¢ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2021.27711

236 (2021) 190-202
October

Characterization of activated carbon prepared from date palm fibers by
physical activation for the removal of phenol from aqueous solutions
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ABSTRACT

This study investigated the alternative cheap eco-friendly materials date palm (Phoenix dactylifera)
fibers for the preparation of activated carbon (AC) by physical activation with CO, at different
parameters of pyrolysis: pyrolysis temperature, the particle size and the duration of pyrolysis.
The physical characterization (porosity and surface) was determined by the adsorption-desorption
of nitrogen at 77 K (BET) and Dubinin—-Radushkevich (D-R) equations, as well as the analysis by
scanning electron microscopy. The chemical characterization (surface function), which was carried
out by the Boehm titration, the pH zero-point charge (pH,_ ) and Fourier transform infrared spec-
troscopy, confirmed the acidic character of the material. The adsorption of phenol from aqueous
solutions onto the prepared AC was investigated. The adsorption process followed the Langmuir
isotherm model with a maximum adsorption capacity of 31.75 mg g for date palm fibers.

Keywords: AC of date palm fibers; Activated carbon; Physical activation; Adsorption; Isotherm; Phenol

1. Introduction

Owing to their harmfulness to life types, even at low
concentrations, phenolic compounds are listed as prior-
ity contaminants. Phenol has been registered by the U.S.
Environmental Protection Agency (USEPA) as a hazardous
contaminant with a permissible restriction of 0.1 mg L™ in

* Corresponding author.

wastewater, it is necessary to remove it from wastewater
before it is released into wastewater for the protection of
public water and health [1,2]. Several methods, including
chemical oxidation, photo-catalytic degradation, ultrasonic
degradation, solvent extraction and adsorption, have been
produced to remove phenol from waste water. Overall, the
safest method is still the adsorption process [3].

1944-3994/1944-3986 © 2021 Desalination Publications. All rights reserved.
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Due to its effectiveness, economy, high capacity to sep-
arate an outsized scope of product mixtures, adsorption is
better than the alternative separation techniques [4,5], and
its simple methodology utilizing various adsorbents such
as activated carbon [6-8], alumina [8], silica gel [8] and
zeolites [9]. It is widely agreed that ACs (granular or pow-
dered) have a highly defined pore structure, one of the most
frequently used as adsorbents, catalysts [10,11], electrode
materials of super capacitors [12], and catalyst support for
the removal of pollutant species from gases or liquids and
for purification or recovery of chemicals due to their excel-
lent adsorption capability for inorganic pollutants [6]. In
the previous few years, research has been centered on the
use of waste materials from agricultural products because
they are cheap, rational and eco-friendly to manufacture
adsorbents, the properties of ACs are dependent on the
activation process and hence the nature of the source [13].
Several materials such as wood wastes [14], coffee residue
[15], slash pine bark [16], apricot stones [17], date stones
[18,19], date pits [20,21], date palm trunk fiber [22] and
olive stones [23] have been used for preparation of AC. AC
preparations typically include two steps, primarily the pro-
cess of pyrolysis and activation [24], chemical activation by
the use of dehydrating agents such as H,5SO,, H,PO,, KOH
and ZnCl,. Physical activation using carbon dioxide (CO,),
steam or a combination of both [25,26]. CO, was chosen
as the activation gas in the current work: CO, is spotless
and easy to deal with. In addition, CO, has been a favored
decision as to the activation gas on the laboratory scale: it
facilitates control of the activation process [27,28].

The number of date palms (Phoenix dactylifera) in the
world is estimated at almost 100 million palm trees, with
32.5 million date palms in second position in Africa. With
more than 20 million date palm trees in total, Algeria is one
of the leading countries in the cultivation and processing
of palm dates in Africa and the Arab world, becoming the
fourth largest date producer in the world, and its produc-
tion is concentrated in the southeastern part of the country;
Biskra, El Oued and Ouargla [29,30].

A large number of by-products, such as leaves, petioles,
rachis, trunk leaflets, are produced as mentioned in the date
palm tree. Products obtained from bunches (fruit bunch
branch of palm, date seeds) without proper use (as a res-
idue) because they are mostly disposed of by burning or
are regarded as animal feed or waste and have rarely been
used in crafts, such as basketry, crates, ropes, and traditional
construction [29]. So we have an approximate amount of

Table 1

date palm (Phoenix dactylifera) fibers, although considered to
be the world’s leading accessible fiber types, these amounts
are likely to be of interest in promoting commercial sustain-
ability through the development of alternative cheap eco-
friendly materials [31].

