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ABSTRACT

Sumac leaves (SL) (Rhus coriaria L.) were investigated as a low-cost and effective bioadsor-
bent for the adsorption of methylene blue (MB) from aqueous solution. In this study, the
effects of initial dye concentration, initial solution pH, and phases contact time were investi-
gated. The equilibrium was attained in half an hour. The Langmuir, Freundlich, and Tem-
kin adsorption models were evaluated using the experimental data and the experimental
results showed that the Langmuir and Temkin models fit better than the Freundlich model.
The maximum dye adsorption capacity was found as 5.8 mg/g from the Langmuir isotherm
model. The value of the monolayer saturation capacity of SL was comparable to the adsorp-
tion capacities of some other adsorbent materials for MB. The adsorption rate data were
analyzed according to the pseudo-first-order kinetic model, pseudo-second-order kinetic
model, and intraparticle diffusion model. It was found that the adsorption reaction pro-
gressed as a pseudo-second-order kinetic model and intraparticle diffusion was also effec-
tive in the process.
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1. Introduction

Nowadays, the amount of environmental problems
increases day by day. The destruction of forests, ero-
sion, increasing population, decreasing green areas,
distorting seashores, increasing chemical applications,
and shortage of energy sources cause these environ-
mental problems both in Turkey and the world. Indus-
trialization and urbanization caused the air, water,
and soil pollutions, which are above the biological
tolerance limits [1].

Industrial effluents, especially dyeing industries,
cause environmental pollution [2]. Dyes are resistant
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to light, many chemicals, oxidizing agents, and heat
due to their strong chemical structure. They are bio-
logically non-degradable and therefore difficult to
decolorize once they are released into the aquatic envi-
ronment [3]. Disposal of this polluted water into
receiving bodies can be toxic to aquatic life. They are
mutagenic and carciogenic substances, and cause sev-
ere damage to the kidneys, reproductive system, liver,
brain, and nervous system of human beings [2]. From
the point of economic considerations, application of
coagulation, reverse osmosis, flotation, precipitation,
etc. is very difficult to wastewater containing dyes dis-
charged from the textile industry. Adsorption has
gained prominent importance due to efficiency in the
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removal of pollutants from effluents instead of the
above conventional purification methods [4,5].
Activated carbons have been popular adsorbents in
wastewater treatment processes [6-8]. But it is quite
expensive and also has problems associated with
regeneration. On the other hand, there is a growing
interest in using low-cost materials for the adsorption
of dyes. A wide variety of materials such as peat [9],
palm-fruit [10], silica fumes [11], natural zeolite [12],
montmorillonite and kaolinite [13], clay [14,15], acti-
vated clay [16], and fuller earth [17] are employed as
low-cost adsorbents instead of activated carbons.
Recently, the interest on biomaterials and espe-
cially tannins has been growing and some attractive
results have been obtained in the adsorption of some
metals by tannin adsorbents [18]. Tannins are widely
distributed in nature and have multiple adjacent
polyhydroxyphenyl groups in their chemical structure,
which have extremely high affinity for heavy metal
ions [19], all proteins, and other macromolecules like
polysaccharides. Sumac Leaves (Rhus coriaria L.) (SL)
is a shrub, which reaches 34 m in height in the wild.
The main compounds present in Rhus family are
hydrolysable gallotannins. Turkish sumac tannin
(hydrolysable tannins) is illustrated in Fig. 1 whose
basic structure is of flavan-3-ols [20]. In this study, SL
were considered for the treatment of aqueous polluted
solution because of two significant reasons. Firstly,
sumac tree is widely grown in the high lands of our
country and thus the adsorbent can be prepared and
used wherever the problem exists. Secondly, SL con-
tain hydrolysable gallotannins which are highly ben-
eficial due to their properties like antibacterial,
antimicrobial, antibite, and anticoloring in nature [21].
MB is selected as a model compound for evaluating
the potential of SL to remove dye from wastewaters.
MB is a cationic dye, which is most commonly used
for coloring paper, temporary hair colorant, dyeing
cottons, wools, and so on. This dye is not strongly
hazardous, but it can cause some harmful effects.
Environmental sonochemistry has also been grow-
ing in recent years [22-24]. The developed cavitation
reduces microvortex motion of reactant solution on
the surface of particles and also increases a stirring up
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Fig. 1. The chemical structure of MB [28].
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role in the reactant system. Presence of ultrasound
increases mass transfer rate by reducing diffusion
resistance [25-27].

