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The adsorption performance of cationic dyes (methylene blue and malachite green) on barley straw modified by
citric acid has been studied. Barley straw modified by citric acid is a low-cost and eco-friendly adsorbent, however
the effectiveness of the adsorbent towards cationic dyes have not yet been examined. Accordingly, kinetic, equilibrium,
and thermodynamic aspects of the cationic dyes adsorption from aqueous solution were studied in order to evaluate
the citric acid modified barley straw efficiency. The modified barley straw was characterized versus unmodified matter
using Fourier Transform Infrared spectroscopy (FT-IR). FT-IR analysis showed that modification of barley straw
using citric acid allowed us to increase the number of carboxyl groups on the straw surface. Adsorption studies were
conducted on a batch process, to study the effects of contact time, concentration of cationic dyes, and temperature.
The results of kinetic experiments showed that adsorption process attained equilibrium within 120 and 90 min for
methylene blue and malachite green, respectively, and equilibrium time for both the cationic dyes was temperature
independent. The adsorption kinetics of the cationic dyes was well described by the pseudo-second order model. The
equilibrium data are analyzed by the Freundlich, Langmuir, and Temkin isotherms. The experimental data of
adsorption indicated more conformity with the Langmuir isotherm model for methylene blue and malachite green
adsorption on the modified straw. Furthermore, the thermodynamic parameters calculated at 293-333 K showed that
the adsorption of methylene blue and malachite green on the modified straw was endothermic. Negative results of
AG°-values (between —32.1 and —24.6 kJ mol™') indicated that the adsorption process was spontaneous at all the
tested temperatures. Desorption of methylene blue and malachite green from the exhausted adsorbent was estimated
using water and aqueous solutions of hydrochloric and acetic acids. Desorption efficiency follows the order:
HCI > CH3COOH > H>O. The study has revealed that citric acid modified barley straw is an effective adsorbent and
can be used as an alternative for more costly adsorbents used for cationic dyes removal from wastewater.
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INTRODUCTION for treating dye wastewater have not been widely
applied due to the high cost, time-consuming, low
efficiency, use of toxic reagents or secondary
pollution possibilities.

Currently, among the treatment methods of
wastewater containing dyes, adsorption is more
efficient, eco-friendly, easy to operate, and cost
effective [2, 7]. Nevertheless, in the adsorption
process, development of low-cost adsorbents
remains a major challenge for researchers [3]. In
this respect, such agricultural wastes as straw of
cereal plants have attracted significant attention
owing to its abundance, low cost, surface
functionality, non-toxicity, and biodegradable
properties [1, 5, 6].

As a rule, straw of cereal plants is the stalks
of wheat, barley, corn, rice, sesame, oat, rye, and
some other crops that remain after the grain is
harvested. Straw represents the major fraction of
lignocellulosic agricultural wastes generated

In the last few decades, the issue of synthetic
dyes removal from model and real wastewater has
been a matter of research in many countries [1-5]
because these pollutants get introduced to the
environment by activities of various industries,
such as the textile, pulp and paper, leather, rubber,
plastics, cosmetics, pharmaceutical, and foods.
Frequently, wastewater containing synthetic dyes
is discharged into the surface water bodies
without any prior treatment, and they can cause
serious problems to the environment and human
health due to their harmfulness and toxicity [4].

To reduce the presence of dyes in wastewater,
a variety of technique, including chemical
precipitation, coagulation, flocculation,
biodegradation, ion-exchange, oxidation,
membrane separation, and adsorption on
activated carbons, have been used [1, 4, 6].
However, many of these conventional methods
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worldwide [1]. According to [8], up to 215 million
metric tons of harvestable straw are available in
Europe (of this, 50 % is from wheat, 25 % from
corn, and 25 % from barley) and three countries
(France, Germany, and Ukraine) are responsible
for 50 % of the recorded straw volumes.
Unfortunately, the main way of disposal for the
excess straws is still incineration [1], which is not
only destruction of the atmospheric environment,
but also waste of resources. One of the promising
ways to use this precious lignocellulosic material
is to produce adsorbents [3, 5].

As a surface phenomenon, adsorption
efficiency relies heavily on the surface chemistry
of adsorbents. Chemical modification with
various chemicals alters the structure and the
surface properties of adsorbents, allows one
improving their adsorption performance [1, 2].
Generally, native straw of cereal plants as an
adsorbent has the low adsorption capacity and its
modification using citric acid increases of
carboxyl groups in lignocellulosic materials and
is efficient, economical, environmentally
friendly, and easily produced [9—17].

