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a b s t r a c t
This study reports the synthesis of activated carbon fibers (ACF) from corn silk via physical and 
chemical activation using CO2 and KOH as activation agents, respectively. The influence of activation 
temperature, mode of activation, and an activation agent (KOH) to fiber (A/F) ratio on the texture, 
structure, and pore characteristics of ACF were investigated. ACF were characterized using scan-
ning electron microscopy, Fourier transform infrared spectroscopy, thermogravimetric analysis, and 
nitrogen adsorption–desorption isotherm studies. The characterization results indicate that the corn 
silk was successfully converted into thermally stable microporous ACF while retaining their fibrous 
form. The optimum A/F ratio and activation temperature of chemically activated carbon fibers 
(CACF) were found to be 3 and 850°C providing a highly porous structure and a specific surface 
area of 1,363 m2/g. The maximum surface area in case of physically activated carbon fibers (PACF) 
at optimum conditions was determined to be 934 m2/g. The synthesized ACF adsorption experi-
mentation was carried out with p-Cresol adsorption. The adsorption of p-Cresol on ACF followed  
Langmuir isotherm and the maximum adsorption capacity of CACF and PACF was determined to be 
476 and 400 mg/g, respectively. The reaction kinetics of p-Cresol on ACF was found to follow pseudo- 
second-order kinetics model with reaction rates of 0.0055 g/mg min and 0.015 g/mg min for CACF 
and PACF, respectively. The removal efficiency of p-Cresol using CACF and PACF exceeded 97% and 
75%, respectively, at optimum conditions. These results imply that corn fiber–based ACF can be used 
effectively as an adsorbent for the removal of p-Cresol from wastewater steams. 
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1. Introduction

The term “wastewater treatment” became quite com-
mon recently because of the enormous adverse effects of 
waste water on the environment and living organisms. The 
wastewater generated is of several types depending on 
the community, the industry, and the system under con-
sideration. Certain types of wastewater, such as produced 
wastewater or textile wastewater, are produced as a result 
of processes occurring in oil fields and textile industries. 

Voluminous amounts of wastewater are discharged into 
water bodies every day, this may cause a potential threat 
for the quality of the downstream water body and aquatic 
life survival [1–4]. Several useful techniques are being uti-
lized for the effective treatment of industrial wastewater, 
but each of these techniques has inherent negative impacts 
in one way or the other [2–4]. Chemical treatment requires 
a lot of expensive and toxic chemicals that are potentially 
hazardous to life and the environment; then there is treat-
ment via physical methods, which mostly ends up with 
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excessive sludge that is still a major concern to deal with 
[4–7]. Adsorption is still considered to be the most effective 
method for the treatment of dyes, oil, and organic matters 
such as phenols in industrial wastewaters; however, their 
use is limited due to their lower capacity per gram and high 
costs [8,9]. This leads one to the conclusion that the intro-
duction of novel technologies and adsorbents is necessary to 
enhance the removal efficiency, cost effectiveness, and envi-
ronmental friendliness of the treatment processes. Several 
adsorbents are used to remove organic wastewater; such 
as granular activated carbon, activated carbon (AC), and 
carbon fibers (CF). However, activated carbon fibers (ACF) 
are more efficient in comparison with other nano-porous 
carbon materials [10–13]. This is due to their small diam-
eters, high surface area, and excellent adsorption capacity. 

