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ab s t r ac t
In this research, the production of granular activated carbon from coffee waste (CW) by chemical 
activation with zinc chloride was studied by using a 23 factorial design with the three responses 
(surface area, yield, and hardness) and studying three factors (the activation temperature, activation 
time, and impregnation ratio). The findings expose that after the experimental design, the highest 
response values were achieved at an activation temperature of 600°C, an activation time of 40 min, 
and an impregnation ratio of 1.5 g ZnCl2 g–1 CW. At these conditions, the experimental tests produced 
a surface area of 1,279 m2 g–1. Batch studies of phenol adsorption onto coffee waste-activated carbon 
(CW-GAC) were performed at different solution pH, stirring speeds, and initial phenol concentrations. 
The maximum phenol adsorption capacity onto CW-GAC was 160.52 mg g−1 at pH 7. The adsorption 
kinetics was affected by stirring speed, the required time to achieve equilibrium decreased from 150 
to 120 min when stirring speed varied from 200 to 400 min–1. Film and intraparticle diffusion mecha-
nisms controlled the adsorption of phenol onto CW-GAC. Finally, the porous material developed in 
this research is capable of sequestering phenol from aqueous solutions to a higher extent than similar 
lignocellulosic-based activated carbons.
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1. Introduction

Phenol and its derivatives are aromatic compounds pres-
ent in wastewater from pharmaceutical, coal tar, plastics, 
leather, paints, steel, textiles, paper, insecticides, pesticides, 
phenolic resins, and oil refinery industries [1,2]. Phenol is 
toxic, mutagenic, and could cause diarrhoea, mouth sores, and 
dark urine in case of repeated oral exposure [3]. Furthermore, 

phenol represents a serious environmental problem due to 
its limited biodegradability; hence, it remains for long peri-
ods in soil, surface water, and even in groundwater where 
it interferes with natural, physical, chemical, and biological 
processes. Phenol is registered as priority pollutant by the US 
Environmental Protection Agency with a permissible limit of 
0.1 mg L–1 in wastewater [4].

The activated carbon is a versatile adsorbent used in envi-
ronmental remediation processes because of its high specific 
surface area and the possibility of incorporating functional 
groups on the adsorbent surface. However, recent studies 
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have focused on the use of agro-industrial wastes as low-cost 
precursors for activated carbon production such as barley 
husks [5], wood [6], fruit stones [7], coconut shell [8], almond 
shells [9], bagasse sugar [10], rice husk [11], and coffee resi-
due [12], among others. According to the U.S. Department of 
Agriculture, the worldwide coffee production in 2017/18 is fore-
cast to be 9.540 × 109 kg [13]. The coffee beverage industry gen-
erates large quantities of spent coffee ground as a by-product, 
which represents serious environmental problems.

The manufacture of activated carbon consists of the 
pyrolysis of the precursor material and the development of 
its porous structure by physical or chemical activation. The 
chemical activation of the carbon involves heating the pre-
cursor material to temperatures ranging between 400°C and 
900°C and the addition of activating agents such as KOH, 
K2CO3, NaOH, ZnCl2, or H3PO4. To determine the efficiency 
of the chemical activation process, parameters such as yield, 
surface area, iodine number, energy and chemical consump-
tion, among others, are commonly measured. These factors 
are affected by the manufacturing conditions, for instance 
temperature, activating agent impregnation ratio, and activa-
tion time. Thus, to explain the effect of the above-mentioned 
parameters on yield and surface area, some authors [14] have 
used an experimental design to select the adequate oper-
ational conditions to carry out the production of activated 
carbon.

The aim of this research was to evaluate the effect of the 
impregnation ratio of zinc chloride as the activating agent, 
temperature and time in the manufacturing of activated 
carbon from coffee waste (CW) on responses as surface 
area, yield, and hardness. In addition, the activated carbon 
produced at the best experimental conditions was tested to 
remove phenol from aqueous solution, assessing both the 
adsorption capacity and kinetic parameters.

2. Materials and methods

2.1. Precursor

CW was collected locally and used as a precursor of 
activated carbon. To remove soluble materials from the 
precursor, the CW was washed with boiling water until a 
non-colour solution was obtained. Then, CW was dried and 
stored in desiccator at room temperature for its further use.

