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ABSTRACT

Almond shell was used as a precursor to prepare activated carbon, using carbon dioxide as
a physical activation agent. Its ability to remove the humic acid was evaluated. The surface
area of almond shell activated carbon was found to be 1,310m?/g. The effects of experimen-
tal parameters such as pH, initial humic acid concentration, contact time, adsorbent dosage,
and solution temperature on the adsorption were investigated. To describe the equilibrium
isotherms the experimental data were analyzed by the Langmuir, Freundlich, and Temkin
isotherm models. Pseudo-first-order, pseudo-second-order and intraparticle diffusion kinetic
models were used to find out the kinetic parameters and mechanism of adsorption process.
The thermodynamic parameters such as AG®, AH®, and AS® were calculated for predicting
the nature of adsorption. For an approach to an industrial application, activated carbon pre-
pared from almond shell seems to be an effective, low-cost, and good adsorbent precursor

for the removal of humic acid from commercial phosphoric acid solution.
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1. Introduction

Humic substances are the major organic constitu-
ents of river, lake, and pond waters. They are derived
from soils, where they are formed through the break-
down of biomass by chemical and biological processes
[1]. Humic acids are considered a problem for water
supply industry. In fact, they adversely affect water
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quality in several ways. They not only cause undesir-
able color (yellowish to brownish) and taste [2], but
also serve as food for bacterial growth in water distri-
bution systems. Besides, together with heavy metals
and biocides (pesticides and herbicides), humic acids
yield high concentrations of these substances and
enhance their transportation in water. Furthermore,
their reaction with chlorine leads to the formation,
but not to the evolution, of chlorinated organic
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compounds, some of which are known as human
carcinogens (trihalomethanes). It was reported that an
intake of a huge amount of humic acid might be
one of the etiological factors for the blackfoot disease
[3-5]. Thus, the removal of humic acids from the
surface water or wastewater is very important.

Among the processes employed in water treat-
ment, adsorption is considered an important method
with high removal efficiency and no harmful by-prod-
ucts. Many kinds of adsorbents have been developed
for the removal of humic acids from water, among
which we can mention activated carbon [6-10], as
well as resins [11], clays [12,13], zeolite [14-16], metal
oxides [17], and biopolymers (chitosan) [18,19], as
suggested in previous research studies. Although
activated carbon exhibits a high surface area and high
adsorption capacity, it has high operation costs and
requires frequent regeneration. In recent years, the
use of low-cost adsorbents has been of great interest.
That is why several research studies have been con-
ducted on wastes and residues for the adsorption of
pollutant with varying success [20-24].

It is in this context that the present study lies, to
report the use of almond shell activated carbon pro-
duced by pyrolysis and its physical activation in the
presence of carbon dioxide, as an adsorbent to remove
humic acids from aqueous solutions. Nowadays, this
almond shell material, which is available in abun-
dance in Sfax, Tunisia, is used principally as a solid
fuel. The production of almond shell is estimated to
exceed 60,000 t/year.

In the present investigation, almond shell-based
activated carbon was prepared by physical activation
for its potential to remove humic acid. The study
includes an evaluation of the effects of various pro-
cess parameters such as pH, contact time, initial con-
centration, and temperature. The experimental data
are analyzed in terms of kinetic and equilibrium iso-
therm models. The results at different temperatures
are used to evaluate thermodynamic parameters.
Finally, an approach to the use of prepared activated
carbon in an industrial application has been studied.

2. Materials and methods
2.1. Materials

Humic acid was obtained as a commercial, technical
grade solid from Fluka. A 1g/L concentration solution
was prepared by dissolving 1g of humic acid in
62.5mL of NaOH solution (0.1 M) and completing at
1L with deionized water. The solution was stirred for
1h and stored.