The focus of the present research is to characterize
adsorption properties of methylene blue (MB) via son-
ication on the SL as a low-cost and ecofriendly adsor-
bent. The adsorption isotherms, kinetics, and pH
effects have also been searched from the point of
adsorption yield.

2. Materials and methods
2.1. Materials

A monovalent cationic dye, MB was selected for
adsorption studies. It was purchased from Sigma-
Aldrich. The chemical formula of MB (C;,H;3sN3SCI) is
given in Fig. 1.

SL were supplied from Manisa city (Aegean region
of Turkey). Turkish sumac tannin (hydrolysable tan-
nins) is illustrated in Fig. 2 [29].

The leaves were dried at room temperature. They
were grounded and sieved, and the fraction of parti-
cles <300 pm was used for adsorption studies.
Samples were stored in an air-tight plastic containers.
The surface area of the SL, measured using Branauer—
Emmet-Teller (BET) adsorption technique using a
Micromeritics Gemini VII 2390 V1.03 (Micromeritics
Co., USA), was 1.0312 = 0.0926 m*/g) (Fig. 3).

2.2. Apparatus

The Bandelin model RK 100H operating at a fixed
frequency of 20 kHz and 250 W ultrasonic bath was
used in the adsorption experiments. The pH values
were recorded on Hach sension pH meter pH 3 (Criso,
Spain). The absorbance data were performed using
ATI/UNICAM uv/v spectrophotometer at
Amax = 665 nm. The FTIR spectra (A Mattson 1000
Spectrometry) were used to characterize the functional
groups of the SL and MB adsorbed SL.

2.3. Adsorption studies
2.3.1. Calibration step

The MB stock solution was prepared by dissolving
0.01 g MB in 100 ml demineralized water. This stock
solution was diluted to different concentrations for
obtaining absorbance calibration data. For this pur-
pose, the samples (0.2, 0.4, 0.6, ..., 3.6, 3.8 mL) were
diluted to 50 mL with deionized water. At the calibra-
tion step before UV analyzing, 1 mL solution was
diluted to 10 mL again for better absorption values.
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Fig. 2. Sumac (R. coriaria L.) and chemical structure of Turkish Sumac tannin [29].
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Fig. 3. FTIR spectra (a) SL and (b) MB adsorbed SL.

The calibration curve was drawn by plotting these
values at the selected wavelength (1 = 665 nm) against
the corresponding concentration of MB solution. Each
measurement was repeated three times. The concen-
tration values were calculated from equation
(y = 0.3741X + 0.0631, R* = 0.99).

2.3.2. Experimental step

For the adsorption experiments, 1, 1.5, 2, 2.5, 3,
and 3.5 mL of stock solutions were diluted to 50 mL
with distilled water. The corresponding concentrations
of the solutions were 2, 3, 4, 5, 6, and 7 ug mL . The
variation of adsorbent dose was kept constant and
chosen as 0.1 g during the experimental study. The
adsorption experiments were carried out in 100 mL
stoppered polyethylene conical flasks filled with
50 mL diluted MB solution. The reaction mixture was
stirred for different time intervals with sonication of
an ultrasonic Bandelin brand bath until adsorption
equilibrium was attained. The adsorption data were
measured in five minutes intervals. Five milliliters
supernatant was diluted to 10 mL, and the liquid
phase was centrifuged at 1,000 rpm for 3 min. The

experiments were performed at 25°C with different
pH values to see the effect of pH changes on the
adsorption process.

