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a b s t r a c t
Phenol is known to be toxic pollutant causing adverse impact on human health and environment. 
Thus, the present study aimed to remove the phenol from aqueous solutions utilising natural 
palm date natural leaf (NL) and palm date leaf chemically activated with H3PO4 activated carbon 
leaf (ACL). Brunauer–Emmett–Teller analysis, Fourier-transform infrared, X-ray diffraction, and 
scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy are techniques 
used to characterize the sorbents. The phenol removal capacity of NL and ACL was investigated 
in batch experiments taking phenol content (10–70 mg/L), time (15–240 min), pH (2–12), adsor-
bent dose (0.1–0.6 g), and temperature (25°C–65°C). The maximum decontamination efficiencies of 
(42.4%) and (91.5%) on NL and ACL, respectively, were obtained at a pH of 6, temperature 25°C and 
adsorbent dose of 0.4 g for each. The kinetic and equilibrium adsorption data of phenol fit well to 
the pseudo-second-order model and Temkin isotherm, respectively. Furthermore, the utmost phe-
nol sorption capacity of 7.645 and 13.369 mg/g was attained for NL and ACL, respectively. The 
results of studied diffusion models revealed that the mechanism of phenol adsorption onto NL and 
ACL was not only controlled by film diffusion but also by intraparticle diffusion. Also, a thermo-
dynamic study identified the non-spontaneous and exothermic nature of adsorption. The research 
determined that NL and ACL could be promising and potential adsorbents for the removal of 
phenol from contaminated water.
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1. Introduction

Clean water supply is an important issue that has recently 
received considerable attention. Humen activities frequently 
produce effluents containing various contaminants and 
spread them into the environment [1]. Among the different 
contaminants, phenol and its derivatives belong to organic 
compounds and are commonly distributed in the environ-
ment including wastewater due to many industries like the 
chemical industry (facilities of production of some deriva-
tives such as alkylphenols, cresols), petrochemical, coking, 

plastics, paper and refineries, pesticides paints, fertilizers, 
surfactants, and pharmaceutical [2,3].

Poor biodegradability and solubility, long term ecolog-
ical harm and high toxicity of phenol and its derivatives 
led to being classified by the Environmental Protection 
Agency (EPA) as pollutants of priority concern and there 
concentrations should not exceed the limit values of water 
discharge. For example, the permissible level of phenol in 
the wastewater is restricted to 1 mg/mL [4,5].

To ensure the safe limits of phenol in aqueous streams, 
many technologies have been used for phenol removal 
from wastewaters, such as membrane separation [3], 
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coagulation–flocculation [6], advanced oxidation [7], bio-
logical treatments [8], ion exchange [9], and adsorption [10]. 
Among them, the adsorption process has been extensively 
used for the removal of organic compounds in aqueous solu-
tions because of its ease of operation and control, extensive 
compatibility, low operational costs, high efficiency and, 
additionally, the possibility to regenerate which allows the 
reuse of adsorbents and phenol recoveries for further pur-
poses [11,12].

Clays, polymers, zeolites, surfactant-modified zeolites, 
carbon nanotubes, fly ash, and activated carbon are some of 
the absorbents used for phenol removal [13]. Lately, signifi-
cant consideration has been directed towards low-cost and the 
most efficient adsorbents. Thus, activated carbons prepared 
from by-products of agriculture and industries are the most 
widely used and could be assumed to be low-cost adsorbents 
since their starting materials are abundant, inexpensive, and 
require little processing [14]. Several studies have been car-
ried out on phenol removal by activated carbon developed 
from agriculture by-products like sawdust, rice husk, bark, 
rubber seed coat, apricot stone shells, and corncob [14,15].

Phoenix dactylifera, commonly known as the date palm 
belongs to the family Arecaceae [16,17]. It is the most signifi-
cant agricultural crop, found abundantly in south of Algeria. 
Palm date waste is considered a great burden on farms and 
date canning factories. They form observable environmental 
pollution from the accumulation of palm tree residues: leaves, 
fronds, worn trunks, and seeds. Some studies have proved 
that one date palm can generate about 20 kg of waste per year, 
which prompted the need to find alternatives to create trans-
formational projects for these by-products [17]. Therefore, the 
conversion of these wastes into activated carbon production 
for the removal of organic pollutants from aqueous solutions 
is a right step in the right direction and of great importance 
from an environmental and economic point of view [18].

Thus, the aim of present work was to investigate the 
adsorption performance of phenol from an aqueous solu-
tion using naturel leaf and activated carbon leaf of Phoenix 
dactylifera as inexpensive adsorbents. The effect of differ-
ent experimental variables on the adsorption process was 
studied, including pH solution, contact time, initial phe-
nol concentration, amount of adsorbent, and temperature. 
Equilibrium models, kinetic studies, and thermodynamic 
aspects were also investigated.