A. Omri et al. | Desalination and Water Treatment 52 (2014) 2241-2252

2.2. Methods
2.2.1. Preparation of almond shell activated carbon

Almond shell used in this study was collected
from a company “Chaabane” located in Sfax, Tunisia.
After being cleaned with distilled water and dried at
110°C for 48 h, the sample was crushed with a blender
and sieved to desired mesh size (1-2mm). The
carbonization of the raw shells and activation of the
resulting chars were both carried out in a vertical
stainless-steel reactor, which was placed in an electri-
cal furnace Nabertherm. During the carbonization
process, about 15g of raw material was used to
prepare the chars. The Nitrogen gas at a flow rate of
150 cm®/min, was passed through the reactor, right
from the beginning of the carbonization process.
Next, the furnace temperature was increased at a rate
of 5°C/min from room temperature to 450°C and held
at this temperature for 1h. The activation was carried
out in the same furnace. The charcoal obtained was
then physically activated at 850°C for 2h under a CO,
flow (100 cm®/min). After activation, the sample was
cooled to ambient temperature under N, flow
rate. The produced activated carbon was then dried at
105°C overnight, ground and sifted to obtain a
powder with a particle size smaller than 45um, and
finally kept in hermetic bottle for subsequent use.

2.2.2. Characterization of almond shell activated carbon

The surface area was determined by nitrogen
adsorption at —196°C with an automatic adsorption
instrument (ASAP 2010, Micromeritics). Prior to the
measurements, the samples were out-gassed at 300°C
under nitrogen for at least 24h. The amount of N,
adsorbed at relative pressures near unity (x<0.99)
corresponds to the mole number of adsorbed nitrogen
per gram of activated carbon. With regard to the
surface area of the sample, it was calculated by
Brunauer-Emmet-Teller method in relative pressure
(P/Py) range of 0.05-0.30 at —196°C. As for the surface
functional group of the prepared activated carbon, it
was detected by Fourier Transform Infrared (FTIR)
spectroscope (NICOET spectrometer) whose spectra
were recorded from 4,000 to 500 cm ™. Concerning the
surface morphology of the activated sample, it was
examined using a scanning electron microscope
(Philips XL30 microscope).

The well-known Boehm’s method allows the mod-
eling of the principal acidic oxygenated functions of
the activated carbon such as carboxylic acids, lactones,
and phenols using bases of increasing strength as
NaHCOj3;, NayCO3, and NaOH, respectively. Then, the
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total basicity is given by titration of HCl. More details
are given in Refs. [25,26].

The point of zero charge (pHpzc) characteristic of
the almond shell activated carbon was determined
using the solid addition method [27].

2.2.3. Adsorption experiments

The effects of experimental parameters such as,
initial humic acid concentration (10-100mg/L), pH
(3-10), adsorbent dosage (0.01-0.09g), and tempera-
ture (298-318K) on the adsorptive removal of humic
acids were studied in a batch mode of operation for a
specific period of contact time (60-600 min) at a fixed
speed of 200 rpm. While pH was adjusted using 0.1 N
HCI or 0.IN NaOH, batch equilibrium adsorption
experiments were performed using 100mL of humic
acid. After adsorption process the adsorbent was sep-
arated from the samples by filtering through filter
paper (pore size: 0.45um) and the filtrate was ana-
lyzed using UV-vis spectrophotometer (UV-1650PC
Shimadzu, Japan) at its maximum wavelength of
254nm. The amount of adsorption at equilibrium g,
(mg/g) was calculated by the following equation:

g G =CxV )

m

where C; and C. (mg/L) are the liquid-phase
concentrations of humic acid initially and at equilib-
rium, respectively. V is the volume of the solution (L)
and m is the mass of dry adsorbent used (g).
Adsorption isotherms were obtained by plotting
adsorption capacities with respect to the equilibrium
concentrations.

2.2.4. Equilibrium modeling

Adsorption is a well-known equilibrium separation
process for wastewater treatment. Its isotherms are
the equilibrium relationships between the concentra-
tions of the adsorbed humic acid and humic acid in
the solution at a given temperature. In this study,
Langmuir, Freundlich, and Temkin isotherm models
were used to investigate the adsorption equilibrium
between the humic acid in the solution and the
activated carbon phase.

