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a b s t r a c t

New activated carbons were prepared from coconut shell and tested to evaluate their
adsorption properties to separate benzene and cyclohexane. A Taguchi experimental
design was utilized to identify the best preparation conditions of the activated carbons
based on their benzene adsorption capacities. Type and concentration of the chemical
agent, ratio of precursor mass/chemical agent volume and physical activation time
were the variables analyzed. Adsorbents were physiochemically characterized and the
adsorption capacities of these adsorbents were evaluated in a dynamic system coupled
to a GC-FID. Benzene and cyclohexane adsorption capacities of tested adsorbents ranged
from 1.35 to 51.40 and 0.49 to 25.20 mmol/g, respectively. The statistical analysis
indicated that the activating agent, impregnation ratio, and physical activation time
were the most important variables to prepare an activated carbon with a high benzene
adsorption during the binary mixture separation. In particular, the adsorbents obtained
with ZnCl2 showed the highest adsorption properties. The best activated carbon showed
an acceptable separation of 92.64% of benzene and 7.36%: of cyclohexane and a reuse
efficiency of 96% after four adsorption/desorption cycles. This study contributes with
new findings on the preparation of low-cost and effective activated carbons for the
separation of benzene and cyclohexane at industrial level.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Volatile organic compounds (VOCs) are a range of chemical compounds that includes aliphatic and aromatic hydrocar-
ons, alcohols, aldehydes, ketones, esters and halogenated compounds. They have different physicochemical properties but
hare the same volatility characteristic. Many VOCs are of interest to the chemical industry; for example, hydrocarbons are
sed to produce fuels (gasoline, diesel, natural gas), car lubricants, detergents, and plastic products. Particularly, benzene
nd cyclohexane are the most valuable hydrocarbons processed in the petrochemical industry. Cyclohexane is used in the
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synthesis of adipic acid and caprolactam, which are raw precursors for nylon (Li et al., 2018; Sun et al., 2018). The demand
for this polymer in the thermoplastic industry is growing at about 6% annually; hence, cyclohexane consumption is also
increasing. Around 54% of its production is used in the synthesis of adipic acid for nylon-6/6, 39% is used in the fabrication
of caprolactam for nylon-6 and 7% is used to produce dissolvents, insecticides, and plasticizers (Dada and Achenie, 2012).
About 80%–85% of the cyclohexane produced worldwide is obtained from the catalytic hydrogenation of benzene (Li et al.,
2018), a reaction that produces a mixture of cyclohexane and residual benzene, whereby the unreacted benzene must be
removed (Salleh et al., 2017). Due to their close boiling points (0.6 ◦C difference), they can form an azeotropic mixture
nd thus their separation is one of the most difficult in the petrochemical industry. Besides, the conventional methods
sed for their separation (azeotropic and extractive distillation) present several disadvantages such as process complexity,
igh operating costs, use of dissolvents, and high energy consumption (Ribeiro et al., 2012; Salleh et al., 2018; Wang et al.,
008).
Accordingly, the research trend consists in the development of economically workable and environmentally friendly

eparation methods. In this context, adsorption is a separation method of simple operation, low operating cost, and high
fficiency that is also useful when considering the recovery of valuable VOCs for industry (Guo et al., 2016; Wang et al.,
015a). During adsorption, a compound of interest adheres to the surface of the adsorbent due to different interactions
e.g., electrostatic and van der Waals forces, hydrogen bond, covalent or ionic bonds) that occur between them. In
his sense, there is a great variety of adsorbents with different physicochemical properties such as activated carbons,
eolites, silica gels, activated aluminas, polymeric resins, carbon nanotubes, pillared clays, ordered mesoporous silicas,
nd metal–organic frameworks (MOF), among others (Zhang et al., 2019; Lu et al., 2018; Son et al., 2016; Yang, 2003).
In particular, activated carbon is a carbon-rich adsorbent characterized by its porous structure, large surface area,

ydrophobic properties, thermo-stability, high adsorption capacity, and low production cost that makes it as an ideal
dsorbent to separate chemical compounds (Zhang et al., 2017; Pak et al., 2016). Activated carbon can be manufactured
rom a plethora of feedstocks (Ahmedna et al., 2000). However, the use of organic wastes has been preferred to decrease
he feedstock costs and environmental problems (González-García, 2018). For the manufacturing of activated carbon,
t is important to consider that both the precursor (waste chemical composition) and the preparation conditions will
etermine the surface characteristics (pore structure, pore size distribution, pore-volume, surface area, and surface
unctional groups), chemical composition, quality, and economic viability (Ahmedna et al., 2000; Ahmad et al., 2014).

There are several methods to produce activated carbon from organic waste, aiming to generate porous materials with
ifferent surface chemistry. These methods generally consist of two main steps; the first is the carbonization of the
recursor (organic waste) under an inert or reducing (N2, H2) atmosphere at a moderate temperature (600–800 ◦C);
he second is the activation of the obtained char, which can be physical or chemical (Yuen and Hameed, 2009). Physical
ctivation consists of partially gasifying the char at a higher temperature (800–1000 ◦C) with oxidizing gases such as air,
team, carbon dioxide, or their mixtures to produce activated carbons with accessible internal porosity (Yuen and Hameed,
009; Rashidi and Yusup, 2017). Chemical activation involves the impregnation of the precursor or char with chemical
ompounds (dehydrating and oxidizing agents) before or after the carbonization, respectively; either to dehydrate the
recursor and promote the formation of a crosslinked structure or to remove the tar present inside the char pores (Danish
nd Ahmad, 2018; Yahya et al., 2015). Chemical activation has more advantages than physical activation including low
ctivation temperature, shorter activation time, higher carbon yield, and incorporation of surface functional groups; it
lso generates greater porosity and surface area in the activated carbon (Danish and Ahmad, 2018; Maciá-Agulló et al.,
004).
The sequence of carbonization, physical and chemical activation offers different alternatives for the preparation

f the activated carbon, thus resulting in adsorbents with different physicochemical characteristics. Activated carbons
roduced by carbonization and physical activation in one step may not have satisfactory performance to be used as
dsorbents (Ioannidou and Zabaniotou, 2007). Meanwhile, activated carbons obtained by chemical activation before or
fter carbonization can have a high surface area, narrow micropore distribution, and high adsorption capacity (Gil et al.,
014); likewise, the chemical activation of the precursor, followed by carbonization and physical activation in a single
tep, allows to get activated carbons with better adsorption properties (Aguayo-Villarreal et al., 2017a; Lee et al., 2014).
owever, the preparation of activated carbons with selective adsorption capacity towards a specific compound is still
challenge; because the selectivity depends on the surface physical characteristics and its chemical composition; the

ailoring of these surface characteristics is a difficult task.
In this study, the procedures for manufacturing low-cost activated carbons to separate benzene and cyclohexane

re presented. The activated carbons were prepared from the coconut shell (Cocos nucifera) varying the type and
oncentration of the chemical agent, ratio mass of the precursor/volume of chemical agent, and time of physical activation
sing a Taguchi experimental design to evaluate their effect in the adsorption capacity. Acetic acid, zinc chloride and
hosphoric acid were used in the chemical activation. The physicochemical characterization of activated carbons was
erformed using SEM/EDS, X-ray diffraction, FTIR, Boehm titration, determination of the zero-charge point and nitrogen
dsorption. A lab-made dynamic system coupled to a GC-FID was used for the determination of the activated carbon
dsorption capacity. After data analysis of the Taguchi experimental design, the best preparation conditions to obtain an

ctivated carbon with the highest benzene adsorption capacity were established.