At the same time, for novel adsorbents’
introduction, the adsorption studies of kinetics,
isotherms and thermodynamics are essential in
supplying the basic information required for the
design and operation of adsorption equipment for

Table 1. Physicochemical characteristics of the cationic dyes

wastewater treatment. Concluding from the
literature [9—17], the kinetics, equilibrium, and
thermodynamics of cationic dyes adsorption on
citric acid modified wheat straw [9, 10], citric acid
modified corn straw [11, 12] as well as on citric
acid modified rice straw [13-15] is well
understood. In this paper, the focus of the study
was to investigate kinetic, equilibrium, and
thermodynamic aspects in order to evaluation
cationic dyes (methylene blue and malachite
green) adsorption efficiency on citric acid
modified barley straw because these issues have
not yet been examined [17].

EXPERIMENTAL

Chemical reagents CsHsO7-H,O, NaOH, HCI,
and CH3COOH were of analytical grade and
purchased from Cherkasy State Chemical Plant
(Chercasy, Ukraine). Standard buffer solutions
(pH = 1.68, 6.86, 9.18) were obtained from Kyiv
Plant of Reagents, Indicators and Analytical
Products “RIAP” (Kyiv, Ukraine). Cationic dyes
(methylene blue (MB) and malachite green (MG))
were purchased from Ukrainian company “Fine
organic synthesis plant “Barva AG”” (Yamnytsia,
Ukraine).

The cationic dyes characteristics are given in
Table 1.

. Dye
Characteristics Methylene blue Malachite green
Color Index No. 52015 42000
CHs CHs
N oN N
LI ST A
Structure CHS\,}] & ’?'/CHs A
CHs a- CHj CI@ ‘
Molecular formula C16H18N3SC1 C23H25N2C1
Van der Waals area ' (nm?) 1.01 1.19

"'Van der Waals areas of the cationic dye molecules were calculated using software package ChemAxon Marvin 5.2 [18]

Dyes stock solutions (1000 mg L") were
prepared by dissolving an accurately weighed
amount of the cationic dyes in distilled water and
further diluted to the working solutions in the
range of 10 to 1000 mg L' at the pH value of 6.0.
The solution pH was adjusted with 0.1 M HCI
and 0.1 M NaOH solutions using a pH meter
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(Universal ionomer EV-74, Gomel, Belarus)
calibrated with standard buffer solutions.

All adsorption experiments were carried out
at the pH value of 6.0. Our preliminary studies
showed that adsorption removal of the cationic
dyes on BS-C was maximum at pH = 6-10
(removal efficiency of methylene blue: 94-98 %,
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malachite green: 85-92 %), while the adsorption The sample of citric acid modified barley
removal of the cationic dyes on BS-C at straw (BS-C) was used from our previously
pH = 2—4 had decreased (removal efficiency of research [20]. The modified barley straw was
methylene blue: 45-65 %, malachite green: soaked in distilled water for 1 h, then washed
39-53 %). It was also taken into account that, the repeatedly with distilled water to remove
color change of the dye in solution can occur due completely unreacted citric acid. The presence of
to a chemical reaction between the dye cations citric acid in wash waters was tested by adding
and OH-ions in pH range between 8.0 and 11.0 0.1 M lead(Il) nitrate solution. Washing was
[19]. terminated when no turbidity from lead(II) citrate
Raw barley straw was collected from the was observed. The dried BS-C was kept in plastic
countryside in the Odesa region, Ukraine. The container and preserved in a desiccator for further
agricultural waste was dried at room temperature use.
for several days until its moisture was 8 %, and In our previously research [20] the
then ground in the electrical universal grinder and characteristics of BS-C versus with unmodified
sieved to obtain the fraction < 250 pm. This barley straw (BC) were also obtained, and they
material was further applied for the preparation of are presented in Table 2.

surface modified adsorbent.

