraction. The data of adsorption kinetic and equilibrium were best
fitted by pseudo-second order model and Langmuir isotherm, respectively. The best results of
benzene and toluene adsorption from fixed bed were obtained at volumetric flow rate (Q: = 70
mL/min) using adsorbent CA-2. The study of inferential statistics revealed that CA-1 and CA-2 ad-
sorbents are statistically different at a 5% significance level.
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1. Introduction

In recent years, with increasing population and industrial activity, intensified concerns regarding water quality,
among these groundwater has received special attention. Contamination of water and soil by volatile organic
compounds (VOCs), as a result of accidents or spills (fuel) and wastewater industrial today poses serious prob-
lems to public health [1]. Volatile organic compounds such as benzene and toluene are found frequently in the
wastewater from paint industries, adhesives, plastics, petrochemicals, among others [2]. Benzene and toluene are
flammable, toxic and carcinogenic substances, their presence in aqueous environments have a negative impact
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on water quality and thus endanger the welfare and public health [3]-[5].

Activated carbon (CA) has been used as adsorbent for the removal of a wide variety of organic and inorganic
pollutants from aqueous media [6]. This adsorbent is widely used in the treatment of waste water due to their
high surface area between 500 - 1500 m?g, well-developed internal structure of micropores, as well as a large
variety of surface functional groups [7]. Exceptional adsorption of organic compounds by activated carbon is at-
tributed to their hydrophobicity and ability to adsorb molecules with molecular weight between 45 - 130 g/g mol
[8]. CA adsorption has been cited by the North American Environmental Protection Agency (USEPA) as one of
the best available technologies in environmental control [9].

The liquid phase adsorption is generally a more complex phenomenon than the adsorption of gas phase. The
liquid phase adsorption is influenced by various factors such as solubility of the adsorbate, solution pH, temper-
ature and chemistry of the adsorbent surface [10]. The adsorption of organic compounds in aqueous phase by
CA mechanism involves two main types of interactions: electrostatic and dispersive [11].

Although the performance of activated carbon as adsorbent for a wide variety of organic compounds is known
[12], numerous studies are developed to study surface modifications of CA’s, which could help to improve these
materials, such as specific adsorbents of organic and inorganic contaminants present in wastewater [13]-[15].

The present study reports the influence of surface modification of HNO; treated CAG for adsorption of ben-
zene and toluene from aqueous solutions, and use of the inferential statistical analysis for the treatment of expe-
rimental adsorption data. The adsorption of benzene and toluene by CA can be a viable alternative for the re-
moval of these compounds from aqueous systems, thus minimizing contamination. Since the aquifers are water
supply sources for human consumer.

2. Materials and Methods
2.1. Adsorbents

Commercial granular activated carbon (GAC) of Synth®mark, particle size: 1 - 2 mm was used as an adsorbent
(where was GAC source from). The adsorbent was washed and boiled for three hours in deionized water. It was
subsequently dried in an oven (105°C) for 24 h to make sample (CA-1).

Adsorbent CA-2 was obtained from CA-1 by treated with 6 M HNO;, according to the procedure described
by Elhendawy [16]. Briefly 100 mL of 6 MHNO; were used to treat/10g CA-1 under reflux at 100°C for 2 h.
The adsorbent was subsequently washed with deionized water to neutral pH and dried at 105°C for 24 h to make
sample (CA-2).

2.2. Characterization of the Adsorbent

2.2.1. Specific Surface Area and Total Pore Volume (V)
The values of specific surface area and total pore volume of the adsorbents were determined from N, adsorption
isotherms at 77 K, using a porosimeter MICROMERITICS TRISTAR 1.

2.2.2, Determination of pH
The pH of activated carbon was determined according to previously reported standard method ASTM D3838-
05 [17].

2.2.3. Characterization of the Adsorbent Surface by FTIR
Analyses were performed on spectrophotometer Fourier transform infrared (FTIR) Thermo Scientific Nicolet
(1S 10 model) [18].

2.2.4. Characterization of Functional Groups on the Surface of the Adsorbent

The characterization of the surface functional groups of (CAG) was performed according to the Boehm metho-

dology [19] [20]. In the determination of acid groups 5.0 g of the adsorbent were suspended in 50 ml of 0.1 M

standard solutions (sodium hydroxide, potassium bicarbonate, KHCO; and sodium carbonate, Na,COs). The

vials with the adsorbent suspensions were closed and shaken in a thermostatic bath (27°C) at 140 rpm for 24 h.