2



A. Valencia, R. Muñiz-Valencia, S.G. Ceballos-Magaña et al. Environmental Technology & Innovation 25 (2022) 102076

d
(
(
i

2

2

w
7

2

w
t
m

Table 1
Taguchi experimental design L9 used in the preparation of activated carbons for benzene adsorption.
Activated carbon Factor A:

Chemical agent
Factor B:
Concentration of
chemical agent (M)

Factor C:
Ratio (mass
precursor/vol
chemical agent)

Factor D:
Physical activation
time (h) with CO2
at 800 ◦C (h)

E1 CH3COOH 1.0 1:2 2.0
E2 CH3COOH 0.5 1:1 1.0
E3 CH3COOH 0.1 1:0.5 0.5
E4 ZnCl2 1.0 1:1 0.5
E5 ZnCl2 0.5 1:0.5 2.0
E6 ZnCl2 0.1 1:2 1.0
E7 H3PO4 1.0 1:0.5 1.0
E8 H3PO4 0.5 1:2 0.5
E9 H3PO4 0.1 1:1 2.0

2. Materials and methods

2.1. Materials

All chemicals used in this study were reactive grade. Acetic acid (JT Baker), Benzene (99.0–99.5%, Sigma-Aldrich), carbon
ioxide, cyclohexane (99.0–99.5%, Sigma-Aldrich), hydrochloric acid (JT Baker), deionized water, nitrogen, phosphoric acid
Jalmek), sodium bicarbonate (Fermont), sodium carbonate (Jalmek), sodium hydroxide (Sigma-Aldrich), and zinc chloride
JT Baker) were employed. The coconut shells (Cocos nucifera) were obtained from organic waste generated in local food
ndustries.

.2. Activated carbons

.2.1. Pretreatment of the coconut shell
The coconut shell was ground and sieved to a particle size of 1 ± 0.1 mm. The grounded coconut shell was washed

ith deionized water at 25 ◦C until obtaining a constant pH value of the washing solution. Subsequently, it was dried at
0 ◦C for 24 h and stored for later use.

.2.2. Preparation of activated carbons
The preparation of activated carbons consisted of two stages. In the first stage, the chemical activation of the precursor

as carried out. For this, the grounded coconut shell was mixed with the chemical agent in a batch system, according
o Table 1. This mixture was heated up to 100 ◦C until the solvent evaporated; then, the impregnated coconut shell was
aintained at 70 ◦C for 24 h. In the second stage, both the pyrolysis of the precursor (800 ◦C, N2 atmosphere) and its

physical activation (800 ◦C, CO2 atmosphere) was assessed. For this, 30 g of impregnated coconut shell (dry) were loaded in
the quartz reactor of a horizontal tubular furnace Carbolite Eurotherm model CTF 12165/550. The pyrolysis was performed
with N2 atmosphere applying a segmented temperature gradient: initially, the temperature increased from 25 to 70 ◦C
(at 5 ◦C/min rate and 1 h hold) and then increased to 800 ◦C (at 5 ◦C/min and maintained for 4 h). Subsequently, the
physical activation was performed with CO2 atmosphere for the time indicated in Table 1. Finally, nine activated carbons
were obtained, which were washed with deionized water, dried, and stored for subsequent experiments.

2.2.3. Taguchi experimental design
The preparation of nine activated carbons was performed according to a Taguchi experimental design employing an

orthogonal array type L9, see Table 1. The factors evaluated were the type and concentration of the chemical agent, ratio
mass of the precursor/volume of chemical agent, and the physical activation time with CO2 at 800 ◦C. The response
variable was the benzene adsorption capacity during the mixture separation. This experimental design was established
with the aim to identify the best preparation conditions to obtain an optimized activated carbon with the highest benzene
adsorption capacity.

2.2.4. Preparation of the activated carbon with the best benzene adsorption properties
Statistical data analysis of the Taguchi experimental design was used to identify the best preparation conditions to

obtain the QB activated carbon with the highest benzene adsorption capacity during the separation of the binary mixture.
3
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2.3. Physicochemical characterization of activated carbons

2.3.1. Fourier Transform-Infrared Spectroscopy (FT-IR)
Functional groups present on the surface of activated carbons were identified using a Thermo Scientific Nicolet-iS10

T-IR spectrometer equipped with a deuterated triglycine sulfate detector (DTGS-KBr). Spectra were collected in the 4000–
00 cm−1 spectral range. For sample preparation, the activated carbon was mixed with potassium bromide (KBr) at a
eight ratio of 1:300 (g adsorbent/g KBr) using an agate mortar. The resulting powder mixture was compacted using a
anual hydraulic press, and the pellets were used for the analysis.

.3.2. Boehm titration
The acidic and basic functional groups present on the surfaces of activated carbons were quantified by the Boehm

itration method (Boehm, 2002). Aqueous solutions of NaOH, Na2CO3, NaHCO3, and HCl were prepared and used as
eaction solutions. The concentration of each solution was 0.01 M. Three samples were prepared with each reaction
olution for each activated carbon as follows: in a 50 mL Falcom tube, 20 mg of activated carbon and a given volume
f the reaction solution were added. In the case of the NaOH, NaHCO3 and HCl solutions, 20 mL were used for each
ample; in the case of the Na2CO3 solution, 10 mL were used. These samples were kept under stirring for 24 h at 100 rpm
nd 30 ◦C. After 24 h, the solution was separated by decantation, and the amount used as aliquot in the titrations was
0 mL for the NaOH, NaHCO3 and HCl solutions, and 5 mL for the Na2CO3 solution, to keep the same equivalence of the
ase. The titration was carried out using a 0.01 M HCl or NaOH solution until obtaining a pH of 7. The quantity of surface
unctional groups was calculated from the difference between the moles of acid or base initially available in the reaction
olution and the moles of acid or base remaining in solution after the reaction. Eq. (1) was applied.

nx = CSrVSr − CStVSt
VSr

Va
(1)

Where n is the moles of functional groups on the surface of the activated carbon that reacted with the reaction solution
during the mixing step, and x refers to the solutions of NaOH, Na2CO3, NaHCO3, and HCl. The parameters CSr and VSr are
the concentration and volume of the reaction solution mixed with the activated carbon. Va is the volume of the aliquot
taken from VSr for titration after the reaction. CSt and VSt are the concentration and volume of the titrant solution added
to the aliquot analyzed.

The quantity of the different surface functional groups (phenolic, lactonic, and carboxylic groups) was calculated
through the difference between the calculated amounts of reacted superficial functionality (nx). NaOH solution neutralizes
the phenolic, lactonic, and carboxylic groups, giving the total quantity of surface acidic groups; Na2CO3 solution reacts
with carboxyl and lactonic groups; while NaHCO3 solution neutralizes only the carboxylic acid groups. Thus, the difference
between nNaOH and nNa2CO3 gives the total number of phenol groups, and the difference between nNa2CO3 and
nNaHCO3 provides the total number of lactonic groups, and nNaHCO3 corresponds to the total number of carboxylic acid
groups (Goertzen et al., 2010; Seung Kim and Rae Park, 2016), while nHCl indicates the quantity of total basic groups on
he adsorbent surface.

.3.3. pH of point of zero charge (PZC)
The PZC of the activated carbons was determined through the pH drift method using a potentiometer Orion 3 Start

H Benchtop Thermo Scientific. HCl or NaOH solution was used to adjust pH value of stock solutions at 2, 4, 6, 8, 10 and
2. The pH of these solutions was registered as pHinitial. Activated carbon samples (20 mg) were placed into 20 mL of
tock solution with different pH (2, 4, 6, 8, 10, and 12) in a 50 mL Falcom tube; then, these samples were shaken for 24 h
t 100 rpm and 30 ◦C. After 24 h, the activated carbon was separated from the solution by decantation; the final solution
H was measured and registered as pHfinal. Finally, the pHinitial versus the pHfinal was plotted and the first point where
he curves intersected (pHinitial = pHfinal) was taken as the PZC.

.3.4. X-ray powder diffraction (XRPD)
The X-ray powder diffraction patterns of all activated carbons were obtained at ambient temperature using a

ANalytical X’Pert PRO diffractometer equipped with a CuKα X-ray source operated at 45 kV and 40 mA where a 10 mm
ixed mask, a collimator slit of 1/2◦ and an anti-scatter slit of 1/4◦ were used at primary beam. For sample preparation,
ach activated carbon was pulverized using an agate mortar, and the resulting powder was used for the analysis. The
eaks associated to the crystalline phases in the diffraction patterns were identified using X’Pert HighScore Plus software.

.3.5. Scanning electron microscope analysis
The morphology of the activated carbons was analyzed using a scanning electron microscope (SEM/EDS) TM3000

itachi Tabletop Microscope with an acceleration voltage of 20 kV.

.3.6. Nitrogen adsorption
Textural parameters of activated carbons were obtained from the nitrogen adsorption/desorption isotherms, which

ere determined at 77 K using a Micromeritics ASAP 2020 porosimeter. The specific surface area, microporous surface
rea, external surface area, pore volume, and micropore volume of the activated carbons were determined employing the
angmuir, Dubinin–Radushkevich, and t-plot models. Likewise, the pore size width of each adsorbent was determined
sing the Horvath-Kawazoe model.
4
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Fig. 1. Schematic diagram of the set up utilized in fixed-bed adsorption experiments.