In the marketing of date palm type (Ghars), the state of
Ouargla ranks first [32]. That is why, in our current research,
we decided to invest date palm fibers as raw materials to
prepare AC by physical activation with CO, at different con-
ditions of impact, such as pyrolysis temperature, particle
size and pyrolysis length.

The aim of the present study is to characterize and ver-
ify the effectiveness of AC, using several methods such as:
the adsorption-desorption of nitrogen at 77 K (BET), using
D-R equations, analysis by scanning electron microscopy
(SEM), Boehm titration method, the pHZp . Fourier trans-
form infrared spectroscopy (FTIR), and characterization of
adsorption capacity by adsorption of phenol using UV-Vis
spectroscopy.

2. Materials and methods
2.1. Adsorbent preparation

Palm waste, namely Ghars (Fig. 1) date palm fiber, was
collected from a date palm oasis in Ouargla, Algeria. To
extract all dirt and dust at their initial particle size, the fibers
were washed with distilled water, followed by filtration and
then dried at room temperature. They were then crushed
and sieved after drying. The fractions between two sets
(250 um < d <500 pm) and (45 pm < d < 125 um) was named
RF, and RF,, respectively.

The pyrolysis was carried out at 500°C for 2 h under a
250 mL min™ nitrogen flow and a heating rate of 5°C min™
using a vertical furnace (Ref. BGVA12-300B, CARBOLITE),
75 g of crushed date palm fibers were added in a 40-mm
internal diameter cylindrical quartz cell including a half-
height frit dish. At 600°C for 2 h, the resulting pyrolysis date
palm fibers were triggered. The carbon dioxide flow rate was
maintained at 250 mL min™ and heating rate of 5°C min™.
The pyrolysis and activation conditions of the samples are
shown in Table 1.

2.2. Physical characterization

The pore structures of the resulting ACs were analyzed
using N, adsorption and SEM.

Pyrolysis and activation conditions of the RF, and RF, raw materials

Pyrolysis condition

Raw materials Granulation Sample Temperature  Flow and heating rate Activation condition
and duration
RF, (250 pm < D <500 pm) igi: 28808 ; E
ACF, 500°C, 1h 250 mF min™ (N,), 600°C, 2 h, 25.0 mL min™?
RF, @5um<D<125um)  ACF, 500°C, 2 h 5°C min™ (CO,), 5°C min”".
ACF 500°C, 3 h
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atepa tree

Fig. 1. Date palm tree and date palm fibers Ghars.

2.2.1. N, adsorption

N, adsorption-desorption isothermal measurements at
liquid nitrogen temperature (77 K) using ASAP 2010 char-
acterized the textural heterogeneity of the prepared ACs
(Micromeritics Instrument Company, Norcross/USA). By
using the BET method [33], the BET specific surface areas
(Sggp) Were measured, assuming that the surface area occu-
pied by the nitrogen molecule was 0.162 nm?. On the basis
of the liquid volume of nitrogen adsorbed at a relative pres-
sure of p/p, = 0.97, the total pore volume (V) was calcu-
lated. According to IUPAC classification [34], the size of the
micropores L (nm) (pores < 2 nm) was calculated according
to the D-R equation [35]. The microporous surface (S_ ) and
external surface (S_,) as well as the volume of micropores
(V) were assessed by the t-plot method [36]. The mesopore
volume (V) was obtained by deducting the micropore vol-
ume from the total pore volume. The average pore diameters
(D,) were estimated from the 5., and V,  assuming an open-
ended cylindrical pore model without pore networks [37].

2.2.2. Scanning electron microscopy

The micrographs were obtained with a SEM (EVO ZEISS
15) equipped with a secondary electron detector (SE1).
Micrographs were obtained under an acceleration voltage
of 20 kV with a 1.00 K magnification to estimate the surface
pore structure of the ACs.

2.3. Surface chemistry characterization

There are a range of techniques for the characterization
of ACs in surface chemistry to qualitatively and quantita-
tively classify their surface functional groups [38,39]. We
use the pH, , which displays the charge on AC surfaces.
The characterization of the AC by Boehm titration by surface

chemistry (acidity-basicity) is useful for testing its surface
charge and acidity, and FTIR to classify functional groups
in ACs.