Table 2. Characteristics of BS and BS-C

Adsorbent Spemﬁinsl;l;?)c e Area PHpzc (mClr(l)o(l);l‘l)
BS 18.8 5.1 0.9
BS-C 434 3.5 3.4

FT-IR analysis was used to determine the adsorbent (g, mg/g), which represents the dye
functional groups in BS and BS-C. The spectra uptake, was calculated according to Equation (1):
were collected on a Fourier transform infrared c—c
(FT-IR) spectrophotometer (Perkin-Elmer q= ‘;n % 9]
Spectrometer, Waltham, MA, USA) and scanned
from 800 to 4000 cm™'. In each case, 1.0 mg of where C, is the initial dye concentration, mg L™';
dried sample and 100.0 mg of KBr were C is the dye concentration after adsorption at time
homogenized using mortar and pestle and t, mg L™'; m is the mass of the adsorbent; g; V is
thereafter pressed into a pellet using a press. the volume of the dye solution, L.

Both kinetic and isotherm tests were The concentrations of methylene blue and
conducted on a batch process under atmospheric malachite green in liquid phase before and after
conditions in a rotary shaker (Elpan type 357, adsorption were estimated by monitoring the
Lubawa, Poland), stirred at 150 rpm and a change in absorbance values at maximum
constant temperature (293, 313, and 333 K). The wavelengths of 665 and 617 nm, respectively,
kinetic tests were carried out by varying contact using a UV/VIS spectrophotometer (SF-56,
time from 5 to 210 min at 35 mg L™ of the dye Spectral, LOMO, St. Peterburg, Russia).
concentration and 5 g of BS-C in 500 cm® of the When time ¢ is equal to the equilibrium time
dye solution. The isotherm tests were conducted (t.), the amount of the dye on the adsorbent at
by contacting 10 cm® of dye solutions with equilibrium time (g.) was calculated using
different initial concentrations (20-1000 mg L™) Equation (1).
and 0.1 g of BS-C in 50 cm’ conical flasks at In order to ensure the reproducibility of the
equilibrium time (for methylene blue and results, all the adsorption experiments were
malachite green 120 and 90 min, respectively). performed in triplicate, and the average values

After adsorption, treated water was drawn and were used in data analysis. Relative standard
centrifuged at 4000 rpm for 10 min using deviations were found to be within £3 %.
laboratory  centrifuge  (OPN-8,  Bishkek, Desorption experiments were performed on
Kyrgyzstan). The amount of the dye on the the BS-C with preadsorbed cationic dyes using
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various eluents: H,O, 0.1 M HCI, 0.2 M HCI, and
0.1 M CH;COOH. Desorption studies were
carried out according to [11]. The efficiency of
dye desorption removal was calculated by
Equation (2):

s = 4¥d . 1009,
de'm

2)

where g. is the equilibrium amount of the dye
adsorbed on the adsorbent, mg g ' ; Cy is the dye
concentration in solution after desorption, mg L™";
V4 1s the volume of the eluent, L; m is the mass of
the adsorbent, g.

The adsorption kinetics of the cationic dyes
on BS-C was investigated the pseudo-first order
(Equation (3)), pseudo-second order (Equation
(4)), Elovich (Equation (5)), and Weber—Morris
(intraparticle diffusion) (Equation (6)) kinetic
models:

ln(Qe - Q) = Inq, — kit (3)

t 1 t

E N k2q2 + q_e ’ (4)
=1In(ap) + nt (5)

q B Vi

q=kigt? +1, (6)

where ¢g. and g are the amounts of the dye on the
adsorbent at equilibrium and various time ¢,
respectively, mg g '; k; is the adsorption rate
constant of pseudo-first order model, min"'; & is
the adsorption rate constant of pseudo-second
order model, g mg™' min'; a is the initial
adsorption rate, mg g ' min"'; £ is the desorption
constant, g mg'; kg is the adsorption rate
constant of the intraparticle diffusion model,
mg g ' min "% I is the constant, which gives an
idea about the boundary layer thickness, mg g”'.

The adsorption isotherms for adsorption
removal of the cationic dyes on BS-C were
investigated using two-parameter adsorption
models, viz., the Freundlich (Equation (7)),
Langmuir (Equation (8)), and Temkin (Equation
9)):

Co 1, Ce
de qmKL + am’ (7)
Ing, = InKy +~InC, , (8)
qe == InKp + = InC, , 9)
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where C. is the equilibrium dye concentration in
solution, mg L™'; Kr is the Freundlich constant
related to the adsorption capacity, mg' =" L "™ g!;
1/n is the adsorption intensity; g, is the monolayer
capacity of the adsorbent, mg g ' ; K, is the
Langmuir constant that relates to energy of
adsorption, L mg™' ; K7 is the Temkin equilibrium
constant corresponding to the maximum binding
energy, L g'; b is the heat of adsorption, kJ mol™.