.4. Chromatographic analyses and calibration curves

Sample analyses were carried out using a Perkin Elmer Gas chromatograph (GC), model Clarus 500, coupled to a flame
onization detector (FID). A capillary column SPB-624 (60 m × 0.25 mm internal diameter × 0.14 µm film thickness) from
upelco (Merck, Guadalajara, Mexico) was used. Nitrogen was employed as carrier gas set at 30 psi. GC oven temperature
as isothermally programmed at 100 ◦C. The temperatures of the injector and detector ports were kept at 150 and 220 ◦C,
espectively. The injector was operated in a split mode using a nitrogen flow-rate of 8 mL/min.

Calibration curves to quantify cyclohexane and benzene concentration in the effluent gas stream were obtained as
ollows: both cyclohexane and benzene were prepared at 5, 10, 20, 40, 60, 80, and 100 mM using hexane as solvent. One
icroliter of these solutions was injected into the GC-FID and peaks area was recorded, considering the retention times
f both analytes (cyclohexane: 7.96 min and benzene: 8.37 min). The calibration equation that describes a straight line
as obtained via plotting each hydrocarbon area (y-axis) versus the concentration of each injected dissolution (x-axis).

In all cases, the intercepts were not significantly different from zero. The linear regression coefficient for benzene and
cyclohexane was 0.9996 and 0.9992, respectively.

2.5. Fixed-bed adsorption experiments

Fixed-bed adsorption experiments were carried out using the system shown in Fig. 1, which was assembled in the
laboratory and was composed of a gas saturator, an isothermal chamber, a tube furnace, an automatic injection valve,
and a steel adsorption column (3.3 cm long × 5 mm internal diameter × 0.5 mm thickness). It was coupled to a GC
system with a flame ionization detector (GC-FID). The experiments were performed at 50 ◦C under monocomponent
and binary gas conditions. Benzene and cyclohexane were used as adsorbates. Adsorbate volume used was 3 mL for
both the monocomponent and binary analysis, but the mixture was prepared with the same amount by weight of each
hydrocarbon. Nitrogen was used as carrier gas at a flow-rate of 5.5 mL/min. In each experiment, the hydrocarbons vapors
were generated in a saturator maintained at 40 ◦C; these vapors were purged for 15 min leaving only valves ‘‘a’’ and ‘‘d’’
opened, to guarantee that the hydrocarbons concentration at the entrance of the adsorption column remained constant
during the experiment. The adsorption process was started leaving only valves ‘‘a’’ and ‘‘b’’ opened; so that the nitrogen
passed through the saturator and carried the hydrocarbon vapors towards the adsorption column packed with 0.3 g of
activated carbon and maintained at 50 ◦C. The gas flow at the adsorption column exit (effluent gas) was directed to the
automatic injection valve to inject 20 µL to the GC-FID; the injections were programmed with an interval of two minutes.
When the activated carbon became saturated with adsorbate, the adsorption column was heated at 200 ◦C with N2 flow
o remove the adsorbate (valve ‘‘c’’ opened, valves ‘‘a’’, ‘‘b’’, and ‘‘d’’ closed). GC-FID equipment allowed both quantifying
he adsorbate in the effluent gas and monitoring the adsorption/desorption process online.

Each adsorption experiment was stopped when the adsorbates concentration of the effluent gas matched the adsorbate
oncentration of the inlet flow and remained constant for 30 min. The experiments were carried out by triplicate
nd the values corresponding to carrier gas flow rate (Q, L/min), activated carbon weight (w, g), time (t, min), and

adsorbate concentration of the flow at the inlet and outlet of the adsorption column (Co and Ct , mmol/L), were recorded.

Breakthrough curves were obtained by plotting Ct/Co versus time, and the adsorption capacity (qt , mmol/g) was obtained

5
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by numerical integration of the breakthrough curves using the following Eq. (2) (Gil et al., 2014; Aguayo-Villarreal et al.,
2017b):

qt =
QCo

w

∫ ts

0
(1 −

Ct

Co
)dt (2)

Where ts is the saturation time (min) when Ct = Co at adsorption column exit. Considering that the mass transfer zone
MTZ) is the part of the packed bed where the adsorption mainly occurs and that the breakthrough curve describes its
isplacement along the packed bed during the adsorption process, the performance of each activated carbon bed was
valuated via two characteristic parameters of the MTZ, which were the fractional capacity (Ø) and the length of the
ass transfer zone (HMTZ). The breakthrough curves were also used to calculate these parameters using the following
quations (Gil et al., 2014; Aguayo-Villarreal et al., 2017b).

Ø =

∫ ts
tb
(Co − Ct )dt

(ts − tb) Co
(3)

HMTZ =
L ∗ (ts − tb)

ts + (ts − tb)Ø
(4)

Where Co and Ct correspond to the adsorbate concentration of the flow at the inlet and outlet of the adsorption column
(mmol/L), tb is the breakthrough time when Ct/Co = 0.05, ts is the saturation time when Ct/Co = 1, L is the length of the
ed (cm), and Ø is the fractional capacity.

.6. Statistical analysis of the Taguchi experimental design

The statistical analysis of the Taguchi experimental design was carried out using as response variable the benzene
dsorption capacity during the separation of the cyclohexane/benzene mixture. This analysis was performed to determine
he factors of the preparation process that have the greatest influence on this variable and the corresponding preparation
onditions that allow to improve its value. For this purpose, the analysis of experimental design results was done using
he signal/noise ratio (S/N) applying the approach of the ‘‘larger the better’’ to improve the benzene adsorption properties
f activated carbons. The S/N ratio was calculated from Eq. (5) (Elizalde-González and Hernández-Montoya, 2009).

S
N

= −10 log
∑

i(1/qi
2)

n
(5)

Where qi is the benzene adsorption capacity during the separation of the cyclohexane/benzene mixture of each activated
carbon and n is the number of replicates of the adsorption experiment. An analysis of variance (ANOVA) was carried out
to determine the factors that have the greatest influence on the response variable.

3. Results and discussion

3.1. Physicochemical characterization of activated carbons

3.1.1. Fourier Transform-Infrared Spectroscopy (FT-IR)
FT-IR spectra of the activated carbons from coconut shell are shown in Fig. 2. All activated carbons exhibited

similar spectra thus suggesting they had similar functional groups but at different concentrations because their spectra
intensity varied slightly from one activated carbon to another. According to Fig. 2, the absorption bands at around
3700 and 3400 cm−1 were assigned to the stretching vibration of hydroxyl groups (O-H) from carboxyls, phenols,
alcohols, and adsorbed water (Mohammed et al., 2015). The bands at 2920 and 2850 cm−1 were attributed to the
symmetric (2850 cm−1) and asymmetric (2920 cm−1) stretching vibration of the C-H bond of aliphatic (-CH3, -CH2, -CH)
compounds (Long et al., 2018; Saka, 2012). The small band at 1730 cm−1 was due to the stretching vibration of the C==O
bond of carbonyl/carboxyl groups (Saka, 2012). The band observed at 1560 cm−1 was assigned to the stretching vibration
of the –C==C and C=C bonds of alkenes present in the aromatic skeleton of lignin (Mohammed et al., 2015). The small band
at 1430 cm−1 was attributed to either O-H bond bending vibration in carboxyl groups or C–H bending vibrations in CH2
or CH3 groups (Wang et al., 2015b; Foo and Hameed, 2012). The band located at 1046 cm−1 corresponded to both C–O
bond stretching vibration in primary alcohols and O-H bond bending vibration in phenolic groups (Kumarasinghe et al.,
2019; Zhao et al., 2018).

3.1.2. Boehm titration
The concentration of the acidic and basic surface groups and the PZC of the activated carbons are shown in Table 2. It

was observed that the concentration of the surface functional groups varied from one activated carbon to another due to
their preparation conditions. The different physical and chemical modifications of the precursor impacted on the surface
chemistry due to the incorporation of different heteroatoms (oxygen, hydrogen, phosphorus) at the edges of graphite-like
lays, thus forming organic functional groups such as carboxylic acids, lactones, phenols, carbonyls, aldehydes, ethers,
6
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Fig. 2. FT-IR spectra of activated carbons prepared from coconut shell. Activation agent: (a) CH3COOH, (b) ZnCl2 , (c) H3PO4 .

and other phosphate-containing groups. Note that these functional groups determine the moisture content, catalytic
properties, acid/base character and adsorption capacity of the activated carbons (Li, 2012; Salame and Bandosz, 2001).
Results indicated that each activated carbon showed a unique surface chemistry that determined its interaction with
adsorbates.