1.1. Reagents and solutions

Hydrochloric acid (HCl, 99%), sodium chloride (NaCl, 
99%), phosphoric acid (H3PO4, 85%), and (phenol 99.8%) 
were purchased from Sigma-Aldrich (St. Louis, Missouri, 
USA). A stock solution containing 1,000 mg/mL of phenol 
was prepared dissolving an appropriate amount in bi dis-
tilled water. Desired concentrations of working solutions 
were achieved by adequate dilution of stock solution.

2. Materials and methods

2.1. Preparation of adsorbents

2.1.1. Adsorbent natural leaf

The leaves were collected from Ouargla’s oases (latitude 
and longitude coordinates are: 31° 57’ 9.6192” N, 5° 20’ 

0.6864” E), southeast of Algeria and washed with water to 
remove impurities. The leaves obtained were cut into small 
pieces and washed again with distilled water, then dried in an 
oven overnight for crushing and sieving to desired particle size.

2.1.2. Adsorbent activated carbon leaf

The activated carbon leaf (ACL) was prepared by immers-
ing of 50 g of natural leaf (NL) in 500 mL of phosphoric acid 
solution (30% acid + 70 bi-distilled water) at 60°C for an entire 
day using rotary incubator shaker. The mixture was filtered 
and dried in the oven for 24 h. The dried material was car-
bonized at 450°C for about 1.5 h in muffle furnace. Finally, 
the activated carbon obtained was washed with distilled 
water and dried for 24 h in an oven at 105°C. The adsor-
bents were stored in closed containers for different uses.

2.2. Characterisation equipment

In this study, nitrogen adsorption measurements were 
conducted with a Micromeritics 3Flex adsorption analyser 
(Norcross, Georgia, USA). The infrared (IR) spectra were 
recorded by (Cary 640 Fourier-transform infrared spectrom-
eter (FTIR) of Agilent Technologies, Santa Clara, California, 
USA) using pellets of KBr accessory. BTX III X-ray diffrac-
tion (XRD) analyzer with CuKa radiation (λ = 1,5418 A°) was 
used for X-ray diffraction (XRD) measurement. The scanning 
electron microscopy instrument (JEOL JSM-7600F, Akishima, 
Tokyo, Japan) was used for scanning electron microscopy 
(SEM) images of the sorbents at different magnifications. 
The SEM was coupled with an energy-dispersive X-ray spec-
troscopy (EDS) in order to provide elemental and chemical 
analysis of the samples.

2.3. Adsorption studies

Batch adsorption experiments (Table 1) were conducted 
to study the effect of five adsorption parameters namely 
pH solution, contact time, adsorbent dosage, initial con-
centration, and temperature on phenol removal efficiency. 
All adsorption experiments were carried out in 250 mL 
Erlenmeyer flasks containing 20 mL of phenol solution 
kept in the incubator shaker at 300 rpm for each batch run.

The solid/liquid mixture was filtered using Grade 1 
Whatman filter paper (pore size 11 μm). Analysis of residual 
phenol in the aqueous phase was determined by a UV-visible 
spectrophotometer (UV-DR 6000) at the wavelength 
(λmax = 270 nm). Each experiment was performed twice, and 
the average results are presented in this study.

The adsorption capacity (qe) (mg/g) and the percent-
age removal of phenol (PR) at equilibrium were calculated 
using Eqs. (1) and (2):
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where C0 and Ce are initial and equilibrium phenol concen-
trations (mg/L), respectively. V is the volume of solution (L) 
and m is the mass of the adsorbent (g).
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3. Results and discussions

3.1. Characterization of CN and ACF

3.1.1. Textural characterization

Fig. 2 shows the nitrogen adsorption–desorption iso-
therm and pore size distribution of the samples. We can 
see that the adsorption/desorption curves of the samples 
present differently but both NL and ACL exhibit hysteresis 
loops (the desorption is not coexistent with the adsorption 
isotherm), which indicate the presence of mesopores in the 
samples. According to the classification of gas adsorption 
isotherms defined by the International Union of Pure and 
Applied Chemistry (IUPAC), the isothermal curve of NL 
could be classified as intermediate between types II and IV, 

indicating a nonporous structure with fewer mesopores, 
while ACL showed mixed characteristics of types I and 
IV, indicating that the sample developed a certain amount 
of micro and mesopores. Moreover, the big deviation 
between sorption curves led to open hysteresis (for ACL), 
which has already been observed in many previous stud-
ies. However, the reason for this phenomena may due to 
deformation of micro-structures of carbonaceous materials, 
especially during low temperature N2 sorption [19].