The pH of the AC samples was determined according
to the ASTM D6851 method by mixing AC with deionized
water with the pH measured by the pH meter after 1 d at
25°C.

The pH value required to give zero net surface charge
(zero electric charge) is a convenient measure of the
tendency of the AC surface to become either positively or
negatively charged as a function of pH [40,41]. This value
is designated as the point of zero charge of AC samples
(zpo) (PH,,), this method was conducted to determine the
pH,, of AC of date palm fiber, and it was measured as fol-
lows: 2 L of 0.1 N NaCl was prepared and divided into 40
flasks each one containing 50 mL solutions. Then, their pH
values were adjusted between 2 and 12 with the addition
of 0.1 N solution of HCI or NaOH. pH of initial solutions
was measured with a pH meter and then noted as pH__. .
After the constant value of pH_ . had been reached, 0.15 g
of AC sample was added into each flask and then shaken
for 5 d at 25°C. After 5 d, pH of the solution was measured
and noted as pH, . Thus, the curve pH, — pH, = f (pH,) was
drawn. The point of intersection between this curve and
the line of equation x = 0 gives the pH at the zero point
charges of the active carbon considered.

2.4. Study of surface functions

To determine the composition of active carbon in terms
of acidic or basic surface groups, the Boehm method was
used (Boehm 1966). Using 0.1 N of NaHCO,, Na,CO,
and NaOH, the acidic groups were found. As well as to
neutralize the basic groups, a 0.1 N HCl was used [36].
For each sample, a mass of 0.5 g is added to a 25 mL of
solutions prepared into a series of flasks at 25°C for 72 h.
After filtration, the solutions are then dosed with HCI
or NaOH at a concentration of 0.1 N in the presence of
phenolphthalein as an indicator. NaHCO, neutralizes the
carboxylic groups (-COOH), Na,CO, neutralizes the car-
boxylic groups (-COOH) and the lactone groups (-COO-)
and NaOH neutralizes the carboxylic groups (~COOH),
lactone (-COO-) and phenolic groups (-OH). The num-
ber of functional groups of the various acid functions is
calculated by considering that NaHCO, neutralizes the
carboxylic groups (-COOH). Based on the above method,
the different acidic groups can be determined [37].

2.5. Infrared spectroscopy

The chemical structures of ACs were analyzed by
attenuated total reflection-Fourier transform infrared (ATR-
FTIR) spectrometer using Cary 600 series FTIR spectrom-
eter (Santa Clara, California). The analysis was performed
in a transmittance mode, the functional groups in the
ACs in the range of 4,000-600 cm™ can be identified [25,39].

2.6. Characterization of adsorption capacity of phenol

Immersion calorimetry is the method based on the selec-
tive adsorption of the phenol from dilute aqueous solutions
to ACs [40].
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2.7. Adsorbate preparation

A 1,000-mg L of stock solution was prepared by dis-
solving 0.5 g of the solid phenol powder into 500 mL of
deionized water. All working solutions were prepared by
diluting the stock solution with deionized water.

2.8. Adsorption procedure

In order to determine the phenol adsorption poten-
tial of ACF samples at 25°C, phenol adsorption mea-
surements were carried out by measuring the UV-Vis
absorption intensity for a series of phenol stock solu-
tions with known concentrations at A_ = 270 nm using
a spectrophotometer, a calibration curve was recorded
(Cary Series UV-Vis spectrophotometer). About 40 mg of
each ACF samples were added into test tubes contain-
ing 10 mL of stock solution with five different concentra-
tions (20-100 mg L). All the test tubes were shaken for
3 h using (Bench Mixer Multi-Tube Vortexer) to ensure
even mixing of the ACF with the target phenol solution.
About 5 mL of phenol solution was taken using a filtered
syringe. Then, the phenol solution was scanned by UV-Vis
spectrophotometer. The concentrations of phenol solutions
were obtained by comparing the absorbance intensity to
the calibration curve. The amount of phenol adsorbed at
equilibrium ¢, (mg g"') was calculated by the following
equation:

,_le-c)v o
m

where C and C, are the liquid-phase concentrations (mg L™)

of phenol at initial and at equilibrium, respectively. V is

the volume (L) of the solution and m is the mass (g) of dry

adsorbent used.