It was also observed that the acidic groups corresponding to carboxylic and phenolic groups were predominant on the
surface of most of activated carbon samples. Besides, it was noted that the samples E3, E6, E7, E8, and E9 presented a high
total content of acids groups, which provided hydrophilic sites on their surface that favored the cation exchange and the
interaction with polar adsorbates (Boehm, 1994). According to this result, the development of acidic surface groups was
higher in these materials (E8>E7>E6>E9); because the chemical treatment contributed to the generation of unsaturated
sites, in which a greater quantity of oxygen was chemisorbed during physical activation with CO2. However, sample E9
displayed a lower content of acid groups than samples E7 and E8 because its physical activation time at 800 ◦C was longer
(E7: 5 h, E8: 4.5 h, and E9: 6 h). This preparation condition contributed to the decomposition of the acidic functional groups
in CO and CO2, at the same time that favored the formation of basic superficial groups (Boehm, 1994; Prahas et al., 2008;
Hadi et al., 2015; Shen et al., 2010). Samples E1, E2, E4, and E5 exhibited a basic surface character due to their high
total content of basic groups, the intrinsic mineral salts of the precursor and the high π-electron density at the surface
graphene layers (Radovic et al., 1996). Note that the basic surface groups provide surface hydrophobicity and promote
the anion exchange and the interaction with non-polar adsorbates (Boehm, 1994; Shen et al., 2010; Radovic et al., 1996,
1997). The type of activating agent and the conditions of carbonization/physical activation favored the development of
7
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Table 2
Surface functional groups and PZC of activated carbons prepared from coconut shell.
Functional groups Concentration (mmol/g)

E1 E2 E3 E4 E5 E6 E7 E8 E9

Carboxylic acids 0.061 0.067 0.081 0.481 0.155 1.442 1.526 2.331 0.971
Lactonic 0.086 0.065 0.016 – – – – – –
Phenolic 0.029 – – 0.108 0.027 0.070 1.390 1.329 0.347
Total acidic groups 0.176 0.132 0.097 0.589 0.182 1.512 2.917 3.660 1.318
Total basic groups 0.290 0.740 0.021 0.678 0.893 0.731 – 0.015 0.317
PZC 6.9 6.8 7.0 6.3 7.0 6.9 3.8 2.0 6.5

a basic surface in those materials. Activated carbon E2 showed a higher content of basic groups and a lower content of
acidic groups than sample E1. This finding suggested that possibly the chemical treatment with acetic acid (E1: 1M, E2:
0.5M) did not cause the complete elimination of the intrinsic mineral salts of the coconut shell, such as calcium carbonate,
which was abundant in this precursor (Raveendran et al., 1995; Afrane and Achaw, 2008; Liyanage and Pieris, 2015). In the
case of sample E2, the heat treatment favored the calcium carbonate precipitation on the carbon surface thus increasing
its basic character. In the case of sample E1, the chemical treatment was more intense due to the high concentration of
the chemical agent, so a greater elimination of these salts was possible.

In the case of samples E4 and E5 that were chemically activated with ZnCl2, the heat treatment contributed to the
evelopment of zinc oxide on their surface, thus increasing their surface basicity. The heating during the chemical
ctivation led to the generation of zinc hydroxide on the surface of the precursor (ZnCl2 + 2H2O → Zn(OH)2 + 2HCl).

Then, the zinc hydroxide decomposed into zinc oxide (Zn(OH)2 → ZnO + H2O) during the carbonization of the impregnated
precursor at 800 ◦C. However, the development of basic groups was higher in sample E5 since its carbonization/physical
activation time at 800 ◦C was longer than samples E4 and E6 (E4: 4.5 h, E5: 6 h, and E6: 5 h).

The surface acidic groups, especially lactonic and carboxylic groups, increased when acetic acid was the chemical
agent (Long et al., 2018). It was expected that activated carbons E1, E2, and E3 showed a higher content of carboxylic
acids on their surface compared to the other materials, and that the amount of these groups would increase with the
increment of CH3COOH concentration in the preparation of these adsorbents. However, the results indicated that they
did not present a significant content of phenolic groups and were the only ones that presented lactonic groups on their
surface. According to Long et al. (2018), lactonic groups were formed due to the reaction between carboxyl groups and
phenolic hydroxyl groups during the carbonization/activation of the precursor at high temperatures (500–600 ◦C), which
caused the decrease of carboxyl groups and phenolic hydroxyl groups on the surface of activated carbons.

3.1.3. PZC
Results of Table 2 indicated that most of the activated carbons presented a PZC between 6 and 7, except for samples

E7 and E8 where their PZC was 3.8 and 2, respectively. PZC is the pH at which the adsorbent surface has no electrical
charge (Nasiruddin Khan and Sarwar, 2007). In this sense, if the adsorbent is immersed into an aqueous solution with a
pH < PZC, its basic surface groups will be dissociated producing a positive charge and favoring anion exchange processes.
In contrast, if solution pH > PZC of activated carbon, its surface will present a negative charge caused by the dissociation
of the acidic surface groups and will favor cation exchange processes.

3.1.4. XRPD
The X-ray diffraction patterns of the activated carbons from coconut shell are shown in Fig. 3-a. The peak at 2θ = 44.6◦

observed in all diffractograms was attributed to the (101) plane corresponding to graphite (00-001-0646) and this peak
was the only observed in the diffraction patterns of samples E7, E8, and E9. A weak peak was also observed at 2θ = 29.40◦

n the diffractograms of samples E1, E2, and E3, which was attributed to the (104) plane of calcium carbonate (CaCO3,
0-005-0586). Other characteristic peaks were also registered at 2θ = 31.69◦, 34.38◦, 36.18◦, 47.45◦, and 56.46◦ in the
iffraction patterns of samples E4, E5, and E6, which were attributed to the crystal planes (100), (002), (101), (102),
nd (110) of the zinc oxide (ZnO, 01-079-0207). Unlike the other materials, the diffractogram of activated carbon E4
lso showed a weak peak at 2θ = 26.4◦ attributed to the (002) plane of graphite (00-001-0646). ZnO and CaCO3 were
ossibly generated during the thermal processes as a product of secondary chemical reactions between the raw material
omponents and activation agents or due to the residual mineral content intrinsically present in the precursor (Ramirez-
utierrez et al., 2020; Hong et al., 2019; Shin et al., 2011). This result confirmed the findings from Boehm titration about
he surface character of samples E1, E2, E4, and E5.

.1.5. SEM analysis
SEM micrographs at 500x are shown in Fig. 3-b. It was observed that all activated carbons exhibited a heterogeneous

urface morphology, which was composed of grouped flakes in an irregular form. Small white particles with no specific
hape corresponding to zinc oxide (confirmed with the XRPD analysis) were observed on the surface of carbons activated
btained with ZnCl (E4, E5, and E6). Also, EDS analysis revealed the presence of carbon (C), oxygen (O) and zinc (Zn)
2

8



A. Valencia, R. Muñiz-Valencia, S.G. Ceballos-Magaña et al. Environmental Technology & Innovation 25 (2022) 102076

a
a

3

s
m
(
l
c

S
h
s
r
m
e
v

Fig. 3. (a) XRD patterns, (b) SEM micrographs (500x) and EDS analysis results of activated carbons obtained from coconut shell.

Fig. 4. Nitrogen adsorption–desorption isotherms of activated carbons obtained from coconut shell.

dispersed throughout the surface, thus confirming the dispersion of ZnO particles on the surface of these adsorbents.
Likewise, EDS analysis indicated the presence of calcium (Ca) in the carbons activated with CH3COOH (E1, E2, and E3)
nd phosphorus (P) in the carbons activated with H3PO4 (E7, E8, and E9). EDS analysis also showed the presence of carbon
nd oxygen in all the samples.

