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ABSTRACT

Today, water pollution is one of the major problems threatening human health. Synthetic dyes
from industrial effluents are among the many toxic compounds that cause water pollution. The
aim of this study is the evaluation of olive pomace (OP) to be used as a biosorbent during the
separation of two anionic dyes, Congo Red (CR) and Methyl Orange (MO), from aqueous solu-
tions by adsorption technique. The biosorbent was characterized using Fourier transform infra-
red, Brunauer-Emmett-Teller, Barrett-Joyner-Halenda, and scanning electron microscopy with
energy-dispersive X-ray spectroscopy. It was shown to be largely unaffected by pH, indicating
that OP can be utilized over a wide pH range. Experiments were conducted without pH adjust-
ment of aqueous solutions. Kinetics showed that adsorption followed the pseudo-second-or-
der kinetic model and reached equilibrium in 210 min. Efficiency reduced with the increase
in temperature and thermodynamic parameters indicated that physical or physico-chemical
interactions may have occurred between the dyes and OP. The process was exothermic and
non-spontaneous. The efficiency was negatively influenced by initial dye concentration while
positively affected by the OP dose. The trend was reversed for adsorption capacity, resulting
in maximum values of 145.0 and 257.4 mg/g for CR and MO, respectively. These were higher
than those reported in the literature for the sorption of these dyes using various types of waste
materials. The process was well-explained by Freundlich isotherm for both dyes. The OP was
found to be effective for the separation of anionic dyes from aqueous solutions over wide pH

and concentration ranges.
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1. Introduction

Water pollution is one of the most serious environmen-
tal concerns given the role water plays in our lives. Beyond
its need for drinking, cooking, and bathing, it is used in all
major industries and agriculture [1]. Over the years, the qual-
ity of freshwater has deteriorated due to the emergence and
use of various types of pollutants. These waste materials are
severely hazardous and cause critical health problems for
human beings, animals, and plants.

* Corresponding author.

Today, nearly one million tons of synthetic dyes are man-
ufactured each year and more than 100,000 types of dyes
are in commercial use. Following their use, nearly 10%-
15% of these accumulate in wastewaters from which they
are released to the environment and natural resources [2].
Fortunately, there are several processes that can be effectively
used to remove these toxic chemicals from aquatic environ-
ments. Adsorption has been proposed to be one of the most
effective separation methods for the removal of hazardous
materials such as synthetic dyes, heavy metals, and pesti-
cides because of its high efficiency, low-cost, and simplicity
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[3]. The method could be more advantageous if the total cost
could be reduced by employing low-cost adsorbents.

There are many publications in the literature on the eval-
uation of waste materials, by-products, or low-cost adsor-
bents for the separation of synthetic dyes from wastewa-
ters or other aqueous solutions. Most of these sorbents are
agricultural by-products and industrial wastes [4-7]. Since
the need for efficient and low-cost adsorbents to be used in
the adsorptive separation is growing, research to find new
alternatives is continuing [8-10].

Olive pomace (OP) is one of these alternatives. Olive oil
production results in a by-product consisting of water, oil,
and pomace solids (50%, 30%, and 20% by wt., respectively).
Since olives and olive oil are key agricultural products in
Mediterranean region, OP is abundant in the countries of
this geographical area. Unfortunately, as it has limited use
in industry, most of the solid residue from olive oil pro-
cessing is blended with agricultural soil [11]. However, it
could be used instead for removing toxic wastes from the
environment.

It has been previously shown that OP can be employed
for the removal of heavy metals and cationic dyes. Compared
with granular activated carbon, its low-cost is an attractive
advantage [11-14]. Pagnanelli et al. [11] removed heavy met-
als (Pb, Cu, and Cd) from contaminated aqueous solutions
using OP. The researchers observed that hydrogen ions com-
peted with the heavy metals for the adsorption onto OP [11].
In another study, the authors modeled the co-adsorption of
Cu and Cd on OP and noticed a competition between these
metals for this adsorbent [15]. The effects of temperature,
adsorbate concentration, adsorbent dosages, pH, and agita-
tion rate on the nickel (Ni(Il)) separation by OP were studied
by Nuhoglu and Malkog [13]. They achieved the maximum
adsorption capacity at pH = 4, and the process was well-
explained by Temkin and Langmuir models [13].