2.2. Chemicals

The chemical substances used in this project were of ana-
lytical reagent grade. Phenol and zinc chloride were bought 
from Sigma-Aldrich, México and CTR, México respectively. 
Chemicals (KI, I2, Na2S2O3.5H2O, KIO3, and Na2CO3) and stan-
dard solutions (0.1 N NaOH, 0.1 N HCl, 0.1 N Na2CO3, and 
0.1 N NaHCO3) were obtained from DEQ, México. NaOH 
and NaCl were obtained from Merck, México. Concentrated 
HCl was obtained from PQM, México and high purity nitro-
gen was obtained from AOC, Mexico. Bi-distilled water for 
the solutions was obtained from a local company.

2.3. Preparation of granular activated carbon

Solutions of the chemical activating agent were pre-
pared dissolving a known mass of ZnCl2 in bi-distilled water 
to obtain a ratio of 1:10 (w:v). These solutions were used 
to impregnate the precursor (CW) at two weight ratios, as 
shown in Table 1. The impregnation process was conducted 
submerging CW in the ZnCl2 solutions and stirring at boiling 
point for 6 h. Subsequently, the CW and the solutions were 
separated by filtration, after that impregnated CW was dried 
at 80°C for 24 h. Afterwards, a mass of 120 g of the impreg-
nated precursor was placed into a horizontal rotary electric 
furnace (HTR 11/150, Carbolite) and heated under a nitro-
gen flow of 2 mL min–1, at a heating rate of 6°C min–1 until 
reaching the selected activation temperatures (Table 1). Each 
sample was kept at these conditions during selected times 
according to the 23 factorial design showed in Table 1. The 
best conditions for the production of activated carbon from 
CW were determined studying the effect of three studied fac-
tors on three responses (surface area, yield, and hardness).

Analysis of variance (ANOVA) was carried out by using 
the Design-Expert software (version 7.0.0, Stat-Ease, Inc., 
USA), to determine the effects of factors on the studied 
responses (surface area, yield, and hardness). In order to 
evaluate the effect of the factor in the selected responses, a 
statistical model was built taking into account the significant 
factors.

The activated carbons (CW-GAC) obtained from each 
experimental run were washed using 0.1 N HCl solution to 
remove the remaining ZnCl2 from the adsorbent material. 
Afterwards, the materials were washed several times until 

Table 1
Experimental design and the physical characteristics (responses) analysed

Factors Responses

A  
(temperature, °C)

B  
(activation time, min)

C (impregnation ratio,  
g ZnCl2 g–1 spent coffee ground)

Surface area  
(m2 g–1)

Yield  
(%)

Hardness  
(%)

450 40 0.5 1,165.04 24.26 95.77
600 40 0.5 943.43 20.06 96.67
450 120 0.5 1,215.62 26.44 79.80
600 120 0.5 726.28 18.73 91.87
450 40 1.5 1,059.16 18.86 83.60
600 40 1.5 1,279.96 26.00 76.77
450 120 1.5 1,109.44 25.43 80.37
600 120 1.5 1,178.99 17.87 92.17
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reaching a neutral pH in the washing solution. Finally, the 
CW-GAC were dried at 60°C during 12 h and stored for 
its further use in both equilibrium and kinetic adsorption 
experiments.

The CW-GAC yield is useful to determine the carboni-
sation efficiency, and it was calculated according to Eq. (1):

CW GAC Yield /GAC precursor− = ( )×m m 100  (1)

where mGAC (g) is the dry mass of CW-GAC, and mprecursor (g) 
is the dry mass of CW.

Hardness is a measure of the resistance of solid matter, 
and this parameter is important in order to avoid abrasion 
and the loss of the adsorbent. This property was determined 
by the method reported by Ahmedna et al. [8] as follows: 
3 g of CW-GAC (12/40 Tyler mesh) were placed in a 250 mL 
Erlenmeyer flask that contained 10 glass balls of 5 g each. 
The flask was continuously stirred at 200 min–1 in an orbital 
shaker (MaxQLabline 4000, Barnstead) for 15 min at room 
temperature. The resulting sample was sieved through a 40 
Tyler mesh and the retained CW-GAC was weighed. Then, 
the hardness percentage was calculated as follows:

% Hardness g carbon retained on 40 Tyler mesh
3 g total sam

=
pple

100×  (2)

2.4. Materials characterization

The adsorbent material was characterised to determine 
fixed carbon, volatile mater, ash, and moisture content. An 
elemental analysis was conducted to quantify C, H, N, and S 
by using an elemental analyser (2400 Series II, PerkinElmer, 
Mexico). Additionally, a proximate analysis was performed 
according to the ASTM Standard D3172 [15].

