¢ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2021.26503

209 (2021) 324-333
January

New eco-friendly composite beads from biomass activated carbon for removal
of highly toxic 2,4-dichlorophenol from aqueous medium: equilibrium,

modeling and thermodynamic studies

Garmia Derafa, Hassina Zaghouane-Boudiaf*

Laboratoire de Génie des Procédés Chimiques, Département de Génie des Procédés, Faculté de Technologie, Université Ferhat Abbas
Sétif-1, Sétif 19000, Algeria, emails: boudiafhassina2000@yahoo.fr (H. Zaghouane-Boudiaf), gderafa@yahoo.fr (G. Derafa)

Received 27 March 2020; Accepted 25 August 2020

ABSTRACT

In the present study, we prepared activated carbon beads from biomass. Fourier transform infrared
spectroscopy, scanning electron microscopy and value of point of zero charges were used to char-
acterize the physico-chemical and morphological properties of the prepared beads. The adsorbent
properties of the beads were tested by adsorbing highly toxic pollutant 2,4-dichlorophenol in batch
system. Effect of contact time, temperature, pH and initial 2,4-dichlorophenol concentrations on the
adsorption was studied. Results showed that the amount of 2,4-dichlorophenol uptake increased
with increasing initial 2,4-dichlorophenol concentrations and contact time. Increasing tempera-
ture increases the adsorption capacity. This indicates that the adsorption process is endothermic.
Adsorption of 2,4-dichlorophenol followed pseudo-second-order kinetics, Langmuir and Freundlich
adsorption isotherm models. Materials used for adsorbent preparation are natural, with no pol-
lutant contamination and low cost. The adsorbents have high adsorption capacity of 297.80 and
532.60 mg/g, respectively, for AC and AC/A beads. AC/A beads were highly efficient after three

cycles of adsorption-desorption.
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1. Introduction

Water resources are invaluable and essential for our
life. The contamination of these highly important resources
by different toxic substances is an environmental problem.
Phenolic compounds represent an important class of these
toxic substances in water. 2,4-Dichlorophenol (2,4-DCP), a
typical chlorinated phenol, has been listed as priority pol-
lutants by the US Environment Protection Agency [1,2].
This typical phenolic compound is used as an intermedi-
ate in fabrication of herbicides, insecticides, antiseptics,
preservatives, disinfectants and other organic compounds
[3]. It can cause serious problems because of its high tox-
icity. It is highly mutagenic, carcinogenic and therefore
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has highly harmful effects on humans. As a consequence,
decreasing concentration of this compound or completely
removing it from water and wastewater is indispensable
for protecting human health and environment. Particular
attention has been focused on reducing pollution of water
to assure a good quality for domestic and agricultural uses.
Removal of chlorophenols by adsorption process is consid-
ered a promising technology [4]. Due to the high specific
surface area and porous structure, activated carbon is the
most-used adsorbent. It makes adsorption superior over
other methods. However, due to the high cost of the pre-
cursor materials used from non-renewable source and
using intensive energy for their production processes, it has
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become very urgent to discover new materials that reduce
these problems and contribute to environmental protection.
Among the various types of low-cost adsorbents used
in adsorption process, the adsorbents from agricultural
residues are the best. These materials have several advan-
tages such as renewable, usually available in large amounts,
simple operation in the treatment processes, high sorption
capacities, good modifiability and recoverability [5-7] and
potentially less expensive than other precursor materials.
Activated carbon prepared from agricultural residues
has high effectiveness in removing pollutants as dyes [8-10],
heavy metals [11-13] and micropollutants such as chloro-
phenols [4,14] from water and wastewater. Many low-cost
bioadsorbents have been used in adsorption process such
as eucalyptus saw dust [15], pectate and polygalacturonate
beads [16], activated lemon peel beads [17] and Urtica dio-
ica leaves [18]. However, its use is still undesirable due to
its difficulty in recovering or separating the powdered acti-
vated carbon from the mixture during the post-adsorption
stage, which can substantially obstruct its utility in an
industrial scale. For more effectiveness, regeneration and
easy use, the obtained activated carbon can be encapsulated
in biopolymer to form composite beads. Sodium alginate
is one of the most-used biopolymer. Moreover, this poly-
saccharide is non-toxic, biodegradable, economical and
can be easily used for encapsulation [19,20]. It also allows
solutes to diffuse into the beads and come in contact with
the entrapped material and often exhibit good adsorption
capability. Lemon peels is one of the important low-cost raw
material. It is available in large quantities in many parts of
the world and it is considered as a cheap alternative to acti-
vated carbon for wastewater treatment. In previous paper,
lemon peels activated with acids, encapsulated in calcium
alginate showed very high efficiency toward dyes [21] and
low efficiency toward chlorophenols. In this paper acti-
vated carbon beads from lemon peels were prepared for
removing chlorophenols from aqueous medium. In the first
step, lemon peels were treated by organic acids, calcined
in the furnace at 600°C to enhance surface area and poros-
ity. The obtained activated carbon was encapsulated with
calcium alginate to form activated carbon beads adsorbent.