The Langmuir model is a non-linear model that
suggests a monolayer uptake of the humic acid on a
homogenous surface, having uniform energies of
adsorption for all the binding sites without any
interaction between the adsorbent molecules [28]. The
linear form of the Langmuir isotherm equation [29,30]
is represented by the following equation:
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where C, is the equilibrium concentration of the adsor-
bate (mg/L), g. is the amount of adsorbate adsorbed
per unit mass of adsorbent (mg/g), b the Langmuir
adsorption constant (L/mg), and Q, is the theoretical
maximum adsorption capacity (mg/g).

The Langmuir parameters can be used to predict
the affinity between the adsorbate and adsorbent
using dimensionless separation factor (Rp). Ry is cal-
culated by the following equation [31]:

1
R = 14 bCy ®)

The value of Ry, indicates the shape of the isotherm
to be either unfavorable (Ry >1), linear (R; =1), favor-
able (0 <Ry <1), or irreversible (R =0).

The Freundlich isotherm is an empirical model
that is based on adsorption on heterogeneous surface
and active sites with different energies. The linearized
Freundlich isotherm equation [32] is represented by
the following equation:

log g. = log K¢ + <% log Ce> 4)

where Ki and n are Freundlich constants with n as a
measure of the deviation of the model from linearity
of the adsorption and Kr (mg/g(L/mg)'/™ indicates
the adsorption capacity of the adsorbent. In general,
n>1 suggests that adsorbate is favorably adsorbed on
the adsorbent. The higher the 1/n value, the stronger
the adsorption intensity.

Temkin and Pyzhev [33,34] considered the effects
of indirect adsorbent/adsorbate interactions on
adsorption isotherms. The heat of the adsorption of all
the molecules in the layer would decrease linearly
with coverage due to adsorbent/adsorbate interac-
tions. The linear form of Temkin isotherm equation is
as follows:

Je = RT InA+ RT InC, (5)
br br

where B=RT/bt, bt is the Temkin constant relates to
the heat of sorption (J/mol), A is the Temkin isotherm
constant (L/g), R the gas constant (8.314]/mol K), and
T the absolute temperature (K).
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2.2.5. Kinetic modeling

The kinetics of adsorption is an important charac-
teristic to define the efficiency of adsorption. In order
to investigate the mechanism of adsorption and kinetic
parameters, sorption data was analyzed using pseudo-
first-order [35,36], pseudo-second-order [37,38], and
intraparticle diffusion [39] models.

The pseudo-first-order kinetic model found by
Lagergren is widely used to predict sorption kinetic
and is defined as:

k
log(ge — 4:) =logqe — 5=t (6)

where g, and g, are the amounts adsorbed at equilib-
rium and at time ¢ (mg/g), and k; is the rate constant
of the pseudo-first-order adsorption (min ).

The pseudo-second-order kinetic model equation is
expressed as:

t 1 1
R @)

where k; (g/mgmin) is the rate constant of second-
order adsorption. The linear plot of t/q; vs. t gives
1/4. as the slope and 1/k,q.” as the intercept.

The kinetic results were further analyzed for the
diffusion mechanism, by means of the intraparticle
diffusion model. The intraparticle diffusion equation
is expressed as:

G = kinet? + C (8)

where ki is the intraparticle diffusion rate constant
(mg/gmin'/?) and C is the intercept, which represents
the thickness of the boundary layer. If intraparticle
diffusion occurs, then g; vs. t'/* will be linear and if
the plot passes through the origin, then the rate limit-
ing step is only due to the intraparticle diffusion.
Otherwise, some other mechanisms along with
intraparticle diffusion are involved. In most cases, this
plot gives general features of three stages; the first of
which is an initial curved portion, the second is an
intermediate linear portion, and the third is a plateau.
Regarding the initial sharper, it is due to the instanta-
neous adsorption or external surfacing adsorption
(external mass transfer). With respect to the intermedi-
ate linear part, it is due to intraparticle diffusion. As
for the plateau, it is due to the equilibrium stage, in
which the intraparticle diffusion starts to slow down
owing to the extremely low solute concentrations in
the solution [40].
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2.2.6. Thermodynamic modeling

