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a b s t r a c t
Phenolic compounds are mixtures of phenol derivatives which are produced from several industries 
including biocides, pharmaceuticals and coal production. Phenolics are considered the major 
contaminants in industrialized wastewater. Therefore, treatment of wastewater polluted by phenolics 
is mandatory previously to discharge in order to protect the environment. Among the numerous 
procedures reported for remediation of industrial wastewater from phenolics; adsorption technology 
was the best method from the effectiveness and economical point of view. In this study, three agricultural 
wastes produced in huge amounts were evaluated in remediation of wastewater contaminated by 
2-chlorophenol. The studied agricultural wastes were water hyacinth, palm leaf, and banana peel. The 
adsorption process parameters were determined including temperature, pH, amount of adsorbents, 
concentration of pollutant, and treatment time. The process followed Freundlich adsorption isotherm 
and pseudo-second-order kinetic model. Boyd model showed that the adsorption mechanism of 
chlorophenol on the surface of the different adsorbents was occurred via film diffusion mechanism. 
The obtained adsorption capacities at the equilibrium conditions were 288.1, 290.3, and 388.9 mg/g 
for water hyacinth, palm leaf, and banana peel, respectively. The spectroscopic evaluation showed 
the physical interaction between the chlorophenol molecules and the different functional groups on 
the studied adsorbents. Banana peel showed the highest adsorption efficiency, which was related to the 
abundance and types of the bioactive compounds in its chemical structure. 
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1. Introduction

Phenolic compounds are presented in effluents of petro-
leum refineries, petrochemicals, plastics, coke produc-
tion, and pharmaceutical industries [1–3]. Discharge of the 
untreated industrial wastes in the environment, for exam-
ple, rivers, leads to severe health hazards to human, animals, 
and aquatic systems [1]. The US Environmental Protection 

Agency (EPA) considered phenol as a substantial contami-
nant in industrial wastewater [1]. EPA regulations have set 
water purity standard of less than 1 ppb of phenol deriva-
tives [2]. Phenolic compounds exhibit toxicity in the range 
of 9–25  mg/L for humans and aquatic systems [4]. Long-
term contact for phenol derivatives leads to asymmetrical 
breathing, muscle defect, tremor, and respiratory defects in 
humans. Chronic contact to phenolics leads to irritation in 
the intestinal and central nervous systems [3,5,6]. Therefore, 
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there is a necessity to eliminate phenolic compounds from 
wastewater before release. Conventional treatments such 
as distillation, chemical oxidation, and electrochemical oxi-
dation show high efficiencies with various phenolic com-
pounds, while progressive treatments such as ozonation, air 
oxidation, and photochemical treatment use less chemicals 
related to the conventional processes, but have high energy 
costs. Biological treatment is environmentally friendly and 
energy saving, but it cannot treat high concentration pollut-
ants. Enzymatic treatment was the best way to treat various 
phenolic compounds under mild conditions using peroxi-
dases, laccases, and tyrosinases. Chemical oxidation affords 
destructive remediation for phenolic compounds. The pro-
cesses required less chemicals and consumes lower energy, 
operating under mild conditions of temperature and pH 
are most commonly in ppm range or higher. O3, Cl2, chlorine 
dioxide, chloramines, ferrate [Fe (VI)] and permanganate 
[MnO4

