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ABSTRACT

The aim of this study was to explore the feasibility of using skin almonds (SA), a new agricul-
tural sorbent, for the removal of hazardous dye methyl orange (MO). The first objective of this
work was to examine the influence of different chemical treatments on the adsorption capacity of
SA. The treatment of SA with alkaline solution as well as with salt solution decreased the sorp-
tion ability for MO, whereas the acidic treatment increased markedly the sorption ability for the
anionic dye. The next objective was to evaluate the properties of the adsorbent, the effect of the
contact time, the temperature, the dye concentration and the particles size. Adsorption of the dye
on both adsorbents (natural and treated) has been monitored through the Langmiur, Freundlich
and Redlich-Peterson adsorption isotherm models and it was shown that the adsorption process
followed as Freundlish isotherm, which led to the higher correlation coefficient. Two kinetic mod-
els, pseudo second order and Elovich equation were employed to analyze kinetics data. It was
found that the pseudo second-order was the most relevant to describe the adsorption behav-
ior. In addition, the activation energy was also determined based on the pseudo-second order

rate constants.
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1. Introduction

Dyes are extensively used in paper, textile, dye houses
and printing tocolorthefinal products[1]. They usually have
a synthetic origin and complex aromatic structures making
them more stable to be degraded [2] and are classified as
anionic, cationic and nonionic dyes [3]. Existing colored
wastewater treatment methods involve in a combination
of physical and chemical processes. Various treatment
methods such as coagulation, precipitation, ultrafiltration,
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ozonation, oxidation and reverse osmosis have been
applied in removing dyes from wastewaters. However,
adsorption is considered superior compared with other
traditional treatment methods due to its easy availability,
simplicity of design, high efficiency, ease of operation and
ability to remove colored contaminants from wastewaters.
Recently, attentions have been focused on the develop-
ment of low cost adsorbent for the application concerning
treatment of wastewater [4,5]. Skin almonds (SA), being a
low cost and easily available adsorbent, could be an alter-
native for more costly wastewater treatment processes [6].
To the best of our knowledge, there is no information in
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literature on the use of SA as an adsorbent. In this work,
the potentials for the use of SA, a new agricultural sorbent,
as an adsorbent for methyl orange (MO) removal from
solutions was investigated.

2. Materials and methods
2.1. Adsorbate

The acid dye MO is widely used in the textile, phar-
maceutical and paper manufacturing. Double distilled
water was employed for preparing all the solutions.

2.2. Preparation, characterisation and pre-treatment of
adsorbent

SA were obtained locally. The precursor was first
washed with distilled water for several times and dried in
an oven at 100°C for 2 h, grounded and sieved to get par-
ticle of uniform geometrical dimensions (0.50-0.85 mm).

The surface area of the SA was measured by BET
(Brunauer-Emmett-Teller nitrogen adsorption tech-
nique). The point of zero charge of the sample is deter-
mined by the solid addition method [7]. The physical
characteristics of this adsorbent are listed in Table 1.

Studies were carried out using two different SA forms,
natural and treated, the adsorbent material designed as
natural skin almonds (NSA) and its treated form treated
skin almonds (TSA). SA were treated by three different
types of chemical treatments: acidic (H,SO,), alkaline
(NaOH) and salt treatment (MgCL,). Sample of 100 g of SA
was mixed with solution of the considered reagent. The
mixture was stirred for different times (Table 2). The sam-
ple was then washed several times with distilled water
and filtered, the optimization of chemical treatment oper-
ating conditions was then carried out based on a plan
experiments involving three parameters, the temperature,
the contact time and the chemical concentration of the
solution reagent (H,SO,, NaOH and MgCl,), which were
considered at two levels, 50 and 70 °C for the temperature,
2 and 4 h for the contact time, and 1 and 2 mol/1 for the
concentration reagent. The plan consisted therefore in 8
experiments for each chemical reagent (Table 2).