The percentage of phenol removal (%R) is defined as
the ratio between the difference between the phenol con-
centration before and after adsorption (C, — C) and the
initial aqueous solution phenol concentration (C) and was
calculated using an equation.

c -C
%R = =4 x100% @)

0

2.9. Isotherm studies

The relationship between adsorbate molecules and
adsorbent surface isotherms can be defined by adsorption
isotherms [42]. To balance the experimental results, two
types of isothermal models (Langmuir and Freundlich) were
tested.

The linear form of Langmuir isotherm is represented as
follows [43]:

C__L .S G)
9 Kilpe T

where g, is the amount of phenol adsorbed per unit mass of
the adsorbent at equilibrium (mg g™), g, is the maximum
adsorption capacity of the adsorbent (mg g™) and K| is the

Langmuir equilibrium constant related to the affinity of
binding sites and energy of adsorption (L mg™).

The essential characteristics of the Langmuir isotherm
can be expressed, according to Al-Haidary et al. [44], in
terms of the separation factor or equilibrium parameter R,
that can be determined from the relationship (Eq. (4)), which
is indicative of the isotherm form that predicts whether an
adsorption mechanism is favorable or unfavorable. R, is
characterized as follows:

1
T1+K,C, @
where C is the highest initial concentration (mg L™). R, was
also determined to know the feasibility of the isotherm.
Values of the R, express the type of isotherm to be either
unfavorable (R, > 1), linear (R, = 1), favorable (1 > R, > 0),
or irreversible (R, =0).

The linear equation of Freundlich isotherm is given by
Freundlich as follows [43]:

Logg, =LogK, +1Log C, %)
n

where K, is the Freundlich constant that is related to bond
strength [(mg g™) (L mg™)"]; n is the Freundlich constant
and indicative of bond energies.

2.10. Statistical evaluation

The accuracy of the equilibrium and kinetic mod-
els was evaluated from the chi-square (x?), coefficient of
determination values (R?). The x* and R? were calculated
according to Egs. (6) and (7) [45].

2
v = Z(QPq_ql) o
e,cal

2
< D (9o = Temean) )

D (RN I 3 (A

Langmuir and Freundlich isotherm models were also
tested using an error function (F,__.) [46], which measures
the variations in the quantity of phenol taken up by the
adsorbent predicted by the models and the real g, measured
experimentally.

r -1 Y| Geexp = Dercal _p 8
error% 00 X Z /(N ) ( )

i e,exp

where g, (mg/g) is the equilibrium quantity of phenols
extracted from Eq. (1), 9, ., (mg/g) is the quantity of phenols
extracted from the models and g, (mg/g) is the mean of
q,.., values, N is the number of 'experimental information
points, P is the number of model parameters.
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3. Results and discussion
3.1. Burn-off of AC fiber

To determine the effect of activation period on pore
growth, the burn-off for the ACF derived from date palm
fiber Ghars was analyzed. Based on the following equation,
the burn-off of ACF was calculated:

Burn-off (%) AT

x100% )

i

where m, and m, are the initial and final mass (g) of ACF,
respectively. It can be seen from Table 2 that the burn-off
for ACF,, ACF,, ACF,, ACF, and ACF, samples are 82.38,
95.73, 93.7, 93.54 and 92.96 wt %, respectively. With the
decrease in pyrolysis temperature from 600°C for ACF,
to 500°C for ACF, the burn-off increased from 82.38 to
95.73 wt%. The values of burn-off for ACF,, ACF, and ACF,
decreased from 93.7 to 93.54 and 92.96 wt %, respectively,
as duration time increased from 1 to 3 h. In addition, the
values of burn-off of ACF, and ACF, decreased from 95.73
to 93.54 wt %, respectively, as the granularity decrease
from (250 pm < D < 500 pm) to (45 um < D < 125 pm).
These results suggested that the lower the temperature
and duration of pyrolysis and the larger the sample size,
the burn-off increases. The rise in burn-off suggested the
elimination of more volatile organic species that eventu-
ally improved the ACF’s pore growth. Porosity enhance-
ment may increase the surface area of the ACF and thus
affect the ability of adsorption. It is apparent that despite
lower yield, high burn-off is the vital aim to produce highly
porous ACF for the effective adsorption process [47].