Fig. 2 (insets) also shows Barrett–Joyner–Halenda (BJH) 
pore size distributions, ranging from 1.93 to 33.70 nm and 
1.97 to 44.36 nm for NL and ACL, respectively, confirm-
ing the existence of micropores (<2.0 nm) and mesopores 
(2.0–50.0 nm) according to the BJH adsorption pore distri-
bution. Additionally, the cumulative pore volume of ACL is 

Table 1
Summarizes for all experiments of batch adsorption

Investigation pH Time (min) Adsorbent dosage (g) Initial phenol 
concentration (mg/L)

Temperature 
(°C)

Effect of pH 2, 4, 6, 8, 10, and 12 120 0.1 50 25
Effect of time Optimum pH 15, 30, 60, 90, 120, 

150, 180, 210, and 240
0.1 50 25

Effect of sorbent 
dosage

Optimum pH 120 0.1, 0.2, 0.3, 0.4, 0.5, 
and 0.6

50 25

Effect of initial phenol 
concentration

Optimum pH 120 0.1 10, 20, 30, 40, 50, 60, 
and 70

25

Effect of Temperature Optimum pH 120 0.1 50 25, 35, 45, 55, 
and 65

 
Fig. 1. Nitrogen adsorption/desorption isotherms and the corresponding pore size distributions (insets) of natural leaf and acti-
vated carbon leaf.
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0.241 cm3/g, 95 times larger than that of NL (0.00254 cm3/g); 
this is due to more pores contained in ACL compared 
with the raw sample. These findings corresponded to the 
results listed in Table 2, which summarizes the physical 
properties of the adsorbents.

Based on Table 2, it can be observed that the Brunauer–
Emmett–Teller (BET) surface area and pore volume of NL 
are less than those of ACL. The process of activation with 
phosphoric acid and carbonization clearly yielded a high 
surface area and porosity [20]. It can also be noted that most 

pores represent the mesoporous structure according to 
the values of the average pore size of samples.

3.1.2. Infrared spectroscopy

FTIR analysis was conducted in order to identify the 
functional groups on samples surfaces. FTIR spectrum of 
raw material and activated carbon are presented in Fig. 2. 
Based on this figure, the characteristic adsorption peaks of 
the NL and ACL were different. The intensity of some peaks 
decreased like the broad peak at 3,428 cm–1 which belongs 
to the stretching vibration of the hydroxyl (O–H) or the 
water molecule adsorbed by sorbents. This observation 
was also supported by peak at 1,654 cm–1. The reduction in 
intensity means a decreasing in amount of hydrogen and 
an increase in amount of carbon and this was proved by 
the results of elemental analysis [21].

In addition, some peaks disappeared in ACL relative to 
the NL as many of the functional groups disappeared after 
the activation processes and this applied to minor peaks 
between 1,461 to 1,172 cm–1. This result is due to the ther-
mal degradation effect during carbonization which led to 
destruction of some intermolecular bonding [22]. Table 3 
summarizes the FTIR peaks and assigned functional groups.

3.1.3. X-ray diffraction

The crystalline behaviour of NL and ACL were investi-
gated by XRD and outcomes are exhibited in Fig. 3. X-ray 
diffraction spectra suggested the presence of crystalline and 
amorphous regions. The crystalline order which belongs to 
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Fig. 2. FTIR spectra of natural leaf and activated carbon leaf.

Table 2
Textural characteristics of NL and ACL

Sample SBET
a (m2/g) Sext

b (m2/g) Smic
c (m2/g) Vp

d (cm3/g) Vmic
e (cm3/g) DBET

f (nm)

NL 1.731 1.731 nd 0.00234 nd 5.406
ACL 306.338 86.824 219.513 0.165 0.108 2.159

aSurface area calculated from BET method;
b,c,eare derived using t-plot method;
dPore volume deduced from single point adsorption method at P/P0 = 0.995;
fCalculated using 4Vp/SBET;
nd: not detected.

Table 3
FTIR peaks and corresponding functional groups

Wavelength (cm–1) Functional group Molecules responsible

3,428 Stretching vibrations of O–H bonds Cellulose, hemicelluloses, lignin or water 
molecule because of moisture content

2,923–2,861 Stretching vibration of C–H bond (asymmetrical and 
symmetrical) in alkyl groups

Cellulose, lignin, and hemicellulose

2,368 C–O stretching May due to presence of atmospheric CO2

1,743–1,704 C=O stretching vibrations in various carbonyl groups Lignin and hemicellulose
1,654–1,623 Stretching vibrations of aromatic C=C bonds Lignin
1,461–1,176 Stretching vibrations of C–O, C–H, and CH2 bending of 

aliphatic and aromatic CO groups and O–H in plane bending
Hemicelluloses, cellulose, pectin

1,114–1,110 Antisymmetric stretching of –C–O–C– Cellulose
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cellulose is evident in samples by three peaks near 2θ~14.15, 
2θ~17.1, and 2θ~21.25 [23]. Furthermore, the results showed 
a decrease in amorphous components, which led to a slight 
increment in crystallinity of ACL compared with NL. The 
exclusion of amorphous hemicellulose and lignin occurred 
by preferential pyrolysis with H3PO4 during chemical 

activation or exposure to high temperature during calcina-
tion [23–25]. Generally, the thermal degradation tempera-
ture of cellulose is mainly in the range of 100°C–400°C 
[25]. However, cellulose was not affected by temperature 
of 450°C and this may due to its high crystallinity degree 
which led to its resistance to thermal decomposition [26].