The adsorption thermodynamic parameters
(standard Gibbs free energy change (AG"),
standard enthalpy change (AH°), and standard
entropy change (AS°)) are wused in the
determination of spontaneity of the adsorption
process, the nature of the adsorption process, and
the adsorbent applicability [21]. In this study the
thermodynamic parameters were calculated by
equations (10)—(12):

AG° = —RTInK® , (10)
Ko =Ky -y->2, (1)
Inko =" 4.1 (12)

where AG’ is the standard Gibbs free energy
change, J mol™!; R is the universal gas constant
(R = 8314 J mol' K™"); T is the absolute
temperature, K; K° is the dimensionless
thermodynamic adsorption constant; K; is the
Langmuir constant, L mol™'; y is the number of
moles of pure water per liter, mol L™'; 5, and s are
the van der Waals arecas of water (s,
(H,0) = 0.0959 nm?) and dye molecules (the data
are presented in Table 1); AS® is the standard
entropy change, J mol™' K™'; AH’ is the standard
enthalpy change, J mol ™.

The values of AS° and AH° were evaluated
from the intercept and slope of the van’t Hoff plot
of In K’ vs. 1/T, respectively [19], assuming that
AH’ and AS’ are temperature independent from
293 to 333 K.

The applicability of the employed models for
the experimental adsorption kinetic and
equilibrium data was analyzed on the basis of
linear regression coefficient (R*), standard error
(SE) and chi-square test (x?).

SE and x* — values were calculated using
Equation (13) and Equation (14) respectively:

SE = \/Z?’zl(Qi,calc_qi,eXp)z , (13)

N-2
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Zz _ ZN (qi,calc_qi,exp)z
- 2

i=1

Qicalc (14)
where ¢icqc 18 the theoretical amount of the
adsorbed dye on the adsorbent, which was
calculated from one of the isotherm or kinetic
model equations, mg g ' ; gy is the experimental
amount of the adsorbed dye on the adsorbent,
mg g ' ; Nis the number of the data points.

The higher values for R* and the smaller
values for SE and x° were taken into account
when choosing the most suitable adsorption
models.

RESULTS AND DISCUSSION

Characterization of adsorbent. FT-IR
spectra of BS and BS-C are shown in Fig. 1. The
characteristic broad peaks at 3340 and 3357 cm™
corresponds to —OH stretching vibration of
hydroxyl functional groups in the structure of BS
and BS-C, respectively [19]. The absorption
bands at 2918 and 2920 cm ' in BS and BS-C,

of —CH bond in methyl and methylene groups
[7, 22]. The peaks at 1163 and 1162 cm™' in BS
and BS-C, respectively, are related to C—O-C
vibration in cellulose and hemicellulose [22]. The
peak at 1371 cm™' is related to —CH stretching
vibration of cellulose/hemicellulose and other
groups that are bound to methyl radicals, which
are common in lignin [22]. The peaks at 1426 and
1428 cm™' in BS and BS-C, respectively, are
related to stretching vibration C—O from carboxyl
group [22]. Comparing the IR spectra of BS and
BS-C showed a strong characteristic stretching
vibration absorption band of carbonyl group at
1733 ecm™ [22] in IR spectrum of BS—C. This
result reflected esterification between the citric
acid and —OH groups of the cellulose in the barley
straw.

The similar results indicating increase in
carboxyl groups of lignocellulosic materials after
their modification by citric acid were also
published by Han et al [10] and Gong

i 7 g Do et al [14].
respectively, were assigned to stretching vibration
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Fig. 1. FTIR spectra for BS and BS-C

Kinetic studies. The kinetic curves of
methylene blue and malachite green adsorption
on BS-C at different temperatures are shown in
Fig. 2.

As can be seen from Fig. 2, the cationic dyes
adsorption was rapid initially due to abundantly
available active sites on the adsorbent surface that
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got occupied with time and finally reached
equilibrium. The time taken to reach equilibrium
was found to be 120 and 90 min for methylene
blue and malachite green, respectively, and
temperature independent. The similar result
indicating  temperature  independence  of
equilibrium time (100 min) of methylene blue
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adsorption on citric acid modified wheat straw
was also published by Zhang et al. [3].

