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ABSTRACT

Phoenix dactylifera waste is a burden on farm owners, the state as well as the environment, if it is
not treated appropriately. Thus, to reduce this burden and its impact on the society, we have val-
orised these wastes by their transformation in the form of adsorbents. This study presents a com-
parative study of phenol removal from water solution by natural Phoenix dactylifera fiber (NF) and
Phoenix dactylifera fiber chemically activated with H,PO, (ACF). The sorbents were characterized
by Brunauer-Emmett-Teller (BET) isotherms, Barrett-Joyner-Halenda, Fourier-transform infrared
spectroscopy, X-ray diffraction and scanning electron microscopy coupled with energy-disper-
sive X-ray spectroscopy. NF and ACF showed a predominantly mesoporous structure with a BET
surface area of 1.108 and 269.543 m?/g, respectively. Batch adsorption experiments were carried out
to study the effect of pH, contact time, adsorbent mass, initial phenol concentration and tempera-
ture on phenol adsorption. Under an optimum pH value of 6.0, the maximum adsorption capaci-
ties based on experimental results was 3.45 mg/g (with equilibrium time of 120 min) for NF, while
it was 9.62 mg/g (with equilibrium time of 210 min). The adsorption isotherm of phenol on NF
and ACEF fits the Freundlich model well. The kinetic study showed that the adsorption data follow
a pseudo-second-order kinetic model. The thermodynamic parameters namely Gibbs free energy
(AG®), standard enthalpy (AH®) and standard entropy (AS°) were also calculated. The results show
that adsorption of phenol onto NF and ACF was non spontaneous and exothermic.
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1. Introduction

Phenols are widespread organic pollutants in wastewa-
ter discharges from various industries such as petroleum
refineries, coal conversion, polymer synthesis, paper mills,
paints, textiles plastic, rubber, insecticides and pesticides
[1]. Phenolic compounds have been classified as priority
pollutants by the United States Environmental Protection
Agency (USEPA) and the European Union (EU). This
classification is due to their toxicity and carcinogenicity
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properties that lead to serious impact on aquatic environ-
ment besides human and animal health [2]. According to
World Health Organization (WHO) the permissible concen-
tration of phenolic compounds in drinking water should
be less than 1 ug/L. However, the USEPA requires a phenol
concentration less than 1 mg/L for wastewater and 0.5 pg/L
for drinking water [3].

Various physical, chemical and biological treatment pro-
cedures have been developed to remove the phenols from
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aqueous solutions such as coagulation [4], aerobic and anaer-
obic biological reduction [5], ozonation [6], plasma technol-
ogy [7], oxidation, steam distillation and irradiation, solvent
extraction, ion exchange in resins, membrane filtration, elec-
trochemical degradation [8], reverse osmosis and adsorption
onto various adsorbents [2,3]. Among all these methods,
adsorption is extensively used because of its functionality
costs, ease of operation, economical, adsorption capacity,
availability of a wide range of adsorbent and effectiveness
in removing phenols from water [9]. In recent years, several
researchers have investigated different types of low-cost
materials as adsorbents for remove phenol from water such
as agricultural and industrial by-products [10], clay [11], sew-
age sludge [12], zeolites [13], fly ash [14] and polymeric resins
[15].

Activated carbon (also known as activated charcoal)
is a carbonaceous material, which has a porous struc-
ture and usually has a large surface area, giving it a high
adsorption capacity [16]. It can be prepared from any car-
bonaceous material by physical and chemical activation
[17]. The porosity, pore size distribution, pore shape, and
surface chemistry can be affected by the nature of the pre-
cursor, activation method, and activation conditions [18].
Activated carbon prepared from agricultural and biomass
wastes showed a good efficiency of removal a wide variety
of organic and inorganic pollutants dissolved in aqueous
medium. Tea waste [19], sawdust [20], oil palm shell, coco-
nut shells, corn cobs, artichoke leaves, cotton stalks, pine-
fruit shell, jute fiber, pistachio nut shells and coffee grounds
have been precursors for preparation activated carbons and
their affinity towards phenols have been proved [21].

The main objectives of this research are the preparation
and characterization of new adsorbents, namely natural fiber
(NF) and activated carbon fiber (ACF), and the study of their
efficiency in the phenol adsorption through the evaluation
of different operational parameter effects, such as solution
pH, contact time, adsorbent dosage, initial phenol concen-
trations and temperature. The obtained results of kinetic
modelling and thermodynamic study ensures a thorough
understanding of the adsorption phenomenon.