2. Experimental setup
2.1. Materials and methods

Lemon peels (LP) were collected locally. Sodium algi-
nate was purchased from R&M Chemicals, (Malaysia).
H,PO,, H,SO,, HCl, NaOH, CaCl, and 2,4-DCP (pKa = 7.85,
MW = 163.1 g/mol and A_ = 284 nm) were obtained from
Sigma-Aldrich, (France). Stock solution of 2,4-DCP of
concentration 1,000 mg/L was prepared by dissolving 1 g
of 2,4-DCP in 1 L of distilled water.

2.2. Preparation of adsorbents

Lemon peels (LP) were washed several times with
distilled water to remove dust and impurities and then
dried in an oven at 50°C. The dried material was crushed
to powder and sieved using a standard screen of 60 mesh
to retain particles with size less than 0.25 mm. After drying,

the sieved powder has undergone chemical activation
step based on the method described in previous work [17]
with acids CH,COOH, HCl and H,PO,. Briefly, the sieved
powder was dispersed in a 250 mL beaker of acid solution
(0.6 M). The mixture was agitated using a magnetic stirrer
at 150 rpm for 30 min at room temperature. Afterward,
the supernatant was separated and the wet lemon peel
was dried in the oven at 50°C for 24 h. The temperature of
the oven was then increased to 120°C and maintained for
90 min. To remove the excess acid, the dried lemon peels
were washed with distilled water and then were dried
again in the oven at 50°C for 24 h. To develop a high sur-
face area and high porosity, 5 g of each obtained material
was calcined in the furnace for 1 h at 600°C under nitrogen
atmosphere. Calcination can modify the structural prop-
erties and influence the morphology of crystalline build-
ing. The obtained adsorbent lemon peels were activated
with HCl, H,SO, and H,PO, and calcined. The obtained
mass of activated carbon (2 g) for each sample was,
respectively, referred as AC1, AC2 and AC.

Gel beads were prepared according to the procedure
reported in the literature [17,22]. Briefly, 2 g of activated
carbon was dispersed in 100 mL of distilled water. The
activated carbon was added to the stirred solution of
alginate suspension (1%, w/w, V = 100 mL) and the mix-
ture was stirred for 2 h at room temperature. Once the
mixture becomes homogeneous, it was loaded in a syringe
and allowed to fall dropwise into 200 mL of calcium chlo-
ride solution 0.1 M. After 10 h, the beads which were
named AC/A were filtered, washed several times with
distilled water and used for adsorption immediately after
preparation or kept in distilled water until use.

2.3. Characterization

The functional groups present in the composite
beads were analyzed in the wave number range of 400-
4,000 cm™ by Fourier transform infrared spectroscopy
(FTIR) using a Perkin Elmer FTIR spectrometer (Spectrum
1000, France) with KBr pellets technique. KBr was mixed
with powder made from the grinding of beads.

Surface morphology and the presence of porosity of
the AC/A beads prepared in this work were studied using
scanning electron microscopy (SEM) analysis.