Waste biomass utilization can be regarded as a sustain-
able alternative for ACF production from synthetic sources 
as well as for solid waste disposal. Several studies have been 
reported for the use of biowaste as adsorbents (biosorbents) 
for organics and heavy metal removal from wastewater 
streams [14–18]. Petrović et al. [19] reported the use of corn 
silk (CS) for the removal of lead from aqueous streams with 
a maximum adsorption capacity up to 90 mg/g. Similarly, 
mechanism of heavy metals (Cu2+ and Zn2+) adsorption on CS 
have been reported showing good adsorption characteristics 
of CS [17]. In this study, ACF from naturally abundant and 
low-cost waste biomass (CS) were prepared and compared. 
The available biomass was carbonized, without the need 
of stabilization, at elevated temperatures under a nitrogen 
atmosphere. The carbonized fibers were activated using 
physical and chemical modes of activation. The physical 
activations were carried out using carbon dioxide and steam 
while the chemical activation was done using potassium 
hydroxide. The experimental parameters were optimized 
using flowrates, carbonization and activation, temperature 
and time, and carbon fiber/activation agent ratio. The struc-
ture and morphology of the developed ACF were studied 
using Fourier transform infrared spectroscopy (FT-IR), 
scanning electron microscopy (SEM), and energy dispersive 
X-ray spectroscopy (EDS). The thermal properties were 
investigated using thermogravimetric analysis (TGA). The 
pore size distribution, along with the structural parameters, 
was measured using nitrogen sorption isotherms. The 
results showed the development of ACF with a promising 
surface area and structure. The surface features indicate 
that the developed ACF can be employed in a variety of air 
and water applications. The efficiency of the prepared ACF 
as adsorbents for the removal of organics such as phenols, 
cresols and dyes from wastewater streams and produced 
water treatment were investigated. The adsorption isotherm, 
kinetics, and thermodynamics of the adsorption of these 
organic pollutants on ACFs were studied. 

Preliminary studies indicated high removal efficiency of 
oil from produced water and phenols and dyes from waste-
water streams. The adsorption study on the synthesized 
ACF from CS gave a higher removal efficiency of 97% of 
cresol from wastewater. The structure, morphology, ther-
mal properties, pore size distribution (along with structural 
properties), surface area, adsorption parameters, yield, and 
the efficiency of ACF (prepared from waste biomass at dif-
ferent temperature and modes of activation) were compared. 

The ACF from chemical activation (CACF) exhibit higher 
surface area as compared with surface area of ACF from 
physical activation (PACF).

2. Materials and instrumentation

2.1. Materials

CS was obtained from Salalah, Oman. p-Cresol, KOH 
pellets, NaOH and HCl were purchased from Sigma-
Aldrich (Milan, Italy), Emsure (Sigma-Aldrich, Darmstadt, 
Germany), and AppliChem Panreac (Darmstadt, Germany), 
respectively. 

2.2. Instrumentation

CSs were carbonized and activated in a high tempera-
ture tube furnace (OTF-1200X, MTI Corporation, CA, USA). 
A pH meter (3320, JENWAY Ltd., Staffordshire, UK) was 
used for pH measurements. A temperature-controlled flask 
shaker (TH 15, Edmund Buhler, Bodelshausen, Germany) 
was utilized at 150 rpm for temperature control and shak-
ing. p-Cresol was analyzed using UV–Vis spectrophoto-
meter (DR-5000, HACH, USA) at a wavelength of 278.0 nm. 
FT-IR spectroscopy (Bomem MB-3000 equipped with ZnSe 
optics and a DTGS detector, Pectrum One FT-IR Spectrum, 
PerkinElmer, Australia) was used to study the functional 
groups on the sample’s surface. SEM and EDS (TESCAN 
VEGA.3-LMU, USA) were used to observe the surface 
morphology and for percentage elemental analysis deter-
mination, respectively. A thermal analyzer (TA: PerkinElmer 
thermal analyzer CT06484-4794, USA) was used to obtain 
differential thermogravimetric (DTG) and themogravimetric 
(TG) curves. The pore characteristics and surface area were 
determined using Quantachrome (Quantachrome instruments, 
ASIQM0VJ010-4, Boynton Beach, FL, USA). 

2.3. Preparation of activated carbon fibers

CS was washed thoroughly with water, and then rinsed 
with distilled water to remove dirt and impurities attached 
to the surface. The washed CS was air dried. Carbonization 
of the CS was carried out in a horizontal tube furnace 
under nitrogen gas flow of 135 mL/min at 850°C for 1 h 
with heating rate of 10°C/min. The carbonized CS (CF) was 
activated using physical and chemical activation routes 
in a horizontal tube furnace at different temperatures for 
1 h. Physical activation was done using carbon dioxide at a 
flowrate of 250 mL/min while the chemical activation was 
carried out using potassium hydroxide under nitrogen flow 
(250 mL/min) at different temperatures (750°C–900°C) [20]. 
The carbonized fibers were heated at a heating rate of 10°C/
min till the activation temperature. In case of chemical acti-
vation, the required amount of KOH was dissolved in water 
and then mixed with carbonized CS in pre-weighed quantity. 
This mixture was then put in the tube furnace immediately 
for pyrolysis [20]. The chemically activated carbon fibers 
(CACF) were neutralized using nitric acid. The ACF were 
dried in an oven at 110°C and stored in desiccators.