3.1.4. SEM and elemental analysis

Fig. 4 shows SEM images and EDX spectra of NL and 
ACL. As observed, both adsorbents had an irregular shape. 
The surface of NL was relatively smooth, poreless, and 
unified without cavities or cracks, indicating the presence 
of cellulose, hemicelluloses, and lignin in the raw material 
[27]. In contrast, cavities and pores were clear for ACL. This 
have been caused by removal of volatile matter after chem-
ical activation and pyrolysis at 450°C [28]. Previous studies 
have proved that surface porosity and pores volume were 
increased after carbonization process, resulting a large 
surface area [27,28].

The EDS analysis revealed the presence of three ele-
ments (C, O, and Si) in both sorbents. It was found that 
the carbon content increased while the oxygen element 
decreased. This could be due to the decomposition of bio-
mass and carbonization in addition to volatilization pro-
cess in NL during the pyrolysis [27,29]. A small O/C ratio 
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Fig. 3. XRD diffractograms of natural leaf and activated 
carbon leaf.
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means that resulting activated carbon consists mainly of 
fixed carbon aromatic rings and is thus chemically stable 
[30]. The presence of Si could be attributed to diode probe 
of apparatus. The EDS analysis also showed an absence of 
phosphorus (P) in the activated carbon, this was evidence 
of the washing effectiveness.

3.2. Effect of adsorption parameters

3.2.1. Effect of pH

pH of the adsorption medium plays a very important 
role in the adsorption process. It has a strong influence on 
surface charge of the adsorbent and the ionisation degree 
of the adsorbate. It can be seen from Fig. 5a that the rate of 
the removal of phenol on NL and ACL increases with the 
increase in pH (up to pH = 6) then decrease after this point. 
The optimum adsorption capacities onto NL and ACL take 
place in pH of 6 with the maximum percentage removal 
of 32% and 67.63%, respectively.

Mechanism can be elaborated on the basis of ionisation 
of solution and surface charge of the adsorbents. However, 
at high pH values (pH > phenol pKa [9.89]), the percentage 
removals decrease due to ionization of phenol and electro-
static repulsion force between negative adsorbents sites and 
negative phenolate ions (C6H5O–). While at pH < phenol 
pKa the percentage removal is higher because phenol is in 

molecular form and the dispersion interaction predominated 
[15,31]. Effect of pH on batch adsorption studies of phe-
nol by activated biochar derived from cow-dung [32] and 
corn husk derived magnetized activated carbon [33] indi-
cated that phenol was better adsorbed at pH = 6.

3.2.2. Effect of contact time

The results of contact time effect on adsorption efficiency 
are presented in Fig. 5b. The studies revealed a rapid increase 
in phenol removal within the first 15 min which was due to 
concentration gradient between adsorbate and adsorbent 
in the solution as well as the active binding sites availabil-
ity [34]. The slow phase in the adsorption process could be 
due to competition between the adsorbate molecules for the 
remaining vacant surface sites or repulsive forces between 
the solute molecules in the solid and solution phases [34,35]. 
Thus, the equilibrium time for the adsorption of phenol was 
reached at 150 and 180 min for NL and ACL, respectively. 
NL took less time than ACL because it had fewer active sites.

3.3. Effect of adsorbent dose

Fig. 5c presents the effect of Adsorbent dose. The result 
showed that the percentage removal raised by increasing 
the adsorbent dose with maximum phenol removal of 42.4% 
and 91.5% for NL and ACL, respectively. This phenomenon 
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could be explained by availability of more adsorption sites 
with increase in adsorbent dosage which resulted high phe-
nol adsorption efficiency [36]. It was also observed that the 
optimum dose for both adsorbents is 0.4 g because there was 
no significant increase in the adsorption after this value. 
Despite the increase in the number of active sites (adsor-
bent dose), the adsorption process has become more diffi-
cult, and this might be due to overlapping or aggregation 
of adsorption sites [34].