The kinetic studies are useful for the
prediction of adsorption rate and give important
information for the adsorption process designing
and modeling. For better understanding the

adsorption process, kinetic curves were fitted with
four kinetic adsorption models (pseudo-first
order, pseudo-second order, Elovich, and Weber—
Morris). Parameters of the kinetic models
obtained from linearized form of equations are
summarized in Table 3.

0 50 100 150 200 250
t (min) t (min)
Fig. 2. Kinetic adsorption curves of MB («) and MG (b) on BS-C at different temperatures
Table 3. Comparison of the kinetic models
Kinetic Parameter MB MG
model 293 K 313K 333 K 293 K 313K 333K
Experimental t. (min) 120 120 120 90 90 90
data go? (mggh 2.44 2.74 2.91 2.33 2.85 3.05
g (mg g ) 2.26 2.17 1.50 247 3.16 2.77
Pseudofirst k77102 (min™") 2.21 2.85 3.93 2.71 4.75 6.33
order R? 0.9995 0.9968 0.9511 0.9926 0.991 0.9964
SE 0.23 0.64 1.50 0.14 0.33 0.31
x? 0.51 3.58 24.62 0.16 0.46 0.54
g (mg g™t 2.95 3.02 3.03 2.96 3.19 3.20
krl0(gmg™ o 1.94 4.95 0.77 1.67 4.15
Pseudo-second min~)
order R? 0.9946 0.9985 0.9998 0.9826 0.9945 0.9989
SE 0.08 0.07 0.04 0.21 0.15 0.15
x? 0.04 0.03 0.01 0.15 0.14 0.11
o (mg g ! min) 0.18 0.37 1.54 0.06 0.29 0.71
B(gmg™) 1.55 1.51 1.88 1.38 1.15 1.37
Elovich R? 0.9666 0.9948 0.9812 0.9415 0.9915 0.9625
SE 0.11 0.04 0.09 0.65 0.13 0.18
Y2 0.20 0.01 0.03 0.06 0.13 0.10
kia (mg g™ 0.20 0.26 0.20 0.02 0.25 0.27
min %)
Weber and I(mgg™h 0.13 0.32 1.19 0.46 0.22 0.83
Morris R? 0.9917 0.9768 0.8824 0.9057 0.9591 0.8667
SE 0.26 0.08 0.15 0.76 0.10 0.22
x? 0.08 0.05 0.10 9.27 0.07 0.21

The data given in Table 3 showed that the
predicted g. values estimated from the pseudo-
first order kinetic models in general differed from
the experimental values for both cationic dyes. In
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case of the pseudo-second order kinetic model,
the ¢g. values calculated are close to the
experimental values ¢.. One suggestion for the
differences in experimental and theoretical g.
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values is that there is a time lag, possibly due to a
boundary layer or external resistance controlling
at the beginning of the adsorption [23]. It can be
also seen that the R* values for the pseudo-second
order model are very high and the SE and
y*-values are very small as compared to the
pseudo-first order model. It implies that
experiment results of adsorption kinetics support
the assumption in the pseudo-second order model
that the rate limiting step in adsorption of dyes is
chemisorption [16, 23, 24]. The citric acid was
used as a modificator of barley straw. It contains
three carboxylic acid groups, the ester formation
at modification of straw provided covalent
attachment of free carboxyl groups, and these
groups are very effective in capturing dye cations
from aqueous solution.

The Elovich equation could also be used to
describe adsorption of cationic dyes on BS-C
since the R* values are between 0.9415 and
0.9948, and the SE and 4 — values are more than
in the pseudo-second order model but less than
those in the other studied kinetic models
(Table 3). It was found that the values of the initial
adsorption rate and desorption constant varied as
a function of temperature. The initial adsorption
rate increased in 8.6 and 11.8 times for methylene
blue and malachite green, respectively, as the
temperature increased from 293 to 333 K. The
desorption constant fluctuated with change of

Table 4. Comparison of the isotherm models

temperature for both cationic dyes: £ values
decreasing when the temperature increased from
293 to 313 K and then increasing at 333 K.

As it is listed in Table 3, in the case of the
Weber—Morris kinetic model the linear plots ¢g; vs
#'” did not have zero intercepts, it can be inferred
that the cationic dyes removal on BS-C is
governed by both film diffusion and intraparticle
that diffusion together [23]. It was found
(Table 3), in most cases the calculated values of
ki and I are close, which can be explained by the
almost equal contribution of diffusion in the pores
and surface diffusion.