2. Material and methods
2.1. Preparation of adsorbents
2.1.1. Absorbent NF

The fiber of Phoenix dactylifera (Ghars variety) were
collected from Ouargla Oasis (latitude and longitude coor-
dinates are: 31° 57 9.6192” N, 5° 20" 0.6864” E), located in
south-east of Algeria. The fiber obtained was thoroughly
washed with distilled water, dried in an oven for overnight
before being crushed and sieved to desired particle size
(150-250 pm).

2.1.2. Absorbent ACF

50 g of NF were soaked in 500 mL of phosphoric acid
(H,PO, 85% purity, Sigma-Aldrich) solution (30% acid + 70
bi-distilled water) at 60°C on rotary incubator shaker for
an entire day, then dried in oven for 24 h. Once activated,
the carbonization was realized in muffle furnace in absence

of the air at 450°C for 1 h 30 min. After that, the activated
carbon was washed with distilled water until the filtrate
reached to constant pH, then dried at 105°C for 24 h and
finally stored in a closed container for different uses.

2.2. Characterisation of adsorbents

In this study, Brunauer-Emmett-Teller (BET) surface
area, Barrett-Joyner-Halenda (BJH) pore volume and
other physical parameters of adsorbents (NF and ACF)
were determined on the basis of nitrogen gas adsorption—
desorption using Micromeritics 3Flex adsorption analyser.
The functional groups of adsorbents were identified by the
Agilent Cary 640 Fourier-transform infrared spectrome-
ter (FTIR) of Agilent Technologies at 4,000 to 400 cm™ with
samples pressed as KBr pellets. OLYMPUS BTX III X-ray dif-
fraction (XRD) analyser was used to identify the nature of
adsorbents. The XRD pattern was obtained by using Cu-ka
radiation with A = 1.54 A. The surfaces morphology was
examined by JEOL JSM-7600F emission scanning electron
microscope (SEM) coupled with energy-dispersive X-ray
spectroscopy (EDS) in order to provide elemental analysis
and quantitative compositional information.

2.3. Preparation of stock solution

A stock solution was prepared by dissolving 1,000 mg
of phenol (purity 99.8%, Sigma-Aldrich) in appropriate
volume of distilled water to reach 1,000 mg/L then it was
stored in a brown coloured glass flask to prevent photo-ox-
idation. The working solutions were obtained by adequate
diluting of stock solution.

2.4. Batch adsorption studies

Factors affecting on the adsorption of phenol were
investigated, including pH solution, contact time, adsor-
bent dosage, initial phenol concentration and temperature.
The adsorption parameters were varied in the follow-
ing ranges: pH 2-12 and pH was adjusted by using 0.1 N
NaOH/0.1 N HCl, contact time 5-240 min, adsorbent dos-
ages 0.1-0.6 mg, initial phenol concentration 10-70 mg/L
and temperature 25-65°C. All experiments were per-
formed by taking 20 mL phenol solution in 250 mL glass
Erlenmeyer flasks and were shaken in orbital at 300 RPM.
Each experiment was conducted twice, the average results
are presented in this work. The liquid, and solid phases
were separated by Grade 1 Whatman Filter Paper (pore
size 11 um). The residual phenol concentration was deter-
mined by UV-VIS Spectrophotometer (UV-DR 6000) at the
wavelength (A__ =270 nm). The concentrations of 1, 2, 3,
4, 5, 10, 20, 30, 40 and 50 mg/L of phenol solution were
used to draw the calibration graph by plotting them vs.
their absorbance. This calibration curve was used to deter-
mine the unknown concentrations of phenol. The unknown
concentrations of the solutions were determined by using
the linear regression obtained by plotting a calibration
curve over a range of concentrations.

The adsorption capacity (q,) (mg/g) for each adsorbent
and the percentage removal of phenol (PR) at equilibrium
were determined according to the following equations:
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where C, and C, are initial and equilibrium phenol concen-
trations (mg/L), respectively. V is the volume of solution
(L) and m is the mass of adsorbent (g).