3.3.1. Effect of initial concentrations

The effect of initial concentration of phenol on the adsorp-
tion are shown in Fig. 5d. By increasing the initial phenol 
concentration from 10 to 70 mg/L, the percentage removals 
were decreased from 38.18% to 26.81% for NL and 74.54% 
to 57.92% for ACL. However, the adsorption capacities were 
increased from 0.76 to 3.75 mg/g and 1.49 to 8.10 mg/g for NL 
and ACL, respectively. At high concentration, due to avail-
ability of vacant surface sites during the initial stage and to 
adsorbent weak resistances to mass transfer of phenol, high 
adsorption capacities were observed. While low percentage 
values were noticed due to the excess amount of phenol 
with lack of available active sites on the adsorbents surfaces 
as time increased [37]. Similar results have been reported in 
the literature [10].

3.3.2. Equilibrium modelling

Adsorption isotherms explain the equilibrium relation-
ships between adsorbed phenol and adsorbent. In this work, 
Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich 
isotherms were used to study the behaviour and mechanism 
of the adsorption for phenol on NL and ACL.

The Langmuir model assumes that adsorption occurs 
at specific homogeneous sites via monolayer adsorption 
without interaction between adsorbed molecules [38]. The 
linear form of Langmuir model is represented in Eq. (3). 
Where qm is the maximum adsorption capacity (mg/g) and 
KL is the Langmuir isotherm constant (L/mg).

C
q q K
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e
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� �
1  (3)

The separation factor RL is a dimensionless constant 
can be calculated by Eq. (4):

R
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L

�
�
1

1 0
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where RL values indicate the adsorption to be either unfa-
vourable (RL > 1), linear (RL = 1), favourable (0 < RL < 1), 
or irreversible (RL = 0).

Freundlich isotherm model is used to describe the mul-
tilayer adsorption with interaction between adsorbed mol-
ecules on heterogeneous surfaces [39]. The linear form 
of this model can be represented by Eq. (5):

ln ln lnq K
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Ce F e� �
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�

�
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where KF is the constant relevant to the relative adsorption 
capacity of the adsorbent (mg/g) and 1/n is the adsorp-
tion intensity.

The Temkin isotherm model is based on the assumption 
of the heat of adsorption of all molecules decreases linearly 
with the increase in coverage of the adsorbent surface tak-
ing into account the adsorbate–adsorbent interaction [40]. 
The linear form of Temkin isotherm is expressed as:

q RT
b

K RT
b

Ce
T

T
T

e� �ln ln  (6)

where T is absolute temperature (K), R is the universal gas 
constant (8.314 J/mol·K), KT and bT are Temkin isotherm 
equilibrium binding constant (L/g) and the Temkin constant 
related to the adsorption heat (J/mol), respectively.

Dubinin–Radushkevich isotherm is generally used to 
confirm that the adsorption was chemisorption or phy-
sisorption and also to account for the effect of the porous 
structure of the adsorbents [41,42]. The linear form of 
Dubinin–Radushkevich isotherm is:

ln lnq qe m� ���2  (7)

where β is Dubinin–Radushkevich isotherm constant 
(mol2/kJ2) and ε is the Polanyi potential, corresponding to:
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The mean free adsorption energy (kJ/mol) as shown by 
the following relationship:

E �
1
2�

 (9)

Outcomes for the equilibrium isotherm studies are given 
in Table 4 and plots are shown in Fig. 6. From the results, 
it was concluded that the equilibrium data fitted more with 
Temkin compared with Langmuir, Freundlich and D-R iso-
therms. The higher correlation coefficient values (R2 = 0.9811 
and 0.9899 for NL and ACL, respectively) for Temkin indi-
cated the uniformity distribution of binding energies at the 
adsorbent surfaces. The obtained values of bT were 1.731 
and 0.876 kJ/mol for NL and ACL, respectively at 25°C, indi-
cating that the adsorbate–adsorbent interaction had phys-
ical nature. This supposition was confirmed by the values 
of the mean free energy from the D-R isotherm model that 
were predicted to be 0.224 and 0.5 kJ/mol for NL and ACL, 
respectively [43]. The positive sign for bT illustrated that 
adsorption process was exothermic on NL and ACL [44].

The calculated RL values from the Langmuir model, 
which were in between 0 and 1, indicated the favourable 
adsorption of phenol onto both adsorbents. The obtained 
n values from the Freundlich isotherm were between 1 and 
10, which means the adsorbents were suitable for adsorp-
tion [45]. Ho and Adnan [46] demonstrate that adsorp-
tion of phenol by using coconut shell activated carbon was 
better represented by the Temkin model.
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Table 5 shows a comparison of qm values from Langmuir 
model in this study with the phenol maximum adsorption 
capacities onto several adsorbents.