The temperature dependence of the adsorption
process is associated with several thermodynamic
parameters. Besides, the thermodynamic consider-
ations of an adsorption process are necessary to con-
clude whether the process is spontaneous or not.
There are three thermodynamic parameters that must
be considered to characterize the adsorption process,
which are the standard enthalpy (AH®, kJ/mol), stan-
dard free energy (AG®, kJ]/mol), and standard entropy
(AS°, kKJ/molK). The values of AH’, AG’, and AS° can
be obtained from the following Egs. (9) and (10) [41]:

AG = —RTLnK 9)

AG = —AH —TAS (10)
where R is the universal gas constant (8.314]/mol K),
T is the temperature (K), and K is the Langmuir iso-
therm constant. While the Langmuir constant (1/mol)
can be obtained from the plot of Ce/ge vs. Ce, the AH"
and AS” values can be calculated from the slope, inter-
cept of a plot of AG" vs. T.

3. Results and discussion
3.1. Physical and chemical characterization of adsorbent

Surface area is one of the most important proper-
ties of adsorbents. Fig. 1 shows nitrogen adsorption/
desorption isotherm curve onto the activated carbon
prepared at —196°C. In fact, the obtained isotherm
curve belongs to a mixed type in the IUPAC classifica-
tion, type I at low pressure and type IV at intermedi-
ate and high P/Py. In the initial part, they are type I,
with an important uptake at relatively low pressures,
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Fig. 1. Nitrogen adsorption—desorption isotherms of

almond shell activated carbon.
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which is the characteristic of microporous materials.
However, in the curve presented, there is no clear
plateau but certain slopes can be observed at interme-
diate and high relative pressures. All these facts
indicate the transition from microporosity to mesopo-
rosity (type IV). Moreover, a desorption hysteresis
loop due to adsorbate condensation in the mesopores
is presented. The adsorption isotherm of this material
has shown good agreement with those reports in the
literature [42,43].

The microstructure of the raw material and result-
ing activated carbon in Fig. 2 shows that the adsor-
bent gives a rough texture with a heterogeneous
surface and a variety of randomly distributed pore
size. Furthermore, it contains an irregular and highly
porous surface, indicating a relatively high surface
area. This observation can be supported by the high
value of the BET surface area of the prepared
activated carbon as illustrated in Table 1.

A Spor I-l'r;n
JO0KY 6.1 7 98l

Fig. 2. SEM micrographs of almond shell (a) and prepared
activated carbon (b).
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Table 1
Porous structure parameters of the activated carbon
Parameters Values
BET surface area, Sgpr (m?2/ g) 1,310.134
Pore volume (cm’/g) 0.621
Average pore diameter (A) 1.896

Table 2
Concentrations (meq/g) of acidic and basic groups of the
surface in activated carbon

Surface functions Values

Total of acid functions 2.606
Carboxylic (-COOH) 1.604
Lactones (-COO-) 0.875
Phenol (-OH) 0.127

Total of basic functions 1.598

The analysis of surface functions covering the
carbons made it possible to identify the acid and base
groupings. Some examples of oxygen containing func-
tionalities detected on the carbon surface include the
following: carboxylic, lactone, phenol, carbonyl, pyr-
one, chromene, quinone, and ether groups [44]. The
results of the analysis of the surface oxygen functional
groups of our activated carbon product presented in
Table 2, lead to the conclusion that the quantity of the
acidic functions is much more important than those of
the basic functions. So we can conclude that the
activated carbons are of the type acids.