The samples were named according to the following 
routine, “mode of activation, ACF, activation temperature” 
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such as PACF800 refers to physically activated carbon fibers 
(PACF) at 800°C. In case of CACF, the ratio of KOH to fiber 
mass (impregnation ratio) for activation is indicated at the 
end, for example, CACF850-3 refers to ACF that were acti-
vated using KOH at 850°C with an impregnation ratio of 3.

2.4. Characterization

The ACF samples were initially placed in an oven at 
110°C for one hour to ensure moisture removal before char-
acterization. The characterization of CS, carbonized fibers 
(CF), and ACF were carried out in terms of their morphol-
ogy, pore structure, pore characteristics, thermal stability, 
surface elemental composition, and the functional groups 
present. The functional groups present on the surface of 
these samples were studied using FT-IR (KBr method) 
within a scanning range of 400–4,000 cm–1. The surface 
morphology was observed using SEM. Surface elemental 
composition of the samples was determined using EDS. For 
nitrogen adsorption isotherms, the samples were degassed 
at 120°C for 16 h under vacuum and then analyzed using 
Quantachrome (ASIQM0VJ010-4, USA). Brunauer–Emmett–
Teller (BET) surface area, pore structure, and average pore 
size distribution were estimated using nitrogen adsorption 
at –195°C (Quantachrome, ASIQ M0VJ010-4, USA) by apply-
ing the BET model. The thermal stability of the samples 
was studied through TGA, using a thermal analyzer (TA: 
PerkinElmer thermal analyzer CT06484-4794, USA) under 
a nitrogen atmosphere (nitrogen flow rate = 20 mL/min, 
heating rate = 10°C/min, range = 30°C–950°C, respectively). 

2.5. Adsorption of organics (p-Cresol)

p-Cresol adsorption studies were carried out at batch 
bench scale to find the optimum adsorption parameters, 
kinetics, and adsorption capacity of the ACF prepared from 
corn silk. Stock p-Cresol solution of 500 mg/L was prepared 
by dissolving 0.5 g of p-Cresol in 1,000 mL of distilled water. 
The stock solution was diluted with distilled water to the 
desired concentration. The p-Cresol calibration curve was 
prepared by absorbance measurements of p-Cresol solutions 
with known concentrations at 278.0 nm using a UV–Vis spec-
trophotometer (DR-5000, HACH, USA). Batch bench-scale 
experiments, pre-weighed adsorbent amount was added 
to 50 mL of p-Cresol solution of known concentration and 
agitated at 150 rpm for 2 h. The p-Cresol concentration 
after adsorption was quantified spectrophotometrically at 
278.0 nm.

The amount of p-Cresol adsorbed on the ACF was 
calculated using the following equation:

q
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t

v

=
−0
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where qt and mad/v represent the mass of p-Cresol adsorbed 
per unit mass of ACF (mg/g) at a specific time and the mass 
of adsorbent (ACF) per unit volume used (g/L). C0 and Ct are 
the p-Cresol concentrations of the sample before and after 
adsorption (mg/L), respectively. 

Similar adsorption experiments were carried out at 
diff erent adsorption parameters: ACF dosage (0.1–2 g/L), 

contact time (0–120 min), pH (highly acidic to highly basic), 
temperature (25°C–50°C), solution volume (50 mL) and 
initial p-Cresol concentration (0–500 mg/L) in order to 
determine the optimum experimental parameters, kinetics, 
and adsorption capacity of the physically and chemically 
modified ACFs. 