The pore size distribution and specific surface area are 
important properties of the adsorbent materials. In order to 
determine these properties, an ASAP 2020 (Micromeritics) 
analyser was used after out-gassing CW-GAC, by the 
adsorption/desorption isotherm of ultra-high purity nitro-
gen (99.999%) at –196°C and 32 different partial pressures 
(0.01–0.995), at 500 µm of Hg for 360 min. The obtained 
adsorption data were modelled by the BET equation.

In aqueous solution, an adsorbent acquires a positive or 
negative surface charge as a result of the interactions between 
the functional groups in the adsorbent and the ions present 
in solution. The net surface charge will be neutral when the 
amount of the positive and negative charges is equal (point of 
zero charge pHPZC). The pHPZC of CW-GAC was determined 
based on the Boehm titration method as follows: nine differ-
ent volumes of 0.1 M NaOH or HCl were placed in 25 mL vol-
umetric flasks and filled to the mark with 0.1 N NaCl. Then, 
0.1 g of CW-GAC were added to the solutions and stirred 
continuously for 7 d at 25°C. The final pH was measured at 
the end of the experiment. Blank tests were simultaneously 
carried out without CW-GAC under the same conditions.

The identification and quantification of the functional 
groups on activated carbon is useful for understanding the 
interactions between the adsorbate and adsorbent. The surface 
functional groups were identified using an Fourier-transform 

infrared spectrometer (Spectrum One, PerkinElmer) and a 
scanning was recorded in the range of 4,000–650 cm–1. The 
functional groups on the adsorbent surface were quantified 
by the Boehm titration method [16] as follows: a mass of 
100 mg of CW-GAC was placed in 50 mL conical tubes con-
taining 25 mL of 0.1 N NaOH, 0.1 N NaHCO3, 0.1 N Na2CO3, 
or 0.1 N HCl. The vials were shaken for 7 d at 200 min–1 and 
25°C. Subsequently, an aliquot of 10 mL of the supernatant 
was titrated with 0.1 N HCl or 0.1 N NaOH using phenol-
phthalein as an indicator. All experiments were performed 
in duplicate and the results are expressed in mEq of H+ g−1 of 
the adsorbent.

2.5. Adsorption kinetic experiments

A rotating basket reactor [17] containing a known amount 
of CW-GAC was placed in a beaker with 1,000 mL of a 200 mg L–1 
phenol solution, and stirred at predetermined speeds (200, 
300, and 400 min–1), 30°C and pH 7. The adsorption process 
was allowed to occur for 600 min, and aliquots were taken at 
pre-set time intervals. The phenol concentration in aliquots 
was determined by UV–Vis spectrophotometry at 270 nm. The 
adsorption capacity qt (mg g-1) was calculated by Eq. (3).

q
V C C

Wt
t=

−( )0  (3)

where C0 (mg L–1) and Ct (mg L–1) represent the initial con-
centration and concentration at any time, respectively. V (L) 
represents the volume of phenol solution, and W (g) is the 
mass of adsorbent.

The kinetic parameters were calculated using 
the mathematical expressions for pseudo-first-order, 
pseudo-second-order, and Weber and Morris models given 
by Eqs. (4)–(6), respectively:

q q et e
k t= −( )−1 1  (4)

q
q k t
q k tt
e

e

=
+
( )

( )

2
2

21
 (5)

q k t It p= +0 5.  (6)

where qt (mg g–1) is the quantity of adsorbate adsorbed at 
time t (s), qe (mg g–1) is the adsorption capacity at equilibrium, 
and k1, k2, and kp are the kinetic parameters of Eqs. (4)–(6), 
respectively.