Additionally, as presented in Fig. 3, the informa-
tion about the chemical structure and functional
groups is determined by the infrared spectroscopy of
the prepared adsorbent. The band located at
3,447 cm™! is attributed to v(O-H) vibrations in hydro-
xyl groups. Besides, the weak and broad peaks that
appear at 2,254cm ™' could be assigned to v (C=C)
vibrations in alkyne groups. Next, while the skeletal
C=C vibrations in aromatic rings cause the absorp-
tions in 1,585cm™!, the absorptions at 1,438 cm !
could be the result of C-O stretching in carboxylate
groups. Concerning the peaks at 1,130cm ', they
are due to the vibrations of C-O stretching. As for the
C-H out-of-plane bending in benzene derivative
vibrations, it causes the band at 890 cm™"! [45].

3.2. Effect of contact time and humic acid initial
concentration

In order to determine the equilibrium time for
maximum uptake, a contact time study was
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Fig. 3. FT-IR spectra of almond shell activated carbon.

performed with different initial concentrations of
humic acid of 10, 40, 70, and 100mg/L. A graphical
representation of the contact time as a function of ini-
tial concentrations, as given in Fig. 4 suggests that the
adsorption increased sharply with contact time in the
first 180min and equilibrium adsorption was estab-
lished within 300 min. As shown in Fig. 4, the rate of
adsorption of the acid was initially rapid and then it
gradually slowed until it reached equilibrium; once
equilibrium was reached (300min), there was no
significant increase in the humic acid removal. This
observation can be explained by the fact that the
adsorption rate is fast at the beginning, because
the acid is adsorbed by the exterior surface of the acti-
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Fig. 4. Effect of contact time on the adsorption of humic
acid by almond shell activated carbon at various
concentrations ~ (adsorbent  dosage=0.05g; pH=3;
temperature =298 K).
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vated carbon. When the exterior adsorption surface
reaches saturation, the humic acid enters into the
pores of the adsorbent and is adsorbed by the interior
surface of the particles. This phenomenon requires a
relatively long contact time.

3.3. Effect of solution temperature

Adsorption experiments were conducted at 298,
308, and 318K to investigate the effect of temperature,
with initial humic acid concentration of 10-100mg/L
(Fig. 5). It was observed that the maximum adsorption
of humic acid increased from 136.25mg/g at 298K to
152.72mg/g at 318K for initial concentration equal to
100mg/L, i.e. adsorption increased with the increase
in temperature, indicating better adsorption at higher
temperatures, i.e. endothermic process. The increase
in the amount of humic acid adsorbed at equilibrium
with an increase in temperature may either be attrib-
uted to the acceleration of some originally slow
adsorption steps or to the creation of some new active
sites on the adsorbent surface. The enhanced mobility
of humic acid from the bulk solution towards the
adsorbent surface should be taken into account. It is
worthwhile to note in this case that the adsorption
interaction involves some types of specific interaction
at higher temperature, which indicates that the
adsorption process is endothermic. Alternatively, such
behavior may be ascribed to the “activated” adsorp-
tion which accelerates the diffusion into certain pores
in the adsorbent [46]. These results are similar to other
studies [47,48].

160 4 ] 10 mg/L B 40 mg/L B 70 mgl W 100 mgL
140
120 -

100 4

Qe (mg'g)

B0 A

60

40

20

298 308 318
Solution temperature (K}

Fig. 5. Effect of solution temperature on humic acid
adsorption at various initial concentrations. (contact
time =300 min; pH =3; adsorbent dosage =0.05g).
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3.4. Effect of pH