2.5. Equilibrium modelling

Equilibrium data called adsorption isotherms describes
how the adsorbates interact with the adsorbents and pro-
vide information about their adsorption capacities. Four
isotherm models namely Langmuir, Freundlich, Temkin
and Dubinin—-Radushkevich have been investigated to dis-
cuss equilibrium characteristics of phenol adsorption onto
NF and ACF.

2.5.1. Langmuir isotherm

The Langmuir isotherm applies to adsorption on
homogeneous surfaces with formation of a monomolecu-
lar adsorbed layer [22]. The isotherm is represented by the
following equation:

‘K, -C
q,_, — qm L 4 (3)
1+K, -C,
The linear form of the equation can be written as:
C__ 1 + C (4)
9. 9.K 4,

where g, is the amount of phenol per unit weight of adsor-
bent (mg/g), C, is the equilibrium phenol concentration in
the bulk solution (mg/L), g, is the maximum monolayer
adsorption capacity (mg/g), and K, is the Langmuir constant
(L/mg) related to the free energy of adsorption.

2.5.2. Freundlich isotherm

Freundlich isotherm is an empirical model used to
describe the adsorption on heterogeneous surfaces with
assumption no monolayer capacity [23,24]. This model is
represented by the equation below:

9. =K;-C" ©)

The linear form of this isotherm can be represented by
the following equation:

Ing, =InK, +[1]1ncg (6)
n

where K, is the constant relevant to the relative adsorption
capacity of the adsorbent (mg/g) and 1/n is the constant
relevant to the intensity of the adsorption.

2.5.3. Temkin isotherm

Temkin isotherm is based on the assumption of the heat
of adsorption of all the molecules in the layer decreases
when the surface of the adsorbent is more covered [24].
Temkin isotherm model is given by the following equation:

RT
9. =7 In(K,C,) ?)

T

The linear form of Temkin isotherm is expressed as:

g, =BInK, +BInC, (8)
RT
B=o- ©)

where T is absolute temperature (K), R is the universal
gas constant (8.314 J/mol'K), K, and b, are Temkin iso-
therm equilibrium binding constant (L/g) and the Temkin
constant (J/mol), respectively. B is a constant related to
heat of adsorption.

2.5.4. Dubinin—Radushkevich isotherm

Dubinin-Radushkevich isotherm is generally applied to
express the adsorption mechanism with a Gaussian energy
distribution onto a heterogeneous surface [24]. This isotherm
model equation is expressed as:

q.=4, exp(—Bsz) (10)

The linear form of Dubinin—Radushkevich isotherm is:

Ing, =Ing, —pe’ (11)
where g, is amount of phenol adsorbed onto adsorbent at
equilibrium (mg/g); g, is theoretical maximum capacity
of phenol adsorbed on the adsorbent surface (mg/g); f is
Dubinin—Radushkevich isotherm constant (mol?/kJ?) and e is
the Polanyi potential, corresponding to:

€= RTln[1+1]
C

e

(12)

The constant {3 represents the adsorption of phenol onto
the adsorbent following its transfer from the solution. This
activity coefficient is related to the mean free adsorption
energy (E) as shown by the following relationship:

E= (13)

%‘,_.
=

2.6. Kinetic modelling

The study of adsorption kinetics determines the adsorp-
tion rate of phenol and explains the mechanism of its
adsorption on the adsorbent surfaces. Among the numer-
ous models available to describe adsorption kinetics,
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pseudo-first-order and pseudo-second-order models were
applied to fit the experimental data.

2.6.1. Pseudo-first-order model

The pseudo-first-order kinetic model is based on the
adsorption capacity. It can be expressed by the following
equation:
ln(qe —q,) =Ing, - Kt (14)
where g, (mg/g) and g, (mg/g) are the amount of phenol
adsorbed at equilibrium and at time ¢ (min), respectively; K,
(min™) is the equilibrium rate constant of pseudo-first-or-
der model which can be calculated by plotting In(q, - q,)
vs. t [25].

2.6.2. Pseudo-second-order model

The pseudo-second-order kinetic model is based on the
assumption of chemisorption of the phenol on the adsorbent.
This model is given by the following equation:

LA .

- (15)
q, Kgq q,

where K, (g/mgmin) is the rate constant of the pseudo-
second-order adsorption which can be calculated by plotting
t/q, vs. t[26].