Table 1

Physical characteristics of SA and H,SO, treated SA
Parameters NSA TSA
Humidity 54 6.5
Apparent density (g/cm?) 0.254 0.199
True density(g/cm?) 0.420 0.355
Porosity (%) 65.0 69.5
Total void volume (cm®/g) 1.556 2.208
Surface area (m?/g) 4.0 55
pH,. 10.03 9.97
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Table 2
Plan experiments for the optimization of the operating
conditions of SA treatment

Chemical reagent (H,SO,, NaOH or MgCl,)

Experiment Temperature Concentration Treatment time

O (mol/1) (h)
1 70 2 4
2 70 2 2
3 50 2 4
4 50 2 2
5 70 1 4
6 70 1 2
7 50 1 4
8 50 1 2

2.3. Adsorption kinetic study

The adsorbent mass (0.3 g) was mixed with 50 ml
of the desired dye concentration at the required tem-
perature in conical flasks. Sorption experiments were
carried out in batch; the initial sorbent concentration
and the solution temperature were examined. Samples
were withdrawn at suitable time intervals and were
separated from the sorbent by centrifugation for 20 min.
The amount of dye adsorbed on natural and modified
SA was calculated indirectly from the difference of
dye concentration in solution before and after sorption
experiment. The dye concentration was determined by
measuring the absorbance of the solution using UV-
visible spectrophotometer at a maximum wavelength of
466 nm. Experiments were repeated at initial MO solu-
tion pH of 4 for various initial dye concentrations (5, 20,
30 and 40 mg/1); temperature (23, 30, 40 and 50°C) val-
ues and particles size (500, 750 and 850 pm).

2.4. Equilibrium studies

Adsorption experiments were carried out by adding
a fixed amount of adsorbent (0.3 g) to a series of conical
flasks filled with 50 ml diluted dye solutions. The coni-
cal flasks were placed in a thermostatic shaker at 23, 30,
40 and 50°C. The experiments were carried out at initial
solution pH of 4 and particle size values ranging from 500
to 850 pm. Removal efficiency (E) of dye on SA and, sorp-
tion capacity, (9), were calculated from Egs. (1) and (2):

Ci-C;
E(%) = —— = 100 (1)
G
V(G- Cy)
- m

@)

where C, and C, were the initial and final dye concentra-
tions (mg/l) in aqueous solutions, respectively, V was
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the volume of the solution (I) and m represented the
weight of adsorbent (g).

3. Results and discussion
3.1. Effect of the chemical treatment on the adsorption of MO

Fig. 1 shows the results for the removal of MO by
natural and treated SA. Among the different chemical
treatment used, treatment with H,SO, appeared to be
the most effective for SA. Indeed, during this activation
process, considerable amount of cations were most likely
substituted by hydrogen cations which increases the spe-
cific active area. Furthermore, acids are polar molecules
which improve their diffusion. It was observed that the
percentage removal of MO increases from 37.5% with-
out treatment to 78.1% when treated by H,SO, (2 mol/1,
T =70 °C and 4 h treatment time). The adsorption capac-
ity of the tested SA also increased after NaOH or MgCl,
treatment but to a lower extent, 45 and 52% at best with
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Fig. 1. Effect of the chemical treatment on the adsorption
of MO.
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NaOH. It should be noted that on one hand NaOH treat-
ment appeared somewhat too aggressive since in almost
all cases 2 mol/I led to a lower adsorption capacity than
the non-treated SA, and on the other hand the efficiency
of the MgCl, treatment remained nearly the same irre-
spective of the operating conditions. Consequently MO
removal studies were carried out using different SA form
s, natural and treated in the optimal conditions, namely
2mol/1H.SO,, 70°C and 4 h contact time.

3.2. Time dependent adsorption

Contact time is one of the important parameters
for successful deployment of the adsorbent for practi-
cal application and rapid adsorption is among desir-
able parameters [8]. A rapid uptake of pollutants and
establishment of equilibrium in a short period signifies
the efficacy of that adsorbent for its use in wastewater
treatment. The effect of contact time for the adsorption of
MO by natural and treated SA was studies for a period of
100 min for various initial concentrations and different
temperatures.

3.2.1. Effect of contact time on adsorption at different
concentrations

The effect of initial dye concentration and contact
time on MO adsorption is shown in Fig. 2. Fig. 2 indi-
cates that the sorption increased for increasing contact
time and become almost constant at 100 min. Generally,
when adsorption involves a surface reaction process, the
initial adsorption is rapid.