3.2. Characterization methods

In order to achieve the best characteristics for the Ghars
date palm fibers, the AC samples were prepared under
optimized conditions described in our previous work [18].
In order to determine the degree of its effect, the optimized
conditions for CO, activation are the activation temperature
and time of 600°C and 2 h, respectively, and the CO, flow
and heating rate of 250 mL min™ and 5°C min’, respectively,
with the change in the pyrolysis conditions.

To characterize the pore structure of the ACF sam-
ples, the N, adsorption-desorption isotherms obtained
with the different ACs in the 77 K experiment were per-
formed, as shown in Figs. 2 and 3 situations with distinct
results. These figures show the effect of the temperature
of the pyrolysis, the effect of the size of the particles and
the effect of the duration time of the pyrolysis on the
adsorbed quantity, respectively. We note that the rise in
the volume of adsorbed nitrogen is related to the decrease
in temperature of the pyrolysis, the increase in size of
the particle and increase in the duration of the pyroly-
sis; since through the figures we find that the lower the
temperature of the pyrolysis, the longer the duration of
the pyrolysis, and the larger the size of the particle, the
greater the amount of N, adsorbed.

Dense micropore structures (dimensions <2 nm) belong-
ing to the type I classification of Brunauer, Deming, Deming,

and Teller (BDDT) are present in all the isotherms of the
AC sequence [48]. Form I isotherms are provided with a
relatively small external surface area by overwhelmingly
microporous adsorbents. The near absence of mesopores
and macropores within the material was further suggested.
In this way, nitrogen gas physical adsorption was effec-
tively carried out on microporous structures [49]. A small
hysteresis loop of type H4 demonstrates the desorption
branch, showing greater microporosity (V. between 72%
and 90% of total volume in Table 2) associated with a small
contribution of the mesopore and the possible occurrence
of a capillary condensation phenomenon. Furthermore,
the AC products were suggested to contain mostly micro-
pores [50]. The result suggested that both ACF, and ACF,
samples contained comparatively larger and smaller
amounts of micropores, respectively, and that the amount
of nitrogen uptake for the ACF samples increased rapidly
to a relative pressure (p/p,) of 0.2 before the plateau was
reached. If the ACF, sample has a higher uptake of nitrogen,
then the ACF, sample has a lower uptake of nitrogen.

Table 2 summarizes the details of the texture properties of
the manufactured carbon materials. By the BET process, the
basic surface area of ACF has been observed. The BET surface
areas are 278.22, 313.40, 166.29, 168.13 and 205.53 m? g™, for
the ACF,, ACF,, ACF,, ACF, and ACF, samples, respectively.
The surface area and pore volume of the ACF, and ACF, were
278.28 and 313.40 m?* g™ and 0.13 and 0.15 cm® g™, respec-
tively. These findings indicate that the surface area of the
BET is increased with the decrease in the temperature of the
pyrolysis. In addition, Table 2 demonstrates that when the
pyrolysis duration increased, the BET surface area increase
for the ACF,, ACF,, and ACF,.

Fig. 4 shows SEM micrographs of the ensemble of both
types of raw fiber, RF, and RF, and all type of AC ACF,
ACF,, ACF, ACF, and ACF,, respectively. The disparity
between RF, and RF, is the particle size that is clearly seen in
this figure in the micrograph picture that the fibers are cylin-
drical with their non-smooth outer surface and filled with
some artificial impurities (sand and dust) and residual lignin
[51]. The micrographs clearly demonstrate that, since there
is a clear difference in the microstructure of these ACs, the
difference in granularity affects the resulting AC.

Fig. 4 shows a cross-section for ACF,, where the micro-
structural observation showed that the surface area was
elliptical, almost circular in shape, and ACF, shows a series
of multicellular fibers with central voids (lumen) in each.
The multicellular fibers (individual fibers) are compactly
arranged to form a technical fiber whose shape is roughly
cylindrical with a smaller diameter in the range of 1-7 pm,
aligned and bound together by lignin, pectin and other
non-cellulosic materials [51].