The effect of pH on the adsorption of humic acid
on prepared activated carbon was studied by varying
the initial pH values of the humic acid solutions from
2 to 9, as shown in Fig. 6. Indeed, the pH value of the
solution is an important controlling parameter in the
adsorption process. The removal of humic acid from
aqueous solution by the activated carbon decreases
significantly with the increase in pH. It was observed
that the maximum adsorption of humic acid was
achieved at pH=3. At the initial humic acid solution
concentration of 40mg/L, an increase in the pH from
2 to 9 substantially decreased the adsorption amount
from 57.82 to 15.32mg/g. It has been reported that
humic acid adsorption onto other adsorbents, such as
activated carbon prepared from biomass material,
acid-activated Greek bentonite, and montmorillonite-
Cu(Il)/Fe(ll) oxide magnetic material also follow
similar trends [19,49,50]. In general, the humic acid
consists of many polymeric components with major
functional groups as carboxylic and phenolic, which
can be ionized by increasing water pH to exhibit anio-
nic characteristics. At high pH, the anionic species
from humic acid will compete with OH™ to occupy
the active solid sites, thus resulting in the decrease
of humic acid adsorption. At low pH, high adsorption
of this acid can be attributed to the charge reduction
of the weakly acidic humic acids as the pH was low-
ered [10]. In addition, the pHpzc value of almond
shell activated carbon was 3.59. Thus, the activated
carbon presents positive charge at pH <3.59, but nega-
tive charge at pH>3.59. Due to the increasing electro-
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Fig. 6. Effect of pH on the adsorption of humic acid by
prepared activated carbon (initial humic acid concentration
Cp=40mg/L; temperature=298K; contact time=300min;
adsorbent dosage =0.05g).
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static repulsion between surface negative charge on
the solids and humic acid, the adsorption will pro-
gressively decrease with the increase in pH.

3.5. Effect of adsorbent dosage

The effect of adsorbent dosage on the adsorption
of humic acid by almond shell activated carbon is
presented in Fig. 7. The amount of adsorption
increased from 12.04 to 57.61mg/g as the activated
carbon dose increased from 0.01 to 0.05g and then
remained almost constant. The increased adsorption at
high dosages is expected owing to the increased
adsorbent surface area and availability of more
adsorption sites [51]. The optimum dosage was found
to be 0.05g.

3.6. Adsorption isotherms

The Langmuir, Freundlich, and Temkin isotherm
parameters for adsorption of humic acid onto acti-
vated carbon are given in Table 3. The comparison of
the R? values shows that the Langmuir isotherm goes
quite well with the experimental data having a high
correlation coefficient. This result may be due to the
homogenous distribution of active sites on the surface
of adsorbent. The calculated R; value was greater
than zero and less than unity, showing favorable
adsorption of humic acid onto activated carbon
obtained from almond shell by physical activation
with CO,. The values of n were found to be less than
10 indicating that the adsorption was favorable.
As can be further seen from Table 3, the values of

70
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& 304
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0 T T T T
0 0.02 0.04 0.06 0.08 01
Adsorbent dosage (g)

Fig. 7. Effect of adsorbent dosage on the adsorption of
humic acid by prepared activated carbon (initial humic
acid concentration Cy=40mg/L; temperature=298K;
contact time =300 min; pH =3).
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Table 3
Isotherm constants for humic acid adsorption onto almond shell activated carbon at different temperatures
Isotherm Temperatures

298K 308K 318K
Langmuir isotherm
Qm (mg/g) 120.481 151.515 169.592
b (1/mg) 0.046 0.08 0.256
Ry, 0.236 0.151 0.055
R? 0.981 0.991 0.992
Freundlich isotherm
Kg (mg/g) (I/mg)""" 9.479 13.661 37.462
n 1.370 1.494 2.854
R? 0.986 0.977 0.980
Temkin isotherm
br (J/mol) 77.0 82.021 115.77
A(L/g) 0.617 0.918 4.237
R? 0.985 0.982 0.988
Table 4
Comparison of adsorption capacity of humic acid with other reported adsorbents
Adsorbent Co (mg/L) T (K) Qm (mg/g) Reference
Activated carbon (rice husk) 20-150 308 54.4 [9]
Acid-activated Greek bentonite 10-200 318 10.81 [48]
Fly ash 50 303 10.7 [49]
Unburned carbon 50 303 71.8 [49]
Aminated polyacrylonitrile fibers 10-100 296 16.22 [52]
Chitosan—-ECH beads 10-50 300 44.84 [53]
Almond shell activated carbon 10-70 318 169.592 This study

Table 5

Om and Kg increased with temperature, indicating
that the adsorption process was endothermic by
nature.