2.6. Equilibrium adsorption experiments

Before the equilibrium adsorption experiments, the 
CW-GAC was hydrated with bi-distilled water to minimise 
the formation of air bubbles inside the solid. A quantity of 
CW-GAC (12.5, 25, and 50 mg) was placed in 50 mL conical 
tubes containing 25 mL of aqueous solutions of known phe-
nol concentrations (5, 10, 20, 30, 40, 50, 60, 80, 100, 120, 160, 
and 200 mg L–1). Conical tubes containing the phenol solu-
tions and the CW-GAC were stirred continuously for 7 d in 
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an orbital shaker (Barnstead MAX Q 4000) at 200 min–1 and 
room temperature. The initial pH of the solution was 7, and 
it was not controlled during the experiment. Blank tests were 
simultaneously performed without activated carbon under 
the same experimental conditions. Once the equilibrium was 
achieved, the mixture was filtered and the filtrate was anal-
ysed by spectrophotometry at 270 nm, all the experimental 
runs were performed in triplicate.

At equilibrium, there is a fixed mass distribution of the 
adsorbate between the liquid and solid phases. For describ-
ing this arrangement, the quantity of adsorbed solute per 
unit mass of adsorbent (qe) is usually expressed as a function 
of the residual equilibrium concentration (Ce) of the solute 
remaining in the liquid phase. These values of qe and Ce can be 
related by an equation referred as adsorption isotherm. The 
isotherms are useful for describing the adsorption capacity 
and to perform the assessment in the feasibility of the process 
for a particular application. The most commonly reported 
isotherm equations in literature for several systems are the 
Langmuir [18], Freundlich [19], and Redlich–Peterson [20] 
models. These isotherm models were compared with predict 
equilibrium adsorption data. Their expressions are given in 
Eqs. (7)–(9), respectively:

q
q bC
bCe

m e

e

=
+1

 (7)

q KCe e
n=

1
 (8)

q
K C

Ce
RP e

e

=
+1 α β

 (9)

where qe (mg g–1) is the quantity of adsorbate adsorbed at 
equilibrium, qm (mg g–1) is the maximum adsorption capacity, 
Ce (mg L–1) is the concentration at equilibrium, and K, KRP, n, 
α, b, and b are parameters of each isotherm models.

2.7. Desorption experiments

Previous to phenol desorption experiments, the CW-GAC 
was used as adsorbent of phenol from aqueous solution as 
described in section 2.6. After that, the CW-GAC was sep-
arated by filtration and slightly washed with deionised 
water to remove the residual phenol solution. Then, phenol 
desorption experiments were carried out as follows: 0.5 g of 
phenol-loaded CW-GAC were place into 250 mL glass flasks 
containing 0.5 L of 0.1 N NaOH solution. This suspension was 
stirred at 200 min–1 and room temperature for 4 h. Finally, 
aliquots were taken from the liquid solution in order to deter-
mine phenol concentration by UV–Vis spectrophotometry. 
Four adsorption–desorption cycles were conducted to eval-
uate the reusability of the CW-GAC during the removal of 
phenol from aqueous solutions.

2.7. Error analysis

The isotherm and kinetic model parameters were deter-
mined using the Solver function of Microsoft Excel®, with 
the average relative error (ARE) as an error function to 

determine the accuracy of the regression. This error function 
attempted to minimise the fractional error distribution across 
the complete studied range. The ARE was calculated accord-
ing to Eq. (10):

ARE calc=
−










×

=∑1 100
1N
q q
qi

N exp

exp

 (10)

where N is the number of experimental points, and qexp and 
qcalc represent the experimental and predicted phenol adsorp-
tion capacity, respectively.

3. Results and discussion

3.1. Precursor properties

Proximate analysis of the CW revealed that this waste con-
tains 85.44% volatile matter, 13.4% of fixed carbon, and 1.4% 
ash, besides the elemental analysis showed that the precur-
sor contains 44.49% carbon, 9.98% hydrogen, 1.95% nitrogen, 
1.23% sulphur, and 42.35% oxygen (estimated by difference). 
Similar values have been reported for other lignocellulosic res-
idues used as activated carbon precursor [7,21,22]. Therefore, 
CW can be considered an interesting alternative to produce 
activated carbon, since it has a high content of volatile matter 
and low content of ash as well as fixed carbon.