2.7. Diffusion modelling

In order to understand the diffusion mechanism and
mass transfer processes, two mechanism models have been
studied:

2.7.1. Liquid film diffusion model

Liquid film diffusion model can be described as:

ln[l —‘L] =K, t+C
q("

(16)

where K, (min™) is the rate coefficient for particle-diffusion
controlled process corresponding to the particle size of the
adsorbent [27].

2.7.2. Intraparticle diffusion model

Intraparticle diffusion model is commonly used to iden-
tify the adsorption mechanism for design purpose. It can
be represented by the following equation:
g, =K " +C (17)
where K, is the intraparticle diffusion rate constant

(mg/g-min®%) and C is a constant related to the thickness of
the boundary layer [27,28].

2.8. Adsorption thermodynamics

Thermodynamic behaviour of phenol adsorption onto
NF and ACF was revealed by calculating thermodynamic

parameters such as standard free energy change (AG®), stan-
dard enthalpy change (AH°) and standard entropy change
(AS°) using the following equations [29].

AG® = —RTInK’ (18)
0 0
InK° = % - ARE; (19)

where K° is the thermodynamic equilibrium constant (L/g),
R is the universal gas constant (8.314 J/mol'K) and T is the
absolute temperature (K). AH° (kJ/mol) and AS° (kJ/mol-K)
values of the adsorption process were calculated from the
Van't Hoff equation [Eq. (19)], from the slope and intercept
of the plot InK° of vs. 1/T.

3. Results and discussions
3.1. Characterisation of CN and ACF
3.1.1. Nitrogen sorption

The textural characteristics of the adsorbents obtained
by nitrogen adsorption—desorption technique are presented
in Table 1. It can be clearly observed that the BET surface
area, the total pore volume and the micro pore volume of
ACF are significantly greater than the values obtained for
NF, which indicate the development of raw material char-
acteristic under activation mode effects [30]. The pres-
ence of pores is the responsible factor for big surface area,
so low porosity material means low surface area. The
pore size of the adsorbents is larger than 2 nm, as shown
by the BET method and confirmed by the BJH values.
According to the International Union of Pure and Applied
Chemistry (IUPAC), the values of average pore diameter
indicate that both prepared adsorbents are characterized
as mesoporous [31]. Due to their high mesopore content,
NF and ACF adsorbents can be excellent adsorbents for
organic pollutants of medium molecular size (>2 nm).

3.1.2. Infrared spectroscopy

The IR spectrums of NF and ACF are illustrated in Fig.
1. The number and intensity of peaks in the NF spectrum
are higher than in the ACF spectrum. This may be due to the
thermal degradation of some intermolecular bonds during
the activation process [32]. The peaks at 3,423.83 cm™ indi-
cate the stretching vibrations of O-H bonds in a hydroxyl
group of carbohydrate (hemicellulose and cellulose)
and lignin of Phoenix dactylifera fiber, while the peak at
2,923.57 cm™ is related to the C-H stretching vibration of
aliphatic chain in fiber components [33]. For ACF, the first
peak has lost its intensity and the second-one has disap-
peared. These two cases may be caused by the evaporation
of moisture and volatile contents [32]. For both samples,
the peak that appeared at 1,735.63 cm™ was attributed to
C=0 stretching vibrations in the acetyl and carboxylic acid
groups [34]. Whereas the peak at 1,616.06 cm™ belong to
aromatic C=C bond. After the last-mentioned point, the
ACF showed no peak, which confirms the hypothesis that
many bonds are broken due to activation. Moreover, low
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Table 1
Textural characteristics of NF and ACF

Sample Sper (M/8) Sew (M?/8) S e (M/8) Vi (cm’/g) Vinie (cm?/8) Dy () Dy, (nm)
NF 1.108 0.0524 1.0554 0.000576 0.000513 2.0815 25784
ACF 269.543 69.057 200.486 0.146 0.0985 2.163 2.962
S =
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Fig. 1. FTIR spectra of natural fiber (NF) and activated carbon
fiber (ACEF).

intensity bands at 1,511.93 and 1,427.07 cm™ were indexed
to the stretching vibration of aromatic C-H group and
carboxylate groups [33]. The peak due to alcohol group
of cellulose (b OH deformation) is located at 1,376.65 cm™
[35]. The existence of peaks at 1,276.65 and 1,060.66 cm™
represents -C-O-C— and C-H stretching of cellulose
and lignin, respectively [33].