The surface (longitudinal direction) SEM micrograph for
ACF, and ACF, is shown in Fig. 4. On the surface of both
ACs, the presence of certain impurities randomly distrib-
uted is observed. The fiber structure is oriented in the direc-
tion of the fiber axis, stacked and compacted in the form of
microfibers so that they appear in layers [30]. However, the
SEM images showed the AC structure in the form of nano-
meter hills on the surface allowing active sites to be formed
in order to enhance the process of adsorption (Fig. 4), the
SEM images did not vary significantly between ACF, and
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Fig. 2. Isothermal adsorption of N, at 77 K on activated carbon (Effect of the pyrolysis temperature on the adsorbed quantity).
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Fig. 3. Isothermal adsorption of N, at 77 K on activated carbon (Effect of the duration of pyrolysis on the adsorbed quantity).
Pyrolysis conditions: 500°C, 250 mL/min (N,), 5°C/min, ACF, 1 h, ACF, 2 h, ACF, 3 h, activation condition: 600°C, 2 h, 250 mL/min

(CO,), 5°C/min.

ACF, and had almost the same morphology. The images of
SEM micrographs of both raw materials and samples of AC
showed that porosity and broad surface area for adsorption
were produced by carbonization through pyrolysis and acti-
vation processes, thus aligned with the literature that is the
objective of AC processing.

3.3. Surface chemistry characterization

Table 2 shows the material’s pore size distribution data,
those data indicate that due to the sharp increase in pore
size distribution values for pore diameters less than 2 nm,
all activated carbons are microporous materials, which indi-
cates that most pores have existed in the range of 2-50 nm.

This result is confirmed in the microporous and mesoporous
volumes, Table 2 shows measured results, corresponding
to 81% of the average microporosity, compared with 19%
of the average mesoporosity.

D-R data of the isotherms of nitrogen adsorption of
all AC are shown in Table 2. The texture parameters of
the D-R isothermal equilibrium model are summarized in
Table 2. The micropore size (L) of the samples ACF, ACF,,
ACF,, ACF, and ACF, was 0.88, 0.77, 1.11, 0.64, 1.03 nm and
the mean activation energy was 24 k] mol™ corresponding
to chemisorption.

The significance of pH, on a given AC surface is that
the AC surface is positively charged when the pH is lower
than the pH  value (attracting anions). In comparison, the
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surface is negatively charged above pH_(attracting cations/
repelling anions). The pHch of ACs otP ACF, ACF,, ACF,
ACF, and ACF, samples were found to be 8.3, 8.1, 8.3, 8.5
and 8.0, respectively (Table 2). The pH of the solution when
the ACs are added was 9.2, 9.7, 9.9, 9.7 and 9.5, respectively.
As a result, the pH _ of activated carbon was lower than
the pH solution, incficating that the AC surface was rich
in negative charges. As a result, any sample in a slightly
basic solution can be used to remove cationic contaminants.

The functional groups on the surface of each AC were
calculated by the Boehm titration (Table 2). The predom-
inance of the acidic characteristics of the carboxyl, lactone,
and phenolic functional groups was shown in the results
described in Table 2. The AC obtained in general has a strong
acidic character, which is primarily due to the large number
of groups of phenolic functions.

Fig. 5 for raw fibers and ACF samples displays the FTIR
spectra, respectively. The aim of the FTIR spectroscopy
investigation was to classify the AC functional groups.
It should be noted that similar results from FTIR spec-
troscopy have been reported in the literature [52,53]. The
absorption band detected in both types of raw fiber RF,, RF,,
between 3,524 and 3,300 cm™ was assigned to the hydroxyl

(OH) group [46]. The presence of the OH group was due to
the adsorbed moisture content, cellulose and hemicellulo-
ses in raw fiber [54]. And the peak observed at 2,924 cm™
was allocated to the cellulose CH groups. The intensity of
these RF (raw fiber) absorption bands was comparatively
higher compared with that of ACF. The reduction in the
intensity of this ACF peak was due to the vaporization
of moisture during carbonization and activation [55].

Both samples, on the other hand, have the same peaks
found. The absorption bands at 1,619 and 1,419 cm™ were
similar to (C=C) aromatic ring bonding and C-H alkene
functional groups, respectively [56]. The bands about 1,321
and 1,109 cm™ were assigned to C=C-H in-plane bending
(C-H deformation) and C-O ether bond stretching, respec-
tively [57]. The peak around 1,030 cm™ is attributed to the
C-O-C stretching vibration in the pyranose skeleton ring,
the small peaks occurring in a replacement period between
760 and 600 cm™ C-H deformation were possibly due to the
presence of aromatic C-H in the date palm fiber and ACF’s
aromatic C-H out of plane bend [58].