3.2. Statistical analysis

Table 1 shows the conditions and the experimental 
results for the production of CW-GAC. After discarding the 
non-significant terms, the ANOVA data for the coded model 
of the surface area and yield are showed in Tables 2 and 3, 
respectively. Based on the ANOVA data for the surface area, 
the most significant individual factor was the impregnation 
ratio, and the most significant double interaction was between 
the temperature and the impregnation ratio (Eq. (11)). Similar 
results were reported by Loredo-Cancino et al. [14] for the 
activated carbon produced from barley husks. Additionally, 
the activation time did not have a significant effect on the 
surface area, and, therefore, this independent factor was not 
included in final coded model (Eq. (11)):

Surface area = 1,084.73 + 72.13C + 125.15AC (11)

Based on the ANOVA data for the yield response (Table 3), 
the most significant individual factor was the temperature, 

Table 2
The analysis of variance data for surface area determined from a 
23 experimental design

Source Sum of 
squares

Degree of 
freedom

Mean 
square

F-value p-value

Model 1.6692 × 105 2 8.3383 × 104 7.8168 0.0288
C 4.1621 × 104 1 4.1621 × 104 3.8982 0.1051
AC 1.2530 × 105 1 1.2530 × 105 11.7355 0.0187
Residual 5.3384 × 104 5 1.0677 × 104

Total 2.2030 × 105 7
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the most significant double interactions were between the 
temperature and the time, as well as temperature and the 
impregnation ratio, and the most significant triple interac-
tion was between temperature, time, and impregnation ratio 
(Eq. (12)). The activation time did not show a significant 
effect on the yield response:

Yield = 22.21 – 1.54A – 2.28AB + 1.44AC – 1.40ABC (12)

The ANOVA data for the coded model of the hardness 
response indicated that neither temperature, time, nor 
impregnation ratio attained a significant effect in hardness, 
as shown in Table 4. 

The mathematical model for the surface area (Eq. (11)) and 
yield (Eq. (12)) was used to build response surfaces and con-
tour plots. For the above-mentioned purposes, an activation 
time of 40 min was selected because this factor was not signif-
icant for the studied responses (Fig. 1). Moreover, for practi-
cal and economic reasons, it is desirable to choose the lowest 
activation time in the studied range to reduce the energy con-
sumption in the pyrolysis process. It is important to mention 
that the model includes interaction between factors and, there-
fore, the response surface is a twisted plane. It is desirable to 
operate the CW-GAC production process to achieve the high-
est surface area and yield. Fig. 1 shows that if time is at the low 
level, the maximum surface area and yield occurred at 600°C 
and an impregnation ratio of 1.5 g ZnCl2 g–1 CW. The effect of 

impregnation ratio on the response could be explained as fol-
lows, the ZnCl2 assumes a role as a dehydration agent during 
activation, inhibiting the formation of tars and other liquids 
that could clog up the pores of the carbons. For this reason, an 
increase in the impregnation ratio enhances the movement of 
the volatiles through the pores and, consequently, causes an 
increase in the surface area [14].

3.3. Physical and chemical properties of coffee-waste ground 
granular activated carbon

Table 5 shows the physical and the textural properties of 
CW-GAC produced at 600°C, 40 min, and an impregnation 
ratio of 1.5. The CW-GAC has a surface area of 1,280 m2 g–1, 
which is similar to other lignocellulosic granular [1,7,9] and 
powdered [2,5,10,14,22] activated carbons.

The obtained adsorbent (CW-GAC) was characterised by 
potentiometric titrations in order to determine the surface 
charge distribution and the concentration of active sites. The 
concentration of acidic sites (3.00 mEq g−1) is greater than 
that of basic sites (0.75 mEq g−1), hence, the surface is acidic 
predominantly. The different types of acidic sites were also 
determined, and it was found that their concentrations were 
1.75 mEq g−1 phenolic groups, 0.75 mEq g−1 lactonic groups, 
and 0.5–0.75 mEq g−1 carboxylic acid groups.

The adsorbent net surface charge distribution is a func-
tion of the type and quantity of functional groups, and the 
solution pH. At solution pH values higher than the pHPZC, 
the adsorbent surface acquires a negative net charge, while 
the adsorbents surface presented a positive net charge at pH 
values lower than pHPZC. The determination of the surface 
charge distribution on the activated carbon helps to explain 
the mechanism of adsorption of ionised pollutants [23]. The 
pHPZC value of CW-GAC was determined to be 3.9, indicat-
ing that it is acidic. The high content of acidic functional 
groups leads to a pHPZC lower than 7 and, for that reason, 
this material seems to be helpful for adsorbing heavy met-
als, basic dyes, and other positively charged species from 
aqueous solutions, a similar behaviour has been reported by 
other authors for activated carbons [24–27]. The presence of 
phenolic and carboxylic acid groups was confirmed by FTIR 
analysis (Fig. 2).