3.1.3. X-ray diffraction

The X-ray diffraction patterns present in Fig. 2 shows
the amorphous structure of raw NF and ACF that could be
seen as broad diffraction at 16.05° and 26.1°. Furthermore,
the sharp peaks at 20 values (14.150, 17.20, 18.80, 21.250
and 29.150) shows the presence of some cellulose crystal-
line region [36,37]. The amorphous structure of the precur-
sor was attributed to the high amount of hemicellulose and
lignin content. It can be seen that the amorphous region of
raw material was reduced after its transformation into acti-
vated carbon. The small decrease in the amorphous region
of raw material is due to the exposure of hemicellulose
and lignin to high temperature during carbonization [38,39].

3.1.4. Scanning electron microscopy

Scanning electron microscopy (SEM) images of NF and
ACF are shown in Fig. 3. The micrographs show that both
samples have an irregular shape. The SEM image of NF
shows more white spots with a mixed surface from smooth
to coarse. ACF surface has fewer white spots, signifying a

(26)°

Fig. 2. XRD diffractograms of natural fiber (NF) and activated
carbon fiber (ACF).

rough and heterogeneous surface with many pores created.
These observations could contribute to the high surface
area and pore volume of activated carbon [40].

3.1.5. Elemental analysis

The elemental composition of NF and ACF was
determined by the EDS analysis. The results presented
in Fig. 3 show that NF contains 66.18% of carbon and
33.09% of oxygen, while ACF contains 78.71% of carbon
and 20.64% of oxygen. This means an increase of 12.53%
in the carbon content and a decrease in oxygen content
by 12.45% after chemical activation and carbonization.
A considerable amount of carbon provided an active sur-
face for phenol fixation on the adsorbent surface [40]. The
Si peak show in both samples may have originated from
the diode probe of the apparatus. For activated carbon, the
absence of phosphorus indicates the effectiveness of wash-
ing after its preparation, but the presence of zirconium
indicates its subsequent contamination.

3.2. Effect of adsorption parameters
3.2.1. Effect of pH

The solution pH is a critical parameter that influences
the adsorption process due to its effect on the adsorbent
surface charge and the ionisation degree of the adsorbate
[41]. The experiment was performed by following condi-
tions (pH = 2-12, 0.1 g of sorbents, T =25°C and t =2 h). As
presented in Fig. 4, low-rate adsorption values were found
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Fig. 3. SEM-EDS analysis of natural fiber (NF) and activated carbon fiber (ACF).
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Fig. 4. Effect of pH on phenol adsorption onto natural fiber
(NF) and activated carbon fiber (ACF) (adsorbent dosage = 0.1 g;
temperature = 25°C; contact time = 120 min; initial phenol
concentration = 50 mg/L).

in pH = 2-6 due to protonation of adsorbents surface which
led to donor-acceptor interactions between the aromatic
rings of the phenol [42]. The optimum adsorption capacities
of phenol take place in the pH region 6-8 and this is caused
by electrostatic interaction between the positive ions on the
surface and phenolate ions [43]. However, the percentage
removals were decreased with the pH greater than 8 due
to the ionization of phenol and the electrostatic repulsion
force between negative adsorbents sites and phenolate ions
(C,H,O) which are more soluble in the aqueous solution,
and form strong adsorbate—water bonds [44]. As the value
of pH at 6 gave the maximum percentage phenol remov-
als (30.18% for NF and 56.81% for ACF), it was selected
for further studies. Similar result has been reported for
adsorption of phenol on modified activated carbon [45].

3.2.2. Effect of contact time

Fig. 5 presents the effect of contact time on phenol
adsorption. According to the results, a high percentage of
phenol was removed at the first 15 min due to the abun-
dance of available vacant surface sites [3,46]. Thereafter,
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Fig. 5. Effect of contact time on phenol adsorption onto natural
fiber (NF) and activated carbon fiber (ACF) (adsorbent dos-
age = 0.1 g; temperature = 25°C; pH = 6; initial phenol concentra-
tion = 50 mg/L).

the removal becomes slower until the equilibrium points,
at 120 and 210 min on NF and ACEF, respectively. This phe-
nomenon can be explained by the fact that the remaining
empty sites are difficult to occupy by the phenol molecules
due to the repulsive forces between the phenol on the solid
and solution phase [3]. It’s natural that ACF takes lon-
ger time to reach to equilibrium because it contains more
adsorption sites than the other.