The pH_, (point of zero charge) is used to define a
state of the surface of a dispersed solid phase. The pH
of adsorbents is obtained by pH titration procedure
according to the method described in literature [23]

2.4. Adsorption and desorption study of 2,4-DCP

Various experimental conditions, including contact time,
pH (2-10), mass of wet adsorbent AC/A beads (10, 30, 50, 70,
120, 150 and 200 mg), initial concentration (50, 100, 150 and
200 mg/L) and temperature (10°C, 20°C, 30°C, 40°C) were
tested for their effect on 2,4-DCP adsorption. Isotherms
were studied from 10 to 1,000 mg/L of 2,4-DCP initial con-
centrations. In all sets of experiments 0.01 g of adsorbent
was placed in 10 mL of 2,4-DCP solution and stirred with
an agitation speed of 200 rpm at pH of the solution (pH~6.4)
and at room temperature (T = 24°C + 1°C). The amount
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of 2,4-DCP adsorbed and removal efficiency (percentage
removal of 2,4-DCP (R%)) were calculated by the following
equations:

C,-C)Vv
g, =078 g
C,-C)V
C L o
R%:Mxloo 3)
C

0

where C, C, C, are, respectively, initial, at any time t and
at equilibrium, concentrations of the 2,4-DCP expressed in
mg/L. V is the volume of solution (L), m is the mass of wet
adsorbent AC/A in (g), and g, g, are respectively, the amount
of 2,4-DCP adsorbed at time ¢ and at equilibrium.

Regeneration of adsorbent is one of the significant
economic factors for the treatment process. The reusabil-
ity and efficiency of the composite beads were evaluated
in this study by using ethanol as a regenerate agent. After
the adsorption step, the spent composite beads saturated
with 2,4-DCP was filtered and left in contact with solution
ethanol-distilled water (50/50) for the same time dura-
tion as the previous adsorption. The adsorbent beads were
washed using distilled water; dried at room temperature
and reused for adsorption again with same conditions as
described previously. The equilibrium concentration was
calculated. The regenerated adsorbent was reused for six
cycles of adsorption—desorption experiments. The percent-
age removal was calculated using Eq. (3).

3. Results and discussion
3.1. Selection of the best activated carbon adsorbent

Adsorption study was made with the same experimental
parameters for the three adsorbents. Maximum adsorption
capacities are of 236, 237 and 297 mg/g of 2,4-DCP, respec-
tively, onto AC1, AC2 and AC surface. Based on the pre-
liminary assessment of the different adsorbents in terms of
the maximum adsorption capacity of 2,4-DCP onto adsor-
bents, AC was the best adsorbent among the samples tested.
Therefore, all further experiments were performed using
the AC and AC/A beads.

3.2. Adsorption experiment results

Experiments were made onto wet and dry beads. Results
observed that the wet beads are more effective than the
dry beads. The same results were found by other authors
[24,25]. According to these results, the following adsorption
experiments were conducted using the wet beads.

3.3. Characterization of adsorbents

The FTIR spectra of LP, AC and AC/A beads are depicted
in Fig. 1. The broad band centered at 3,421-3,455 cm™ is
due to stretching vibration of the hydroxyl group (-OH)

3416 672
AC 825
1761
3430 2370
AC/A
1763 825
3427 2390 1378
4000 3500 3000 2500 2000 1500 1000 500
-1
Wavenumber (cm™)

Fig. 1. FTIR spectra of LP, AC, AC/A beads.

of typical water adsorption. The light stretch at 2,912-
2,926 cm™ showed the stretching of symmetric or asym-
metric C-H vibration [17]. The peak observed at 1,764—
1,784 cm™ is due to the stretching vibration of carboxyl
groups and the peak observed at 1,077 cm™ is attributed to
C-H in plane. The two bands at 1,629-1,634 cm™ and 1,400-
1,408 cm™, respectively, are affected by asymmetric and
symmetric stretching vibrations of ionic carboxylic groups
(-COO-). Many active functional groups were disappeared
in the spectrum of AC/A, which indicate the efficiency of
calcination process.