Equilibrium studies. Equilibrium adsorption
isotherms play a major role in determining the
interactive behaviors between the adsorbates and
adsorbents [3] and allow calculating maximum
capacities of adsorbents. The adsorption
isotherms of methylene blue and malachite green
on BS-C at different temperatures are obtained by
plotting g. in terms of C, and presented in Fig. 3.
As can be seen from Fig. 3 the isotherms obtained
are of type L according to the classification of
Giles [25] which shows that the process of
adsorption of the cationic dyes on BS—C could
occur in monolayers.

According to Fig. 3 and Table 4, the
adsorption capacity for both cationic dyes on
BS-C increased as the temperature increased
from 293 to 333 K, indicating that the adsorption
was an endothermic process.

Isotherm Parameter MB MG
model 293 K 313K 333 K 293 K 313K 333K
gm (mg g™ 23.15 24.81 26.60 19.46 22.73 25.13
K; 102 (Lmg™") 3.33 3.88 5.36 1.47 3.12 6.76
Langmuir R? 0.9994 0.9997 0.9996 0.9966 0.9983 0.9998
SE 0.79 0.70 1.44 0.89 1.11 1.20
r? 0.54 0.30 1.40 0.62 1.16 0.96
1/n 0.33 0.32 0.30 0.39 0.34 0.28
K (mg! " Lln g1y 2.80 3.36 4.31 1.59 2.80 4.83
Freundlich R? 0.8233 0.8571 0.7705 0.8519 0.7939 0.8712
SE 3.55 3.75 4.74 2.80 3.83 4.13
x? 5.81 5.82 9.24 3.85 6.45 6.34
Kr(Lgh 1.27 1.22 4.03 0.25 1.34 4.35
b (kJ mol™) 0.767 0.721 0.829 0.682 0.778 0.855
Temkin R? 0.8979 0.9154 0.9419 0.8979 0.9154 0.9419
SE 2.19 2.07 3.16 2.94 3.76 3.39
v 3.26 2.61 5.62 7.92 10.03 8.84
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Fig. 3. Adsorption isotherms of MB (a) and MG (b) on BS-C at different temperatures

The maximum Langmuir adsorption capacity
for methylene blue increased from 23.15 mg/g at
293 K to 26.60 mg/g at 333 K, and for malachite
green, it increased from 19.41 mg/g at 293 K to
25.13 mg/g at 333 K (Table 3). The positive
influence of temperature on the adsorption of the
cationic dyes on BS-C can be related to the
enhancement of the diffusion rate of the dye
cations through the boundary layer due to
decrease of solution viscosity as well as
increasing of mobility of the dye cations in
internal pores of BS-C. The positive influence of
temperature on adsorption of methylene blue and
crystal violet has been also observed on citric
acid-modified wheat straw [9, 10] and citric acid-
modified sesame straw [16].

From the Langmuir model only one dye
molecule is adsorbed on each adsorption active
site to form a monolayer. The Freundlich model
describes adsorption on heterogeneous surfaces
following a multilayer adsorption mechanism.
The Temkin isotherm considers the effect of the
adsorbate interaction on the adsorbent based on
the uniformly distributed binding energies. It also
assumes that the heat of sorption of all the
molecules in the layer decreases linearly with
coverage due to adsorbate/adsorbent interactions
[26].

According to Table 4, for all the temperatures,
R? values being higher for the Langmuir model
than for the Temkin and Freundlich models
(Langmuir > Temkin > Freundlich). In addition,
this result for the Langmuir model also
compliments to the error function analysis where
the calculated value of SE and x? are the lowest
among the three isotherm models. Feng et al. [16]
used citric acid modified sesame straw for the
removal of methylene blue from the solution and
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obtained that the Langmuir model gave better fit
for the isotherm data than the Freundlich model.
The applicability of the Langmuir model indicates
as a result the use of monolayer coverage of
methylene blue and malachite green on the
surface of BS-S.

Temkin revealed that in physical adsorption
the adsorbate is absorbed by the electrostatic force
of interaction [27]. Moreover, in agreement with
the cationic dyes adsorption change with
temperature (Fig. 3), the adsorption process is

endothermic since b values from Temkin
isotherms are positive [26].
Thermodynamic studies. The thermo-

dynamic parameters of adsorption (AG°, AH°,
AS°) of methylene blue and malachite green on
BS—C are shown in Table 5.