3. Results and discussion

3.1. Characterization

3.1.1. Thermogravimetric analysis

Fig. 1 shows the TG and DTG curves of raw CS and 
ACF samples. The behaviors of raw CS and ACF at elevated 
temperatures differ significantly. Fig. 1 shows that the ACF 
are stable as compared with CS, owing to the decomposi-
tion of functional groups within the temperature range of 
150°C–500°C. Three main degradation peaks are obvious 
in case of CS (Fig. 1a). The first peak at between 40°C and 
150°C corresponds to dehydration and loss of volatile materi-
als. The peaks at 300 and 346 represent the decomposition of 
hemi-cellulosic materials, while the peak at 477°C is mainly 
due to the decomposition of lignin materials [21]. These 
peaks are absent in case of ACF due to the fact that these 
groups were decomposed during the carbonization step. 
In the case of ACF, the only decomposition peak is related to 
the moisture loss around 100°C. This moisture loss is higher 
in case of ACF as compared with raw CS. This is related to 
the high specific surface area and the hydrophilic nature 
of the ACF surface [22]. The higher the hydrophilic nature, 
the higher the moisture loss due to the absorbed moisture 
in the porous structure of the ACF samples. Similar results 
were reported by Alkathiri et al. [20]. Polyacrylonitrile based 
ACF, prepared at 850°C, were reported to be thermally sta-
ble from 100°C to 800°C with a mass loss due to moisture 
content at 100°C [20].

3.1.2. Texture characterization and surface 
morphology (SEM)

Fig. 2 shows the morphology of the CF and ACF. It is 
evident from Fig. 2 that the overall structure of the fibers 
remained unchanged after activation. In case of ACF (B and 
C), the surface exhibits a rough and porous morphology 
with irregular slits and pores on the surface. These slits and 
pores contribute to the increased surface area and adsorption 
capacities of the prepared ACF. 

3.1.3. Pore characteristics (PSD)

Specific surface area and pore characteristics of ACF 
were determined using adsorption–desorption isotherms 
and BET plots of nitrogen at 77 K. Fig. 3b shows the nitro-
gen adsorption isotherms of prepared ACF. The shapes of 
the isotherms dictate an intermediate between type I and 
type IV isotherms indicating a combination of micro and 
mesoporous structure [22,23]. It is evident from Fig. 3b 
that activation of the carbon fibers at 850°C, despite of the 
activation method, resulted in enhanced nitrogen uptake. 
It is worth noting that activation at 850°C resulted in larger 
pores which is evident in the wider hysteresis loops on 
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ACF prepared at 850oC compared with those activated at 
800oC. Fig. 3a represents the pore size distribution (PSD) 
of the ACF. Table 1 presents the BET surface area, micro-
porous volume, and the total volume of the ACF samples. 
Inspection of Fig. 3 and Table 1 dictates that (i) the specific 
surface area of the CACF is quite larger than PACF at same 
activation conditions. (ii) The specific surface area of CACF 
is increased from 1,058 to 1,159 m2/g as the KOH to fiber 
ratio is increased from 1 to 3, which proves the formation of 
new pores due to increased KOH amount. (iii) The specific 
surface area of ACF increased by 200 m2/g ca. as the tem-
perature was increased from 800°C to 850°C. (iv) The ACF 
activated at 800°C are majorly microporous in structure, 
however the ACF activated at 850°C represents a combina-
tion of micropores and mesopores. (v) The volume of pores 

smaller than 20 Å are larger ACFs prepared at 850°C which 
appear to have larger volume of pores greater than 20 Å 
as well.

Mitravinda et al. [24] utilized a two-step conventional 
pyrolysis of CS for the production of activated carbon for 
supercapacitor applications. The CS was activated using 
impregnation ratio of 4:1 w/w at a temperature of 900°C for 
an activation time of 1 h with heating rate of 5°C min−1 in 
nitrogen atmosphere. The resulting activated carbon pro-
vided a surface area of 1,246 m2/g with Vt of 0.7 cm3/g [24]. 
The CACF prepared in this study were prepared at lower 
activation temperature (850°C) and with less use of chemi-
cal (3:1). However, the resulting porosity and surface area of 
the CACF850-3 is higher than that prepared by the above- 
mentioned literature works. 

(a) (b)

Fig. 1. (a) TG and (b) DTG curves of (A) raw CS, (B) CACF850-3, and (C) PACF850.