The SEM micrograph for composite beads AC/A,
taken under high magnification ((A) 134X and (B) 528X) is
shown in Fig. 2. It can be seen that the surface morphology
of the particles of the AC/A obtained confirm the presence
of considerable number of pores.

The values of point of zero charge (pHpzc) of adsorbent
AC and AC/A were found as 5.47 and 7.71. The surface of
AC is acid and of AC/A is basic. For pHs of solution lower
than these values, adsorbents are anion attractors and for
pHs greater they are cation attractors.

3.4. Adsorption kinetics

The initial 2,4-DCP concentrations play an important
role in the adsorption capacities of 2,4-DCP onto compos-
ite beads. Effect of this important parameter was studied
with 2,4-DCP concentrations 50, 100, 150 and 200 mg/L.
Experiments were monitored until reaching the equilib-
rium time. The results are presented in Fig. 3a. The increase
of 2,4-DCP concentration from 50 to 200 mg/L causes an
increase in adsorption capacity from 38 to 120 mg/g. The
increasing initial 2,4-DCP concentrations would increase
the mass transfer driving force and therefore the rate at
which the 2,4-DCP molecules pass the bulk solution to the
particle surface [26]. This would result in a higher 2,4-DCP
adsorption. At initial contact time, affinity between adsor-
bent and adsorbate is strong because of the presence of a
large number of vacant active sites on the adsorbent surface,
so adsorption is relatively rapid during the first 5 h for all
concentrations. Then, adsorption capacity varies slowly
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Fig. 2. SEM image of the surface of AC/A taken under (a) 134X and (b) 528X magnification.
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Fig. 3. (a) Adsorption kinetics of 2,4-DCP onto AC/A, (b) intraparticle diffusion and (c) film diffusion models.
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until it reaches equilibrium and remains constant. Slow rate
of 2,4-DCP adsorption is probably due to the electrostatic
hindrance as well as the slow pore diffusion of the solute
into the bulk of the adsorbent. It can be said that the 2,4-
DCP is adsorbed by the exterior surface of the adsorbent
and when the adsorption of exterior surface of the adsor-
bent reacted gets saturated, the 2,4-DCP entered into the
adsorbent pores and adsorbed by the interior surface of the
particles [27]. In this way, the contact time is very long and
equilibrium is attained after about 2 days.

In order to investigate the kinetic mechanism, which con-
trols the adsorption process of 2,4-DCP on AC/A surface, the
pseudo-first-order, pseudo-second order, the intraparticle
and the film diffusion models were used to test the experi-
mental data.

The pseudo-first-order kinetic model is given as [28]
follows:

g,=q.-(1-¢™) )

where K| (min™) is the equilibrium rate constant for pseudo-
first-order sorption. q, g, (mg/g) are the adsorption loading
of 2,4-DCP at equilibrium and at time f (min), respectively.

The pseudo-second-order kinetic adsorption model was
based on the assumption that the chemical sorption is the
rate-limiting step and can be expressed in integrated and
linear form using the following equation [29]:

2
g=Tr )
+q,K,
where K, (g/mg min) is the rate constant of adsorption.
According to Table 1, where parameters of pseudo-first
and pseudo-second-order non-linear fit are presented and
from the correlation coefficients values the pseudo-second-
order model was suitable for describing the kinetic data of
2,4-DCP adsorption onto the AC/A surface. The calculated
adsorption capacity (q, ) values were very close to that of
experimentally obtained (g, ). Similar results were found
in the literature for adsorpfion of 2,4-DCP onto activated
bentonite encapsulated with calcium alginate [30], acti-
vated carbon derived from moso bamboo [31] and activated
carbon from guava seed [32].
Since pseudo-first and pseudo-second-order models
cannot identify the diffusion mechanism, the intraparticle
and film diffusion models were also tested. According to

Table 1

Weber and Morris [33], intraparticle diffusion coefficient
K, is given by the following equation:

g, =Kt +C ©)

where K, (mg g™ min?) is the rate of intraparticle diffusion
controlled sorption constant and C is the intercept related
to the boundary layer effect.