3.4. Effect of pH

The chemical speciation of an adsorbate and the surface 
charge of an adsorbent depend on the pH of solution. Thus, 
in order to evaluate the effect of the pH on the adsorption 
capacity, three pH conditions were evaluated (pH 3, 6, and 
11). Fig. 3 depicts the effect of pH on the adsorption capacity 
of phenol onto CW-GAC, it can be observed an increase of 7% 
with the augmentation of the pH from 3 to 6. However, if the 
solution pH increased from 6 to 11, the adsorption capacity 
decreased by 27%. The decrease in the adsorption capacity at 
basic conditions could be explained taking into account the 
speciation diagram of the phenol (pKa = 9.89). At pH 11, 90% 
of the phenol is present as phenolate (i.e., negative-charged 
species), meanwhile the CW-GAC surface charge is predom-
inantly negative according to its pHPZC (3.9). Therefore, elec-
trostatic repulsion can occur between the phenolate ions and 
the ionised acid groups on the adsorbent surface.

Table 3
The analysis of variance data for yield determined from a 23 
experimental design

Source Sum of 
squares

Degree of 
freedom

Mean 
square

F-value p-value

Model 92.61 4 23.15 68.76 0.0028
A 19.00 1 19.00 56.44 0.0049
AB 41.45 1 41.45 123.10 0.0016
AC 16.50 1 16.50 49.01 0.0060
ABC 15.65 1 15.65 46.48 0.0065
Residual 1.01 3 0.34
Total 93.62 7

Table 4
The analysis of variance data for hardness determined from a 23 
experimental design

Source Sum of 
squares

Degree of 
freedom

Mean 
square

F-value p-value

Model 425.79 6 70.97 10.20 0.2352
A 40.23 1 40.23 5.78 0.2509
B 9.25 1 9.25 1.33 0.4549
C 121.68 1 121.68 17.49 0.1494
AB 111.01 1 111.01 15.96 0.1562
AC 8.00 1 8.00 1.15 0.4778
BC 135.63 1 135.63 19.50 0.1418
Residual 6.96 1 6.96
Total 432.75 7



M.d.l.L. Díaz de León-Garza et al. / Desalination and Water Treatment 90 (2017) 231–240236

Fig. 1. The response surface and corresponding contour plot for the surface area (a and b) and the yield (c and d).

Table 5
Comparison of the CW-GAC production conditions, properties, and phenol adsorption capacity with literature data

Precursor  
(RI, Tact, tact)

Yield  
(%)

Surface area 
BET  
(m2 g–1)

Total pore 
volume  
(cm3 g–1)

Average pore  
diameter  
(Å)

Initial phenol 
concentration 
(mg L–1) 

Adsorption 
capacity 
(mg g–1)

Solution  
pH

Reference

Coffee waste  
(1.5, 600°C, 40 min)

26.00 1,280 0.77 33 200 160.52 7 This 
research

Barley husk  
(1.5, 600°C, 40 min)

48.48 811 0.263 – 1,000 132.9 7 Loredo- 
Cancino 
et al. [5,14]

Rice husk  
(4.2, 900°C, 60 min)

37.69 439 0.387 35.28 300 62.1 2.7 Kennedy 
et al. [1]

Olive husk  
(4, 800°C, 60 min) 

– 1,880 1.1114 22.16 – – – Michailof 
et al. [2]

Coconut shells  
(2, 800°C, 60 min)

99.35 380 0.36 – 94 38.82 2 ± 0.2 Singh et al. 
[10]

Hazelnut shell 
(750°C, 600 min)

37 793 – – – 145 – Aygün et al. 
[7]

Almond shell  
(450°C, 60 min)

37 1,340 – – – – – Bansode 
et al. [9]

Date stones  
(0.5, 700°C, 180 min)

– 951 – – – – – Alhamed 
[28]

Sugar cane bagasse 
(0.25, 500°C, 60 min)

24.87 1,611 1.233 30.6 – – – Liou [22]

Note: RI, ratio of precursor impregnation/activating agent (w/w); Tact, activation temperature (°C); tact, activation time (min).
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3.5. Kinetic studies