Recently, OP was tested for the separation of syn-
thetic dyes from aqueous media. Akar et al. [16] used OP
to remove Reactive Red 198 from aqueous solutions and
showed that equilibrium was reached after 40 min. The
maximum adsorption capacity (g, = 44.23 mg/g) was
obtained at pH = 2. Bozkan [17] studied the separation of
two cationic dyes from aqueous solutions and attained the
maximum separation capacities of 163.0 and 354.1 mg/g for
methylene blue and crystal violet, respectively. Dagdelen
et al. [18] achieved a maximum separation capacity of
23.63 mg/g for the adsorption of Remazol Brilliant Blue
R onto OP. The authors mentioned that pH = 3 and 50°C
were optimum conditions for the process [18]. Koger and
Acemioglu [19] reported that efficiency increased with
the concentration, temperature, and pH, but decreased
with the ionic strength for the removal of Basic Green-4.
The data were explained using the Langmuir isotherm
(9,,..=41.66 mg/g) and pseudo-second-order kinetic model.
Oden et al. [20] obtained an adsorption efficiency of 80%
and a capacity of 17.5 mg/g for the removal of Everzol
Yellow 3RS at pH = 7.5, 298 K, and 150 min contact time
[20]. Finally, Beaj et al. [21] used OP (20-120 g/L) to remove
Methyl Orange (MO) from dilute (2.5-20 mg/L) aqueous
solutions. The highest efficiency was obtained at pH = 2
and 80 min equilibration time. Adsorption kinetics were
consistent with the pseudo-second-order kinetic model,

and equilibrium data were in good agreement with the
Freundlich isotherm model [21].

In this study, an agricultural by-product, OP, was eval-
uated for use in the separation of two anionic dyes, Congo
Red (CR) and Methyl Orange (MO) from aqueous solu-
tions. These dyes are employed in various applications and
are similar to several types of dyes that have been used in
industry. The separation efficiencies obtained for these dyes
were compared with each other and with the corresponding
data previously reported in the literature. Another signifi-
cant goal of this study was to probe the effects of separation
variables such as initial pH, contact time, temperature, dye
concentration, and OP dose on the efficiency and adsorp-
tion capacity. In addition, isotherm- and kinetic models
were applied to explain the adsorption mechanism. Finally,
the constants of the models and thermodynamic parameters
were determined using the experimental data.

2. Materials and methods
2.1. Materials

The OP (Fig. 1) was obtained from an olive oil produc-
tion factory in southern Turkey. It was dried and sieved
(particle size < 53 mesh) and used without further treatment.
Methyl Orange (MO, C,,H, N ,NaO,S) and Congo Red (CR,
C,H,,N,OS,Na,,) were utilized as the model anionic dyes
to be removed from aqueous solutions. The molecular struc-
tures of MO and CR are shown in Fig. 2. The chemicals are
listed in Table 1.

Fig. 1. Olive pomace was used as the adsorbent in this study.
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Fig. 2. Structures of the anionic dyes used in this study:
(a) Methyl Orange and (b) Congo Red.
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Table 1
Chemicals utilized in this study

Chemical IUPAC name Source CAS # Assay (%)
Congo Red Disodium 4-amino-3-[4-[4-(1-amino-4-sulfonato- Merck, USA 573-58-0 >97
naphthalen-2-yl) diazenylphenyl] phenyl]
diazenyl-naphthalene-1-sulfonate
Methyl Orange Sodium 4-{[4-(dimethylamino) phenyl]diazenyl} Merck, USA 547-58-0 >97
benzene-1-sulfonate
Hydrochloric acid Hydrochloric acid Merck, USA 7647-01-0 37
Sodium hydroxide Sodium hydroxide Merck, USA 1310-73-2 >99

2.2. Characterization and analysis

Fourier transformed infrared (FTIR) spectra of raw OP
and dye-loaded OP were obtained using a Bruker Vertex
70 FTIR spectrometer (Bruker Co., Kassel, Germany).
Samples were prepared as KBr pellets; spectra were
collected over the range of 4,000-400 cm™. Adsorption-
desorption isotherms of N, at 77 K were measured using
a TriStar 1I-3020 nitrogen surface area/porosity analyzer
(Micromeritics, USA). The surface areas and the pore
size distributions were calculated by Brunauer-Emmett-
Teller (BET) (Eq. (1)) and Barrett-Joyner-Halenda (BJH)
methods, respectively [22,23].

L
P, 1 C-17P
vtV er (1)
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o

where P and P, are the equilibrium and the saturation
pressure, respectively, of adsorbate at the temperature of
adsorption, V is the adsorbed gas quantity (cm®/g), V, is
the monolayer adsorbed gas quantity, and C is the BET
constant.

The surface features and the ratio of the elements of OP
were investigated by scanning electron microscopy (SEM,
Zeiss EVO/LS10, Carl Zeiss AG Co., Germany) and ener-
gy-dispersive X-ray spectroscopy (EDX; Bruker 123 eV
Quantax Microanalysis System, Bruker Co., Germany).

The concentrations of the synthetic dyes in the
aqueous solutions were measured with a Shimadzu
UVmini-1240 UV-Vis spectrophotometer (Shimadzu Co.,
Japan) using the Beer-Lambert relation (Eq. (2)):

Absorbance=¢-C_-I (2)

where ¢ is the molar extinction coefficient, C_ refers to the
sample concentration and [ is the path length (1 cm). The
maximum (A__) absorbances were obtained at 464 and
497 nm for MO and CR, respectively.