–] are the common chemicals used in the oxidative 
treatment of phenol derivatives contaminated in wastewa-
ter [7]. Electrochemical oxidation is a destructive process 
of removal of phenol derivatives at which no chemicals are 
required, but required equipment and energy. As studied by 
Tasic et al. [8] and Ghimire et al. [9], electrochemical oxi-
dation processes are of two types: direct and indirect oxi-
dation. Direct or anodic process occurred by adsorption of 
the phenol derivatives on the anodic surface. Various anode 
materials are used such as Pt, PbO2, SnO2, IrO2, and boron-
doped diamond. Biological treatment is the most commonly 
method in treatment for phenolic compounds. Bisphenol-A 
was removed using biological treatments such as activated 
sludge [10,11]. Enzymatic treatment takes its important 
from the biological treatment. In this process, biocatalyst 
(enzyme) is responsible for transformation on phenolic 
compounds into low toxic compounds or environmen-
tally safe. The process has substantial advantages such as 
cost-effectiveness than conventional biological and chemical 
remediation, as long as the used enzymes are available and 
has economically price [12]. Adsorption process of organic 
materials from wastewater is an effective process due to the 
ability to remove a wide range of trace to percentage con-
centrations. Different adsorbents were showed their high 
efficiency in the removal of organic pollutants from the 
wastewater, especially the agricultural wastes [13,14]. Clays 
and modified clays also showed high percentage removal 
for different pollutants from wastewater including organ-
ics and heavy metal ions, dyes and organic compounds 
[15–17]. Modification of agricultural wastes into activated 
carbon had wide application in the field of pollutants reme-
diation from the environment. Production of activated 
carbon is economically expensive, but it showed effective 
performance in removal of finite traces of various organic 
compounds [18,19]. New trends were developed including 
chemical modification of the activated carbon, impregnation 
with nanoparticles, different sources of carbon and activa-
tion methods [20–23].

In this study, three agricultural wastes were used in 
remediation of chlorophenol from wastewater. The effect of 
several parameters were determined on the adsorption pro-
cess including the effect of adsorbent amount, chlorophenol 
concentration in the medium, time of adsorption process, pH 
of the medium and temperature using UV-Vis spectroscopic 

measurements. Adsorption isotherms of the process were 
studied. Kinetics of the process also was studied using 
several kinetic models to determine the mechanism of the 
adsorption process. The rate determining step of the process 
was determined using Boyd model. The mechanism of the 
adsorption of chlorophenol on the different adsorbents was 
proposed based on the chemical structures of these adsor-
bents and the information obtained from the adsorption iso-
therms and kinetic studies. 

2. Materials and methods

2.1. Chemicals

Stock solution of chlorophenol was prepared in deion-
ized water using analytical grade chlorophenol obtained 
from Sigma-Aldrich, Germany (purity of 99.99%). Different 
concentrations of the chlorophenol solution were prepared 
by serial dilution of the stock solution using deionized water.

2.2. Adsorbents

In the remediation process, three adsorbents were tested 
namely: Musa sapientum (banana peel), palm leaf, and water 
hyacinth. The adsorbents were claimed, washed using bidis-
tilled water dried to 50°C and crushed into fine particles of 
1–2 mm diameter.

2.3. Measurements

The concentration of the remaining chlorophenol 
after each treatment was determined using Camspec 
M501 UV-Vis spectrophotometer at. A calibration curve of 
chlorophenol in bidistilled water was drawn at l  =  290  nm 
and a concentration range of 1–15 mg (2-chlorophenol)/mL 
(H2O). The concentration of the remaining chlorophenol 
after each adsorption experiment was determined using the 
corresponding intensity at the characteristic wavelength. 
FTIR spectra of the studied adsorbents were performed 
before and after the adsorption process using Genesis Fourier 
transformer spectrophotometer FTIRTM. 

2.4. Adsorption test procedures

In order to pre-scan the adsorption efficiency of the stud-
ied adsorbents, 0.2 g of each adsorbent was added to 150 mL 
of chlorophenol solution (200  ppm) in 500  mL Erlenmeyer 
flask and stirred at 200 rpm for 4 h at 25°C. Then the medium 
was filtered and the concentration of the remaining chloro-
phenol was determined spectrophotometrically. The exper-
iment was repeated using 1 g of the adsorbents at different 
conditions including: different time interval of: 30, 60, 120, 
180, and 240  min, different pH of 1–8, different amount of 
chlorophenol (50, 100, 200, 300, and 400 ppm) and different 
temperature range of 30°C–70°C. Adsorption isotherm study 
was performed by studying the adsorption of chlorophenol 
at different interval times (30, 60, 120, 180, and 240  min), 
while the kinetic study was performed at different adsor-
bents weights (0.02, 0.04, 0.06, 0.08, 0.1, 0.2, 0.4, and 0.5 g). At 
the end, the residual adsorbents were separated, washed by 
bidistilled water and dried at 80°C for 24 h.
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3. Results and discussion