(a)     (b)           (c)  
Fig. 2. SEM images of (a) CF, (b) CACF850-3, and (c) PACF850.
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3.1.4. Surface chemistry (FT-IR)

Fig. 4 represents the FT-IR spectra of raw CS, CF, and 
ACF samples synthesized at different activation param-
eters. The absorbance band observed between 3,000 and 
3,700 cm–1, present in all samples, is attributed to hydroxyl 
group (OH) [25]. The absorbance intensity of this peak is 
relatively reduced in ACF as compared with raw CS. This 
decrease in peak intensity can be attributed to the moisture 
release and vaporization due to carbonization and activation 
processes at elevated temperatures. In addition, three strong 
peaks observed in CS at 2,917; 1,634; and 1,058 are assigned 
to C–H (for methyl and methylene functional groups present 
in cellulosic and hemi-cellulosic material) [25], C=C stretch-
ing in aromatic rings and C–O–C groups, respectively [12]. 
As apparent from Fig. 4, C–O–C and C=C peaks were highly 
diminished in the case of ACF samples. The C–H peaks dis-
appeared in ACF suggesting complete removal of methyl 
and methylene related C–H functional groups. The peaks at 
1,422; 1,270; and 805 are identical to in-plane C–H bending, 
C–O, and epoxy groups, respectively [12,25,26]. These peaks 
are slightly present in carbonized samples, however they are 
completely removed in all ACF samples. A detailed study of 
Fig. 4 indicates the removal of major peaks and functional 
groups from raw CS as the carbonization followed by acti-
vation of CS at elevated temperatures (particularly at 850°C) 

is carried out. It is interesting to note that in comparison 
with CACF and PACF, the peaks are more diminished in 
the former than in the later, suggesting effective removal 
of functional groups on CS surface using alkali treatment. 
A detailed study of the Figs. 4D and I reveals that there is no 
difference in the FT-IR spectra of PACF850 before and after 
adsorption. This can be speculated due to ionic adsorption 
and weak electrostatic interactions between adsorbent and 
adsorbate [27].

3.2. Adsorption

The p-Cresol adsorption on ACFs has been studied and 
reported in the following sections. The effect of initial pH, 
adsorption dosage, initial concentration, and time were 
studied. The kinetics and isotherms of p-Cresol adsorption 
on ACFs have also been reported in the proceeding sec-
tions. In all cases, CACF850-3 and PACF850 were used in 
adsorption studies, respectively. 

3.2.1. Effect of initial pH

The effect of the initial pH on CACF850-3 and PACF850 
is demonstrated in Fig. 5. It is obvious that the removal 
efficiency in the case of CACF850-3 is independent of the 
initial pH. In the case of PACF850, the initial pH plays an 

(a) (b)

Fig. 3. (a) Pore size distribution and (b) Nitrogen adsorption–desorption isotherms at 77 K of ACF samples.

Table 1
Surface area, pore volumes, and activation conditions of different ACFs synthesized from CS

Sample Surface area (m2/g) VDFT < 10Å (cm3/g) VDFT < 20Å (cm3/g) VDFT-total (cm3/g)

CACF800-1 1,058 0.3484 0.4044 0.4695
CACF800-2 1,115 0.3556 0.4154 0.4176
CACF800-3 1,159 0.3716 0.4289 0.4314
CACF850-3 1,363 0.3752 0.4909 0.6420
PACF800 618 0.1909 0.2267 0.2806
PACF850 934 0.1668 0.2604 0.4952
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important role in the removal efficiency of p-Cresol. The 
PACF850 has high removal efficiency for p-Cresol in slightly 
acidic and basic media while the removal efficiency decreases 
at highly alkaline or highly acidic media. This difference in 
the behavior of CACF850-3 and PACF850 can be explained 
in terms of their activation conditions. CACF850-3 were pre-
pared at highly alkaline conditions and were neutralized 
with an acidic media, this might explain the reason for their 
independent nature with respect to initial pH conditions 
of the solution as the pores were conditioned with both 
acidic and basic media. Such treatment can lead to changes 
in the surface chemistry of the prepared ACF. Further details 

on the effects of ACF chemistry on the adsorption of organics 
from aqueous solutions has been provided by Li et al. [28]. 
In case of PACF850, the pores were not exposed to extreme 
pH conditions. CACF850-3, having a highly porous structure 
with high surface area as compared with the porous struc-
ture and surface area of PACF850, is able to remove above 
95% of p-Cresol from aqueous solutions at all pH. 