3.4. Kinetic study

Kinetic study was performed in order to predict 
the sorption mechanism of phenol onto NL and ACL. 
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Table 4
Isotherm parameters for phenol adsorption onto NL and ACL

Isotherm Parameters NL ACL

Langmuir

qm (mg/g) 7.645 13.369
KL (L/mg) 0.0191 0.057
RL 0.512 0.26
R2 0.9453 0.9622

Freundlich
KF (L/g) 0.212 0.914
n 1.333 1.444
R2 0.9783 0.9538

Temkin

KT (L/g) 0.248 0.62
bT (kJ/mol) 1.731 0.876
B 1.431 2.829
R2 0.9811 0.9899

Isotherm (D-R)

qm (mg/g) 3.029 6.559
β (mol2/J2) 10–5 2 × 10–6

E (kJ/mol) 0.224 0.500
R2 0.8679 0.8815

Table 5
Comparison of maximum adsorption capacities of phenol by 
various adsorbents

Adsorbent qmax 
(mg/g)

References

NL 7.645 This study
ACL 13.369 This study
Vegetal cords 6.21 [47]
GO-PNIPAM 12.742 [48]
Tea waste 7.503 [49]
Nanocomposite 5.82 [50]
Coconut shell activated carbon 19.02 [46]
Luffa cylindrica fibers 9.25 [51]
Kaolinite 1.71 [52]
Metakaolinite 5.82 [52]
Corn husk activated carbon (CHAC-250) 6.468 [33]
Corn husk activated carbon (CHAC-500) 8.445 [33]
Clarified sludge 1.053 [53]
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Pseudo-first-order, pseudo-second-order, and Elovich 
kinetic models were applied to fit the experimental data. 
The linear form of pseudo-first-order, pseudo-second- 
order, and Elovich models are described by following 
Eqs. (10)–(12), respectively:

ln lnq q q K te t e�� � � � �1  (10)

t
q K q q

t
t e e

�
�

� �
1 1

2
2  (11)
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a b
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tt
e

e e
e

� � � � � �1 1ln ln  (12)

where qe (mg/g) and qt (mg/g) are the amount of phe-
nol adsorbed at equilibrium at time t (min), respectively; 
K1 (min−1) and K2 (g/mg·min) are the adsorption rate constant 
of pseudo-first-order model and the adsorption rate con-
stant of the pseudo-second-order, respectively. ae is the ini-
tial adsorption rate constant (mg/g·min), and be (g/mg) is the 
desorption constant of the Elovich model.
where K1 and qe of the first model can be derived from the 
graph ln(qe−qt) vs. t while K2 and qe of the second model can 
be calculated by plotting t/qt vs. t. The results of the kinetic 
models with corresponding R2 are shown in Table 6 and 
plots are shown in Fig. 7. It could be seen that the correlation 

coefficient (R2) of pseudo-second-order model was much 
higher than pseudo-first-order and Elovich. Also, the 
adsorption capacity (qe) obtained at equilibrium experimen-
tally was closer to the value obtained from pseudo-second- 
order model compared with pseudo-first-order kinetic model 
value, which suggests that the adsorption of phenol onto 
NL and ACL followed pseudo-second-order kinetic model. 
Based on pseudo-second-order postulation, adsorption pro-
cess involved chemisorption mechanism [36]. Previously, 
adsorption of phenol from aqueous solution also presented 

 
Fig. 7. Adsorption kinetic models plots for phenol adsorption onto natural leaf and activated carbon leaf (a) pseudo-first-order 
kinetic model, (b) pseudo-second-order kinetic model and (c) Elovich kinetic model.

Table 6
Kinetic parameters of phenol removal by NL and AC

Models Parameters NL ACL

Experimental qe exp (mg/g) 3.163 6.781
Pseudo-first-order qe cal (mg/g) 0.664 2.547

K1 (min−1) 0.0202 0.0224
R2 0.9845 0.9512

Pseudo-second-order qe (mg/g) 3.283 7.179
K2 (g/mg·min) 0.0765 0.0191
R2 0.9999 0.9996

Elovich be (g/mg) 5.479 1,722
ae (mg/(g·min)) 44530.356 449,023
R2 0.9513 0.9662
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a similar trend investigated by Dehmani et al. [54], El-Bery 
et al. [55], and Gürkan et al. [56].

3.5. Diffusion modelling

Usually, liquid adsorption process onto solid adsorbents 
comprises of four consecutive steps: (i) bulk diffusion, where 
the solute is transported from bulk solution to the liquid 
film surrounding the solid adsorbent; (ii) external diffusion, 
where diffusion of the solute takes place across the surface 
liquid film surrounding the solid particles; (iii) internal 
diffusion of the solute from the liquid film to the surface. 
This stage occurs via two mechanisms: (1) pore diffusion 
and (2) surface diffusion; (iv) solute attachment onto the 
active sites of the adsorbent [57–59].

The most interesting fact that the overall rate of the 
adsorption is controlled by the slowest step [57,58]. The 
first and the last steps are usually rapid compared with the 
second and third step [57,58,60]. Thus, first- and second- 
order kinetic equations cannot describe the whole adsorp-
tion process [58]. In order to understand more detailed 
characteristics of the adsorption process, liquid film diffu-
sion and intraparticle models [Eqs. (12) and (13), respec-
tively] were applied to determine the limiting step of 
adsorption process [59,60].