2.3. Kinetic studies

In the kinetic experiments, 0.10 g of OP was added
to the 50 mL Erlenmeyer flasks containing 10 mL of dye
solutions having a concentration of 250 mg/L. The mixture

was incubated in a constant temperature shaker bath (BS-
21, Jeiotech Co., Korea). All experiments were started at
the same time and the samples were removed from the
bath at varying intervals over a period of 5 h. The samples
were centrifuged at 4,000 g for 5 min (CompactStar CS4)
and the supernatants containing the aqueous phases were
recovered. Dye concentrations were determined using the
spectrophotometer.

2.4. Thermodynamic studies

The effect of the temperature on the adsorption pro-
cess was determined and thermodynamic parameters
were calculated using the relevant data. The OP dose was
10 g/L and the system temperature was varied between 298
and 318 K. As with the kinetic studies, the samples were
centrifuged and dye concentrations were determined as
described above.

2.5. Equilibrium studies

Aqueous MO and CR solutions (100-5,000 mg/L) were
prepared using ultra-high pure water, obtained from a
Millipore Direct-Q 3V UHP Water System. Ten milliliters of
each dye solution were contacted with the pre-determined
dosages of OP (525 g/L) in 50 mL Erlenmeyer flasks and
shaken at 150 rpm for 240 min. Then, the mixtures were cen-
trifuged at 5,000 rpm for 5 min to separate the phases. The
aqueous phases were carefully recovered from the flasks
and dye concentrations were determined. The amount of
dye adsorbed by OP was calculated by mass balance. Both
adsorption capacity and efficiency were determined by
utilizing Egs. (3) and (4):

c,-C
qu[oa].v (3)

m

AE(%) —(Coccﬂj.loo 4)

0

where C; and C, (mg/L) represent the initial and equilibrium
concentrations of the dyes, respectively. The g, (mg/g), m (g),
V (L), and AE (%) are the adsorption capacity, mass of OP,
volume of the aqueous solution, and adsorption efficiency,
respectively.
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The pH at which OP has a neutral surface (pH,,.)
was determined by using the solid addition and zeta-po-
tential methods [24-27]. In the former method, 45 mL of
10 mmol/L NaNO, solutions were added to a series of
100 mL Erlenmeyer flasks. The pH (pH)) of the solutions was
adjusted in the range 2-12 with 0.10 mol/L HCI or 0.10 mol/L
NaOH. The total volumes of the solutions were adjusted to
50 mL with 10 mmol/L NaNQO,. 0.1 g of OP was added and
the flasks were sealed and the suspensions were shaken in a
constant temperature water bath at 298 K for 48 h. Then, the
suspensions were centrifuged and the supernatants recov-
ered. The pH values of the final supernatants (pH,) were
measured. The differences between the initial and final pH
values (ApH = pH, - pH)) were plotted vs. the initial pH. The
x-intercept of the resulting curve was the pH_, .

The samples for zeta potential analysis were prepared
by mixing 0.1 g of OP with 50 mL deionized water adjusted
to different pH values. The mixtures were sonicated for 12 h
after which the zeta potential values were measured in the
range of —12.5 to 251.5 mV. In order to determine the influ-
ence of aqueous pH on separation efficiency, experiments
were conducted at initial pH values between pH = 2.5 and
10.5. The initial anionic dye concentration was adjusted to be
250 mg/L in these experiments. The initial pH values of these
aqueous MO and CR solutions were found to be 5.8 and 6.6,
respectively. Aqueous solutions of sodium hydroxide and
hydrochloric acid were utilized for pH adjustment.

The adsorption mechanism was interpreted using the
equilibrium data and three isotherm models. The relevant
equations and comments are presented in the following
sections.

3. Results and discussion
3.1. Characterization

The chemistry of the adsorbent may help to explain
the mechanism of the adsorption process [4,9,28]. In this
study, FTIR was employed to investigate the functional
groups on the OP surface, and how they changed during
the adsorptive separation. The FTIR spectra of the OP and
loaded-OP (Fig. 3) indicate the presence of several types of
functional groups. The broad peak observed between 3,200
and 3,400 cm™ could be assigned to the O-H stretching
vibrations. The peaks at 2,920 and 2,850 cm™ were associ-
ated with C-H stretching vibrations of CH, CH,, and CH,
groups of lignin [29]. The signals at ~1,610 and 1,540 cm™
showed the presence of carboxyl and amino groups stretch-
ing, respectively. The peak at 1,035 cm™ may be due to
vibrations of C-6 of cellulose [30]. The major peaks of raw
OP are also in the spectra of the dye-loaded-OP. However,
intensities of the peaks at 2,920; 2,850; and 1,035 cm™ sig-
nificantly reduced after the process. Furthermore, shifts in
the wavenumbers of the related peaks were noticed. These
results exhibit that OP has distinctive features that can be
useful during the sorption of the CR and MO molecules.