The suspensions were filtered (0.45 um Millipore) and titrated with a solution of hydrochloric acid HCI (0.1 M).
In the determination of basic groups using 2.0 g of CAG were suspended in 20 ml of 0.1 M-hydrochloric acid,
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under same experimental conditions as described for the determination of acid groups. After equilibration, the
suspensions were filtered (0.45 um Millipore) and a 10 ml aliquot was titrated under continuous stirring (mag-
netic stirrer) against 0.1 M. sodium hydroxide. The identified functional groups CAG were calculated as mmol/g
(MAS).

2.3. Tests for Adsorption of Benzene and Toluene

2.3.1. Solutions of Organic Compounds Used for Adsorption
Organic solutions (60 mg/L) were prepared from benzene (99.5% purity) and toluene (99.8% purity) according
to the studies done by Lu, Su and Hu [21].

2.3.2. Analytical Determination of Organic Compounds

The extraction methodology used to analyze benzene and toluene in the water samples was automated headspace
method which is based on 6040D Supelco/Sigma-Aldrich [22]. Determination of benzene and toluene in water
samples was performed according to EPA 0010 method [23]. Aliquots (15 ml) of the samples were placed in 20
ml vials and sealed with aluminum seals, and teflon septum. The analytes were quantified by a gas chromato-
graph (Varian, CP 3800) connected to a mass spectrometer (MS-320 CTC Analytics) with auto-sampled system
and headspace and flame ionization detector (GC-FID). The chromatograms were obtained and processed by
Varian Star Workstation software.

2.3.3. Kinetics and Balance Adsorption of Benzene and Toluene

Kinetic assays and adsorption equilibrium were performed in thermostatic bath (25°C) at 140 rpm for contact
time of up to 25 minutes. In the assays used aqueous solutions, concentrations of up to 60 mg/L. The adsorption
kinetics tests were performed at 3, 5, 7, 9, 13, 15, 17, 20, 22 and 25 minutes. Each assay consisted of about 1.0 g
of adsorbent for every 100 ml organic solution placed in closed glass vials and immersed in a thermostatic bath.
Kinetic mathematical model of pseudo—second order in the linear form was used to correlate the experimental
data obtained using Equation (1).

The adsorption isotherms were obtained by suspending about 1.0g adsorbent in 100 mL of different organic
solution concentrations (1.0, 1.5, 3.0, 5.0, 10.0, 15.0, 20.0, 25.0, 30.0, 40.0, 50.0 and 60.0 mg/L), contained in
closed glass vials (mouth grinded) and immersed in thermostatic bath for 25 minutes. Equation (2) shows the
mathematical model of Langmuir, which was used to correlate the experimental data. Equation (3) was used to
calculate the amount of adsorbed benzene and toluene (Q. mg/g). The percent removal of compounds by adsorp-
tion was calculated according to Equation (4).
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where: g, and g is the amount of benzene or toluene adsorbed (mg/g) at equilibrium and at time t (min), respec-
tively; k; is the rate constant pseudo second order (g/mg-min); C; and C, are benzene concentrations(mg/L) at
initial and equilibrium respectively; Q,, maximum adsorbed amount (mg/g); k. Langmuir constant (L/mg); V is
the volume of solution (L); M is the mass the adsorbent (g) and R is the adsorption efficiency of benzene or to-
luene (%).

2.3.4. Tests for the Adsorption of Benzene and Toluene Fixed Bed
A bird with the following dimensions was employed: a glass column of 40 cm in height; bed height (HL) of 24.2
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cm, bed internal diameter (ID) of 2.5 cm, adsorbent mass (m) of 63.0 g. The conical base and the top of the
column was filled with glass beads (0.5 mm diameter). The following values for the volumetric feed flow rate of
the column were used: 70 mL-min™* (Q1) and 100 ml-min™ (Q2) in downward flow.

Both adsorbents (CA-1 and CA-2) were used separately in benzene and toluene and two values of volumetric
flow rates (Q1 and Q2 respectively) were obtained. A total of eight runs were performed using 12 L of a 60
mg/L organic solution per run and contact time of 172.5 minutes and 120 minutes were used respectively for the
values of volumetric flow rate of Q1 and Q2 at ambient temperature (25°C). During the adsorption process were
collected 19 samples were collected from which were used to determined the residual concentrations of benzene
and toluene by gas chromatography headspace extraction.