3.2.3. Effect of adsorbent mass

As shown in Fig. 6, the percentage of phenol removed
increases with the adsorbent mass, with maximum phenol
removal of 45% and 91.9% for NF and ACEF, respectively.
This increase is due to the availability of a greater number
of sorption sites [47]. The optimum mass for NF and ACF
are respectively 0.4 and 0.5 g, since there is no significant
increase in phenol removal rate above these values.

3.2.4. Effect of initial concentrations

Fig. 7 reveals the effect of initial concentration on the
phenol removal onto both adsorbents. The results show
that the adsorption capacity increases with the initial phe-
nol concentration due to a weakness of the solid resistance to
phenol mass transfer from the liquid [48].

In the case of NF, increasing the initial phenol concen-
tration leads to a decrease in the percentage of its removal.
At high concentrations, a large part of the phenol remains
in solution due to limited number of active sites.

For ACF, the percentage of phenol removal increases
with increasing initial concentrations. This is because the
active sites on the adsorbent surface were not fully occu-
pied by phenol [49]. The same phenomenon was observed
in the adsorption of phenol from aqueous solution on fly ash
from a thermal power plant [50]. It can be concluded that the
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Fig. 6. Effect of adsorbents mass on phenol adsorption onto
natural fiber (NF) and activated carbon fiber (ACF) (contact
time = 120 min for NF and 210 min for ACF; temperature = 25°C;
pH = 6; initial phenol concentration = 50 mg/L).

percentage phenol removal is highly dependent on the ini-
tial phenol concentration.

3.2.5. Effect of temperatures

The graphs in Fig. 8 show a decrease in the percent-
age phenol removal with increasing temperature for both
adsorbents. This shows that the lowest removal rates were
recorded at the highest temperatures. This result is mainly
due to the weakening of the sorption forces between the
active sites on the adsorbents and the adsorbed species, in
one side, and between adjacent phenol molecules on the
adsorbed phase, in the other side. In addition to the rea-
sons mentioned above, increasing temperature enhances
the desorption step in the sorption mechanism, indicating
that the process is exothermic [51,52]. The same behaviour
was found by different researchers for adsorption of phe-
nol on modified activated carbon [45], Luffa cylindrica
fibers [51] and palmkernel fibre [52], respectively.

3.3. Adsorption isotherm study

The results of the equilibrium isotherm modelling are
presented in Fig. 9 and Table 2. According to the results, the
adsorption of phenol on NF and ACF is well described by the
Freundlich model with the highest correlation coefficients
(R*=0.9848 and R? = 0.9873). The best fit of this model to the
experimental data suggests the presence of heterogeneous
adsorption sites on the adsorbent surface [53]. Concerning
NF, the Temkin isotherm also shows a good correlation,
with an R? value of 0.9827 indicating mixed adsorption
behaviour on the NF surface. The suitability of Freundlich
model for phenol absorption has been also reported by
Mojoudi et al. [54] using high microporous activated car-
bons prepared from oily sludge, and Liitke et al. [53] from
activated carbon prepared from black wattle bark waste.
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Fig. 8. Effect of temperatures onto phenol adsorption by natu-
ral fiber (NF) and activated fiber carbon (ACF) (adsorbent dos-
age = 0.1 g; contact time = 120 min for NF and 210 min for ACF;
pH = 6; initial phenol concentration = 50 mg/L).

Moreover, other important and useful information
could be obtained from Table 2, including the nature of the
adsorption (exothermic or endothermic), the theoretical max-
imum adsorption capacity and whether the adsorption of
phenol was favourable or unfavourable.

A value of 1/n less than 1 suggests a favorable adsorp-
tion for NF, whereas for ACF, a cooperative adsorption pro-
cess occurs when 1/n > 1 [55]. The positive sign of b, from
Temkin model for both studied states, indicating that the
adsorption reaction is exothermic [56]. While, the values

of b, refer to a physical adsorption process. The mean free
adsorption energy (E) for phenol removal process on NF and
ACF was 0.223 and 0.235 kJ/mol, respectively. These values
less than 8 kJ/mol emphasize the physical nature of phenol
removal [57].

Table 3 shows a comparison of the results obtained in
this study with the phenol maximum adsorption capacities
onto several adsorbents.