Nitrogen adsorption—-desorption isotherms of OP
(Fig. 4a) with hysteresis loop (type IV) showed that OP is a
mesoporous adsorbent (2-50 nm). The specific surface area of
the OP, which was measured by the BET method and Eq. (1),
was found to be 404.25 m?/g (Fig. 4b). The total pore volume
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Fig. 3. FTIR spectra of OP and CR loaded- and MO loaded-OP.

of OP (obtained from the liquid volume of the N, adsorbate
at a relative pressure of 0.95) was found to be 0.287 cm?/g.
Pore size distributions of OP powder (determined by the
BJH method) are shown in Fig. 4c. The pore size distribution
curve shows three peaks at 1.58, 1.95, and 2.38 nm indicat-
ing the generation of mesopores in the OP. The morphology
of the OP used in the experiments was analyzed by SEM.
The SEM images of the raw or unloaded- and dye-load-
ed-OP samples are shown in Fig. 5. The porous structure of
the biomass can be clearly seen in the image of the unloaded
OP. The biosorbent has surface cavities capable of adsorb-
ing dye molecules. This capability is important because of
the possible increase in the area and adhesion power of the
surface [31]. The SEM images of the dye-loaded-OP exhibit
a tendency to form agglomerates. It can be said that the fea-
tures of the OP surface changed with the adsorption of the
anionic dyes [32]. The differences in the surface morpholo-
gies of the raw OP and loaded-OP indicated the presence of
the adsorbate molecules on the OP.

The chemical composition of OP (as determined by SEM-
EDX, Fig. 6) is listed in Table 2. Oxygen and carbon account
for the highest percentages and more than 90% of the OP
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Fig. 4. (a) Nitrogen adsorption—-desorption isotherms, (b) application of the BET equation, and (c) BJH pore size distribution curves

for the adsorption of N, on OP at 77 K.
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Fig. 5. SEM images of OP and CR loaded- and MO loaded-OP samples.

consists of these two elements. Calcium, potassium, magne-
sium, and aluminum account for about 5.5%.

3.2. Effect of pH

One of the most important parameters in the adsorp-
tion process is the pH of the media. The chemistry of the
adsorbate and functional groups of the adsorbent can be
influenced by the solution pH. Moreover, the color intensity
in the aqueous phase may change depending on the struc-
tural stability of the dye molecule, which is also affected by
pH [33]. In these experiments, the effect of initial pH on the

separation of MO and CR using OP was tested from pH =2.5
to 10.5 (Fig. 7a). The pH of the MO and CR solutions having
the concentration of 250 mg/L were measured to be 5.8 and
6.6, respectively.

The effect of solution pH on the dye uptake can be
explained based on the pH at point zero charge (pH,,.) of the
adsorbent [25,27,34]. This was determined by pH drift and
zeta potential measurements. At pH < pH,,, the OP surface
has a predominance of positive charges that adsorbs anionic
dyes; and at pH > pH,,,. the surface is negatively charged and
adsorbs cationic dyes. The pH,,,. shows that the net charge of
OP is zero at about pH = 9.0 (Figs. 7b and c). Below pH =9.0,
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I

Fig. 6. SEM-EDX micrograph of OP.

Table 2
Elemental composition of OP (SEM-EDX results)

Element (wt.%)
C 42.75
O 48.68
Ca 2.73
K 1.64
Mg 0.63
Al 0.55
P 0.55
S 0.38
Si 0.91
Cl 0.16
Fe 0.45
Na 0.57

positive charges predominate on the OP surface, enhancing
the electrostatic interaction between the OP and the anionic
dyes. Above pH=9.0, the charge of the adsorbent surface was
negative, causing electrostatic repulsion between OH~ and
dye ions, preventing their adsorption by OP.

Table 3 shows that the influence of aqueous pH on
the separation of CR and MO was not significant (p > 0.05
and f < 5). The maximum removal of MO (79.6%) was
obtained at pH = 2.5 and the efficiency was 73.4% at the
natural (unadjusted) pH (pH = 5.8) of the solution. Within
the range studied, the efficiency decreased from 79.6%
(pH = 2.5) to 67.6% (pH = 10.5), possibly due to the elec-
trostatic interactions between MO and the partial negative
charge on the adsorbent surface at pH > pH,,.~9.0 [35,36].
According to Fig. 7, the efficiencies for MO were higher
than for CR. A possible explanation is that the lower molec-
ular weight of MO (327.34 g/mol) facilitates its adsorption
compared with CR (696.68 g/mol). The maximum adsorp-
tion efficiency for CR (50.8%) was at pH = 5.5 compared
to 48.2% at the natural (unadjusted) pH (pH = 6.6) of the
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Fig. 7. (a) Influence of aqueous pH on the adsorption efficiency
of MO and CR by OF, (b) determination of the zero-point charge
(pH,,0), and (c) zeta potential of OP (initial dye concentration:
250 mg/L, OP dose: 10 g/L, and temperature: 298 K).

CR solution. Decreasing the pH to pH = 2.5 had a negative
effect on separation efficiency. Similarly, raising the pH
to pH = 10.5 > pH,,.~9.0 reduced the efficiency to 42.3%.
Acids and bases used to modify the pH may compete with
CR adsorption onto OP [36]. These observations are consis-
tent with the results in the literature [19,21,37].

In summary, the initial pH did not considerably influ-
ence the efficiency of the adsorption process for either
anionic dye. This means that the OP can be effectively
used over a wide pH range. Hence, the following exper-
iments were conducted with the MO and CR solutions
without pH adjustment.