3.1. Structure of adsorbents

The used adsorbents in this study were Musa sapientum 
(banana peel), palm leaf, and water hyacinth. These products 
are considered as agricultural wastes and produced in huge 
amounts in the environment. The bioactive components pre-
sented in Musa sapientum (banana peel) are crude lipid, carbo-
hydrate, crude fibers (cellulose) [24] in addition to moderate 
contents of phytate, saponin, and tannin (Fig. 1), while palm 
leaf, and water hyacinth contains mainly cellulose, lignin, 
and hemicellulose [25]. The percentage of the bioactive com-
pounds in the different adsorbents was varied as represented 
in Table 1. The presence of different bioactive components in 
the different adsorbents was confirmed through FTIR spec-
troscopic analyses (Figs. S1a–c).

FTIR spectra of water hyacinth showed the following 
absorption bands: 3,600–3,200  cm–1 (centered at 3,424  cm–1) 
assigned for O–H, 2,925, 2,850  cm–1 allocated for symmet-
ric and asymmetric stretching of alkyl C–H, 1,640  cm–1 
assigned for aromatic C=C, 1,073 cm–1 assigned for C–O ether, 
1,251 cm–1 attributed to C–O alcoholic, 773, 620 cm–1 assigned 
for bending of C–H aromatic (Fig. S1a).

FTIR spectra of palm leaf showed the following absorp-
tion bands: 3,600–3,200 cm–1 (centered at 3,435 cm–1) for O–H, 

2,921, 2,853  cm–1 allocated for symmetric and asymmetric 
stretching of alkyl C–H, 1,632  cm–1 assigned for aromatic 
C=C, 1,047 cm–1 assigned for C-O ether, 1,257 cm–1 attributed 
to C–O alcoholic, 770, 620  cm–1 of aromatic C–H bending 
(Fig. S1b).

FTIR spectra of Musa sapientum (banana peel; Fig. S1c) 
showed the characteristic absorption bands of cellulose 
and hemicellulose (broad band centered at 3,429, 1,253, 
1,043  cm–1), which also indicate the presence of saponin 
and tannin. Furthermore, additional absorption bands 
which were: broad band in the range of 3,600–3,000  cm–1 
and centered at 3,500  cm–1, 1,180  cm–1 assigned for P=O 
symmetrical stretching, weak band at 1,160  cm–1 assigned 
for P=O asymmetrical stretching 909 cm–1 assigned for P=OH 
symmetric stretching, 1,010  cm–1 for P=OH asymmetric 
stretching, representing the presence of phytate in banana 
peel adsorbent.

3.2. Adsorption studies

Several factors are influencing the adsorption of chlo-
rophenol by the studied adsorbents including adsorbent 
amount, concentration of chlorophenol, pH of the medium, 
initial chlorophenol concentration, time of adsorption pro-
cess and temperature. The adsorption capacity of each adsor-
bent at equilibrium was calculated using Eq. (1):

Q
C C

e =
−(

wt
initial final

ads

	 (1)

where Qe is the adsorption capacity (mg/g); Cinitial is the initial 
concentration of chlorophenol; Cfinal is the final concentration 
of chlorophenol; wtads is the weight of adsorbent used. The 
obtained data were listed in Table 2. From the obtained 
data (Table 2), it is clear that the adsorption capacities of 
the different adsorbents were comparatively high, and the 
most effective and adsorptive adsorbent was Musa sapientum 
(banana peel) with adsorption capacity of 388.9 mg/g.

(i) 

(ii) 

(iii) 

Fig. 1. Chemical structure of: (i) saponin, (ii) phytic acid, and (iii) 
tannin.

Table 1
Bioactive components and their average ratio in water hyacinth, 
palm leaf, and banana peel, and their adsorption efficiency for 
chlorophenol as obtained from pre-screening test

Adsorbent Component percentage Efficiency, %

Water hyacinth Cellulose 31.6% 94
Hemicellulose 27.3%
Lignin 4%

Palm leaf Cellulose 42.6% 98
Hemicellulose 21.3%
Lignin 14.4%

Banana peel Phytate (mg/g) 0.34 99
Saponin (mg/g) 24.3
Tannin 30%–40%
Crude lipid 1.70%
carbohydrate 59.0%
Crude fiber 31.7%
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3.2.1. Effect of adsorbent amount