.1.6. Textural parameters
Nitrogen adsorption/desorption isotherms of activated carbons are shown in Fig. 4. According to the IUPAC clas-

ification, all the isotherms corresponded to the type I isotherm (Langmuir type isotherm), which is characteristic of
icroporous adsorbents with small external surfaces where the micropore filling may take place at low relative pressure

P/Po). It was also observed that the isotherms exhibited a small H4 type hysteresis loop, that was indicative of the
ow volume of mesopores in the analyzed activated carbons (Zhao et al., 2018; Thommes et al., 2015), which was also
haracteristic of slit-shaped pores (Prahas et al., 2008; Puziy et al., 2005).
The surface physical characteristics of the activated carbons were obtained by means of different models (Table 3).

amples E4 (894.05 m2/g), E8 (808.04 m2/g), E1 (658.31 m2/g), E5 (637.47 m2/g) and E9 (612.68 m2/g) showed the
ighest surface area calculated with Langmuir model. Calculations with the Dubinin–Radushkevich model indicated that
amples E4, E8, E5, E9, and E1 showed a high microporous surface area (884.27, 805.66, 613.74, 597.66, and 594.62 m2/g,
espectively), and a high total volume of pores (VTp) and micropores (Vmi−DR) where the tendency of the percentage of
icropores was: E8 (99.56%)>E9 (97.49%)>E4 (96.94%)>E5 (96.04%). Besides, it was observed that all activated carbons
xhibited a small external surface (ASext) compared to their total and microporous surface area, and mean pore width
alues (W ) less than 20 Å.
HK

9
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Table 3
Surface physical characteristics of activated carbons obtained from coconut shell.
Surface parameter E1 E2 E3 E4 E5 E6 E7 E8 E9

Langmuir
AS (m2/g) 658.31 551.90 469.68 894.05 637.47 578.15 121.20 808.04 612.68
R2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Dubinin–Radushkevich (DR)
ASDR (m2/g) 594.62 571.83 445.71 884.27 613.74 554.92 116.15 805.66 597.66
R2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
t-plot
ASext (m2/g) 81.71 42.34 37.35 69.89 54.73 45.35 10.10 57.54 42.23
R2 1.00 0.99 0.98 0.98 0.99 0.99 0.97 0.98 0.99
Mean pore width
WHK (Å) 10.28 10.23 10.30 10.21 10.24 10.21 10.38 10.22 10.19
Pore volume
VTp (cm3/g) 0.24 0.20 0.17 0.32 0.23 0.21 0.05 0.29 0.22
Vmi−tplot (cm3/g) 0.18 0.17 0.14 0.28 0.19 0.18 0.04 0.25 0.19
Vmi−DR (cm3/g) 0.21 0.19 0.16 0.31 0.22 0.20 0.04 0.29 0.21
Vme (cm3/g) 0.024 0.010 0.009 0.010 0.009 0.008 0.010 0.001 0.005
% micropores 89.79 95.09 94.74 96.94 96.04 95.90 81.20 99.56 97.49
% mesopores 10.21 4.91 5.26 3.06 3.96 4.10 18.80 0.44 2.51

AS: total surface area, ASDR: microporous surface area, ASext: external surface area (pore free), VTp: total pore volume, Vmi: total volume of micropores;
Vme: total volume of mesopores (Vme = VTp–Vmi); WHK: mean pore width obtained with Horvath–Kawazoe (HK) model.

A trend was observed of the surface area, microporous surface area, external surface area, total pore volume,
micropores, and mesopores in the activated carbons with a high concentration of CH3COOH (E1> E2> E3) and ZnCl2
(E4> E5> E6); this can be explained considering that the chemical agent promoted the dehydration, degradation, and
solubilization of the components of the raw precursor. In addition, the chemical agent caused the formation of cross-links
between lignocellulosic compounds, which served as a template for the development of porosity during the pyrolysis
of the impregnated precursor. In this sense, the formation of this cross-linking was higher when the concentration of
the activating agent increased from 0.1 to 1 M. This finding agreed with the results by Long et al. (2018). These authors
observed that the values of surface characteristics increased as the concentration of the acetic acid solution increased
from 1 to 2 M. In another study, He et al. (2013) reported that the surface area and volume of pores, micropores, and
mesopores increased as the mass ratio ZnCl2/precursor increased, thus suggesting that the ZnCl2 acted as a dehydration
agent and template during the activation process, which leaded to the charring and aromatization of the carbon skeleton,
and therefore, the creation of porosity.

In the case of activated carbons obtained with H3PO4, sample E8 showed surface area, microporous surface area,
external surface area, pore volume, and micropores higher than those of samples E7 and E9. According to Nieto-Delgado
and Rangel-Mendez (2011), the surface area of the activated carbon increased with H3PO4 concentration until a maximum
alue; after that maximum value, the surface area decreased with increments of concentration of the chemical agent to
alues higher than 2.5 g H3PO4/g precursor. Puziy et al. (2005) also reported that in the activated carbons obtained
rom lignocellulosic precursors chemically treated with H3PO4, the reduction of pore volume and surface area could be
ttributed to contraction of the material caused by prolonged exposure to high temperatures (400–800 ◦C) during the
arbonization/activation. According to these authors, the phosphate and polyphosphate bridges formed during pyrolysis
y the interaction between the phosphoric acid and the lignocellulosic polymers of the precursor, become thermally
nstable above 450 ◦C, leading to contraction of the structure of activated carbons, and therefore, to the decrease of
orosity.
It was also observed that the development of mesopores was greater in samples E1 and E7, which were chemically

ctivated with a 1 M solution of acetic acid and phosphoric acid and physically activated for two and one hours,
espectively (Table 1). This finding indicated that the conditions of physical activation (time and temperature) with CO2
avored the opening and widening of the micropores created by the chemical treatment in these adsorbents, causing the
ncrement of their mesoporosity.

.2. Fixed-bed adsorption measurements

.2.1. Single adsorption of benzene and cyclohexane
Fig. 5 shows the breakthrough curves for the adsorption of benzene and cyclohexane for the nine activated carbons

nd the calculated values qt , Ø and HMTZ are reported in Table 4.
Activated carbons E1, E4, E5, and E8 showed a longer breakthrough time (i.e., time at Ct/Co = 0.05) and, consequently,

higher adsorption capacity for both cyclohexane (E4>E8>E1>E5) and benzene (E4>E1>E8>E5). It was also observed that
he breakthrough times for benzene adsorption were higher than those for cyclohexane, indicating that these activated
arbons presented a higher capacity to adsorb benzene. The packed beds with adsorbents E1, E4, E5, E8, and E9 registered
10
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Fig. 5. Breakthrough curves for the adsorption of (a) cyclohexane and (b) benzene using activated carbons prepared from coconut shell.

able 4
arameters of breakthrough curves of the adsorption of cyclohexane and benzene using activated carbons prepared from coconut shell.
Activated carbon Activating agent

and concentration
Cyclohexane Benzene

qt (mmol/g) Ø HMTZ (cm) qt (mmol/g) Ø HMTZ (cm)

E1 CH3COOH, 1 M 8.41 0.11 2.34 33.95 0.31 1.70
E2 CH3COOH, 0.5 M 3.59 0.23 2.58 13.48 0.19 2.47
E3 CH3COOH, 0.1 M 1.78 0.30 2.47 6.12 0.09 2.79
E4 ZnCl2 , 1 M 25.20 0.31 1.62 51.40 0.44 1.12
E5 ZnCl2 , 0.5 M 4.72 0.16 2.41 32.44 0.42 1.62
E6 ZnCl2 , 0.1 M 4.14 0.31 2.32 17.82 0.28 2.31
E7 H3PO4 , 1 M 2.99 0.09 3.02 3.01 0.08 3.04
E8 H3PO4 , 0.5 M 8.59 0.08 2.97 32.48 0.41 1.68
E9 H3PO4 , 0.1 M 1.85 0.14 2.88 13.72 0.28 2.43

higher Ø values for the adsorption of benzene (E4>E5>E8>E1>E9) than for cyclohexane, which indicated that these beds
presented a greater efficiency for adsorbing benzene in the mass transfer zone. Moreover, packed beds of activated carbons
E2, E3, E6, and E7 presented higher Ø values in cyclohexane adsorption (E6>E3>E2>E7) than for benzene, being greater
their efficiency to adsorb cyclohexane in the mass transfer zone. Packed beds of adsorbents E1, E2, E4, E5, E6, E8, and
E9 showed lower HMTZ values for benzene adsorption (E4<E5<E8<E1<E6<E9<E2) than for cyclohexane adsorption; this
finding indicated that they presented less resistance to diffusion of the adsorbate. These results show that the activated
carbons have different adsorption capacities, which makes sense because these materials were obtained under different
preparation conditions. Thus, each activated carbon presents a unique surface physicochemical characteristics, which
determined the interaction with the evaluated adsorbates.