The effect of the initial MO concentration on adsorp-
tion by SA was investigated in the range of 5-40 mg/1
initial dye concentration. As observed, the higher the ini-
tial concentration of dye, the larger was the amount of dye
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Fig. 2. Time-courses of the adsorption capacity of (a) non-treated; and (b) treated SA for various initial MO concentrations.
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adsorbed, which was consistent with studies previously
reported [9]. The increase in uptake capacity of the sor-
bent with increasing dye concentration may be due to the
increase of sorbate quantity. The amount of MO adsorbed
increased from 3.2 to 15 mg/g and from 4.6 to 31.3 mg/g
as the initial adsorbate concentration increased from 5 to
40 mg/1 for natural and treated SA respectively. How-
ever, for the same adsorbent (treated or non-treated SA)
and contact time, there is a drop in the relative removal
efficiency for increasing dye concentration, most likely
due to a saturation of the adsorption sites.

3.2.2. Effect of contact time on adsorption at different
temperatures

Fig. 3 indicates the MO dye uptake by the natural
and treated SA as a function of contact time at different
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temperatures of 23, 30, 40 and 50 °C. As can see from this
figure, an uptake capacity of 6 mg/g was observed within
1 min and then the adsorption capacity was increased
constantly with increasing contact time reaching to a
maximum point of 13.5 mg/g in 100 min at 23°C. A simi-
lar trend was observed at 30, 40 and 50°C. Therefore,
100 min is enough to achieve the adsorption equilibrium.

3.3. Effect of the particle size

The influence of the adsorbent particle size was
investigated at constant pH 4, 20 mg/1 of dye, 500 rpm
agitation speed and 23 °C by using three selected parti-
cles sizes (500, 750 and 850 um) of SA (Fig.4). The amount
of dye adsorbed increased from 10.9 to 13.5 mg/g for
a decrease in the adsorbent particle size from 850 to
500 pm. Variation of the adsorption conversely to the
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Fig. 3. Effect of contact time on adsorption of MO by the (a) natural; and (b) treated SA at various temperatures.
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Fig. 4. Effect of the particle size on (a) natural; and (b) treated SA on dye adsorption.
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Fig. 5. Dye adsorption of MO of (a) natural; and (b) treated SA at various temperatures.

particle size should be related to the increase of the
effective specific surface area when particle size was
lowered. Higher dye adsorption of small particles can
also be related to improving mass transport inside the
sorbent particle; in agreement with previous report [10].

3.4. Equilibrium modelling

When the system is in the sate of equilibrium dis-
tribution of dye between the adsorbent and the dye
solution is important to establish the capacity of the
adsorbent for the dye. Fig. 5 shows the experimental
curves of ge vs ce for the adsorption of MO at four con-
stant temperatures of 23, 30, 40 and 50 °C. It was found
that dye uptake capacity g, of SA increased for decreas-
ing temperatures indicating the exothermic nature of the
adsorption reaction. For increasing temperature from 23
to 50 °C, the MO removal decreased from 23 to 15 mg/g;
similar result was also observed for MO removal from
wastewaters using De-oiled Soya and Bottom Ash [11].

The isotherm data were treated using three of the
most commonly used equilibrium models, Langmuir,
Freundlich and Redlich-Peterson equilibrium isotherm
theories. The forms of these isotherms are presented by
the following equations:

Langmuir model [12]

= o S
de = Jmax 1+ bCe (3)

In Eq. (3), g, is the adsorption capacity at equilibrium.
C, is the equilibrium concentration, and g___and b are the
Langmuir constants related to the maximum adsorption
capacity and the adsorption energy respectively. Four
different types of linearization can be used for the Lang-
muir isotherm, the widely used linear expression is

C _ 1 Ce.
o= @
qe qmaxb Qmax

q,... and b can be determined from the linear plot of C /g,
versus C,.

The Freundlich model [13]

The empirical model was shown to be consistent
with an exponential distribution of active centers, char-
acteristics of heterogeneous surfaces. The amount of sol-
ute adsorbed, g, is related to the concentration of solute
in the solution, ¢, as following:

. = K;C}/" ()

where g_ is the adsorption capacity at equilibrium. C, is
the equilibrium concentration K,and »n are the Freun-
dlich constants, n giving an indication of how favour-
ability of the adsorption process and K, is the adsorption
capacity of the adsorbent. A linear form of the Freun-
dlich expression can be obtained by taking logarithms
of Eq. (5)

In g, =1an +lCe (6)
n

The Redlich-Peterson model [14]

AC,
= —° 7
9 = 1+ BCP @
The Redlich-Peterson equation involves three

parameters A, Band (0 < f<1). A and B are constants,
and fis the degree of heterogeneity. This model is used
to describe chemical and physical adsorption on hetero-
geneous surface.
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When =1, It becomes a Langmuir equation

AC,

, = 8
% =1+ BC, ®)
And for =0, it leads to the Henry’s law:
- AG
B = ©)

Eq. (7) can be converted to a linear form by taking
logarithms:

ln(A&—l):lthBlnCe

e

(10)

To deduce the isotherm constants from the linear form
of Redlich-Peterson equation, the value of the parameter
A has to be estimated based on linear regression.