3. Results and discussion
3.1. Adsorbent characterization

The FTIR spectra of SL (a) and MB adsorbed SL
(b) are shown in Fig. 3. The broad peak in the region
of 3,400-3,200 cm ' is characteristic of the -OH
stretchings of the phenolic and methylol group of tan-
nin. The peaks at approximately 1,300 and 1,000 cm ™
in the spectrum of tannin belong to phenol groups
[30]. The absorption bands between 1,689 and
1,459 cm ™! are characteristic of the elongation of the
aromatic -C=C- bonds. The deformation vibration of
the carbon—carbon bonds in the phenolic groups
absorbs in the region of 1,520-1,400 cm™'. Also, the
FTIR spectra of SL (a) and MB adsorbed SL (b) are
similar and this is the indicator that the adsorption
progressed as a physical type.

3.2. Contact time and initial adsorbate concentration

The effect of initial concentration of MB on the MB
adsorption by SL is shown in Figs. 4 and 5. It can be
seen that the amount of MB adsorbed (mg/g)
increased with increased MB concentration and
remained constant after equilibrium time. The concen-
tration supplies an important driving force to over-
come all mass transfer resistance of the MB between
the aqueous and solid phases. Hence, a higher initial
concentration of MB will increase the adsorption pro-
cess. The equilibrium sorption capacity of the SL
increased with an increase in initial MB concentration,
while the removal % of MB showed the opposite
trend. When the initial MB concentration increased
from 2 to 7 pg/mL, the loading capacity increased
from 0.85 to 3.20 mg/g and the percentage removal
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Fig. 4. Concentration variations of several MB solutions
with contact time at 25°C.
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Fig. 5. Effect of phases contact time on MB adsorption
by SL, experimental conditions: pH 5; adsorbent dose
0.1g/50mL; T 25°C.

decreased from 99.70 to 93.75%. This is the similar
behavior that was seen for the adsorption of MB onto
agricultural waste adsorbent [31], onto Parthenium hys-
terophorus [32] and onto bamboo-based activated car-
bon [33]. The equilibrium was attained in half an
hour.

3.3. Effect of solution pH on MB adsorption

The effect of solution pH on the equilibrium
removal capacity of SL was studied at 4 pg/mL initial
MB concentration and 25°C temperature between pH
values of 2 and 12. As shown in Fig. 6, the MB
removal was found to increase with an increase in
pH. It increased from 1.62 to 1.73 pg/g for an increase
in pH from 2 to 8. But further increase in pH from 8
to 10 will not affect the adsorption. The result
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Fig. 6. Effect of initial solution pH on the adsorption of
MB by SL, experimental conditions: adsorbent dose
0.1 g/50 mL; T 25°C; contact time 0.5 h; Co 4 pug/mL.

indicated that acidic pH supported the biosorption of
dye on SL. A similar trend was reported for the
adsorption of MB onto a novel agricultural waste [31],
Posidonia oceanica fibers [34] and wheat shells [35].

pHy,. is found as 2. The effect of pH was
explained in terms of charge zero. At lower pH like 2,
the surface charge may be positively charged, thus
making hydrogen ions to compete effectively with MB
cations causing a decrease in the amount of MB
adsorbed. At higher pH, the surface of SL may be
negatively charged that enhance the positively
charged MB cations through electrostatic force attrac-
tion. A similar trend was observed for the adsorption
of MB onto Posidonia ocenica (L.) fibers [34], rice straw
derived char [36], and yellow passion fruit peel [37].

At pH values lower than pH,,., the surface charge
of the solid turns into positive and adsorption of
cations is not favorable. The hydrogen ions compete
with dye ions upon the active sites; that is why the
adsorption becomes limited. Above the pHy,., the sur-
face charge of the adsorbent is negative, and binding
of cations is favorable.

The reaction mechanism between dye and tannin
is represented below (Fig. 7).

3.4. Adsorption isotherms

In order to establish the most appropriate correla-
tions for the equilibrium data from the point of
designing the adsorption system, the Langmuir,
Freundlich, and Temkin isotherm models were tested.
The applicability of the isotherm equations was tested
by comparing the correlation coefficients, R*.
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Fig. 7. The reaction mechanism between MB and tannin [38,39].