In order to determine the time to reach equilibrium and 
to assess the effect of stirring speed on the uptake rate of 
phenol, adsorption kinetic experiments were performed at 
different stirring speeds (200, 300, and 400 min−1) at 30°C, 
pH 7, and an initial phenol concentration of 200 mg L–1. 
Figs. 4(a) and (b) show the kinetics of phenol adsorption onto 
CW-GAC under different stirring speeds, and the predicted 
data by pseudo-first-order and pseudo-second-order models. 
As shown in Fig. 4, the time to reach equilibrium decreased 
when the stirring speed was increased from 200 to 400 min–1. 
This behaviour could be attributed to the reduction of the 
boundary layer surrounding the adsorbent particle, hence, 
phenol molecules are transported at a faster rate to the exter-
nal surface of the adsorbent.

The experimental kinetic data were used to estimate the 
adsorption kinetic parameters for the kinetic models, and 
these parameters are shown in Table 6. Parameters of kinetic 
models were determined by least square method using 
Solver tool of Excel®, and the ARE was used to determine 
the best fit for the studied models. For all stirring speeds, 

the pseudo-second-order model predicted the experimental 
kinetic data better than the pseudo-first-order model based 
on the low ARE value. Additionally, the rate constant (k2) 
increases 1.98 times with the increment of the stirring speed 
from 200 to 400 min–1, indicating a faster adsorption at high 
stirring speeds.

Fig. 2. FTIR spectra for CW-GAC produced at 600°C, 40 min of 
activation time, and an impregnation ratio of 1.5 g ZnCl2 g–1 of CW.

Fig. 3. The effect of pH on the phenol adsorption capacity onto 
CW-GAC (qe, mg g–1) at initial phenol concentration of 250 mg L–1.

Fig. 4. Adsorption kinetics of phenol onto CW-GAC using differ-
ent stirring speeds (pH 7, 30°C, and initial phenol concentration 
of 200 mg L–1). Symbols represent experimental data and lines 
represent the predicted values by (a) pseudo-first-order model, 
(b) pseudo-second-order model, and (c) intraparticle diffusion 
model.
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The intraparticle diffusion model was employed in order to 
determine the rate-controlling step (Fig. 4(c)). According to the 
Weber and Morris model, a straight line should be obtained if 
the intraparticle diffusion is involved and this line should pass 
the origin when is the rate-controlling step [29]. As can be seen 
in Fig. 4(c), the plot of q vs. t1/2 shows multi-linearity suggesting 
that more than one diffusion step occurs in the adsorption pro-
cess. The first linear section is related to the film diffusion, the 
second linear section corresponds to the intraparticle diffusion 
and the third section corresponds to the final stage of equilib-
rium where intraparticle diffusion begins to decrease due to 
the low concentration of the adsorbate in the solution and the 
reduced available active sites on the adsorbent surface [30]. 
Additionally, the kinetic parameter of the Weber and Morris 
model, Kp, was estimated for the first linear section showing 
an increase from 15 to 22.5 mg g–1 min–0.5 with the increment of 
the stirring speed from 200 to 400 min–1, respectively (Table 7). 
This behaviour is in agreement with the results obtained with 
the pseudo-first-order and pseudo-second-order models. 
Furthermore, it can be observed that the first linear section 
passes through the origin, suggesting that the intraparticle 
diffusion is the rate-controlling step.

3.6. Equilibrium adsorption experiments

The adsorption experiments at equilibrium are very 
important for the design of adsorption batch systems, and 

also to compare the performance of the adsorbents. A num-
ber of isotherms models are commonly used, for example: 
Langmuir [18], Freundlich [19], and Redlich–Peterson [20], 
among others. Table 8 shows the parameters of these iso-
therm models obtained from experimental data based on 
the ARE. The equilibrium adsorption data of phenol onto 
CW-GAC at adsorbent dosage of 1 g L–1 were satisfacto-
rily predicted with the Redlich–Peterson isotherm model 
(ARE = 24.33). Fig. 5 shows the adsorption isotherm of phenol 
on CW-GAC and the predicted data from isotherm models. 
The maximum experimental adsorption capacity determined 
for phenol onto CW-GAC is comparable with or higher than 
those reported for activated carbon produced from other lig-
nocellulosic precursors (Table 5).