The process of film diffusion can be identified by the
Boyd kinetic equation as follows [34]:

—ln[l - %J —Kt @)
q.

where K, is the liquid film diffusion constant.

Because the intraparticle diffusion was also involved
in the adsorption of 2,4-DCP onto AC/A, plot of g, vs.
for various initial 2,4-DCP concentrations would result in
a linear relationship, and intraparticle diffusion would be
the controlling step if this line passes through the origin.
As can be seen from Fig. 3b, the plots did not pass through
the origin (C # 0), which further indicated that the intrapar-
ticle diffusion was not the sole rate-controlling step [35,36].
It may be the film diffusion and intraparticle diffusion that
were concurrently operating during the adsorption pro-
cess. It may be also that the film diffusion was involved in
the entire investigation and played a dominant role in rate
controlling [35]. In addition the plot suggests two separate
linear portions. The first one is the external surface adsorp-
tion or instantaneous adsorption stage and the second por-
tion is the gradual adsorption stage, where the intraparticle
diffusion is rate limited. The two different portions of rates
of adsorption observed indicate that the rate of adsorp-
tion is initially slightly faster were the adsorbate is trans-
ported to the macropores and mesopores and then slows
down were the diffusion of adsorbate is into the micropores
[36]. All these results confirm that the intraparticle diffu-
sion was involved in the adsorption process but is not the
sole rate limiting step.

To verify if the adsorption process is intraparticle
diffusion controlled or film diffusion, the process can be
identified by the Boyd kinetics using the above equation
(Eq. (7)). If the plots of —In(1—4,/g,) vs. t at initial concentra-
tions are linear or non-linear but does not pass through the
origin, the adsorption process follows the film diffusion
mechanism. Fig. 3c shows linear plots which do not pass

Kinetic non-linear model parameters for 2,4-DCP adsorption onto AC/A at 24°C

Pseudo-first-order

Pseudo-second-order

C,(mg/L) Toexp Goca K, Re Goca K, R? RMSE
50 37.82 37.89 0.0013 0.964 41.02 5.67 x 10° 0.988 1.90
100 58.84 63.06 0.0031 0.901 60.49 11.54 x 10° 0.977 5.98
150 84.94 81.50 0.0040 0.895 87.35 6.89 x10° 0.982 10.75
200 121.16 122.49 0.0051 0.873 121.77 7.67 %107 0.972 26.50

K, (1/min), K, (g/mg min), Dogexpca) (mg/g).
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through the origin, explaining that film diffusion controls
the 2,4-DCP adsorption rate onto AC/A. Values for the film
diffusion model were higher than those of intraparticle dif-
fusion model (Table 2) indicating also that film diffusion
controls the adsorption rate of 2,4-DCP onto AC/A.

3.5. Effect of the solution pH on adsorption of
2,4-DCP onto AC/A

Adsorption capacity of 2,4-DCP onto AC/A was mea-
sured by varying pH in the range of 2-10 and the initial
pH was adjusted with NaOH or HCI solutions. The effect
of this important factor on the adsorption was studied at
200 mg/L initial 2,4-DCP concentration. Fig. 4 shows that
adsorption capacity of 2,4-DCP onto AC/A increases with
pH from 2 to 6 and a little decrease was observed for pH
7, then sharply decreases from pH 8 to 10. The effect of pH
could be explained by considering the presence of ionic and
molecular forms of 2,4-DCP in aqueous solution and by the
surface charge of the adsorbent (point of zero charge pH,,.).
The point of zero charge of AC/A is of 7.71 and the dissoci-
ation constant pKa of 2,4-DCP is of 7.85. So at a pH greater
than pH,,,. of AC/A (pH >7.71), the adsorbent surface is neg-
atively charged and it is a cationic attractor and because in
this case, the ionised species of 2,4-DCP were higher than the
unionized species (it was found to increase with pH), the 2,4-
DCP adsorption capacity decreases from pH 8 to pH 10 due
to the electrostatic repulsions between the negative surface
charge of adsorbent (pHpzc < pH (solution)) and the chloro-
phenolate anions and between chlorophenolate—chlorophe-
nolate anions in the solution [35]. While at a pH lower than
pH,,. and lower than 2,4-DCP pKa, the adsorption capacity
was higher because the 2,4-DCP was unionized and the dis-
persion interaction predominated. Similar results have been
reported by Hameed [26].