The analysis of these thermodynamic
parameters reveals that the negative value of
standard free energy change indicates that the
adsorption of both cationic dyes on BS—-C was
spontaneous and thermodynamically favored. The
decrease of the AG° values with increasing
temperature from 293 to 333 K shows that
adsorption is more favorable at high temperature.
The AH°—values were positive for both cationic
dyes, which indicates the adsorption was an
endothermic reaction. The AS® — values are
positive, which means that the cations of the dyes
in the aqueous phase are more organized than
those in the solid-liquid interface.

In addition, when AH° < 20 kJ mol !, the
physical adsorption is affected by van der Waals
interactions [28]. Generally, a value of 4G° in
between 0 and —20 kJ/mol is consistent with
electrostatic interaction between adsorption sites
and the adsorbing ion (physical adsorption) while
a more negative 4G° value ranging from —80 to
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—400 kJ/mol indicates that the adsorption
involves charge sharing or transferring from the
adsorbent surface to the adsorbing ion to form a
coordinate bond (chemisorption) [29]. The

calculated value presented in Table 5 suggests the
cationic dyes adsorption on BS—C based on
physisorption and enhanced by a small chemical
effect [30].

Table 5. Thermodynamic parameters of adsorption of the cationic dyes on BS—C

Dye T (K) K107 —-AG° (kJ mol™) AH° (kJ mol™) A48° (J K mol ™)
293 5.6 26.6
MB 313 6.5 28.9 9.6 123
333 9.0 31.6
293 2.3 24.6
MG 313 5.1 28.2 30.9 189
333 1.1 32.1
100 —
80 OMB @MG
60
Y
40
20 | ﬂ
0 [l M
HC1 (0,2 M) HC1(0,1M) CH3COOH (0,1 M) H)0
Eluent

Fig. 4. Desorption of the cationic dyes from dye-loaded BS-C by different eluents

Desorption studies. In general, desorption
studies of dyes are important to understand
adsorption nature and their results can help to
reuse an adsorbent in practical applications for
dye removal from wastewaters [31]. Reversibility
of adsorption depends on the strong (covalent and
ionic bindings) and weak (van der Waals’ forces
and a dipole—dipole interaction) binding forces
that formed between the adsorbent surface and
dye ions.

In desorption studies, it is selected a certain
type of eluent, an exhausted adsorbent is treated
with this eluent, and it is studied the bond broke
between adsorbent and adsorbate. Selection of
eluent for desorption is based upon type of
adsorbate-adsorbent system [10]. Desorption of
methylene blue and malachite green from
exhausted BS-C was estimated using 0.1 and
0.2 M hydrochloric acid, 0.1 M acetic acid, and
H,O. Fig. 4 shows the desorption efficiency of
these eluents. Hydrochloric acid (0.2 M) was
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found as being the best eluent with efficiency of
about 99 % for methylene blue and 96 % for
malachite green. According to [6], acid is an
effective eluent for desorption of cationic
adsorbates. In this case, ion exchange process
between adsorbent-adsorbate system and eluent is
involved in desorption.

The number of positively charged sites on
BS—C increases under acidic conditions. It can
increase the desorption efficiency of the cationic
dyes due: 1) to the electrostatic repulsion between
positively surface of BS-C and cations of the
dyes; ii) to the abundance of hydrogen ions in the
acidic solution and its exchange with the dye
cations. Thus, the desorbing agents that can
generate more cations in the solution especially
hydrogen ions are more effective eluents for the
cationic dyes’ adsorption from the adsorbent
surface [32].

Desorption efficiency of the cationic dyes
from exhausted BS—C using distilled water and a
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solution of CH3;COOH was obtained as follows:
10 and 23 % of methylene blue; 7 and 13 % of
malachite green, respectively.