3.3. Effect of contact time

Another critical parameter for the design of a separa-
tion system is contact time [38]. This is the time required for
adsorption to reach the equilibrium and must be determined in
advance [39]. The results of the kinetic studies for the adsorp-
tion of MO or CR from aqueous phases using OP are presented
in Fig. 8. In these experiments, the dye concentrations were
about 250 mg/L while the OP dose was 10 g/L. As observed in
the previous section, the separation efficiencies obtained with
MO were obviously higher than the ones with CR.

For both dyes, adsorption equilibria were achieved by
210 min. The adsorption process occurred in two stages.
The first stage was rapid, lasting about 20 min, resulting
in efficiencies of 55.9% and 30% for MO and CR, respec-
tively. The second stage was slower and took about 190 min.
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The separation efficiencies were 73.4% and 48.2%, respec-
tively, when the systems reached the equilibrium. Initially
there was no dye on the OP surface and all sites were avail-
able for adsorption. However, in the second stage, most of the
sites were filled with the solute molecules and the remaining
available sites were inaccessible owing to the repulsive forces
between the dye molecules [40].

3.4. Effect of initial dye concentration and OP dosage

The effects of the initial OP dosage and the dye (MO or
CR) concentration on the adsorption capacity are shown in
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Fig. 8. Influence of contact time on the adsorption efficiency of
MO and CR by using OP (initial dye concentration: 250 mg/L, OP
dose: 10 g/L, and temperature: 298 K).
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Fig. 9. Influence of initial MO and CR concentration was
observed in the range of 100 and 5,000 mg/L while the OP
dosage was between 5 and 25 g/L. The initial pH of the MO
and CR solutions were not adjusted and the contact time was
240 min at 298 K.

The results indicate that adsorption capacity (q,)
increased with MO and CR concentrations and decreased
with OP dose. However, it was reversed for the separa-
tion efficiency (p << 0.05 and f>> 5, Table 3). As previously
reported, the separation efficiency increased with the OP
dose due to the increased surface area and the number
of available binding sites [41]. However, it decreased
with adsorbate concentration for both dyes due to the
increasing ratio of dye molecules to the available adsor-
bent surface area [42]. The highest removal efficiencies
were 86.8% and 88.2% for MO and CR, respectively,
in the range of the concentrations and dosages tested.
Maximum g, values were 257.4 and 145.0 mg/g for MO
and CR, respectively, and were obtained at 5 g/L OP
dose and 5,000 mg/L dye concentration. The adsorp-
tion capacities with MO were notably higher than those
for CR, possibly due to the relatively small size of the
former dye. Alternatively, steric effects could decrease
the sorption of CR by OP. These maximum adsorption
capacities observed here were in the range of the values
reported in the literature, in which OP was used as the
adsorbent for the removal of synthetic dyes from aque-
ous solutions [16-21]. Furthermore, data in Table 4 show
that these capacities were higher than the values pre-
viously reported in the studies using different types of
waste materials for the adsorption of MO and CR [42-53].
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Fig. 9. 3D surface plots for the effects of adsorbent dose and dye concentration on the adsorption efficiency and capacity for
the removal of MO and CR by OP: (a) AE(%)-CR, (b) q,-CR, (c) AE(%)-MO, and (d) 4,-MO (initial dye concentration: 100-5,000 mg/L,

OP dose: 5-25 g/L, and temperature: 298 K).
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These clearly show that OP, a low-cost and bio-based
adsorbent, can be used for removing anionic dyes (such
as MO and CR) from aqueous solutions over a wide con-
centration range.

Table 3
Significance of various parameters on the adsorption of MO and
CR by OP

Dye Parameter p-value f-value

MO pH 0.08488 4.59683
Initial concentration 0.01810 41.32328
OP dose 6.9 x 1077 25.82621
Temperature 0.01448 7.63899

CR pH 0.53505 0.43276
Initial concentration 0.00042 16.00383
OP dose 0.00250 11.11613
Temperature 0.15067 2.29386

*p-value < 0.05 and f-value > 5: significant. p-value > 0.05 and
f-value < 5: insignificant.

3.5. Adsorption kinetics

Adsorption kinetics is important to identify the steps
and parameters controlling the rate of the adsorption
process. Three different models (pseudo-first-order (PFO),
pseudo-second-order (PSO), and Elovich kinetic models
[54-56]) were employed to elucidate the mechanism of MO
or CR adsorption onto OP in this study. The linearized equa-
tion of the PFO kinetic model is represented in Eq. (5):

k]
-t 5
2.303 ©

log(g, —g,)=logq, -

where g, and g, (mg/g) refer to the capacities at equilibrium
and contact time ¢ (min), respectively; and k, (1/min) is the
PFO rate constant. These were derived from the slopes and
intercepts obtained by the “log(g, — g,) vs. t” graphs and
are exhibited in Table 5 with the determination coefficients
(R?. The R? values with this model were equal to 0.9425
and 0.8553 for the adsorption of MO and CR, respectively.
These are lower than those obtained with the other kinetic
models. Moreover, the calculated adsorption capacities were