3.2.2. Effect of dosage

Fig. 6 presents the effect of adsorbent dosage on the 
removal efficiency of p-Cresol using CACF850-3 and PACF850. 
As obvious from the figure, the removal efficiency of both 
ACF increases rapidly with an initial increase in the adsor-
bent dosage. A further increase in the adsorbent dosage 
above 1 g/L shows a very slight change in the removal 
efficiency of p-Cresol. It is interesting to note that at simi-
lar dosage conditions, the CACF850-3 was able to remove 
more p-Cresol as compared with the removal efficiency of 
p-Cresol using PACF850. This can be attributed to the high 
surface area of CACF850-3 providing more adsorption sites 
as compared with PACF850. 

3.2.3. Effect of contact time and kinetic studies

The study of the effect of contact time on the removal effi-
ciency of p-Cresol is necessary to determine the adsorption 
kinetics, equilibrium time, and economic feasibility of the 
process. Fig. 7 illustrates the change in the removal efficiency 
of p-Cresol on ACFs as time changes from 0 to 120 min. The 
optimum time in case of CACF850-3 and PACF850 is 60 and 
30 min, respectively. The CACF850-3 has a highly porous net-
work and relatively high number of pores, the equilibrium 
time is higher as the intraparticle diffusion in the pores of 
ACF is slightly slower. This could further be explained in 

Fig. 4. FT-IR of CS (A), CF (B), CACF850-3 (C), PACF850 (D), 
PACF800 (E), CACF800-3 (F), CACF800-2 (G), CACF800-1 (H), 
and PACF850 after adsorption (I).

Fig. 5. Effect of initial pH on the removal efficiency of p-cresol 
using CACF850-3 and PACF850. Experimental conditions 
include: adsorbent dosage: 1 g/L, contact time: 2 h, temperature: 
25°C, initial p-cresol concentration: 200 mg/L, solution volume: 
50 mL, and stirring speed: 150 rpm.

Fig. 6. Effect of adsorbent dosage on the removal efficiency of 
p-cresol using CACF850-3 and PACF850. Experimental condi-
tions include: initial pH: 5.25, contact time: 2 h, temperature: 
25°C, initial p-cresol concentration: 200 mg/L, solution volume: 
50 mL, and stirring speed: 150 rpm.
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terms of diffusion of p-Cresol onto ACF through various 
diffusion films and processes. 

Adsorption kinetics is important in determining the 
equilibrium time, reaction path followed, and the adsorption 
mechanism of adsorbent uptake by the specific adsorbent 
[29,30]. Lagergren model (pseudo-first-order-kinetics) and 
pseudo-second-order-kinetics models are the most widely 
used kinetic models for adsorption studies [31,32]. The lin-
earized form of these two models is given by Eqs. (2) and (3), 
respectively, as follows:

ln lnq q k t qe t e−( ) = − +l  (2)

t
q

t
q K qt e e

= +
1

2
II

 (3)

where t, qt, and qe represent time (min), adsorption capacity at 
specific time (mg/g), and equilibrium adsorbate uptake by the 
adsorbent or equilibrium adsorption capacity (mg/g). kI and 
kII are the rate constants for pseudo-first-order (1/min) and 
pseudo-second-order r (g/mg min), respectively. Fig. 8 rep-
resents the experimental data plotted according to the first 
and second order pseudo-kinetics-model. The high R2 value 
for pseudo-second-order kinetics model, 0.99 for both ACFs, 
reflects excellent demonstration of the adsorption data by 
pseudo-second-order kinetics model. This pseudo- second-
order kinetics model indicates the intraparticle diffusion of 
p-Cresol on the ACF. The corresponding kinetic parameters, 
as determined from the figures, are presented in Table 2.