Fig. 8 represents the plots of the liquid film diffusion 
(LFD) and intraparticle diffusion (IPD) models. The calcu-
lated parameters are presented in Table 7. As can be seen 
from Fig. 8, neither a linear plot of –ln(1–F) vs. t nor a linear 
plot of qt vs. t0.5 pass through the origin indicating that the 
kinetics of the adsorption process was not solely controlled 
by intraparticle diffusion or film diffusion into both adsor-
bents [61]. Data points of LFD (Fig. 8a) were linearly fitted 
which indicated the involvement of LFD in the adsorption 
process of both sorbents [60]. In Fig. 8b, it is also noted that 
the plots represent mainly two stages of phenol adsorption. 
The initial linear portion represented surface adsorption 
(i.e., film diffusion) while second linear portion denoted 
intraparticle diffusion into NL and ACL [62]. The regres-
sion R2 values (R2 = 0.9845–0.9512 for NL and ACL, respec-
tively) obtained from LFD model were greater than those 

obtained from IPD model (R2 = 0.8443–0.8972 for NL and 
ACL, respectively), thus indicating the relevance of film 
diffusion as a rate determining factor in the adsorption pro-
cess. Moreover, the larger values of the intercept C indicated 
the greater effect of the boundary layer on the adsorption 
process [57,63]. It can be concluded that the adsorption 
rate controlling or limiting-step of phenol in NL and ACL 
(i.e., the adsorption process) was predominantly controlled 
by film diffusion and followed by internal (intraparti-
cle) diffusion or other processes [64]. These findings were 
consistent with several earlier reports [64–66].

3.6. Effect of temperature and adsorption thermodynamic study

The experimental data were used for the thermody-
namic study to estimate the feasibility of phenol adsorption 
process on NL and ACL. The thermodynamic adsorption 
study was carried out at different temperatures (25°C, 35°C, 
45°C, 55°C, and 65°C). The experimental conditions are the 
same as defined in the equilibrium experiments where the 
studied initial concentrations were 50 mg/L and the con-
tact time was 120 min. Gibb’s free energy change (ΔG°), 
enthalpy change (ΔH°), and entropy change (ΔS°) are 
expressed by Eqs. (13)–(16).
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Fig. 8. (a) Liquid film diffusion plot and (b) intraparticle diffusion plot for phenol adsorption onto natural leaf and activated 
carbon leaf.

Table 7
Diffusion parameters of phenol adsorption onto NL and ACL

Models Parameters NL ACL

Liquid film 
diffusion

Kfd (min−1) 0.0202 0.0224
R2 0.9845 0.9512

Intraparticle 
diffusion

Kid (mg/g·min0.5) 0.0384 0.125
C 2.684 5.169
R2 0.8443 0.8972
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where ΔG°, ΔH°, and ΔS° are the changes of Gibbs energy 
(kJ/mol), enthalpy (kJ/mol), and entropy (kJ/mol·K), while R 
stands for ideal gas constant (8,314 J/mol·K), and KC is equi-
librium constant (dimensionless). ΔH° and ΔS° were cal-
culated from the slope and the intercept of the curve lnKC 
of vs. 1/T and the values of ΔG° were calculated for the 
different temperatures.

The graphs in Fig. 9a shows that adsorption capacities 
onto NL and ACL decreased as temperature was increased. 
This phenomenon might be the result of a weakening of the 
attractive forces between adsorbent active sites and phenol 
when the temperature is raised. In addition to the reasons 
mentioned, the high temperature decreased the thickness 
of the boundary layer due to the increased tendency of 
adsorbate to escape from adsorbent surfaces to the solu-
tion phase [51,67]. According to these results, the adsorp-
tion of phenol using both adsorbents NL and ACL was an  
exothermic process.

The calculated thermodynamic parameters are shown in 
Table 8, the obtained ΔG° values were positive, suggesting 
that phenol adsorption process on NL and ACL were ther-
modynamically nonspontaneous. ΔG° values became higher 

as temperature became higher indicated that the adsorp-
tion became less favourable at higher temperatures [68].

The negative values of ΔH° supported the hypothesis 
of the exothermic nature of the process on both adsorbents, 
the efficiency is improved by decreasing in temperature. 
Moreover, ΔH° values were inferior to 40 kJ/mol, which fol-
lowed a physisorption behaviour [59]. The negative values 
of ΔS° demonstrated a decrease in randomness at solid/
solution interfaces during the adsorption process [64]. 
Similar results were found by Yadav et al. [69] and Khelfaoui 
et al. [70] who worked on the adsorption of phenol on mag-
netic activated carbon synthesised from cauliflower waste 
and on sorbent prepared from Phoenix dactylifera fiber,  
respectively.