The Langmuir adsorption [40] model is based on
the assumption that maximum adsorption corresponds
to a saturated monolayer of the solute molecules on
the adsorbent surface. The linear form of the
Langmuir equation is described by

C_ (1Y, (1
7 (Qob) * (QO> c M

where C, (mg/L) is the equilibrium concentration of
the adsorbate, g, (mg/g) is the amount of adsorbate
per unit mass of adsorbent, Qp and b are Langmuir
constants related to adsorption capacity (mg/g) and
rate of adsorption (L/mg), respectively. The linear plot
of specific adsorption (C./q.) against the equilibrium
concentration (C,) (Fig. 8) shows that the adsorption
obeys the Langmuir model. The Langmuir constants
Qo and b were determined from the slope and inter-
cept of the plot and are represented in Table 1. The R?
values (0.99) suggest that the Langmuir isotherm pro-
vides a good fit to the isotherm data. A similar
observation was reported for adsorption of MB onto
fly ash [41], a natural silkworm pupa [42], both cedars
saw dust and crushed brick [43] and rice husk [44].
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Fig. 8. Linearized Langmuir isotherm for MB adsorption
onto SL.

Table 1
The constants of isotherm models of 4 ug/mL MB solu-
tions

Langmuir isotherm

Qo (mg/g) 0.58
B (L/mg) 0.009
R? 0.99
Freundlich isotherm

Kg (mg/g(L/mg)"/" 5.3

n 17.86
R? 0.72
Temkin isotherm

bt (J/mol) 271.66
Kr (L/g) 1.20
R? 0.99

The essential characteristics of the Langmuir iso-
therm can be expressed in terms of a dimensionless
constant separation factor Ry, [45] given by equation.

1

Ry ——
LT 140G

)

where Cy (mg/L) is the highest initial concentration of
adsorbent, and b (L/mg) is the Langmuir constant.
The parameter Ry, indicates the nature of shape of the
isotherm accordingly:

Ry >1 Unfavorable adsorption
0<Rp<1 Favorable adsorption
R =0 Irreversible adsorption
Ry = Linear adsorption

The value of Ry in this study has been found to be
0.9653 at 25°C showing that the adsorption of MB on
SL is favorable at the studied temperature. The Fre-
undlich isotherm [46] is the earliest known relationship
describing the sorption equation. The fairly satisfactory
empirical isotherm can be used for non-ideal sorption
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that involves heterogeneous surface energy systems
and is expressed by the following Eq. (3)

ge = K CI/" ®3)

where Kg (mg/g(L/mg)'/") is roughly an indicator of
the adsorption capacity and 1/n is the adsorption
intensity. In general, as the Ky value increases the
adsorption capacity of adsorbent increases. The
magnitude of the exponent, 1/# gives an indication of
the favorability of adsorption. Value of n>1 repre-
sents favorable adsorption condition [47,48]. The linear
form of Eq. (3) is

1
logg. = log Ky + (E) log C, 4)

values of Kr and n are calculated from the intercept
and slope of the plot (Fig. 9) are listed in Table 1. The
R value (0.72) is lower than Langmuir isotherm. A
high R* (0.997) value was found for the adsorption of
MB onto natural illitic clay [47]. The value of
Freundlich exponent n (17.86) is in the range of n > 1,
indicating a favorable adsorption [48,49].

Temkin isotherm is valid for that the enthalpy of
adsorption changes linearly with coverage due to
adsorbent-adsorbate interactions [50]. The adsorption
is a uniform distribution of binding energies, up to
some maximum binding energy. The Temkin isotherm
equation in linear form is given as
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where R is universal gas constant (8.314 J/(mol K)), T
(K), absolute temperature, Kr (L/g), equilibrium
binding constant, br (J/mol), related to heat of adsorp-
tion. The values br and Kt were determined from the
slope and intercept of Fig. 10 and given in Table 1.
The R? value is rather high (0.99) for MB removal by
SL. The similar high R* values were seen for adsorp-
tion of MB by bentonite [51] and palm leaves [52].