3.4. Kinetic study

The kinetics of phenol uptake onto NF and ACF were
studied using two common models. The graphical presenta-
tion of the kinetic models is presented in Fig. 10, while the
calculated parameters are collected in Table 4. It is obvious
from results that the pseudo-second-order model fits the
experimental data better than pseudo-first-order model
because of the R? values are close to unity and the calculated
g, values are close to the experimental g,,  values for NF
and ACF. Thus, the obtained results illustrate that chemical
sorption is effective in phenol adsorption onto NF and ACF
[63]. Furthermore, the sorption capacity is proportional to
the number of active sites occupied on the sorbents [64,26].
Similar results were observed in the adsorption of phenol on
Na bentonite [28] and high microporous activated carbons
prepared from oily sludge [54].

3.5. Diffusion study

Fig. 11 shows the plots of the liquid film diffusion (LFD)
and intraparticle diffusion (IPD) models. As it can be seen
from Fig. 11a, the plots reveal two distinct linear phases,
indicating that the adsorption of phenol occurred in a two-
step intraparticle diffusion process. The first linear phase
may be due to the external mass transfer of phenol to the
sorbent particles. The second linear phase represents the



190

A. Khelfaoui, N. Chaouch / Desalination and Water Treatment 278 (2022) 182194

Langmuir isotherm

16 ry
A NF
141 o ACF
~124
3 A
S0
&
T 87
(8]
6 -
4 .\‘\!.N-
2 1 1 1 1
0 10 20 30 40 50 60
Ce (mg/L)
Temkin isotherm
104 A NF °
e ACF
8 )
°
96 4
E
&4
2
0 T T T T T T
1,5 2,0 2,5 3,0 3,5 4,0
In Ce

Freundlich isotherm

° A NF
2,0 - e ACF

2,5

1,5
[} [ ] A

o
=1,0-

0,5 -

-0,5 T T T T T T

2,5 3,0 3,5 4,0
InCe

Dubinin-Radushkevich isotherm

[ A NF
201 % e ACF

0,0E+0 50E+4 1,0E+5 1,5E+5 2,0E+5 2,5E+5
£2(J/mol)?

Fig. 9. Adsorption isotherms of phenol onto natural fiber (NF) and activated carbon fiber (ACF).

Table 2

Isotherm parameters for phenol adsorption onto NF and ACF

Isotherm Parameters NF ACF
q, (mg/g) 7.236 -8.952
Langmuir K, (L/mg) 0.0185 -0.0238
R? 0.9689 0.9012
K, (L/g) 0.198 0.1234
Freundlich n 1.338 0.721
R? 0.9848 0.9873
K, (L/g) 0.241 0.213
k 1 1 477
Temkin b, (kJ/mol) 0.183 0
B 1.3522 5.19
R? 0.9827 0.8586
g, (mg/g) 2.84 7.141
Isotherm (Dubinin—- B (mol’/]?) 107 9x10°%
Radushkevich) E (kJ/mol) 0.223 0.235
R? 0.855 0.8366

slower pore volume diffusion at the equilibrium phase of the

reaction [65].

In Table 5, it is important to note that the values of the
thickness C calculated from the IPD model are greater than

Table 3
Comparison of maximum adsorption capacities of phenol by
various adsorbents

Adsorbent 9,0 (Mg/g) Reference
NF 3.45 This study
ACF 9.62 This study
SDS-alumina 6.64 [58]
Carbon-encapsulated iron 5.1 [59]
nanoparticles (CEINs)

Graphene oxide (GO) 3.96 [60]
AC-ALQO, 3.55 [61]
AC-Fe0O, 3.29 [61]
ACTIO, 3.15 [61]

AC purchased 1.51 [61]
Activated coal 1.48 [62]

zero, suggesting that the boundary layer thickness partic-
ipated in the adsorption process [27,66]. Neither the (IPD)
nor the (LFD) plot passes through the origin (Fig. 11), indi-
cating that the adsorption process is not solely controlled
by intraparticle diffusion or film diffusion [67]. The R? val-
ues confirmed that the effect of intraparticle diffusion on the
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Table 4
Kinetic parameters of phenol removal by NF and ACF
Samples Experimental Pseudo-first-order Pseudo-second-order
Goerp (M/8) e (MB/B) K, (min™) R q,cq (Mg/8) K, (g/mg-min) R
NF 3.009 0.420 0.0203 0.9826 3.057 0.117 0.9997
ACF 6.564 2.574 0.0083 0.9742 6.671 0.0089 0.9879
Table 5
Diffusion parameters of phenol adsorption onto NF and ACF
Samples Intraparticle diffusion Liquid film diffusion
K, (mg/g-min"?) C, R? K, (min™) C R?
NF 0.0245 2.6665 0.8194 0.0203 -1.9683 0.9826
ACF 0.1909 3.5391 0.9786 0.0083 0.9362 0.9742