It is also important to compare the value of
maximum adsorption capacity obtained from this
study with the values from other reported adsorbents,
since this will suggest the effectiveness of almond
shell activated carbon as a potential adsorbent for
the treatment of water containing humic acid. The
adsorption capacity for humic acid using this pre-
pared activated carbon is comparable with other
reported adsorbents as shown in Table 4.

3.7. Thermodynamic parameters

The calculated values of AH®°, AS°, and AG° for
adsorption of humic acid on prepared activated car-

Thermodynamic parameters for adsorption of humic acid
on almond shell activated carbon

AH (KJ/mol)  AS (kJ]/molK)  AG (kJ/mol)
298 K

308 K 318 K

81.238 0.286 —4242 —-6.388 —9.969

bon are shown in Table 5. The positive AH® value
indicated that the adsorption process was endothermic
in nature which is consistent with the results obtained
earlier when the humic acid uptake increases with
increasing solution temperature. The positive values
of AS® showed the affinity of the adsorbent for
adsorbate and the increasing randomness at the solid—
solution interface with some structural changes in the
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Table 6
Kinetic model parameters for adsorption of humic acid
onto prepared activated carbon

Kinetic model Co (mg/L)

10 40 70 100
Jeexp (mg/g) 16.21 58.603 90.01 136.09
Pseudo-first-order
e, cal (mg/g) 3091 104.93 57.279 66.834
ky (min~") 0.012 0.014 0.014 0.008
rR? 0.954 0.907 0.925 0.890
Pseudo-second-order
e, cal (mg/g) 20.964 67.567 99.009 147.058
k, (g mg 'min) 0.014 0.0002 0.0004 0.00001
R? 0.980 0.995 0.996 0.998

Intraparticle diffusion model

adsorbates and adsorbents during the adsorption
process. The free energy changes (AG®) were negative,
reflecting the spontaneity and feasibility of these
processes.

3.8. Kinetic study

Pseudo-first-order, pseudo-second-order, and
intraparticle diffusion kinetic parameters are represented
in Table 6. The correlation coefficient for the pseudo-
second-order kinetic model was higher than the one
for pseudo-first-order kinetic model. This indicates
that the adsorption perfectly complies with pseudo-
second-order reaction and the adsorption of humic
acid process appeared to be controlled by the chemi-
sorptions process. The adsorption mechanism can be
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Fig. 8. Intraparticle diffusion plots for adsorption of humic
acid onto prepared activated carbon (temperature=298K;
adsorbent dose =0.05g, min, pH =3).
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described by the intraparticle diffusion by plotting
the quantity of humic acid adsorbed against square
root of time as shown in Fig. 8. It can be observed
that the plots are not linear over the whole time
range and the graphs of this figure reflect a dual nat-
ure, with initial linear portion followed by a plateau.
The fact that the first curved portion of the plots
seems to be absent, implies that the external surface
adsorption (stage 1) is relatively very fast and the
stage of intra-particle diffusion (stage 2) is attained
300min. Finally, equilibrium adsorption (stage 3)
starts after 300min. The humic acid molecules are
slowly transported via intraparticle diffusion into the
particles and finally retained in the pores.

The results obtained are in harmony with those
found by Monser and Adhoum [54] for the adsorption
of tartrazine onto activated carbon.

4. Approach to industrial application

The prepared activated carbon has very developed
textural and structural properties (specific surface
>1,310m?/g) thanks to the presence of different func-
tional groups (hydroxyl and carboxyl function) to the
prepared surface. Therefore this adsorbent can be
used for industrial application. The humic acid is pre-
sented initially in the industrial phosphoric acid
which is manufactured from phosphate rock by the
SIAPE society using wet process [55,56]. The ultimate
objective of the present study is to achieve an experi-
mental approach by determining the percentage
removal of humic acid added to a commercial
solution of phosphoric acid.