2.3.5. Statistical Analysis
The inferential statistics were used to predict the distribution of the experimental data by applying the Kolmo-
gorov-Smirnov test (reference), which it defines whether the samples are parametric or nonparametric. This test
will evaluate, at a significance level of 5%, if there are significant differences between CA-1 and CA-2 adsor-
bents using the results from the studies of adsorption kinetics and equilibrium of benzene and toluene.

Student t test (parametric samples) and Wilcoxon paired test (non-parametric samples) were applied.

3. Results and Discussion
3.1. Characterization of the Adsorbent

3.1.1. Specific Surface Area (SBET) and pH
Table 1 shows the results obtained for some of the physical properties of the adsorbents.

Adsorbent CA-1 showed basic pH of 8.9 whileacid treated CA-2 showed a pH value of 3.8. According to
Villacanas et al [24], the basic character of activated carbon results from the contribution of two factors. One is
related to surface groups, such as pyrone and chromene and the other is associated with the existence of regions
rich in 7 electrons of grafénicas layers, which act as Lewis base [25]. The activated carbons that have acidic
surfaces are characterized by high oxygen contentcontaining functional groups such as carboxylic, phenolic and
lactones.

The value of specific surface area is comparable to the values reported in the literature [26] (823.1 - 982.9
m?/g). Generally, the adsorption capacity increases with increasing specific surface area due to the availability of
sites for adsorption [27]. According to Mangun et al [28], the percentage of removal of BTEX in aqueous solu-
tion generally increases with increasing surface area.

It can be seen that the Vp and SBET values are approximately the same for both adsorbents. In CA-2, the lo-
werin specific surface area is due to partial or complete blockage of oxygen in the complex pore wall [29] [30].
Similar results were reported [31] [32].

3.1.2. Functional Groups on the Adsorbents Surface
Table 2 shows the results obtained for the determination of surface groups using the Boehm method.

There is a higher proportion of acidic groups in adsorbent CA-2 compared to CA-1 sample. This can be attri-
buted to the preferential reaction of nitric acid with the basic groups (pyrones and chromenes) forming acidic
groups by opening the heterocycles [33]. Acidification of the surface gives the activated carbon a higher ion ex-
change capacity and amphoteric character due to introduction of various functional groups on the surface [34].
According to Daifullah and Girgis [35], the presence of carboxyl groups promotes increased adsorption capacity
of activated carbon for BTEX.

3.1.3. Characterization of the Adsorbent Surface by Infrared Fourier Transform
Figure 1 shows the FTIR spectra of CA-1 and CA-2. The FTIR spectrum of the adsorbent CA-1showed bands

Table 1. Physical properties of adsorbents.

Adsorbent Sger (M%g) Vp (cm®/g) pH
CA-1 803.43 0.41 8.9
CA-2 703.66 0.35 3.8

&)
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Table 2. Acidic and basic functional groups on the surface of activated carbon.

Quantity (mmol/g)
Functional groups
CA-1 CA-2
Carboxylic (-COOH) 0.15 1.07
Phenolic (-AR-OH) 0.95 1.24
Lactones (-COOR) 0.05 1.50
Basic groups 2.60 1.40
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Figure 1. FTIR spectra of CA-1 and CA-2.

around 1100 - 1180 cm™, 1550 - 1600 cm™ and 2300 cm™, which are attributed to stretching and vibration of
CO group, stretch of C=0 and presence of carboxylic groups and stretch of CH, and CHj, respectively.

The peaks from 500 to 2000 cm™ are assigned to carboxyl groups. The intense band at 1750 cm™ is characte-
ristic of the C=0 stretch of carboxylic groups [36]-[38]. The intensity of the bands of CA-2 in the region that
characterizes the carboxylic groups is greater than of CA-1 sample showing a largest concentration of these
compounds after acid treatment. Similar results were found in other studies of adsorption of aromatic com-
pounds by activated carbon [39].

3.2. Results of Adsorption Experiments

3.2.1. Kinetics of Adsorption
Figure 2 show the percentage removal efficiency (ER,%) of benzene and toluene obtained from adsorption ki-
netics tests. Table 3 shows the parameters of the kinetic models used to correlate the experimental data.

The removal efficiency of benzene or toluene as a function of time, after 25 minutes of contact was greater
than 90.0% in all tests.