According to Gil et al. (2014) and Gabelman (2017), the shape of the breakthrough curves can be related to the
efficiency of the mass transfer from the gas phase to the adsorbent surface. Therefore, adsorbents with steep slope
breakthrough curves can adsorb the adsorbate more easily and efficiently in the mass transfer zone, which agreed with
the breakthrough curves of the activated carbons E1, E4, E5, and E8 (Fig. 5-b) that presented higher benzene adsorption
capacity than that of cyclohexane and also registered the highest Ø values and lowest HMTZ values. This result was
romising for industrial applications because the operation of packed beds with minimum mass transfer resistances can
uarantee the maximum use of the adsorbent during the dynamic adsorption process, which is advantageous from an
perating and economic points of view.
11
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Table 5
Results of the binary adsorption of the cyclohexane and benzene using activated carbons obtained from coconut shell.
Activated carbon Cyclohexane Benzene S (qtb/qtc )

qtc (mmol/g) qf (mmol/g) qd (mmol/g) Ø HMTZ (cm) qtb (mmol/g) Ø HMTZ (cm)

E1 4.78 2.02 2.76 0.58 1.14 27.01 0.33 1.97 5.65
E2 1.84 1.57 0.27 0.64 1.71 9.79 0.15 2.75 5.32
E3 0.75 0.74 0.01 0.32 2.43 4.84 0.15 2.71 6.45
E4 12.83 5.45 7.38 0.55 0.97 32.36 0.43 1.93 2.52
E5 2.61 0.00 2.61 0.50 2.09 28.96 0.48 1.87 11.10
E6 1.95 1.76 0.19 0.62 1.72 14.64 0.28 2.49 7.51
E7 0.77 0.68 0.09 0.17 1.97 1.35 0.11 2.96 1.75
E8 4.63 3.64 0.99 0.29 2.15 25.07 0.45 1.96 5.41
E9 0.49 0.00 0.49 0.46 2.19 6.91 0.33 2.37 14.10

qtc : total amount of cyclohexane initially adsorbed, qf : amount of cyclohexane remaining in the adsorbent, qd: amount of cyclohexane
displaced to the effluent stream, qtb: total amount of benzene adsorbed.

Fig. 6. Breakthrough curves for the binary adsorption of cyclohexane and benzene using activated carbons prepared from coconut shell.

3.2.2. Binary adsorption of benzene and cyclohexane
Calculated values of qt , Ø, and HMTZ for the binary adsorption of cyclohexane and benzene on tested activated carbons

are summarized in Table 5 and the corresponding breakthrough curves are presented in Fig. 6. Activated carbon E4 showed
the highest adsorption capacities for both hydrocarbons in the binary mixture. Although the benzene adsorption capacity
of sample E4 was higher, its selectivity was lower than other activated carbons (E9>E5>E6>E3>E1>E8>E2>E4>E7). All
activated carbons preferentially adsorbed benzene, but samples E1, E4, E5, and E8 showed the highest benzene adsorption
capacity.

Results of Tables 4 and 5 indicated that the fractional capacity of the packed beds was greater in binary adsorption
than in the monocomponent gas adsorption. This tred was due to the initial hydrocarbons concentration in the binary
mixture was lower (Co: 38.64 mmol/L) than in the monocomponent gas adsorption (Co: 71.15 mmol/L), and the adsorption
efficiency of packed beds increased when low adsorbate concentrations were used. Table 5 also indicated that the packed
beds of activated carbons E1, E4, and E5 showed high Ø values and low HMTZ values, confirming that these materials can
adsorb the hydrocarbons more easily and efficiently in the mass transfer zone.

Fig. 6 shows that cyclohexane was the first breakthrough component at the outlet (effluent) and presented a roll-up
effect, that is, the outlet concentration exceeded the inlet concentration (Ct/Co > 1) as the activated carbon continued
adsorbing benzene; when they reached the saturation of 90%–95% with benzene, the cyclohexane effluent concentration
decreased and equaled to the inlet concentration. This result suggested that at the beginning of the binary adsorption,
both hydrocarbons were adsorbed on the active sites of the activated carbons; when there were no more active sites
available, the benzene molecules replaced the cyclohexane molecules previously adsorbed, scrolling them towards the
outlet. Therefore, the cyclohexane roll-up effect in the binary mixture was due to a competitive adsorption of benzene.
12
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According to the results shown in Table 5, adsorbents E1, E4, E5, and E9 showed the highest percentage of cyclohexane
displacement (57.7%, 57.5%, 100%, and 100%, respectively). However, the activated carbons E5 and E9 were the only ones
that achieved the separation of cyclohexane/benzene mixture. Although the adsorbent E9 showed a high selectivity, its
benzene adsorption capacity was lower than the adsorbent E5.

These results agreed with those reported by other authors using different adsorbents and adsorbates. Sui et al. (2019),
aitlo et al. (2019), and Hernández-Hernández et al. (2017) observed the competitive effect during the adsorption of

he acetone/ethyl acetate mixture on silica gels, the benzene/toluene adsorption on covalent organic polymers, and the
eparation of copper/zinc mixture on bone char, respectively.
It is important to note that the adsorbents E1, E4, E5, and E8 presented high adsorption capacities in both single and

inary adsorption experiments (Tables 4 and 5). Based on the characterization results of activated carbons E4 and E5, the
inc oxide formed on adsorbent surface promoted a significant development of active sites that favored the interaction
ith the evaluated adsorbates. This was in concordance with other studies, which indicated that the incorporation of
etallic oxides on the activated carbons surface improved their interaction with volatile organic compounds and increased

heir adsorption capacities.
Despite the high adsorption capacity of activated carbon E4, its selectivity towards benzene in the binary mixture

eparation was lower than that of the samples E5. Furthermore, the basic surface character of activated carbon E5
24% higher than sample E4) contributed to its selective adsorption capacity. These basic functional groups provided
ydrophobicity to the adsorbent surface (Boehm, 1994; Shen et al., 2010), favoring π-π dispersion interactions between
enzene and the surface graphene layers of this adsorbent (Radovic et al., 1996, 1997). Instead, the surface of activated
arbons with an acidic surface character, as the sample E4, had more hydrophilic sites (Boehm, 1994). This result confirmed
hat the high selectivity was more influenced by the nature of the surface functional groups of adsorbents rather than by
heir textural parameters such as the surface area and total pore volume.

Another important observation was that the samples E1 and E8 adsorbed 93.3% and 86.6% of benzene adsorbed by the
ample E5 the in binary mixture (Table 5). Based on the preparation conditions and characterization results, the benzene
dsorption capacity of activated carbons E1 and E8 may depend more on their surface physical characteristics than on
heir surface chemistry. In this sense, the activated carbon E1 exhibited a basic surface character; but registered a lower
ontent of basic surface functional groups than the sample E5. By this reason, its adsorption capacity was not attributed
nly to its surface chemistry. The activated carbon E8 exhibited an acidic surface character and showed a higher total
ontent of acid surface functional groups than the adsorbent E5. As stated, these surface functional groups favored the
nteraction with polar compounds, so its adsorption capacity was not attributed to its surface chemistry either. However,
he activated carbons E1 and E8 displayed a higher surface area and total pore volume than the activated carbon E5
Table 3). Alike, E9 activated carbon stood out by its surface physical characteristics and high selectivity towards benzene
Tables 3 and 5); but it showed high content of acidic functional groups and low content of basic functional groups; so,
t was assumed that its adsorption capacity was affected by its surface chemistry. Since the acidic surface groups provide
ydrophilic sites that favor interaction with polar adsorbates (Boehm, 1994; Shen et al., 2010), it is believed that these
roups repelled the adsorbates evaluated, hindering their diffusion inside the E9 material, which was reflected in the high
alues obtained for HMTZ of this adsorbent. While the basics functional groups present on the surface of the E9 material
avored π-π interactions with benzene, allowing higher adsorption of this hydrocarbon, and therefore high selectivity
owards it; for this reason, during the separation of the binary mixture, all the cyclohexane initially adsorbed on the
9 material was displaced by the competitive action of benzene, achieving the separation of the cyclohexane/benzene
ixture. These results confirmed that adsorption capacity was influenced by both the physical surface characteristics and

he surface chemistry of these adsorbents.