3.7. Reusability of CW-GAC

From an economic point of view, adsorbent regeneration 
plays a key role in the removal of pollutants from aqueous 
solutions by adsorption processes. To regenerate CW-GAC, 
four adsorption/desorption cycles were carried out using 
sodium hydroxide as an eluent. Fig. 6 shows that phenol 
adsorption capacity approximately decreased 11% after 
the fourth adsorption cycle, whereas desorption capacity 
decreased from 78% to 56% in the first and fourth desorp-
tion cycle, respectively. Reduction in the phenol adsorption 
capacity could be attributed to the less available active sites 

Table 6
Comparison of the pseudo-first-order and pseudo-second-order kinetic models for the phenol adsorption onto CW-GAC at different 
stirring speeds

Stirring speed 
(min–1)

Adsorption kinetic model
Pseudo–first-order Pseudo-second-order
k1 (min–1) qe (mg g–1) ARE (%) k2 (g mg–1 min–1) qe (mg g–1) ARE (%)

200 0.0431 117.64 8.12 5.005 × 10-4 124.6 3.05
300 0.0476 121.13 10.42 5.454 × 10-4 127.9 3.86
400 0.0804 123.92 9.64 9.948 × 10-4 129.18 4.10

Table 7
Fitting parameters for intraparticle diffusion model for phenol adsorption onto CW-GAC at different stirring speeds

Stirring speed 
(min–1)

Adsorption kinetic model
First linear part of the curve Second linear part of the curve
kp (mg g–1 min-0.5) I (mg g–1) ARE (%) kp (mg g–1 min–0.5) I (mg g–1) ARE (%)

200 15.01 0.00 4.22 5.54 51.65 0.36
300 16.10 0.00 11.44 5.05 60.07 1.75
400 22.57 0.00 2.18 8.14 54.42 1.48

Table 8
Isotherm parameters estimated from experimental data of phenol adsorption onto CW-GAC

Langmuir Freundlich Redlich–Peterson
qmax b *ARE (%) R2 K n *ARE (%) R2 KRP αRP b *ARE (%) R2

160.52 0.07 26.77 0.84 7.13 1.39 40.43 0.82 8.94 0.04 1.37 24.33 0.94

*ARE values correspond to non-linear form of isotherm equations, and R2 to linear form of isotherm equations. All isotherm parameters were 
estimated by the non-linear method.
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of the adsorbent as a consequence of the incomplete phenol 
desorption in previous cycles.

It is well known that desorption of phenol is a challeng-
ing process because of the low desorption efficiency. In this 
research, it was possible to achieve phenol desorption effi-
ciencies higher than those reported for commercial activated 
carbon (61%) [31], groundnut shell adsorbent (40%) [32], and 
granular activated carbon (5.43%) [33]. These results clearly 
confirm the reusability of the CW-GAC for the removal of 
phenol from aqueous solutions.

4. Concluding remarks

This study demonstrates that CW can be used as a 
promising precursor to manufacture activated carbon and 
this adsorbent can be used for the removal of phenol from 
aqueous solutions. The obtained adsorbent at the optimal 
conditions (600°C, 40 min of activation, and an impregna-
tion ratio of 1.5 g ZnCl2 g–1 of CW) achieves a high surface 
area (1,280 m2 g–1) and acceptable hardness (76%–96%). The 
surface characterization indicates that adsorbent is acidic 

(pHPZC = 3.9) and this characteristic implies that CW-GAC 
may be used as adsorbent of positively-charged species from 
aqueous solutions. The adsorption experiments showed that 
the removal of phenol by CW-GAC is effective at pH 6, and 
Redlich–Peterson isotherm adequately predicted the equi-
librium adsorption data. The maximum adsorption capacity 
of phenol onto CW-GAC (160.52 mg g−1) was comparable or 
higher than the values reported for lignocellulosic-based acti-
vated carbons. Adsorption kinetics of phenol on CW-GAC 
is predicted better with the pseudo-second-order model 
than the pseudo-first-order model, and the adsorption equi-
librium is achieved in less than 150 min in all studied sce-
narios. Adsorption of phenol on CW-GAC is controlled by 
both film and intraparticle diffusion mechanisms since two 
remarked slopes are shown on the graph based on the Weber 
and Morris model. Desorption studies shows that recovery 
of phenol and regeneration of adsorbent are possible at least 
during four adsorption/desorption cycles.
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