adsorption process for ACF was more important than for NF.
Through the aforementioned, another diffusion model may
be involved in the determination of the rate control step.

3.6. Thermodynamics analysis

The thermodynamic parameters reflect the spontaneous
nature and the feasibility of a sorption process. AH® and
AS° were calculated from the slope and intercept of the
plot InK® vs. 1/T (Fig. 12) and AG® values were calculated
from Eq. (18). These parameters are reported in Table 6.
The positive values AG® values confirmed that the adsorp-
tion of phenol onto NF and ACF was not spontaneous [68].
Moreover, increasing the temperature from 25°C to 65°C led
to an increase in AG® values, thus the adsorption was not
favourable at high temperatures for both adsorbents. This

was proved by negative values of AH®, which confirmed
the exothermic nature of the adsorption onto both sorbents,
and supported by the decrease in phenol adsorption val-
ues, with increasing temperature. The negative AS® values
show a decrease in the randomness at the adsorbent—phenol
interface during adsorption [69].

4. Conclusion

This work reported on the utilization of natural Phoenix
dactylifera fiber (NF) and Phoenix dactylifera fiber chemi-
cally activated with H,PO, (ACF) for phenol removal from
wastewater. The characterization of adsorbents confirms
that the activation mode resulted in a significant improve-
ment in textural properties without damaging the crystal-
line structure of NF.
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Fig. 11. Diffusion models of phenol adsorption onto NF and ACF.
Table 6
Thermodynamic parameters of phenol adsorption onto NF and ACF
Samples NF ACF
Temperatures (K)  AG® (kJ/mol) AH® (k/mol)  AS° (kJ/mol'K)  AG® (k/mol)  AH° (KJ/mol)  AS° (kJ/molK)
298 6.044 2.374
308 6.437 2.718
318 6.752 -14.519 —0.068 3.012 -9.406 -0.039
328 7.928 3.437
338 8.767 4.000
Phenol removal efficiency was significantly affected by
1,0 several parameters such as the pH solution, contact time,
initial phenol concentration, adsorbent dosage and tem-
perature. Using phenol concentration of 50 mg/L, 300 rpm
a5 agitation speed, pH = 6 and temperature of 25°C, the opti-
’ mum removal of phenol was attained to 44.7% at 120 min
and dose of 0.4 mg/L for NF, while it was achieved to 91.3%
°x_2 0 at 210 min and dose of 0.5 mg/L for ACF. Additionally, the
£ fastest adsorption rates were within the first 15 min, fol-
lowed by equilibrium.
A This study showed an unusual phenomenon for ACF,
251 A which was represented by an increase in the percentage of
phenol removal when the concentration of phenol increase.
In contrast to NF, the increase in the concentration of phe-
-3,0 1 A A NF nol leads to a decrease in the percentage of phenol removal,
: ® 'ACF which concludes that NF is suitable for low concentrations,
0,0029 0,0630 0,0|031 o’olo32 0,0|033 0,0034 while ACF is suitable for hlgh concentrations.
1T (K7) Based on experimental results, the maximum adsorp-

Fig. 12. Variation of InK® as a function of 1/T for phenol adsorp-

tion using NF and ACF.

tion capacities were 3.45 and 9.62 mg/g for NF and ACF,
respectively. The value of the maximum absorbent capac-
ity of raw Phoenix dactylifera fiber is satisfactory compared
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to some of the activated sorbents cited in literature. The
isotherm and kinetic data were well described by the
Freundlich and pseudo-second-order models as indicated
by correlation coefficients. Moreover, the thermodynamic
parameters obtained indicate that the adsorption process
onto NF and ACF is exothermic and non-spontaneous. It
can be concluded that the prepared sorbents had acceptable
phenol adsorption performance, low dose requirements,
simplicity as well as low cost.
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