After the carbonization and activation processes, the
produced ACF samples showed different FTIR spectra from
the RF fiber. While various conditions of pyrolysis have
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Fig. 4. Scanning electron microscopy micrographs of RF, and RF, raw fibers and ACF,, RF,, ACF,, ACF, and ACF, activated carbon.
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Fig. 5. (a) FT-IR spectra for RF, and RF, raw fibers and (b) the FT-IR spectra for ACF, ACF,, ACF,, ACF, and ACF; activated carbon.

been treated with the samples, it can be seen from Fig. 5
that, at most wavelengths, all ACs have similar absorption
bands, suggesting their possession of similar functional
groups other than ACF,, where there is a small difference at
about one peak.

The intensity of the beginning (transmittance %) of the
ACF’s is lower than we had in RF’s, where we note that the
intensity of the OH stretching and cellulose C-H groups dis-
appeared due to CO, activation that enabled the functional
oxygen group to be removed [58], and we also observed that
in terms of transmittance the other peaks were decreased.
The ACs ACF,, ACF, and ACF, that were prepared from RF,
were found to generally have relatively strong absorption
bands than the ACFs prepared from RF,.

3.4. Adsorption isotherm

The effects of initial phenol concentrations on the
removal of phenols have been studied and shown in Fig. 6,
and showed their percentages in Fig. 7. Experiments were
performed at varying initial phenol concentrations of
20-100 mg L7, 0.04 g L of ACF and 600 rpm of agitation

at 25°C. As can be shown, when the initial phenol concentra-
tion increased from 20 to 100 mg L, removal of phenol of
ACF,, ACF,, ACF,, ACF, and ACF, decreased from 42.98%,
42.38%, 68.84%, 38.93% and 57.20% to 40.98%, 34.23%,
47.84%, 36.63% and 43.97%, respectively, and the uptake
capacity increased from 2.11, 2.12, 3.44, 1.95, and 2.86 mg g™*
to 10.24, 8.56, 11.96, 9.16, and 10.99 mg g™, respectively, after
adsorption time of 180 min. The increase in the amount
of adsorbed phenol at equilibrium (g,) with an increase in
phenol concentration is attributable to a higher availabil-
ity of phenol molecules in the adsorption solution and a
higher interaction between the adsorbent and the adsor-
bate at a higher phenol concentration, which could be due
to an increase in the driving force of the phenol molecules
towards the adsorbent [43].

The fact that all adsorbents have a limited number of
active sites, which would have been saturated above a cer-
tain concentration, can explain the decrease in the percent-
age removal. The classification of adsorption isotherms of
phenol is L4-curve (the normal), according to Giles et al.
[60], this class implies that the slope gradually falls with
an increase in concentration and with the gradual covering



D. Bentarfa et al. / Desalination and Water Treatment 236 (2021) 190-202 199

14
12
10
e
=)
E —+—ACF1
= —— ACF2
4 ACF3
) —+ ACF4
ACF5
0
0 10 20 30 40 50 60 70

C.(mg L")
Fig. 6. Effect of the initial concentration of phenol on the adsorp-

tion capacity onto ACF,, ACF,, ACF,, ACF, and ACF, activated
carbon at 25°C.
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Fig. 7. Effect of the initial concentration of phenol on the
percentage removal of adsorption.

of the surface it becomes more difficult to find vacant sites.
ACF, was found to have the highest phenol adsorption
capacity, followed by ACF, ACF,, ACF, and ACF, for the
concentration range tested in this study, with the pores
diameter calculated in this study for ACF,, ACF, ACF,,
ACF, and ACF, being 1.92, 2.11, 1.89, 1.93, and 2.10 nm,
respectively. The difference in this value for these adsorbents
and the higher specific surface area (313.40 m?/g) explains
the higher adsorption capacities of phenol for ACF, com-
pared with the other ACs. We also noted that the largest
removal of phenol was in the low concentrations.