3.2.4. Effect of initial concentration and isotherms

Figs. 9a and b illustrate the effect of initial p-Cresol concen-
tration on the removal and adsorption efficiency of p-Cresol 
using ACF. It is obvious that both adsorbents followed 
similar trends. The removal efficiencies of both adsorbents 
declined appreciably as the initial p-Cresol concentration 
was increased. This can be explained on the basis of the finite 
number of active sites present. These sites get saturated at 
higher concentrations, thus decreasing the available number 
of active sites for remaining p-Cresol molecules to adsorb. 

This experimental data were also fitted to determine 
the applicability of the two most widely used equilibrium 
isotherm models, the Langmuir and Freundlich isotherm 
models [27,33]. The linearized forms of these two models are 
provided in Eqs. (4) and (5), respectively: 

C
q q

C
qK

e

e m

e

mL

= +
1

 (4)

Fig. 7. Effect of contact time on the removal efficiency of p-cresol 
using CACF850-3 and PACF850. Experimental conditions 
include: initial pH: 5.25, adsorbent dosage: 0.6 g/L, temperature: 
25°C, initial p-cresol concentration: 200 mg/L, solution volume: 
50 mL, and stirring speed: 150 rpm.

(a) (b)

Fig. 8. Kinetic models (a) pseudo-first-order and (b) pseudo-second-order for p-cresol removal from aqueous solutions using ACF. 
Experimental conditions: adsorbent dosage: 0.6 g/L, initial p-cresol concentration: 200 mg/L, stirring speed: 150 rpm, solution volume: 
50 mL, temperature: 25°C, pH: 5.25.
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ln lnq k Cne f e= +  ln  (5)

where qe, Ce, qm, kf, KL, and n represent adsorbate mass 
adsorbed at equilibrium per gram of adsorbent (mg/g), 
equilibrium adsorbate concentration (mg/L), maximum 
adsor ption capacity (mg/g), Freundlich capacity parameter 
(mg(1 – 1/n)L1/n/g), adsorption constants for Langmuir related to 
energy of adsorption, and adsorption constant for Freundlich 
related to adsorption intensity, respectively. 

Fig. 10 shows the Langmuir and Freundlich isotherms 
and the corresponding experimental adsorption data of 
p-Cresol on ACFs. The relatively higher R2 values in the case 
of Langmuir isotherms compared with that of Freundlich, 
indicates that the adsorption of p-Cresol is best described 
by Langmuir isotherms. This suggests the formation of the 
monomolecular layer of p-Cresol on the surface of the ACFs. 
The adsorption isotherm parameters for these adsorbents 
have been summarized in Table 3. The maximum adsorption 
capacity of the CACF850-3 is 476 mg/g larger as compared 
with the 400 mg/g of the PACF850. This can be explained 
in terms of the higher surface area of the CACF850-3 as 
compared with that of the PACF850 that was discussed ear-
lier. The preparation and handling of PACP is easier and 
cheaper as it does not require the use of corrosive chemicals 
such as KOH (for activation) followed by neutralization by 
an acid. Consequently, the adsorption capacity of PACF is 

only a bit less in comparison with that of CACF. However, 
the ease in preparation and handling of PACF850 at the 
expense of the small decrease in the maximum adsorption 
capacity of PACF850 in comparison with CACF850-3 is 
acceptable. 

Several studies have been reported for the removal of 
organics such as phenol and p-Cresol from aqueous solu-
tions using different adsorbents. The maximum adsorption 
capacities of p-Cresol for these different bio-based adsorbents 
have been reported in Table 4. 

These results indicate that CS based ACF having high 
adsorption capacities (>400 mg/g) can be used as a potential 
adsorbent for p-Cresol from aqueous solution. Furthermore, 
the CS is inexpensive, easily available and the ACF synthesis 
process from CS is quite straightforward. 