The adsorption of pollutants from the contaminated 
medium by the adsorbents is occurred due to the interaction 
between the reactive pollutant molecules and the accessible 
adsorption sites in the adsorbents. The number of adsorption 
sites accessible for the adsorption is increased by increas-
ing the adsorbent amount. The influence of the adsorbent 
amount on the removal efficiency of chlorophenol from the 
contaminated medium was represented graphically in Fig. 2. 
It is clear from Fig. 2 that the steady increase in the amount of 
the different adsorbents progressively increases the adsorp-
tion efficiency. The relative increase in the adsorption effi-
ciency is assumed due to the increase in the adsorbent sur-
face area and accessibility of additional adsorption sites [26] 
by increasing their amounts.

3.2.2. Effect of pH

The acidity or alkalinity of the medium influences the 
ionic profile of the functional groups of the adsorbents  
(i.e., carboxyl, phosphate, and amino groups), and the 
chlorophenol in the medium. Fig. 3 signifies the variation of 
adsorption efficiencies obtained of the studied adsorbents 
towards chlorophenol at different pH values (pH 5, 7, 9). 
It is clear that the adsorption efficiencies of the different 
adsorbents were increased by increasing the pH of the 
medium from 1 to 6, and reaches the highest values at 
pH = 7. In the acidic medium (pH < 7), the chlorophenol is 
protonated to form its cationic form as represented in Fig. 
4, that leads to ionization of the hydroxyl group attached to 
phenyl group. Furthermore, the various hydroxyl groups on 
the different adsorbents are protonated, as well, to change the 
adsorbents surfaces into partially ionized surfaces [27]. The 
interaction between the partially ionized adsorbents surfaces 
and the chlorophenol is decreased by increasing the acidity 
of the medium. Also, the competition between the charged 
chlorophenol and the hydrogen protons in the medium 
[28] decreases the adsorption of the former than the later. 
Increasing the pH of the medium decreases the protonated 
form of the adsorption sites of the different adsorbents and 
also decreases the free hydrogen protons in the medium. 
That leads to spontaneous adsorption of the chlorophenol 
molecules to the adsorption sites of the adsorbents and 
consequently increases the adsorption efficiency values. At 
higher pH values (in the range of the alkaline), the negative 
charges increased on the adsorbents surface which increases 

the repulsion between the chlorophenol molecules [29] 
and the adsorption sites, which decreases the adsorption 
efficiency to lower values.

3.2.3. Effect of time on adsorption process

The effect of time on adsorption efficiency removal of 
chlorophenol from the solution by the studied adsorbents 
was studied at wide contact time range of 30 to 240  min 
as presented in Fig. 5. The optimum adsorption efficiency 

Table 2
Adsorption isotherm parameters obtained for adsorption process of chlorophenol using water hyacinth, palm leaf, and banana peel 
as adsorbents at 25°C

Adsorbent

Adsorption isotherm

Adsorption capacity, mg/g

Langmuir Freundlich

R2 R² kf , mg/g n

Water hyacinth 0.8879 0.9995 76.01 1.32 288.09
Palm leaf 0.8851 0.9992 114.7 1.31 290.34

Banana peel 0.9082 0.9982 482.2 1.77 388.89

Fig. 2. Effect of adsorbent concentration on the adsorption of 
chlorophenol on: water hyacinth, palm leaf, and banana peel 
adsorbents.

Fig. 3. Effect of pH on the adsorption of chlorophenol on water 
hyacinth, palm leaf, and banana peel adsorbents.
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removal of chlorophenol was achieved at 210  min. further 
increase in the process duration leads to decrease in the effi-
ciency of the adsorption process. Fig. 5 represents that the 
efficiency of adsorption is raised sharply in the initial pro-
cess stages, indicating that there are plenty of accessible 
adsorption active sites. At longer process time, stability is 
reached in all curves indicating that the adsorbents surfaces 
are saturated by the adsorbed chlorophenol at this time [30]. 
It was observed (data not included in Fig. 5) that increasing 
the duration of the process more than 240 min (270–300 min) 
leads to decrease in the adsorption efficiency. This can be 
attributed to the desorption process of the adsorbed chloro-
phenol from the adsorbents surface.