Table 3

The model parameter values estimated from Egs. (4),
(6) and (10) by linear regression analyses, as well as the
correlation coefficients (R?) are collected in Table 3.

A comparison of the experimental isotherms with the
adsorption isotherm models showed that the Freundlich
model yielded the best fit for both MO-NSA and MO-
TSA systems, with R*values equal or higher than 0.984
if compared to the others two models. Conformation of
the experimental data into Freundlich isotherm equa-
tion indicated the heterogeneous nature of SA surface.
In all cases the Freundlich and Redlich-Peterson equa-
tions represents a better fit of experimental data than
Langmuir equation. However, in comparison between
R? values for Freundlich and Redlich-Peterson isotherm
fit, Freundlich isotherm shows better fit.

The n parameter of the Freundlich equation (1.22 <
n < 1.65) revealed adsorption sites with low energetic
heterogeneity of this natural adsorbent [15]. Both K,

Langmuir, Freundlich and Redlich-Peterson isotherm model constants and correlation coefficients for adsorption of MO on

natural and treated SA

Systems Isotherms Solution temperature (°C) Constants
qmax b R2
MO-NSA Langmuir 23 20.2 0.06 0.880
30 19.2 0.05 0.832
40 20.2 0.03 0.961
50 21.1 0.03 0.951
MO-TSA 23 319 0.07 0.815
30 26.7 0.07 0.894
40 24.6 0.05 0.945
50 271 0.04 0.956
MO-NSA Freundlich K. n R?
23 1.51 1.54 0.999
30 1.20 1.48 0.996
40 0.75 1.25 0.994
50 0.63 1.22 0.998
MO-TSA 23 292 1.65 0.984
30 212 1.53 0.993
40 1.30 1.33 0.990
50 113 1.27 0.993
MO-NSA Redlich-Peterson A B B R?
23 6.2 0.66 0.63 0.989
30 11.2 0.70 0.55 0.992
40 12.5 112 0.25 0.994
50 9.5 1.01 0.35 0.997
MO-TSA 23 8.5 0.79 0.65 0.956
30 7.8 0.72 0.45 0.991
40 8.0 0.46 0.33 0.985
50 6.0 0.89 0.15 0.990
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and n parameter values were achieved at 23°C, showing
that binding capacity reached its highest value and that the
affinity between the sorbent and dye ions was also higher
than for the other temperature investigated (Table 3).

3.5. Kinetic models

Adsorption equilibrium study is important to
determine the effectiveness of adsorption. Two differ-
ent models to predict the adsorption kinetic of MO on
SA were considered, the pseudo-second order and the
Elovich models.

Based on equilibrium adsorption, the pseudo-sec-
ond order kinetic Eq. [16] is expressed as:

o 1,1,

qr Kzﬂle2 e

(11)

where k, is the equilibrium rate constant of pseudo-sec-
ond order adsorption (g/mg min).

The simple Elovich model has been also successfully
used to describe second order kinetic assuming that the
actual solid surfaces are energetically heterogeneous
[17]; the linear form of this equation is given by:

g =a+blnt (12)

Table 4
Parameters for pseudo-second order and Elovich models

The Elovich coefficients could be computed from the
plots g, versus In ¢, the initial adsorption rate a and the
desorption constant b were calculated from the intercept
and the slope of the straight line of g, against In .

The kinetic constants of both models are collected in
Table 4. The kinetic constants obtained from the Elovich
equation varied as a function of the initial MO concen-
tration and solution temperature.