3.6. Effect of adsorbent mass on 2,4-DCP adsorption onto AC/A

The influence of AC/A mass on 2,4-DCP removal per-
centage and adsorption capacity was studied by vary-
ing the adsorbent mass from 10 to 200 mg. The adsor-
bent mass increased from 10 to 200 mg, the percentage of
2,4-DCP removal increases from 38% to 90% (Fig. 5). This
may be due to an increase in the number of active sites
of the adsorbent because with increasing amount of the
adsorbent, surface area and number of active sites increases.

Table 2
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3.7. Effect of temperature on adsorption of 2,4-DCP

Temperature study of adsorption is carried out at four
temperatures: 10°C, 20°C, 30°C and 40°C. Increasing tem-
perature increased adsorption capacity of 2,4-DCP onto
AC/Abeads (Fig. 6a). This implies that the adsorption is endo-
thermic in nature. Thermodynamic parameters including
change in Gibb’s free energy (AG°), entropy (AS°) and enthalpy
(AHP) for the adsorption of 2,4-DCP onto AC/A beads have
been determined by using Egs. (8) and (9) [37,38] as follows:

A(‘;zds = AHst - ASst (8)
log q.xm | _ AS N -AH ©)
C. ) 2303xR 2303xR

where m (g/L) is the adsorbent dose, R (8.314 J/K mol) is
the universal gas constant, T (K) is the absolute tempera-
ture, g, (mg/g) is the amount of 2,4-DCP adsorbed per unit
mass of adsorbent, C, (mg/L) is equilibrium concentration
and ¢,/C, is called the adsorption affinity.

The values of AG° and AH® were determined from the

qﬂxm

slope and intercept of plot log( against 1/T (Fig. 6b)

and the values are listed in Table 3. For all temperatures used,
the values of AG°were negative showing that the adsorption
on AC/A was spontaneous. The value of AH®was positive,
indicating adsorption endothermic and the positive val-
ues of AS° suggest the increased randomness at the solid/
solution interface during the adsorption.

3.8. Equilibrium studies

Adsorption isotherm can be considered as an essential
necessity to design adsorption system, the relationships
between adsorbent and adsorbate are best explained by this
essential process. The adsorption of 2,4-DCP onto AC and
AC/A beads experiments was conducted by varying initial
concentration of 2,4-DCP from 10 to 1,000 mg/L. Fig. 7 shows
that the initial 2,4-DCP concentration was increased, the
adsorption capacity of adsorbents was enhanced and then
switches to saturation state at higher initial concentration.
The curve tended toward a constant value of g, indicat-
ing the formation of a complete monolayer of DCP mole-
cules covering the surface of the adsorbents. The maximum

Intraparticle and film diffusion parameters for 2,4-DCP adsorption onto AC/A

Intraparticle diffusion Film
Step 1 Step 2 diffusion
G, K, C R? K, c R? K, R
50 0.962 - 0.890 0.427 23.24 0.941 0.0011 0.992
100 1.797 6.992 0.985 0.735 49.89 0.856 0.0015 0.974
150 2.223 5.484 0.972 0.752 73.94 0.738 0.0013 0.965
200 3.924 18.048 0.950 1.382 100.77 0.794 0.0012 0.968

C (mg L), K, (mg g™ min™®%).
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Fig. 6. (a) Effect of temperature on adsorption of 2,4-DCP onto AC/A beads, and (b) Van’t Hoff equation plot.

capacity of 2,4-DCP fixed onto adsorbents founded par
Langmuir model are of 297 and 532.60 mg/g, respectively
for AC and AC/A beads. Adsorption capacity of AC/A beads
is greater than that of AC (>1.5 times). This indicates that
alginate contribute in adsorption of 2,4-DCP. The adsorp-
tion of 2,4-DCP onto pure alginate was studied and it is
found that its adsorption capacity was low compared with
those of adsorbent beads. It was of 85 mg/g. The prepared
adsorbents are very effective, green adsorbents and low cost
in the removal of chlorophenols from water medium.