The Kolgomorov-Smirnov test, we verified the normality of the data removal efficiency (ER,%) for the ad-
sorption of benzene by both adsorbents. The parametric samples t test showed that both adsorbents differ statis-
tically at 5% significance level.

For the adsorption kinetics of toluene, both adsorbents showed non-normality of the data removal efficiency.
The adsorbents were statistically different at the 5% significant level.

&)
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Figure 2. Removal efficiency of benzene (a) and toluene (b) by CA-1 and CA-2.

Table 3. Kinetic parameters for the removal of benzene and toluene for the CA-1 and CA-2 adsorbents.

Kinetic models

Pseudo-second order

Benzene Toluene
Parameter

CA-1 CA-2 CA-1 CA-2
ge>® (mg/g) 5.42 +0.95 547+0.8 5.49+0.72 5.55 +0.75
g (mglg) 481+13 374+12 518+1.0 532+1.0
ko (g/mg-min) 0.24 +0.03 0.28 +0.02 0.21+0.01 0.20 +0.01

0.997 0.998 0.998 0.999

SQE 1.65 1.3 0.45 0.92

0.31 0.31 0.29 0.29

0.08 0.09 0.09 0.08

3.2.2. Adsorption Bal

ance

Figure 3 shows the experimental data having applied Langmuir mathematical model for the CA-1 and CA-2.
Table 4 shows the parameters calculated using the model. From the results showed that the data perfectly fits

the Langmuir mathematical model.

The maximum adsorbed benzene and toluene amount, according to the Langmuir model (Qax) Was around
6.0 mg/g for the two adsorbents. R, values were within the range (0 < R < 1), which according to Ho et al. [40]
and Dizge et al. [41] indicate favorable adsorption type of benzene and toluene by both adsorbents. Similar re-
sults were found by Daifullah and Girgs [35] in their work on BTEX adsorption using activated carbon.

This experimental data one show that there is no significant difference in the adsorption of benzene and tolu-
ene using these adsorbents.

3.2.3. Adsorption in Fixed Bed

Figure 4 and Figure 5 show the rupture curves for the adsorption of benzene and toluene (Figure 5) at the op-
timum volumetric flow rate (70 ml/min) using CA-2.
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Figure 3. Data adsorption of benzene (a) and toluene (b) adjusted by Langmuir model.

Table 4. Linearised langmuir parameters for the adsorption of benzene (a) and toluene (b)

CA-1 and CA-2.
Model Langmuir
Adsorbents
CA-1(a) CA-2(a) CA-1(b) CA-2(b)
Parameters
k. (L/mg) 20.36 +2.51 2247 +221 16.31 +1.83 18.42+1.20
Qo (Mylg) 5.72 +0.06 5.73 +0.04 5.89 +0.01 5.99 +0.02
RL 0.443 0.416 0.420 0.338
R? 0.986 0.987 0.987 0.989
SQE 0.898 0.912 0.937 0.955
S 0.316 0.318 0.326 0.328
§? 0.099 0.101 0.104 0.106

The breakpoints were around c./c, values of 0.076 and 0.079 for benzene and toluene respectively, in 10 mi-
nutes. The organic percentage were around 92% for both adsorbents. The residual concentration of benzene and
toluene were 4.7 and 4.5 mg/L respectively, higher than the maximum values allowed by Brazilian legislation
for these organic compounds (0.05 and 0.17 mg/L) [42].

Considering the experimental conditions used in this work (bed height, particle size of the adsorbent, the
column internal diameter and volumetric flow rates of feeding) were not sufficiently adequate for the complete
removal of benzene and toluene from aqueous effluents. The process become more efficient, if the inside di-
ameter and the height of the bed is lower [34]. Under such conditions the losses by volatilization of organic

compounds are lower.
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Figure 5. Rupture curve for the adsorption of toluene.

4. Conclusions

The treatment of commercial charcoal by HNO; was effective because there was an increase in the concentration
of surface acid groups, particularly carboxyl groups.

However, based on the experimental data one can say that there was no significant quantitative difference in
the adsorption of benzene and toluene from the activated carbon treated (ca-2) in relation to in nature (ca-1).
Having necessity for further studies to optimize experimental conditions of adsorption experiments, as well as

&)
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adsorbents which can remove more efficiently organic compounds (BTEX) from industrial wastewater, surface
water and groundwater in order to minimize the toxic effects of these pollutants to the environment and com-
munities affected by them.
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