.3. Statistical analysis of the Taguchi experimental design

Result of S/N analysis to determine the preparation factors that had more influence on the benzene adsorption capacity
f activated carbons during the separation of the binary mixture are presented in Table 6.
ANOVA is given in Table 7 and results showed that the most influential factors in the benzene adsorption capacity

f activated carbons in the binary mixture separation were: the activating agent, ratio of impregnation, and physical
ctivation time. The adsorbents E1, E4, E5, E6, and E8 showed the best S/N ratio. Fig. 7 illustrates the mean S/N ratio
or tested conditions to prepare the activated carbons. Overall, the best conditions to prepare a coconut shell activated
arbon with a high adsorption capacity for the separation of benzene from the binary mixture were: the activating agent
t level 2 (ZnCl2), activating agent concentration at level 2 (0.5 M), impregnation ratio at level 1 (1:2 m/v), and activation
ime with CO2 at level 1 (2 h).

.4. Best activated carbon for the benzene adsorption

The best activated carbon with the highest benzene adsorption capacity (QB) was prepared according to the preparation
onditions established in Section 3.3. The results of its physicochemical characterization and adsorption performance are
resented below.
13
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Table 6
Results of S/N statistical analysis for the benzene adsorption in binary mixture using activated carbons prepared from
coconut shell.
Activated carbon Factor A* Factor B* Factor C* Factor D* qt ** S/N

E1 CH3COOH 1.0 1:2 2.0 27.01 28.6
E2 CH3COOH 0.5 1:1 1.0 9.79 19.8
E3 CH3COOH 0.1 1:0.5 0.5 4.84 13.7
E4 ZnCl2 1.0 1:1 0.5 32.36 30.2
E5 ZnCl2 0.5 1:0.5 2.0 28.96 29.2
E6 ZnCl2 0.1 1:2 1.0 14.64 23.3
E7 H3PO4 1.0 1:0.5 1.0 1.35 2.6
E8 H3PO4 0.5 1:2 0.5 25.07 28.0
E9 H3PO4 0.1 1:1 2.0 6.91 16.8

*Factor A: Chemical agent; Factor B: Concentration of chemical agent (M); Factor C: Ratio (mass precursor/vol chemical
agent); Factor D: Physical activation time (h) with CO2 at 800 ◦C (h), **qt : adsorption capacity (response variable).

Table 7
Results of ANOVA for the Taguchi experimental design used in the preparation of activated carbons for the separation of benzene.
Factor Mean S/N ratio Degrees of

freedom (νF)
Sum of squares (SS) Variance (σF)

Level 1 Level 2 Level 3

A: Activating agent 20.7 27.6 15.8 2 210.4 105.2
B: Activating agent concentration (%) 20.5 25.7 17.9 2 93.5 46.8
C: Impregnation ratio (m/v) 26.6 22.3 15.2 2 200.7 100.4
D: Activation time with CO2 at 800 ◦C (h) 24.9 15.2 24.0 2 169.8 84.9
Error 0
Total 8 674.4

Fig. 7. Mean S/N ratio calculated for the benzene adsorption capacity of coconut shell activated carbons during the separation of the binary mixture
benzene/cyclohexane. Arrows mark the levels with the highest mean S/N ratio (i.e., the best conditions to prepare the adsorbent).

3.4.1. Physicochemical characterization
Fig. 8-a shows the FT-IR spectrum of activated carbon QB. The comparison of this spectrum with the spectra of other

activated carbons (Fig. 2) indicated some similarities and differences. The similarities included the absorption bands at
3700, 3400, 2920, 2850, 1730, and 1046 cm−1; while the differences included the bands located at 1620, 1440, 1200, 1160,
1110, 720 and 590 cm−1; as well as the region between 1620 and 1046 cm−1. The sharp band at 1620 cm−1 was related
to the stretching vibration of the C=C bond present in aromatic groups (Puziy et al., 2005). The band at 1440 cm−1 was
assigned to the bending of the O-H bond present in carboxylic groups (Wang et al., 2015b; Foo and Hameed, 2012). The
small band at 1200 cm−1 corresponded to the stretching of the C-O bond present in carboxylic groups (Wang et al., 2015b).
The bands between 1160 and 1046 cm−1 were attributed to the stretching vibration of the C-O bond present in acids,
alcohols, ethers, and esters (Saka, 2012). Bands below 1000 cm−1 were characteristic of the out-of-plane deformation
of the C-H bond present in aromatic structures (Wang et al., 2015b). However, the bands between 700 and 590 can be
also assigned to the bending of the O–C==O bond present in carboxylic groups. In summary, the broad band between
3700–3400 cm−1 and the bands at 1730, 1440, and 1200 cm−1 indicated the presence of carboxylic groups in the sample.
So, it was inferred that carboxylic acids were the main functional groups on the surface of activated carbon QB.
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Fig. 8. (a) FT-IR spectrum and (b) X-ray diffraction pattern of the best activated carbon QB for benzene adsorption.

Table 8
Surface functional groups and PZC of the best activated carbon QB for benzene separation.
Functional groups Carboxylic acids Lactonic Phenolic Total acids Total basics PZC

Concentration (mmol/g) 0.017 – – 0.017 0.562 6.8

Fig. 8-b shows the X-ray diffraction pattern of activated carbon QB. Peaks were observed at 31.69◦, 34.38◦, 36.18◦,
47.45◦, and 56.46◦, which were attributed to the planes (100), (002), (101), (102) and (110) of the zinc oxide (ZnO, 01-
079-0207). A weak peak was also observed at 29.40◦ that corresponded to the (104) plane of calcium carbonate (CaCO3,
00-005-0586). Table 8 shows both the concentration of the acidic and basic surface functional groups, as well as the PZC
of QB activated carbon. Carboxylic functionalities were the predominant acid functional groups on the surface of activated
carbon QB thus confirming the FT-IR results. Furthermore, this adsorbent exhibited a basic surface character. Compared
with the other activated carbons reported in Table 2, the adsorbent QB showed a lower total content of acidic functional
groups; but it showed a lower total content of basic surface groups than those of activated carbons E2, E4, and E5, which
also exhibited a basic surface character.

3.4.2. Evaluation of adsorption capacity and reuse cycles
Table 9 reports the calculated values of qt , Ø, and HMTZ for the adsorption of cyclohexane, benzene, and cyclohex-

ane/benzene mixture using the activated carbon QB. This activated carbon showed a high adsorption capacity to separate
benzene both in single and binary adsorption experiments. However, QB did not achieve a complete separation of the
binary mixture because, after the adsorption process, benzene (corresponding to 93% of its adsorption capacity) and a
small amount of cyclohexane (corresponding to 7% of its adsorption capacity) were retained on its surface.

The breakthrough curves of the adsorption of single and binary gases on activated carbon QB are shown in Fig. 9. The
breakthrough time was reached in the first 6 min of the process for the adsorption of cyclohexane (Fig. 9-a) and 4 min
after this operating condition, the adsorbent reached 80% of saturation. This adsorption process slowed down and reached
the total saturation at 32.5 min. The slowdown of adsorption process can be related to the diffusion of the adsorbate in
the mass transfer zone (i.e., low Ø and high HMTZ). The displacement of cyclohexane was observed in the breakthrough
curve of the binary adsorption (Fig. 9-b) due to the competitive effect of benzene as already described.

On the other hand, it is necessary to determine the life cycle or reusability of an adsorbent material because it
determines its practical application and usage at an industrial level. Thus, four consecutive adsorption/desorption cycles
15
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Table 9
Adsorption capacity of the best activated carbon QB for the separation of benzene.
Adsorption of monocomponent vapors

Cyclohexane Benzene

qt (mmol/g) Ø HMTZ (cm) qt (mmol/g) Ø HMTZ (cm)

13.68 0.17 2.33 40.32 0.37 1.55

Adsorption of binary mixture vapors

Cyclohexane Benzene

qtc (mmol/g) qf (mmol/g) qd (mmol/g) Ø HMTZ (cm) qtb (mmol/g) Ø HMTZ (cm)

6.99 2.63 4.36 0.43 0.94 33.10 0.46 1.72

qtc : total amount of cyclohexane initially adsorbed, qf : amount of cyclohexane remaining in the adsorbent, qd: amount
of cyclohexane displaced to the effluent stream, qtb: total amount of benzene adsorbed.