Table 4
Maximum adsorption capacity (g, ) values for the removal of CR and MO using adsorbents reported in the literature
Dye Adsorbent Type 9o (ME/8) Reference
MO Olive pomace 257.4 Present study
MO Waste banana peel 21.0 [42]
MO Waste orange peel 20.5 [42]
MO Almond shell residues 32.8 [43]
CR Olive pomace 145.0 Present study
CR Waste banana peel 18.2 [42]
CR Waste orange peel 14.0 [42]
CR Activated carbon prepared from coir pith 6.7 [44]
CR Activated carbon (LR) 1.9 [45]
CR Neem leaf powder 41.2 [46]
CR Bagasse fly ash 11.9 [47]
CR Tamarind fruit shell 10.5 [48]
CR Acid activated red mud 7.1 [49]
CR Cashew nut shell 52 [50]
CR Activated carbon from Myrtus communis (AC-MC) 10.0 [51]
CR Activated carbon from pomegranate (AC-PG) 19.2 [51]
CR Raw pine cone 19.2 [52]
CR Acid-treated pine cone 40.2 [52]
CR Bengal gram seed husk 41.7 [53]
Table 5

Constants and R? values of the kinetic models for the adsorption of MO and CR using OP (initial dye concentration: 250 mg/L, OP

dose: 10 g/L, and temperature: 298 K)

Pseudo-first-order Pseudo-second-order Elovich
Teexp k, Gecal k, a
Dye (mg/g)  (I/min)  (mg/g) R (g/mgmin) g4, (mg/g) R (mg/g min) P (g/mg’ R
MO 17.83 0.0122 2.84 0.9425 0.0104 18.05 0.9997 33,488.093 1.1201 0.9632
CR 12.05 0.0157 8.45 0.8553 0.0027 13.23 0.9870 0.557 2.0193 0.9532
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different from the experimentally-determined values, indi-
cating that the data cannot be explained with PFO kinetic
model.

The Elovich model is useful for especially describing the
chemical adsorption mechanisms. Its linearized equation is
expressed in Eq. (6):

q,=PB-In(a-p)+p-In(t) (6)

where o (mg/g min) and (3 (g/mg) refer to the initial adsorp-
tion rate and the desorption constant relevant to the surface
coverage and energy, respectively. The values of o and
were determined from the intercepts and slopes of the linear
plots of “g, vs. In(t)”. The determination coefficients with this
kinetic model were 0.9632 and 0.9532 for the adsorption of
MO and CR, respectively (Table 5). They were higher than
the values with the PFO kinetic model but significantly lower
than those obtained with the PSO kinetic model. Hence, this
model was not appropriate for describing the kinetic data.

The linearized equation of PSO kinetic model is exhibited
in Eq. (7):

LI S @)

g9, k-q 4,

where k, (g/mgmin) indicates the rate constant of PSO
adsorption. The q, and k, values were calculated from the
intercepts and slopes of the graphs of “t/g, vs. t” (Fig. 10).
Table 5 shows that the R? values with the PSO kinetic model
were 0.9997 and 0.9870 for the adsorption of MO and CR,
respectively, and were the highest R?* values obtained in
this study. Moreover, there was a good match between the
experimental and theoretical g, values, especially for MO
(Table 5). These clearly exhibit that the adsorption of these
two anionic dyes onto the OP could be described with PSO
kinetic model. This indicates that chemical or physiochem-
ical interactions occur between the anionic dyes and OP
surface [40,55]. These results and trends are consistent with
previous reports using OP as an adsorbent [16,18,20,21].

3.6. Intraparticle diffusion

Weber and Morris [57] proposed that kinetic models are
inadequate for the expression of the diffusion mechanisms
and steps that occur in the adsorption processes. The authors
recommended an equation. Accordingly, the adsorption
capacity varies with t°* (Eq. 8):

g =k, t"+1 8)
where k, (mg/g min) and I (mg/g) refer to the rate con-
stant of intraparticle diffusion (ID) and the thickness of
the boundary layer, respectively. If the ID controls the pro-
cess, the graph of “g, vs. t**” is linear and the k, and I can
be obtained by using the intercept and slope, respectively
(Table 6). Table 6 and Fig. 11 show that ID was present in
the adsorption of MO and CR onto OP since linear relation-
ships were obtained for both separation systems. However,
it was not the only mechanism since the lines did not pass
through the origin [9,57].

20
R*=0.9870

=
(4]
L

R? = 0.9997

¢CR
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5 oMo

0 50 100 150 200 250

t (min)

Fig. 10. Graphs of the PSO kinetic model for the adsorption of
MO and CR by using OP (initial dye concentration: 250 mg/L, OP
dose: 10 g/L, and temperature: 298 K).