3.2.4. Effect of initial chlorophenol concentration

The influence of chlorophenol concentration in the 
medium on the adsorption process was studied using con-
stant amount of the different adsorbents in the presence of 
various amounts of chlorophenol in the medium (50, 100, 
200, 300, and 400  ppm). Fig. 6 represents the variation of 

the adsorption efficiency of the different adsorbents at a 
wide range of chlorophenol concentration in the medium. It 
is clear that the increase in the chlorophenol concentration 
decreases the adsorption efficiency of the three biosorbents. 
The decrease in the initial concentration of chlorophenol 
increases the number of successful collisions between its mol-
ecules and the adsorptive active sites on the surface of the 
adsorbents which enhances the adsorption process [31,32]. 

3.2.5. Effect of temperature

To determine the effect of temperature on the adsorption 
of chlorophenol by the studied adsorbents, experiments were 
conducted in a temperature range of 30°C–70°C (Fig. 7). It is 
clear from Fig. 7 that the gradual increase in the temperature 
of the medium, the adsorption efficiency of the adsorbents 
is gradually increased. From the adsorption profile of 
chlorophenol (Fig. 7), it can be concluded that the adsorption 
process of chlorophenol on the studied adsorbents is an 
endothermic process [33]. The endothermic adsorption process 
is enhanced by increasing the temperature of the medium. 
The increase in the temperature increases the swelling of the 
adsorbents in the aqueous medium which increases the validity 
of the adsorption active sites to interact by the chlorophenol 

OH

Cl

H+

O

Cl
H

H

HO

Cl

OH-

pH = 1-5

pH >7

pH =7

Fig. 4. Structure of chlorophenol at different pH values.

Fig. 6. Effect of initial chlorophenol concentration on the adsorp-
tion of chlorophenol on water hyacinth, palm leaf, and banana 
peel adsorbents.

Fig. 7. Effect of temperature on the adsorption of chlorophenol 
on water hyacinth, palm leaf, and banana peel adsorbents.

Fig. 5. Effect of immersion time on the adsorption of chlorophe-
nol on water hyacinth, palm leaf, and banana peel adsorbents.
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molecules. Furthermore, increasing the temperature increases 
the collision between the dispersed chlorophenol molecules 
in the medium and the available adsorption sites [34]. These 
two reasons increase the adsorption efficiency of the studied 
adsorbents at higher temperatures.

3.3. Adsorption isotherm models

Sorption equilibrium can be described by a number of 
models available in the literature. In this work, two mod-
els were applied to obtain the suitable adsorption isotherm 
model which describes the adsorption of chlorophenol on the 
studied adsorbents, Langmuir model and Freundlich model.

Langmuir model assumes that the adsorption process 
formed a monolayer of the solute (chlorophenol) on the 
surface of the adsorbents. The surface consisted of a limited 
number of identical sites with homogeneous adsorption 
energy, and the adsorbed molecules are adsorbed uniformly 
on the surface. This model [35] is expressed using Eq. (2):

C
q q
e

e

= +
1

maxK
C
qL

e

max

	 (2)

where Ce is the concentration of chlorophenol in the solution 
(mg/L) when equilibrium is reached, qe is the amount 
of chlorophenol adsorbed per mass unit of adsorbent at 
equilibrium (mg/g), qmax is the uptake capacity when the 
adsorbent surface is completely covered with chlorophenol 
molecules (maximum uptake capacity; mg/g), KL is the 
Langmuir adsorption constant that represents the affinity 
between the adsorbents and the chlorophenol molecules.

Freundlich isotherm is an empirical expression that takes 
into consideration the heterogeneity of the adsorbent surface 
and formation of multilayer of chlorophenol molecules to 
adsorptive active sites on the adsorbent surface. Freundlich 
model is expressed in Eq. (3) [36]:

ln ln lnq
n

C Ke e F= +
1 	 (3)

where KF is the Freundlich adsorption constant.
The plot based on Langmuir isotherm model for the 

adsorption of chlorophenol on the studied adsorbents 
(Fig. S2) was used to calculate Langmuir adsorption param-
eters and were listed in Table 2. The correlation coefficients 
obtained from Langmuir adsorption profile were ranged 
between 0.8851 and 0.9082 (Table 2). Based on the correla-
tion coefficients values of Langmuir adsorption model, one 
can determine the unavailability of this model to describe the 
adsorption of chlorophenol molecules on the studied adsor-
bents. That can be related to the type of adsorption of these 
molecules on the adsorbents and the formation of multilayer 
on the surface, in addition to the heterogeneity of the adsor-
bent surface [37].