3.2.5 Adsorption mechanism

Adsorption is known to involve three major steps namely 
film diffusion, particle diffusion and adsorption. Adsorption 
is typically a fast step thus particle diffusion or film dif-
fusion can be the limiting step [37]. The liquid film model 
(Eqs. (6) and (7)) and intraparticle diffusion models, Eq. (8) 
can be expressed as [37,38]:

ln 1−  = −F K tfd  (6)

Table 2
Adsorption parameters of pseudo-first-order and pseudo-second-order kinetic models for p-cresol removal from aqueous solution 
using ACFs

ACF
Experimental  
qe (mg/g)

Pseudo-first-order kinetic model Pseudo-second-order kinetic model

kI (1/min) qe (mg/g) R2 kII (g/mg min) qe (mg/g) R2

CACF850-3 328.4 0.072 90.29 0.81 0.0055 330.0 0.99
PACF850 194.9 0.032 16.45 0.32 0.015 195.7 0.99

(a) (b)

Fig. 9. Effect of initial concentration on the removal efficiency of p-cresol using CACF850-3 and PACF850. Experimental condi-
tions include: initial pH: 5.25, adsorbent dosage: 0.6 g/L, temperature: 25°C, contact time: 2 h, solution volume: 50 mL, and stirring 
speed: 150 rpm.
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F
q
q
t

e

=  (7)

q K t Ct = +id
1 2/  (8)

where Kfd and Kid represent liquid film diffusion constant and 
intraparticle diffusion rate constant, respectively. 

A review of Figs. 11a and b shows linear trend for liq-
uid film and intraparticle diffusion while the graphs does 
pass through origins. This indicates that other mechanisms, 
except liquid film and intraparticle diffusion, contribute to 
the rate limiting step [39]. The high value of the intercept (C) 
indicates high contribution of surface adsorption on the rate 
limiting step in this process [37,38]. 

(a) (b)

Fig. 10. Isotherm models (a) Langmuir, (b) Freundlich for the adsorption of p-cresol using CACF850-3 and PACF850. Experimental 
conditions include: initial pH: 5.25, adsorbent dosage: 0.6 g/L, temperature: 25°C, contact time: 2 h, solution volume: 50 mL, and 
stirring speed: 150 rpm.

(a) (b)

Fig. 11. Adsorption studies for adsorption of p-cresol on ACF from CS. (a) liquid film model and (b) intraparticle diffusion model.

Table 3
Adsorption parameters of two different isotherm models for 
p-cresol removal from aqueous solutions using PACF850 and 
CACF850-3

Adsorption 
isotherm model

Parameters

CACF850-3 PACF850

Langmuir 
isotherm

KL (L/mg) 0.0129 0.0121
qm (mg/g) 476.2 400.0
R2 0.991 0.970

Freundlich 
isotherm

kf (mg(1 – 1/n)L1/n/g) 109.2 38.85
n 3.525 1.999
R2 0.933 0.907
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4. Conclusion

Carbon fibers, activated through physical and chemical 
modes, were synthesized from corn silk at different activa-
tion temperatures. The synthesized ACF were characterized 
using TGA, FT-IR, SEM, and nitrogen adsorption–desorption; 
this confirmed their thermal stability, functional groups 
present, morphology, and porosity. The BET surface area of 
these synthesized ACF ranged between 618 and 1,363 m2/g. 
The CACF showed higher surface area (1,363 m2/g) as com-
pared with the surface area (934 m2/g) of PACF at an activa-
tion temperature of 850°C. The adsorption of p-Cresol onto 
the ACFs followed Langmuir isotherms with maximum 
adsorption capacities of PACF and CACF determined to be 
400 and 476 mg/g, respectively. p-Cresol adsorption on both 
adsorbents was confirmed to follow pseudo-second- order 
kinetics model with rate constants for PACF and CACF 
determined to be 0.015 and 0.0055 g/mg min, respectively. 
Adsorption experimentation confirmed that CACF is more 
efficient for p-Cresol removal from aqueous solutions as 
compared with PACF. At similar experimental conditions 
of adsorbent dosage (0.6 g/L) and contact time (30 min), 
CACF was able to remove 97% of p-Cresol from aqueous 
solutions as compared with 76% p-Cresol removal efficiency 
using PACF. These results prove that the synthesis of ACFs 
from corn silk is highly effective due to its relatively shorter 
activation time, well-developed porous structure, and high 
adsorption capacity. These characteristics of synthesized 
ACFs highlight its potential in air and wastewater treatment 
applications. 
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