Table 6

Parameters and R? values of the intraparticle diffusion model for
the adsorption of MO and CR by OP (initial dye concentration:
250 mg/L, OP dose: 10 g/L, and temperature: 298 K)

Dye k., (mg/g min®%) I (mg/g) R?
MO 0.248 14.351 0.8952
CR 0.477 5.140 0.9888
20
R?=0.8952
15 A
@ R2=0.9888
g
; 10 4
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¢CR
5 .
0 T T
4 8 12 16
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Fig. 11. Plots of the ID model for the adsorption of MO and CR
onto OP (initial dye concentration: 250 mg/L, OP dose: 10 g/L,
and temperature: 298 K).

3.7. Adsorption isotherms

The isotherm of a solid-liquid adsorption system gen-
erally provides information about the distribution of the
adsorbate molecules on the adsorbent surface. This enables
us to understand the type of interaction between the adsor-
bent surface and adsorbate [58]. The Langmuir, Freundlich,
and Temkin isotherm models were tested in this study. The
details of these isotherm models are well-documented in the
literature [59-65].
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The Langmuir isotherm model is the most common
model used for the solid-liquid adsorption systems. It
assumes a monolayer formation on the solid surface as
well as the sorption of only one entity on each available
site. Moreover, the binding energy on each site is equiva-
lent and the interaction between the adsorbed molecules is
negligible [61-63]. The equation of the Langmuir model is
shown in Eq. (9):

Qmax i KL i CL’

9
1+K, -C, ©)

q(':

where Q_ (mg/g) and K; (L/mg) refer to the theoretical value
of maximum adsorption capacity and the Langmuir adsorp-
tion constant, respectively. The R? values for this isotherm
model were 0.9533 and 0.7921 for the sorption of MO and
CR, respectively (Table 7). However, these were not the max-
imum values obtained in this study. This indicated that the
model could not explain the behavior of MO and CR adsorp-
tion on the OP surface.

The Freundlich isotherm is an empirical equation appli-
cable to the physical adsorption processes that generally
occur on heterogeneous surfaces and can express heteroge-
neity of the surface and the multi-layer distribution of the
molecules on the OP [64]. The Freundlich equation is given
in Eq. (10):

g, =K,-C " (10)
where Kf (L/mg) and n are Freundlich isotherm model
constants. The value of “1/n” indicates the behavior of the
process as irreversible (1/n = 0), favorable (0 < 1/n <1), or
unfavorable (1/n > 1). In this study, the highest R? values
were obtained with this model in the isotherm analysis
(Table 7). These were 0.9802 and 0.9469 for the adsorption
of MO and CR, respectively (Fig. 12). In particular, the R?
value obtained with CR was much higher than those with
the other models tested. Therefore, this isotherm model
was considered to be acceptable to describe the adsorp-
tion of MO and CR onto OP. In other words, a multilayer
adsorption process could occur on the heterogeneous
surface of the OP. The process was predicted to be favor-
able since 1/n was between zero and one for both dyes
studied. These trends are consistent with the results of
the studies using OP for the adsorption of synthetic dyes
[17,19,21,30].

According to the Temkin isotherm model, indirect con-
tact between the solute molecules in the adsorption process
is important. The model assumes that the adsorption heat

Table 7

decreases with the surface covering [65]. The equation of
Temkin isotherm is shown in Eq. (11):
q,=B,InK, +B/InC, (11)
where B, (J/mol) and K, (L/mg) are the Temkin coefficient
related to the heat of adsorption and the equilibrium binding
constant, respectively. The values of K, and B, can be calcu-
lated from the plot of “q, vs. InC,”. The R* values with this
model were 0.9063 and 0.7391 for the adsorption of MO and

CR, respectively, and were lower than those obtained with
the other two isotherm models.

3.8. Effect of temperature and thermodynamics

The influence of temperature on the adsorption of MO
and CR by using OP is exhibited in Fig. 13. This shows that
increasing the temperature of the system decreased the
adsorption efficiency. This is consistent with the literature
and is likely owing to the exothermic nature of the system
and physical interactions between the adsorbate and adsor-
bent [8,66]. The effect was significant for MO adsorption
(p <0.05 and f > 5, Table 3), but not significant for CR uptake
(p>>0.05 and f <5, Table 3).

The changes in the Gibbs free energy (AG®), enthalpy
(AH®), and entropy (AS°) were calculated employing the rel-
evant data and Egs. (12) and (13):

AG® = 7RT11’1KL (12)
25
R2=0.9802
2 - °
= 2=
g 15 | R*=0.9469
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Fig. 12. Graphs of Freundlich isotherm model for the adsorption
of MO and CR by OP at 298 K (initial dye concentration: 100—-
5,000 mg/L, OP dose: 10 g/L, and temperature: 298 K).

Constants and R? values of the Langmuir, Freundlich, and Temkin isotherm models for the adsorption of MO and CR onto OP (initial
dye concentration: 100-5,000 mg/L, OP dose: 10 g/L, and temperature: 298 K)

Dye Langmuir Freundlich Temkin

Q... (mg/g) K, (L/mg) R? 1/n K, (L/mg) R? B, (J/mol) K, (L/mg) R?
MO 217.390 0.00125 0.9533 0.4401 1.758 0.9802 33.860 0.0300 0.9063
CR 107.527 0.00080 0.7921 0.5780 1.849 0.9469 14.160 0.0303 0.7391
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Fig. 13. Influence of temperature on the adsorption of MO and
CR by OP (initial dye concentration: 100-5,000 mg/L, OP dose:
10 g/L, and temperature: 298-318 K).