Freundlich adsorption isotherm was applied to the 
obtained data of adsorption of chlorophenol using the stud-
ied adsorbents and the isotherm profile was represented 
in Fig. 8. The isotherm parameters were obtained and their 
values were listed in Table 2. It is clear from data in Table 2 
related to Freundlich adsorption isotherm that the correla-
tion coefficient values (R2) are ranged between 0.9982 and 

0.9995. That showed the validity of Freundlich adsorption 
isotherm in describing the adsorption process of chlorophe-
nol on the studied adsorbents. Based on Freundlich adsorp-
tion isotherm, the chlorophenol molecules are adsorbed on 
the studied adsorbent nonhomogeneously due to the differ-
ent adsorptive sites energies, and the adsorbed molecules 
are arranged in a multilayer form. Freundlich adsorption 
isotherm gave kf and n parameters. kf is correlated to the max-
imum adsorption capacity of the adsorbents, and represents 
the highest adsorbed amount on adsorbent at equilibrium.  
n signifies the adsorption strength on the adsorbent. n value 
from 1 to 10 indicates relatively strong adsorption. The 
obtained n values in the studied biosorbents were more than 
1, which indicates relatively strong adsorption of chlorophe-
nol molecules on the adsorbents [38]. The maximum adsorp-
tion capacities of the studied adsorbents were 76, 114.7, and 
483.2 mg/g, indicating their high performance in the removal 
of chlorophenol from the medium.

3.4. Kinetics of adsorption process

Several adsorption kinetic models such as pseudo-first-or-
der and pseudo-second-order kinetic models were applied to 
recognize the adsorption kinetics and the rate determining 
steps of the adsorption process. The rate determining steps 
may include diffusion control, chemical reactions and parti-
cle diffusion [38]. The pseudo-first-order kinetic model was 
rationalized in Eq. (4):

log log
.

q q q k te t e−( ) = − 1

2 303
	 (4)

where qe and qt are the amounts of chlorophenol adsorbed 
onto the biosorbents (mg/g) at equilibrium and at time t, 
respectively, and k1 is the rate constant of pseudo-first-order 
model (min–1).

This model describes the proportional relationship 
between the rate of adsorption and the number of unoccu-
pied sites of the adsorbents. This model can be applied for the 
short time adsorption process, due to the adsorptive active 
sites stayed unoccupied at the first stages of the adsorp-
tion process. Ho and McKay [39] noticed that the use of the 

Fig. 8. Freundlich adsorption isotherm of chlorophenol on water 
hyacinth, palm leaf, and banana peel adsorbents.
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pseudo-first-order model for estimation of the adsorption 
kinetics is not suitable for longer time adsorption process.

The pseudo-second-order kinetic model predicts the rate 
determining step of the adsorption process and the bonds 
nature between the adsorbents and the adsorbed molecules 
according to Eq. (5):

t
q k q q

t
t e e

= +
1 1

2
2 	 (5)

where k2 is the second order rate constant (g mg−1 min−1).
The pseudo-first-order kinetic model for the adsorption of 

chlorophenol on the studied adsorbents was plotted (Fig. S3), 
while its corresponding extracted data were listed in Table 3. 
It is clear that the model is applicable at the first stages of 
the adsorption process, but it is inapplicable for longer times. 
Furthermore, the comparatively low correlation coefficients 
of the model and the negative slopes of the profiles indicate 
that the model is indescribable for the adsorption process.