Based on the R* values and a comparison between
the experimental and calculated g, values, it can be
seen that the kinetic of MO adsorption onto SA fol-
lowed a pseudo-second model with correlation coef-
ficient higher than 0.928, the equilibrium adsorption
capacity, 4, increased as the initial dye concentration,
C, increased from 5 to 40 mg/1. It was also found that
the variations of the rate constant, K, seemed to have
a decreasing trend with increasing initial dye con-
centration. Similar phenomena have been previously
reported in the adsorption of methylene blue by hazel-
nut shells and wood sawdust [18], acid blue 193 onto
BTMA-bentonite [19] and adsorption of basic black dye
using calcium alginate beads [20]. The variations of t/g,
versus t at various temperatures of dye solutions for
an initial concentration of 20 mg/1 still confirmed the
adequation of the pseudo-second-order model to fit
experimental data. The results in Table 4 reported that

C, (mg/l) T(°C) qe,exp(mg/ g) Pseudo-second order model Elovich model
Goca (Mg/g) K, (g/mgmin) R oea(M8/8) 4 b R

MO-NSA

5 23 32 34 0.035 0.996 3.2 0.51 0.58 0.996
10 23 54 5.6 0.019 0.988 52 0.98 091 0.989
20 23 8.2 8.2 0.013 0979 7.3 2.30 1.08 0974
30 23 12.0 12.0 0.009 0.963 10.3 5.07 1.14 0.858
40 23 15.0 16.5 0.005 0.946 13.2 5.79 1.62 0.884
20 23 8.2 8.2 0.013 0979 7.3 2.30 1.08 0974
20 30 70 75 0.012 0.985 6.7 1.12 1.21 0.985
20 40 6.6 74 0.008 0.964 6.0 0.28 1.25 0.962
20 50 6.0 72 0.005 0928 52 -0.34 1.19 0.938
MO-TSA

5 23 4.6 49 0.021 0.991 45 0.74 0.82 0.991
10 23 9.0 94 0.010 0.985 8.5 1.76 146 0.982
20 23 13.5 139 0.012 0.993 13.6 4.87 1.89 0.937
30 23 22.0 22.3 0.005 0.985 20.0 7.81 2.65 0.946
40 23 31.2 31.0 0.005 0.981 28.7 14.78 3.01 0.950
20 23 13.5 139 0.012 0.993 13.6 4.87 1.89 0.937
20 30 12.3 13.2 0.008 0.990 12.0 2.75 2.00 0.969
20 40 111 12.2 0.007 0.987 10.7 1.63 197 0.969
20 50 10.3 11.5 0.005 0972 9.65 0.73 194 0.962
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Fig. 6. Arrhenius plots for adsorption of MO onto SA at
various temperatures.

the rate constant, K, of the pseudo-second-order model
for MO adsorption onto treated SA decreased from
0.012 to 0.005 g/mg min with increase in the solution
temperature from 23 to 50 °C. It is probably due to change
of mechanism of MO adsorption onto SA upon chang-
ing the temperature. Similar behavior was obtained for
the adsorption of basic dye [21], acid dye [11] and heavy
metal [22].

These results imply that the adsorption system stud-
ied follows to the pseudo second order kinetic model at
all variables.

The second-order rate constant can be expressed as
a function of the temperature by the Arrhenius Eq. [23].
K, is the temperature independent factor (g/mgmin) and
E_ is the activation energy of sorption (kJ/mol).

-Ea

K, = KoeRT (13)

To calculate activation energy (Ea) for adsorption pro-
cess, In K, is plotted versus 1/T (Fig. 6). The magnitude
of activation energy gives an idea about the type of
adsorption which is mainly physical or chemical. The
physisorption processes usually have energies in the
range of 5-40 kJ/mol while higher activation energies
(40-800 kJ/mol) suggest chemisorptions [24-26].

The activation energy values were found to be -28.19
and -20.95 KJ/mol for MO-NSA and MO-TSA respec-
tively; showing that dye adsorption onto natural or
treated SA was an exothermic process. Moreover, these
low activation energy values confirmed that the adsorp-
tion process was governed by physisorption.
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4. Conclusion

SA, an agricultural waste, were successfully employed
with H,SO, treatment to remove acid dye. The results
showed that the adsorption was dependent on the initial
dye concentration and the temperature solution. Adsorp-
tion equilibrium for both systems, untreated and treated
SA, followed a Freundlich isotherm. Two kinetic models,
pseudo-second order and Elovich models were tested to
investigate the adsorption mechanism. Irrespective of
the initial dye concentration and the running tempera-
ture, both models matched experimental data, even if the
pseudo-second order kinetic model led to the best fit.
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