In order to mention the effect of the report AC/alginate,
the adsorption isotherms of 2,4-DCP onto AC/A 1/1, AC/A
2/1 and AC/A 4/1 was studied (figure not shown).

To analyze the equilibrium data of the composites
beads AC/A 1/1, AC/A 2/1 and AC/A 4/1 two isotherm

equations have been tested in the present study: Langmuir
and Freundlich isotherms.

The Langmuir [39] isotherm is applicable to homo-
geneous adsorption, where the sorption of each sorbate
molecule onto the surface has equal adsorption activation
energy, this model isotherm is expressed using the following
equation:

_ ImaKiC

10
1 + qmaxKl ( )

9.

where g, is the equilibrium chlorophenol concentration on
adsorbent (mg/g), C, is the equilibrium chlorophenol con-
centration in solution (mg/L), q__is the monolayer capacity

max
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of the adsorbent (mg/g) and K, is the Langmuir adsorption
constant (L/mg).

The Freundlich [40] isotherm is used for non-ideal

adsorption that involves heterogeneous adsorption; this
model isotherm is expressed using the following equation:
9. =K.C" (a1
where 1/n and K, (mg/g) are the Freundlich constants
characteristic of the system, indicators of adsorption inten-
sity and adsorption capacity, respectively.

Parameters obtained by fitting plots of these equa-

tions to the experimental data are presented in Table 4.
The Langmuir maximum capacity of 2,4 DCP onto AC,
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Fig. 7. Adsorption isotherms of 2,4-DCP onto AC and AC/A
beads.

Table 3
Thermodynamic parameters for 2,4-DCP adsorption onto AC/A

T (K) AH°(kJ mol™)  AS°(kfmol K7)  AG° (k] mol™)
283 -1.64
293 1614 ; -1.59
303 6 0.0 -2.07
313 -2.28
Table 4

AC/A 1/1, AC/A 2/1 and AC/A 4/1 was found to be 297,
456.54, 488.1 and 532.80 mg/g, respectively. The values of
correlation coefficients demonstrate good agreement with
experimental data with the Langmuir and Freundlich
model (R? > 0.98) indicating monolayer coverage and the
homogeneous distribution of active sites onto all adsor-
bents. According to these results, the activated carbon
prepared with phosphoric acid, calcined at 600°C and
entrapped with sodium alginate AC/A 4/1 is the best and
the potential adsorbent for the removal of chlorophenols.
From Table 4, the adsorption capacity of encapsulated
AC increases with increasing the amount of AC in the com-
posite beads. This finding can be attributed to more adsorp-
tion sites provided by AC/A 4/1 compared with those by
AC/A 2/1 and AC/A 1/1. Activated carbon contributes more
in adsorption than alginate. As at the pH of experiments
(pH = 6), the great part of 2,4-DCP is unionized molecules,
hence the 2,4-DCP was adsorbed by dispersive interaction.

3.9. Desorption and recycling of adsorbent

Based on the preliminary assessment of the different
prepared composite beads in terms of the maximum quan-
tities adsorbed of 2,4 DCP, the activated carbon prepared
with phosphoric acid, calcined at 600°C and entrapped with
sodium alginate AC/A 4/1 is among the most efficient adsor-
bents for 2,4 DCP with the maximum quantity adsorbed
of 2,4 DCP equal to 532.80 mg/g. Therefore, the regener-
ation experiments of low-cost AC/A 4/1 adsorbent were
investigated.