Fig. 9. Breakthrough curves for the adsorption of cyclohexane and benzene on the best activated carbon QB. (a) Monocomponent vapors and (b)
bi-component vapors.

of the cyclohexane/benzene mixture were assessed to explore the reuse of activated carbon QB. Reusability experiments
results are shown in Fig. 10. For the three consecutive adsorption/desorption cycles, the adsorbent QB retained its
adsorption capacity at 100% in the adsorption/desorption of both hydrocarbons. After the third cycle of reuse, the
adsorption capacity of this adsorbent maintained a reuse efficiency of approximately 96%. These results indicated that
in the first three cycles, a very few amount of adsorbates remained on the QB surface after desorption. This could be
attributed to the desorption temperature used was higher than the boiling points of both adsorbates, thus serving as a
driving force for the desorption of the physisorbed molecules.

The reduction of adsorption capacity was ascribed to the incomplete desorption of the adsorbates, which can be caused
by the formation of permanent bonds between the adsorbent and adsorbate molecules and pore blockage. The incomplete
regeneration of the activated carbon QB can be attributed to the residual content of the physisorbed benzene, because
this compound had a strong affinity for the adsorbent (Fig. 9-b). Note that its residual content could condense inside the
pores and block pores, making desorption difficult and compromising the adsorption capacity of the activated carbon QB.
16
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Fig. 10. Regeneration studies for the adsorption–desorption of cyclohexane/benzene mixture on the best activated carbon QB.

Overall, the activated carbon QB showed good reusability and could be used as an efficient and regenerable adsorbent for
cyclohexane/benzene mixture separation.

3.5. Comparison with other studies published in the literature

A systematic review was carried out to compare the adsorption capacity of the activated carbons obtained in this study
ith other studies published in the literature. For this comparison, the selectivity was calculated as the ratio between the
enzene adsorption capacity and the cyclohexane adsorption capacity of the adsorbent. According to the results shown
n Table 10, the functionalized mesoporous silicas synthesized by Dou et al. (2011) and Hu et al. (2009) presented lower
electivity and adsorption capacity than the activated carbons prepared in this study. SBA-2 mesoporous silicas (240 ◦C
nd 550 ◦C) reported by Emparan-Legaspi et al. (2020) registered a higher selectivity towards benzene than the other
aterials; however, their adsorption capacity and surface area were lower than those of the activated carbons of this
tudy. Likewise, the MOFs reported by Sapianik et al. (2020), Santra et al. (2017), Zhang et al. (2016), Mukherjee et al.
2016), Manna et al. (2015), and Ma et al. (2011) showed a lower adsorption capacity than the activated carbons of this
tudy for single adsorbates. Also, Hijikata et al. (2011) reported a MOF (CID-23) with high adsorption capacity, which
as measured by adsorption isotherms; but only the adsorbent ability to separate the vapors from the binary mixture

n a batch adsorption system was reported. Wang et al. (2015a) reported an ordered mesoporous carbon with a high
dsorption capacity for the monocomponent gas; but its capability to separate the cyclohexane/benzene mixture using a
ynamic adsorption system was not evaluated.
Note that a low adsorption capacity implies using a significant quantity of adsorbent to achieve the separation target,

hich would not be economically profitable with ordered mesoporous silicas or MOF reported in Table 10, because their
roduction processes involve expensive raw materials. Low-cost and reusable adsorbents with high selectivity and high
dsorption capacity are needed to separate the cyclohexane/benzene mixture. In this sense, the activated carbons E5
nd QB are good alternatives, because they presented high benzene adsorption capacity. Additionally, the adsorbent E5
howed high selectivity and allowed the total separation of the binary mixture; while the activated carbon QB allowed an
cceptable separation and presented good reusability. Besides, the production process of these activated carbons provides
dvantages in terms of cost-effectiveness, especially when organic residues are used as raw precursors.

. Conclusions

New activated carbons for the separation of benzene and cyclohexane were prepared from the coconut shell by a
aguchi experimental design. Adsorption properties of these activated carbons were analyzed and the best preparation
onditions were identified to improve their separation performance for the separation of the cyclohexane/benzene
ixture. ANOVA analysis of the Taguchi design indicated that the most influential factors for the preparation of the
oconut shell activated carbons to improve the benzene adsorption in binary mixture separation were: the activating
gent, ratio of impregnation, and physical activation time. The best preparation conditions of coconut shell activated
arbon were determined, which provided the highest benzene adsorption capacity. This adsorbent allowed an acceptable
eparation of this mixture (i.e., 92.64%: benzene and 7.36%: cyclohexane) and showed a reuse efficiency of 96% after four
onsecutive adsorption/desorption cycles.
17
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Table 10
Comparative of adsorbents reported for the separation of benzene and cyclohexane.
Adsorbent material Monocomponent

adsorption (mmol/g)
Binary mixture
adsorption (mmol/g)

Selectivity
(qb/qc )

Surface area
(m2/g)

Reference

C6H12 C6H6 C6H12 C6H6

E1 activated carbon 8.41 33.95 4.78 27.01 5.65 658.31
2021
This study

E4 activated carbon 25.2 51.40 12.83 32.36 2.52 894.05
E5 activated carbon 4.72 32.44 2.61 28.96 11.1 637.47
E8 activated carbon 8.59 32.48 4.63 25.07 5.41 808.04
QB activated carbon 13.68 40.32 6.99 33.10 4.73 –

1-H (MOF) 2.8 3.9 – – – 1050–1135 2020
Sapianik
et al. (2020)

1-Br (MOF) 2.0 2.7 – – – 855–876
1-NO2 (MOF) 0.2 2.9 – – – 742–800
1-NH2 (MOF) 2.0 3.2 – – – 431–446

SBA-2 (240 ◦C) 0.164 1.743 0.008 1.19 148.75 314.81 2020
Emparan-Legaspi
et al. (2020)

SBA-2 (550 ◦C) 0.065 0.713 0.0006 0.443 738.33 337.92
SBA-2 (800 ◦C) 0.039 0.22 0.0197 0.044 2.23 139.83

ZMF (Reticulated foam) 2.5 4.5 – – – 957 2017
Saini and Pires (2017)

MOF 1 0.06 2.7 – – – – 2017
Santra et al. (2017)

MFOF-1 (MOF) 2.02 4.5 – – – 2287 2016
Zhang et al. (2016)

Mg-MOF-74 0.4 8.15 – – –

1500–1600

2016
Mukherjee
et al.
(2016)

Mn-MOF-74 0.25 9.38 – – –
Fe-MOF-74 0.15 5.5 – – –
Co-MOF-74 0.23 5.57 – – –
Ni-MOF-74 0.09 9.19 – – –
Cu-MOF-74 0.13 7.55 – – –
Zn-MOF-74 0.17 6.76 – – –

DAT-MOF-1 0.2 1.5 – – – – 2015
Manna et al. (2015)

Ordered mesoporous carbon 14.19 17.34 – – – 1762 2015
Wang et al. (2015a)

NENU-28 1.70 3.42 – – – 470 2011
Ma
et al.
(2011)

NENU-29 1.64 3.38 – – – 466
NENU-3 1.58 3.29 – – – 405
Cu3(BTC)2 1.48 3.21 – – – 1507

CID-23 (MOF) 18.5 303 – – – 553 2011
Hijikata et al. (2011)

SBA-15 0.91 0.32 0.54 1.69 698

2011
Dou
et al.
(2011)

p-SBA-15 0.65 0.24 0.4 1.67 506
MCM-41 1.02 0.36 0.57 1.58 1088
p-MCM-41 0.9 0.2 0.54 2.70 950
MCM-48 0.98 0.37 0.58 1.57 1210
p-MCM-48 0.78 0.21 0.55 2.62 1164
KIT-6 1.26 0.32 0.67 2.09 912
p-KIT-6 1.17 0.34 0.69 2.03 751

Pure SBA-15 0.292 0.16 0.34 2.13 501

2009
Hu
et al.
(2009)

(1:20)MTES 0.36 – – – 512
(1:10)MTES 0.418 – – – 577.1
(1:5)MTES 0.283 – – – 611.4
(1:20)PTES 0.478 0.189 0.419 2.22 637.5
(1:15)PTES 0.632 0.33 0.524 1.59 692.4
(1:10)PTES 0.65 0.285 0.449 1.58 794.5
(1:5)PTES 0.626 0.193 0.433 2.24 645.6
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