The best equilibrium model was determined based
on the linear square regression correlation coefficient
R?. From Table 1, it was observed that the equilibrium
sorption data were best represented by the Langmuir
and Temkin isotherms. The best fit isotherm expres-
sions confirm the monolayer coverage process of MB
onto SL. A similar result was reported for adsorption
of MB onto sewage sludge [53] and a novel agricul-
tural waste adsorbent [31].

Table 2 lists a comparison of maximum monolayer
adsorption capacity of MB on various adsorbents.
Sumac leave is found to have an adsorption capacity
of 5.8 mg/g and this indicates that it could be consid-
ered as a promising material for the removal of MB
from aqueous solution. These SL were also used by
Dulger et al. in the removal of basic dye from aqueous
solution. The maximum adsorption capacity was
reached to 151.69 mg/g for 600 mg/L initial MB con-
centration [54]. The equilibrium time was found as
120 min. But in this study, it was found as 30 min.
This shows the distinctive feature of ultrasound effect.
The experimental conditions play an important role
for calculating the adsorption capacity [31,55].

3.5. Adsorption kinetics

Pseudo-first-order and pseudo-second-order mod-
els were applied to test experimental data and thus
elucidated the kinetic adsorption process. Lagergren
proposed an equation for adsorption analysis that is
the pseudo-first-order kinetic model [57] (Fig. 10).

k
log(ge — q¢) = log g, — mt 6)

Table 2
The adsorption capacity of various adsorbents

Adsorbent Qmax (Mmg/g) Ref.

RT RT
=—InKT+-—InC 5
9@ =17 o7 nCe ®)
1.2
—a— 2g/mL
—e— 3ug/mL
104 ﬁ —a— 4ugiml
: —v— 5ug/mL
—o— 6ug/mL
—<— 7 pg/mL
0.8 1 //
[
o
8 0.6 k/"“
0.4
024 ./././.—k/*
r./a——l———I
0 1 2 3 4 5 6
log C,

Fig. 9. Linearized Freundlich isotherm for MB adsorption
onto SL.

Sumac leaves 5.8 Present study

Raw Posidonia oceanica fibers 5.56 [34]
Yellow passion fruit peel 0.0068 [37]
Egg shell 0.80 [56]
Egg shell membrane 0.24 [56]
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Fig. 10. Linearized Temkin isotherm for MB adsorption
onto SL.
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Fig. 11. Linearized pseudo-first-order kinetic plots for MB
adsorption on SL of various concentrations, experimental
conditions: adsorbent dose 0.1 g/50 mL; pH 5.

where k; (1/min) is the rate constant, g, (mg/g) is the
amount of solute adsorbed on the surface at equilib-
rium, and ¢q; (mg/g) is the amount of solute adsorbed

Table 3

J. Giilen et al. | Desalination and Water Treatment 57 (2016) 9286-9295

at any time. The value of k; for MB adsorption by SL
was determined from the plot of log(g. — q:) against ¢
(Fig. 11). The parameters of pseudo-first-order model
are summarized in Table 3.

Although, the correlation coefficients (R?) are
generally greater than 0.893 for all initial concentra-
tions under the limit of the experimental g, for the
pseudo-first-order kinetic model. As such, the adsorp-
tion of MB on SL cannot be described best by the
pseudo-first-order kinetic. In many cases, the first-
order Lagergren equation does not fit well to the
whole range of contact time and is applicable over the
initial stage of the adsorption process generally [58].
So, the pseudo-second-order kinetic model [48,59] was
used to study the adsorption kinetic of this system

t 1 1
et ) 7

where k; (g/mgmin) is the second-order rate constant.
The g, and k; are calculated from the slope and inter-
cept of the plots t/g; vs. t (Fig. 12).