3.7. Mechanism of phenol adsorption

The affinities of the adsorbent towards the phenol 
can be determined from the content of surface functional 
groups and the pH effects of the solution. It is also known 
that there are three hypotheses to interpret phenol absorp-
tion onto the adsorbents: the electron donor–acceptor com-
plex (chemical adsorption), the π–π dispersion interactions 
(physical adsorption), and the solvent effects (the hydro-
gen-bonding formation) [71,72].

The formation of electron-donor-acceptor complex 
mainly appears when phenol is ionized under the experi-
mental conditions used [73]. In this reaction, the donor and 

 
290 300 310 320 330 340

25

30

35

40

45

50

55

60

65

70

0,0029 0,0030 0,0031 0,0032 0,0033 0,0034

-2,6

-2,4

-2,2

-2,0

-1,8

-1,6

-1,4

-1,2

-1,0

-0,8

)
%( lavo

mer egatnecreP

Temperature (K)

 NL
 ACL

a)

 NL
 ACL

In
 K

c 

1/T (K-1)

b)

Fig. 9. (a) Effect of temperature and (b) the variation of ln(KC) as a function of 1/T for phenol adsorption using natural leaf and 
activated carbon leaf.

Table 8
Thermodynamic parameters of phenol adsorption onto NL and ACL

Temperatures (K) NL ACL

ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (kJ/mol·K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (kJ/mol·K)

298 5.865

−5.825 −0.0394

2.089

−4.124 −0.0207
308 6.324 2.255
318 6.752 2.415
328 7.101 2.668
338 7.436 2.928
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the acceptor are the surface oxygen groups of the adsor-
bent and the aromatic rings of phenol [71,74], respectively. 
According to thermodynamic study, the phenol adsorption 
on NL and ACL was primarily physical, which eliminates 
the consideration of this mechanism as the major force.

As seen in effect of pH study, the degree of ioniza-
tion phenol adsorption on both NL and ACL is lower at 
pH < phenol pKa and the molecular form of phenol led to an 
increase on its adsorption. Thus, the π–π dispersion derives 
from the interactions between π electrons in the aromatic 
rings of phenols molecules and delocalized π electrons in 
graphite layers are dominant [73]. Based on above-men-
tioned analyses, this mechanism could be considered as a 
main force and this was proven by thermodynamic analysis 
(physical adsorption).

The solvent effects take place when some active sites 
are occupied by water molecules rather than phenol mol-
ecules. This phenomenon occurs on the surface oxygen 
groups by a hydrogen bond which may block part of the 
pores. It is likely that one of the reasons for the difference 
between the experimental maximum adsorption capacity (qe) 
and the monolayer adsorption capacity (qm) [71].

It can be concluded that the adsorption of phenol on 
NL and AL was primarily physical (π–π dispersion interac-
tion) with the possibility of chemical adsorption (electron 
donor–acceptor complex), without ignoring water effects in 
reducing the absorption rate.

4. Conclusion

In this present work, NL and date palm leaf chemically 
activated with H3PO4 (ACL) were successfully utilized as 
low-cost adsorbents for the removal of phenol from waste-
water. BET analysis showed developed in textural properties, 
where BET surface area and pore volume of ACL larger than 
those obtained from NL. The chemical structure of samples 
was analyzed by FTIR spectroscopy. It was revealed that 
the adsorbents surfaces contain mainly hydroxyl and car-
bonyl groups. XRD results showed that NL preserved its 
crystalline nature after chemical activation and calcination. 
Moreover, SEM images showed that NL had no pores, in 
contrast to ACL, which had many created pores after pyrol-
ysis process. pH = 6 and the adsorbent dose of 0.4 g offered 
maximum adsorption efficiencies when it arrived to 42.4% 
at 150 min for NL and 91.5% at 180 min for ACL. The equi-
librium study demonstrated that Temkin model was more 
suitable to represent the experimental data in comparison 
to Langmuir, Freundlich and Dubinin–Radushkevich mod-
els. The qmax (maximum monolayer adsorption capacity) 
were found to be 7.645 and 13.369 mg/g for NL and ACL, 
respectively. The adsorption kinetics of phenol using NL 
and ACL followed pseudo-second-order model with high 
correlation coefficients. In addition, the diffusion mecha-
nism study indicated that the film diffusion had significant 
influence on the sorption rate-limiting step for both adsor-
bents. According to thermodynamic study, the adsorption 
operation was nonspontaneous, exothermic and primarily 
physical in nature. This study summed up treatment of two 
environmental issues. In one hand, recovery of solid agro-
waste (date palm leaf) and in the other hand, treatment of 
polluted water by low-cost adsorbents.
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