In order to research the adsorption activity at various
phenol concentrations, Langmuir and Freundlich isother-
mal models were used. The linearized phenol isotherms
from Langmuir and Freundlich are shown in Fig. 8 as well
as Fig. 9. Two isothermal models were used to obtain results
and regression coefficients, and the results were consis-
tent with the experimental evidence (Table 3). Parameters
such as the K, the adsorption equilibrium constant, which
is related to adsorption free energy and corresponds to the
affinity between the adsorbent surface and the adsorbate,
are given by the Langmuir model. As well as the maximum
adsorption capacity (g, ) that is combined with the amount
of phenol adsorbed to complete a monolayer, full coverage is
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Fig. 8. Langmuir plot for the adsorption of phenol onto ACF,,
ACF,, ACF,, ACF, and ACF; activated carbon at 25°C.
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Fig. 9. Freundlich plot for the adsorption of phenol onto ACF,,
ACF,, ACF,, ACF, and ACF, activated carbon at 25°C.

achieved when all existing sites have been filled. The values
of ACF, ACF,, ACF,, ACF, and ACF, in the g Langmuir
model were found to be 21.74, 31.75, 15.29, 23.26 and
18.38 mg g, respectively. In the present experiment, factors
(R,) were found to be 0.34, 0.54, 0.23, 0.62, and 0.35. All the R,
values indicate that the adsorption was favorable.

In general, the Freundlich n-value of an effective adsor-
bent is between 1 and 10. It was found that the value of n
was 1.12, 1.31, 1.74, 1.10 and 1.43, respectively. The values of
n > 1 represent favorable adsorption conditions, indicating
the favorable adsorption of phenol onto ACF’s.

Table 3 shows that the regression coefficient (R? x* and
F_ .. obtained from the isothermal models of Langmuir
and Freundlich showed values of (R? > 0.9806, x> < 0.22 and
F_ . .)<819)and (R*>0.9678, x*<0.35and F__ ., <9.28). These
results indicated that both the Langmuir and Freundlich
isotherm models can adequately describe the adsorption
data. The applicability of the two isotherm models to the
investigated systems implies that both monolayer adsorp-
tion (i.e., only a limited number of surface sites are adsorb-
ing sites for the phenol molecule) and heterogeneous surface
conditions exist under the experimental conditions studied.

4. Conclusion

This study shows that date palm fiber can be effec-
tively utilized as a raw material for ACF production. The
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Table 3
Parameters of the Langmuir and Freundlich adsorption isotherm models for ACF , ACF,, ACF,, ACF, and ACF,
Adsorbent ACF, ACF, ACF, ACEF, ACF,
Langmuir isotherm
o (Mg g7 21.74 31.75 15.29 23.26 18.38
K, (Lmg™) 0.020 0.01 0.03 0.01 0.02
R, 0.34 0.54 0.23 0.62 0.35
R? 0.9806 0.9869 0.9897 0.9939 0.9969
x> 0.22 0.22 0.07 0.05 0.02
Fon 8.19 7.75 413 471 2.68
Freundlich isotherm
K, [(mg g™)(L mg™)"] 0.26 0.32 1.20 0.21 0.67
N 1.12 1.31 1.74 1.10 143
R? 0.9678 0.9692 0.9790 0.9873 0.9808
x> 0.18 0.35 0.11 0.08 0.13
9.28 9.17 4.28 5.30 5.75

error%

highest burn-off was 95.73 wt% for the ACF,. From the N,
adsorption—-desorption isotherm at 77 K, we found a clear
different structures of samples, while the higher amount
of nitrogen adsorbed is for ACF, sample, and with BET
surface area 313.40 m? g7, and pores diameter 1.93 nm.
Well-developed micropore structures with different mor-
phologies of palm date fiber after activation processes were
found by the SEM image, which is compatible with the pore
size distribution curve. The D-R isotherm showed that the
adsorption type is chemisorption, the pH, and Boehm
titration have also shown the richness in negative charges
and acidic characteristics, respectively, of ACs. FTIR study
of both RF’s and ACF’s was carried out and found different
functional groups. The removal of phenol from aqueous
solution using ACF’s prepared from date palm fiber has
been investigated quite effectively. The maximum adsorp-
tion capacity of phenol onto ACF’s was observed as high
as 31.75 mg g™ of ACF,, it should also be noted that the
samples showed that the highest percentage of adsorp-
tion was at low phenol concentration. The equilibrium
adsorption data were satisfactorily fitted to Langmuir and
Freundlich isotherms. As concluded overall, ACF, is the
one that has the most adsorption value in the gas phase,
unlike the liquid phase, while ACF, has the largest adsorp-
tion value in the liquid phases over the gas phase. ACF,
is larger in the size of the grains and the surface area of
ACEF,, unlike the pore diameter, ACF, has the largest pores
in diameter, all these confirm that the structural prop-
erties have an effect on the selectivity of the adsorption
phases.
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