The constant k, is used to calculate the initial sorp-
tion rate 1 (mg/gmin), as t > 0 as follows:

h= kquZ (8)

The pseudo-second-order rate constants kp, the
calculated h values, and the corresponding linear
regression correlation coefficients R are given in
Table 3. The R* values were found to be in the range
of (0.951-1.000). Besides, the variations between the
calculated g, and experimental g, were very minimal
for this model.

The high correlation coefficients and high agree-
ment that exist between the calculated and experimen-
tal g, values of the pseudo-second-order kinetic model
over the other model renders it best in the adsorption
of MB on SL. This confirms that the sorption data are

Comparison of the pseudo-first-order, pseudo-second-order adsorption rate constant, and calculated and experimental g,

values obtained at different initial MB concentrations

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

Co (ug/mL)  feexp (ME/8)  Gecal (Mg/g) ki (1/min) R? Gecal (Mg/g)  ky (g/mgmin) R? h (mg/gmin)
2 0.851 21.883 0.2701 0.893 0.876 0.8746 0.997 0.670
3 1.290 34.930 0.2169 0.977 1416 0.5699 0.951 1.143
4 1.885 14.454 0.3611 0966 1.915 1.0408 1.000 3.818
5 2.323 6.593 0.2017 0.891 2.597 0.1860 0989 1.254
6 2.877 1.251 0.2667 0.926  3.001 0.1898 0.998 1.710
7 3.197 3.350 0.2393 0955 3.436 0.0945 099 1.116
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Fig. 12. Linearized pseudo-second-order kinetic plots for
MB adsorption on SL of various concentrations, experi-
mental conditions: adsorbent dose 0.1 g/50 mL; pH 5.

0,0 1
2 3 4 5 6
t1/2

Fig. 13. Linearized intraparticle diffusion kinetic plots for
MB adsorption on SL, experimental conditions: adsorbent
dose 0.1 g/50 mL; pH 5.

represented well by the pseudo-second-order kinetic
for the entire sorption period. The increase in values of
the initial adsorption rates, h (Table 3) with an increase
in the initial MB concentration could be attributed to
the increase in the driving force for mass transfer,
allowing more MB molecules to reach the surface of
the adsorbents in a shorter period of time [60,61].

The kinetic results were further analyzed by the
intraparticle diffusion model to elucidate the diffusion
phenomenon [62].

g = kigt"/? + C )
where C is the intercept and kg is the intraparticle

diffusion rate constant (mg/gmin’), which is evalu-
ated from the slope of the linear plot of g, versus. t'/?
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(Fig. 13). If the regression of g, versus. t'/? is linear
and passes through the origin, intraparticle diffusion
is the sole rate-limiting step [63]. The first sharper
region is the instantaneous adsorption or external sur-
face adsorption for intraparticle diffusion plots. The
second region is the gradual adsorption stage, where
intraparticle diffusion is the rate limiting. In some
cases, there is a third region that is the final equilib-
rium stage, where intraparticle diffusion starts to slow
down due to the extremely low adsorbate concentra-
tions left in the solutions [64]. As seen from Fig. 13,
the plots were not linear over the experimental time
range, implying that more than one process affected
the adsorption phenomenon.

4. Conclusions

The results showed the potential of SL to be a low-
cost adsorbent for removal MB from aqueous solu-
tions. The optimum biosorption conditions were found
as the following: contact time: half an hour; initial pH:
5; initial dye concentration: 4 pg/mL; biosorbent dose:
0.1 g/50 mL; and temperature: 25°C. Equilibrium data
were in good consistency with Langmuir and Temkin
isotherm models. The monolayer adsorption capacity
was 5.8 mg/g at 25°C for 4 ug/mL MB solution. The
value of the separation factor, Ry, indicated the MB/
SL system was a favorable adsorption. The rate orders
of pseudo-first-order kinetic and pseudo-second-order
kinetic models for the sorption of MB onto SL were
discussed, too. The kinetic modeling study was the
indicator that the experimental data followed the
pseudo-second-order model, suggesting a chemisorp-
tion reaction. The FTIR spectra of the SL and MB
absorbed SL were the indicator of physical type
adsorption process.
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