Table 8

Thermodynamic parameters for the adsorption of MO and CR
by using OP (initial dye concentration: 100-5,000 mg/L, OP dose:
10 g/L, and temperature: 298-318 K)

Dye T (K) AG®, (K/mol) AH°,  AS°,
(kJ/mol)  (kJ/mol K)
MO 298 16.562 9334 -0.087
308 18.260
318 17.020
CR 298 17.517 -1.965 —0.660
308 18.425
318 18.989
AH®  AS°
InK, =— + 13
TR TR (13)

where K, (L/mg) is the Langmuir constant at tempera-
ture T. In general, the AG® for physical adsorption pro-
cesses varies between 0 and 20 kJ/mol. The range is
about 80-400 kJ/mol for chemical processes [63,67,68].
The values of the thermodynamic parameters are
shown in Table 8. It indicates that the adsorption of MO
or CR onto OP might be due to the physical or phys-
ico-chemical interactions. The process was assumed to
be non-spontaneous for both dyes due to the positive

AG® values. The AH® and AS° values were obtained from
the slopes and intercepts, respectively, of the graphs of
“InK, vs. 1/T”. The negative AH® values confirmed the
exothermic nature and feasibility of the separation, and
are consistent with the previous studies in the literature
[69,70]. Furthermore, the negative AS° values exhibited
that the randomness at the interface decreased during
the adsorption process.

4. Conclusion

The aim of this study was to test the use of olive pomace
(OP) for the adsorption of two anionic dyes, Methyl Orange
(MO) and Congo Red (CR), from aqueous solutions. It was
observed that the effect of the pH on the process was not
significant indicating that OP can be efficiently used over a
wide pH range. Hence, the effects of other system param-
eters were investigated without pH adjustment of the dye
solutions. Equilibration times for the adsorption of the
dyes onto OP were identical at about 210 min. The max-
imum adsorption capacity for MO (g, = 257.4 mg/g) was
higher than that for CR (g, = 145.0 mg/g). Both values were
higher than those previously obtained from earlier inves-
tigations using various waste materials and by-products
for the adsorption of these dyes. The adsorption capacity
decreased with the OP dosage and increased with the ini-
tial MO or CR concentration. The PSO and ID models were
well correlated with the experimental data. The maximum
R? values were obtained with the Freundlich isotherm model
and were R? = 0.9802 and 0.9469 for the adsorption of MO
and CR, respectively. Therefore, the mechanism was consid-
ered to be consistent with this isotherm model. Increasing
the temperature negatively influenced the adsorption effi-
ciency. Thermodynamic parameters showed the possible
formation of physical or physico-chemical interactions
between the anionic dyes and OP. The negative AH® values
indicated the exothermic nature of the system. The overall
results showed that OP is an effective and low-cost bio-based
adsorbent that can be used during the separation of anionic
dyes such as MO and CR from aqueous solutions over wide
pH and concentration ranges.
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Symbols and abbreviations

AE — Adsorption efficiency

B — Temkin equilibrium binding constant, J/mol
BET — Brunauer—-Emmett-Teller method

BJH — Barrett-Joyner-Halenda method

C, — Initial concentration of dye, mg/L

C, — Equilibrium concentration of dye, mg/L

C, — Concentration of dye at time ¢, mg/L

CR — Congo red

EDX — Energy-dispersive X-ray

FTIR — Fourier transformed infrared spectroscopy
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I Boundary layer diffusion effects, mg/g

ID Intraparticle diffusion

k, PFO rate constant, 1/min

k, PSO rate constant, g/mg min

k., ID rate constant, mg/g min®?

K, Freundlich adsorption capacity, L/mg

K, Langmuir equilibrium constant, L/mg

K, Temkin constant related to the adsorption
heat, L/mg

m Mass of OP, g

MO Methyl orange

n Freundlich adsorption intensity

or Olive pomace

PFO Pseudo-first-order

pH,.. pH at the zero-point charge

PSO Pseudo-second-order

q, — Amount of dye adsorbed per gram adsorbent
at equilibrium, mg/g

q, — Amount of dye adsorbed per gram adsorbent
at time t, mg/g

Do — Maximum amount of dye adsorbed per gram
adsorbent, mg/g

R — Gas constant, 8.314 J/mol K

R? — Determination coefficient

SEM — Scanning electron microscopy

t — Time, minute

T — Temperature, K or °C

1% — Volume of the aqueous solution, L

a — Elovich initial adsorption rate, mg/g min

B — Elovich desorption constant, g/mg

AG® — Change in Gibbs free energy, kJ/mol

AH° — Change in enthalpy, kJ/mol

AS° — Change in entropy, kJ/mol K
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