4.1. Adsorption experiments of humic acid from commercial
phosphoric acid

All the experiments were carried out in the fol-
lowing manner: A 0.5g amount of the prepared
activated carbon was placed in Erlenmeyer flasks of
250mL capacity in contact with 100mL of commer-
cial industrial phosphoric acid solution (1mol/L)
initially mixed with 5mg of humic acid at a tem-
perature of 50°C under constant agitation (400 rpm)
and a pH value to 1. A reflux refrigerant was
placed on each Erlenmeyer to avoid water evapora-
tion. After the desired contact time, the carbon par-
ticles and the supernatant acid were separated by
filtration on an organic membrane of convenient
porosity. The filtrate was measured using UV-vis
spectrophotometer.
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commercial activated carbon (temperature=50°C; agitation
speed =400 rpm).

The removal efficiency of humic acid by prepared
activated carbon was calculated as follows:

% removal = GG
0

x 100 (11)

Where Cy and C, are the initial and residual concen-
trations of humic acid from commercial phosphoric
acid, respectively (mg/L).

4.2. Comparison with commercially available adsorbent
material

Fig. 9 provides a comparison of removal capability
of the prepared activated carbon and the commercial
activated carbon (Norit, Sgpr =491 m?/ g) designed for
humic acid removal. This figure shows that the tested
commercial carbon has lower performance compared
to the prepared activated carbon. The removal of
humic acid onto two types of the activated carbon
increases with time and then attains equilibrium value
at a time of about 180 min. The maximum percentage
removal of humic acid reaches 68% at 50°C. The per-
centage removal of humic acid by activated carbon
prepared is related to its physico-chemical properties.

5. Conclusions

In the present study, the adsorption of humic acid
is found to increase with the increase in contact time,
acid initial concentration, adsorbent dose and solution
temperature. The solution pH <3 was proved to be
more favorable for adsorption of humic acid on the
almond shell activated carbon. The Langmuir
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isotherm model and the pseudo-second-order kinetic
model were found to be in accordance with the
adsorption data well. The intraparticle diffusion
model could well explain the adsorption process
which was found to be controlled by external mass
transfer at earlier stages and by intraparticle. From the
thermodynamic studies, the adsorption process was
endothermic and spontaneous by nature. Almond
shell activated carbon is shown to be a promising
adsorbent for the removal of humic acid from aque-
ous solution over a wide range of concentrations.
Concerning the approach to an industrial application,
the activated carbon prepared from almond shell can
be used for the removal of humic acid from industrial
phosphoric acid solution.
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Nomenclature

BET —  Brunauer-Emmet-Teller

pHpzc — pH of the point of zero charge

Je — amount of humic acid adsorbed at
equilibrium (mg/g)

q — amount of humic acid adsorbed at
any time t (mg/g)

t — time (min)

Co — initial concentration of the humic acid
(mg/L)

Ce — concentrations of humic acid at
equilibrium (mg/L)

C, — residual concentration

|4 — solution volume (L)

m — mass of dry adsorbent (g)

Om — Langmuir constant; theoretical

maximum adsorption capacity (mg/g)

b — Langmuir adsorption constant (L/mg)

Ry, — dimensionless separation factor

Kg — Freundlich constant indicative of the
relative adsorption capacity of the
adsorbent (mg/g(L/mg)"/")

n — Freundlich constant indicative of the
intensity of the adsorption

R — universal gas constant (J/molK)
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T — temperature (K)

br — Temkin constant relates to the heat of
adorption (J/mol)

ky — pseudo-first-order rate constant
(min™")

ks — pseudo-second-order rate constant (g/
mgmin)

kint — intraparticle diffusion rate constant
(mg/gmin'/?)

C — thickness of the boundary layer

AG”® — standard free energy (kJ/mol)

AH® — standard enthalpy (kJ/mol)

AS® — standard entropy (k]J/molK)
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