The spent AC/A must be regenerated and reused again
in adsorption process. The adsorbents having this ability
are considered cost-effective. On the other hand, adsor-
bent wastes are also more reduced. This measure reduces
the cost of adsorption process and makes the wastewa-
ter treatment more economical. For this, adsorption—
desorption cycles for AC/A were evaluated.

The regenerated adsorbent exhibited an excellent
adsorption performance after three cycles (Fig. 8), where
the AC/A showed 2,4-DCP removal of =68%. This removal
performance decreased up to 25% at 6™ cycle.

3.10. Various adsorbents for 2,4-DCP removal

The adsorption capacities of various adsorbents for
removal of 2,4-DCP have been compared and presented in
Table 5. As it can be seen, the maximum adsorption capacity

Langmuir and Freundlich parameters for adsorption of 2,4-DCP onto AC and AC/A beads

Langmuir Freundlich
Adsorbents Fimax K, R2 K, n R2
AC 297.80 0.005 0.981 12.76 2.22 0.984
AC/A 4/1 532.60 0.003 0.980 12.82 1.94 0.993
AC/A2/1 488.08 0.0025 0.987 8.35 1.81 0.991
AC/A1/1 456.54 0.0027 0.994 7.05 1.74 0.984

Inn(mg 87, K, (L/mg), K, (mg g™) (L mg™)"™.
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Table 5

Comparison of monolayer adsorption of 2,4 DCP onto various adsorbents
Adsorbents C, (mg/L) Adsorption capacities (mg/g) Reference
Lemon peels activated by H,PO,, calcined at 600°C/alginate beads 10-1,000 532.6 This study
Octadecyltrimethylammonium-bentonite/alginate beads 25-500 506.0 [30]
Activated carbon derived from moso bamboo 25-500 276.2 [31]
H,PO, Activated carbon, calcined at 600°C non-encapsulated 10-1,000 297.5 This study
Hexadecyltrimethylammonium-bentonite/alginate beads 25-500 276.2 [30]
Phenyltrimethylammonium-bentonite/alginate beads 25-500 185.0 [30]
Guava seed activated carbon 5-20 32.31 [32]

80
~ 70
§ J
S 60 -
- i
§ 50
& 40-
O
i 30
~ ]
20
104
0 T T T T T
= ) = = = =
<Q ) <Q 2 <Q 2
e & £ £ £ =
7] = = = 'E ﬁ
l = 1) ~ n )

[o\}
Regeneration cycles

Fig. 8. Regeneration cycles of AC/A adsorbent beads.

(q,.,) for the prepared AC/A in this study is much higher
than that in the literature. AC/A is a more reliable alterna-
tive adsorbent in terms of high adsorption capacity, efficiency
and fast adsorption rate.

4. Conclusion

The development of efficient adsorbents able to treat
industrial wastewater containing non-biodegradable com-
pounds as highly toxic chlorophenols has focused con-
siderable research efforts in the latest years. The use of
adsorbents prepared from agricultural residue shows some
advantages: these materials are available locally, freely of
charge, abundant and have been proven to be much more
efficient than the conventional expensive adsorbents. This
study has investigated the potential use of acid activated
and calcined agricultural residue (dried lemon peel), then
entrapped in calcium alginate to form beads easily used in
adsorption process. Removal of 2,4-DCP from aqueous solu-
tion by the prepared adsorbents was found very high (95%)
with maximum adsorption capacities of 297.80, 456.54,
488.08, 532.60 mg/g for AC, AC/A 1/1, AC/A 2/1 and AC/A
4/1, respectively. The adsorption process was spontaneous

at all temperatures and endothermic. The adsorption kinet-
ics and equilibrium isotherms of the 2,4-DCP followed
pseudo-second-order and Langmuir model, respectively.
The AC/A beads are recyclable and can be used in multi-
ple adsorption cycles. Results of this study suggest that the
AC/A beads (dried lemon peel activated with acid, calcined
at 600°C and encapsulated with alginate) may be promising
low-cost adsorbent for the removal of 2,4-DCP from waste-
water. Therefore, it can be further examined and considered
as a cheaper alternative to commercial adsorbents.
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