Fig. 9 represents the profile representation of the adsorp-
tion data of the chlorophenol-adsorbents systems at 25°C 
using pseudo-second-order kinetic model. The kinetic data 
including the correlation coefficients (R2), equilibrium con-
centration (qe), and rate constant (k2) of the adsorption pro-
cess were extracted and listed in Table 3. It is obvious from 
the data obtained from the pseudo-second-order kinetic 
model that the correlation coefficients are ranged between 
0.9998 and 0.9999 (i.e., ≈1), which indicates the suitability of 
the kinetic model in description of the adsorption process 
kinetics. The theoretical values of the equilibrium concentra-
tions (qe; Table 3) were comparable with the experimental val-
ues (Table 1) obtained from the experimental measurements. 
The model provides good description for the adsorption pro-
cess along the whole time range. Also, the adsorption process 
occurred by physical binding [40,41] between the adsorbents 
functional groups (adsorptive sites) and the chlorophenol 
molecules through their lone pairs of electrons.

The adsorption process on a porous adsorbent will gen-
erally have multi-step process. These steps involve the trans-
port of the targeted molecules from the bulk of the solution, 
film diffusion, intraparticle diffusion in the pores and in the 
solid phase, and finally adsorption on the reactive sites. It is 
likely that the intraparticle diffusion is the rate controlling 
step in a well stirred batch system. The intraparticle diffusion 
model is given by Eq. (6) [42]:

q k tt = int

1
2 	 (6)

where qt is the amount of chlorophenol adsorbed by the stud-
ied adsorbents in mg/g after t time, kint is the rate constant of 
intraparticle diffusion step in mg/g min1/2.

The straight line plots of qt against t1/2 were used to deter-
mine the intraparticle diffusion rate (kint) and correlation coef-
ficient (R2). Based on Fig. 10, the plot showed multi-linearity 
regions indicating the two-step adsorption process occurred 
during the adsorption process. The first linear region was 
followed by a plateau region. The initial linear region rep-
resented the intraparticle diffusion while the plateau region 
corresponds to equilibrium. The straight line did not pass 

Fig. 9. Pseudo-second-order kinetic model of adsorption of 
chlorophenol on water hyacinth, palm leaf, and banana peel 
adsorbents.

Fig. 10. Intraparticle diffusion kinetic model of adsorption of 
chlorophenol on water hyacinth, palm leaf, and banana peel 
adsorbents.

Table 3
Kinetic parameters of pseudo-first- and pseudo-second-order and intraparticle diffusion model of adsorption by water hyacinth, 
palm leaf, and banana peel as adsorbents at 25°C

Adsorbent Pseudo-first-order Pseudo-second-order Intraparticle diffusion

R2 qe k2 R2 kint1 (mg/g min1/2) R21 kint2 (mg/g min1/2) R22

Water hyacinth 0.9373 99.34 0.011 0.999 0.465 0.997 0.865 0.997
Palm leaf 0.9360 107.14 0.010 0.999 0.4309 0.988 0.708 0.998
Banana peel 0.9163 110.29 0.009 0.999 0.474 0.996 0.495 0.921
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the origin indicating that the intraparticle diffusion is not 
the exclusive rate limiting process [43]. The correlation coef-
ficients obtained (Table 3) showed a good fit for both regions 
whereas the first intraparticle diffusion rate constant (kint1) 
signifies the first linear region at short time, while kint2 rep-
resents the equilibrium region.

3.4.1. Boyd equation

To determine if film or particle diffusion step controls the 
adsorption rate on the adsorbent, Boyd model was applied 
in Bt vs. time adsorption profile of chlorophenol using the 
tested adsorbents. It was reported that Boyd equation can be 
applied to determine the rate-controlling step for adsorbents 
[44,45] and expressed as Eq. (7):

F Bt= −








 −1 6

2π
exp( ) 	 (7)

where Bt is the function of F and F is the fraction of chlo-
rophenol adsorbed at different times, t. The F value can be 
calculated using Eq. (8):

F q
q
t

e

= 	 (8)

where qt and qe are the amount of adsorbed chlorophenol on 
adsorbents at any time t and at equilibrium, respectively.

The Bt values at different contact times (t) can be 
calculated using Eq. (9) in the case of F > 0.85 [45]:

Bt F= − − −0 4997 1. ln( ) 	 (9)

On the basis of Bt-contact time profile, the plot of Boyd 
model can be obtained (Fig. 11). It was suggested that if the 
plot of Bt vs. t is a straight line and passes through the origin, 
it is the pore diffusion that controls the rate of mass trans-
fer (or particle diffusion mechanism) [46,47]. In contrast, 
if the plot is nonlinear or linear but does not pass through 
the origin, film-diffusion or external mass transport is the 

dominating step. Fig. 11 presents the plot of Boyd model for 
the adsorption of chlorophenol on the studied adsorbents. As 
shown in Fig. 11, it can be noted that the curves are all nonlin-
ear and do not pass through the origin. Based on these find-
ings, it can be concluded that the adsorption of chlorophenol 
on the studied adsorbents is a film-diffusion mechanism.

3.5. Adsorption mechanism of chlorophenol on the adsorbents

The mechanism of adsorption of the chlorophenol mol-
ecules on the studied adsorbents was determined using two 
main data in the study.

First, the nature of the bonds between the chlorophe-
nol molecules and the adsorbents surface was determined 
chemically using FTIR spectra of the unloaded and loaded 

Fig. 11. Plot of Boyd model for the adsorption of chlorophenol 
of adsorption of chlorophenol on water hyacinth, palm leaf, and 
banana peel adsorbents.

 

Fig. 12. Representative mechanism for adsorption of 
2-chlorophenol on the different bioactive components (I: sapo-
nin, II: phytic acid, and III: tannin) in the studied adsorbents.
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adsorbents by chlorophenol molecules. The characteris-
tic absorption bands of the different unloaded adsorbents 
(Figs.  S1 a–c) were compared by their wavenumber in the 
case of the loaded adsorbents by chlorophenol molecules 
(Figs. S4 a–c). Generally, all the absorption bands of the polar 
groups (C–O, O–H, C–O–C, P=OH, P=O) in the cellulose, 
hemicellulose, lignin, tannin, saponin, and phytate bioactive 
components were shifted to lower wavenumbers. That indi-
cates the interaction between the chlorophenol molecules and 
these polar groups. The interaction between the adsorbents 
and the chlorophenol seems to be physical interaction due to 
the values of the shifts were ranged between 10 and 20 cm–1.

Second, the adsorption studies showed that the adsorbed 
chlorophenol molecules are attached to the adsorbents on the 
different polar sites (according to Freundlich model). These 
polar sites (adsorptive sites) are C–O, O–H, C–O–C, P=OH, 
and P=O groups.

Finally, the kinetic studies showed that the adsorbed 
molecules are forming several layers on the adsorbents 
surface in the form of a film, which indicates the presence 
of interaction between the chlorophenol molecules on the 
adsorbents surfaces. Fig. 12 represents the proposed attach-
ment of the adsorbed chlorophenol molecules on the stud-
ied adsorbents.

3.6. Cost analysis of the treatment

The cost study includes the cost of the adsorbents and 
their collection, processing of the adsorbents in the suitable 
form, treatment cost and final output. The cost of adsorbents 
collection is 20 $/ton; cost of adsorbents drying and process-
ing is 45  $/ton. The total cost of ready-to-use adsorbent is 
65  $/ton. The average removal of chlorophenol by one ton 
of ready-to-use adsorbent is 300 kg. Therefore, the final cost 
of processing 1 kg of adsorbent is 6.5 cent. Considering that 
the concentration of chlorophenol in wastewater is 150 mg/L. 
Consequently, the cost of treatment of 1 L of wastewater is 
less than 8 cent per one liter of wastewater.

4. Conclusions

•	 Agricultural wastes can be used for remediation of 
chlorophenol from wastewater.

•	 The process follows Freundlich isotherm and pseudo-
second-order kinetic model.

•	 The process occurred via several steps ended by equilib-
rium at adsorbent surface.

•	 Banana peel has the highest removal efficiency due to its 
bioactive components.

•	 Adsorption of chlorophenol on the tested adsorbents is 
film diffusion mechanism.
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Supplementary information:
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Fig. S1. FTIR spectra of pure: (a) water hyacinth, (b) palm leaf, 
and (c) Musa sapientum (banana peel).

Fig. S2. Langmuir adsorption isotherm of chlorophenol on A, B, 
C adsorbents.

Fig. S3. Pseudo-first-order kinetic model.
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Fig. S4. FTIR spectra of chlorophenol loaded on: (a) water hya-
cinth, (b) palm leaf, and (c) Musa sapientum (banana peel).