CONCLUSIONS

In this paper, kinetic, equilibrium, and
thermodynamic studies of cationic dyes
adsorption (methylene blue and malachite green)
on barley straw modified by citric acid were
carried out. The evaluation of the kinetic studies
revealed that among the kinetic models tested
(pseudo-first order, pseudo-second order,
Elovich, and Weber—Morris models) the pseudo-
second order model better describes the
adsorption kinetics for the cationic dyes on
modified barley straw. The Langmuir isotherm
model best fitted the data both for methylene blue
and malachite green adsorption on modified

barley straw than the Temkin and Freundlich
isotherm models. It was found that the maximum
adsorption capacity of modified barley straw was
noticed to increase with increasing of temperature
from 293 to 333 K. The positive values of AH°
confirmed the endothermic adsorption nature of
the cationic dyes on modified barley straw. The
negative values of AG® approved the favorability
and spontaneity of the adsorption process. The
positive values of AS° pointed out that the dye
cations in the aqueous phase are more organized
than those in the solid-liquid interface. Desorption
efficiency follows the order HCI > CH;COOH >
H,O. The results obtained from this study showed
that citric acid modified barley straw in batch
mode was an effective adsorbent for removing
both methylene blue and malachite green from
aqueous solutions.

AncopOuisi KaTiOHHUX OapBHUKIB HA COJIOMi TUMeHI0, MOAU(iIKOBaHii JTUMOHHOIO
KHCJIOTOI: KiHeTHYHI, PiBHOBAKHI Ta TEPMOAUHAMIYHI JOCTIIKEHHS

JI.M. Coapgarkina, M.A. SInap

Ooecwkuti HayionanvHull yHisepcumem imeni 1.1 Meunuxosa
syn. Jleopaucweka, 2, 65082, Oodeca, Ykpaina, soldatkina@onu.edu.ua

Y pobomi oocnioxnceni aocopbyitini enacmueocmi KamioHHUX OAPEHUKIE (MEMUIEH08020 OIAKUMHO2O MdA
Manaximosozo 3ej1eH020) Ha CONOMI SUMEHIO, MOOUPDIKOBaHIU TUMOHHOIO Kuciomoro. Conoma sumeHio, MoOupiKoeana
JUMOHHOIO KUCTOMOIO, € 0eutesUM Ma eKOJI0IYHO YUCTUM AOCOPOEHMOM, OOHAK eqheKMUBHICIb Yb020 A0COPOEHMA OO0
BUTIYYEHHSI KAMIOHHUX OAPEHUKIG wje He eusueHd. [[is uUsHauen s eeKmusHOCmi MOOUDIKOBAHOT TUMOHHOIO KUCTIOMOIO
conomu TUMeHI0 OV QOCTIONCEH] KIHeMUYHI, PIGHOBANICHL MA MEPMOOUHAMIYHI ACNEKmU a0COpOYLl KamioHHUX OaPEHUKIG.
3a donomozoro inghpauepsonoi cnekmpockonii 3 nepemeopennsiv @yp e (FT-IR) oxapaxmepu3zyeanu MoOUQpIKosamy coiomy
y nopigHanui 3 Hemoougikosanor. FT-IR ananiz noxazas, wjo Moougikayis conomu siuMeHI JTUMOHHOI KUCIOMON
003601U1a 30ITLUUMU  KITLKICMb KAPOOKCUTbHUX 2PYN HA NO8epXHi conomu. JJocniodceno 6naug 4acy KOHMAKmy,
KOHYeHmpayii KamioHHUX OApeHUKI6 ma memMnepamypu Ha aocopOyiiiHe eULy4eHHs KamioHHux oapeHukis. Kinemuuni
00CIOAHCEHHS NOKA3AU, WO npoyec aocopdyii docsaeae pisHosazu npomszom 120 ma 90 x6 015 memunieH08020 6IAKUMHO20
i Manaximoeozo 3e1eH020 8IONOBIOHO, A Yac 6CMAHOBNEHHS PigHO8A2U Ol 000X KAMIOHHUX OAPEHUKIE He 3a1exCcums 6i0
memnepamypu. Kinemuxa aocopbyii kamionnux 6apeHuxie 0obpe onucysanacs Mooewno Nceso0oopy2020 HOPAOKY.
Pisnosaoicui oani npoananizyeanu 3a donomoeoro izomepm @petinonixa, Jlenemopa ma Toomkina. Excnepumenmansui
i3omepmu  adcopoyii MemuieH08020 ONAKUMHO20 MA MALAXIMOB020 3e€1eH020 HA MOOUQDIKOBAHINL CONOMI SUMEHIO
Haukpauje onucytomocst izomepmoro Jlenemiopa. Kpim moeo, mepmoounamiuni napamempu, pospaxosani npu 293—-333 K,
noKasanu, wo aocopoyisi MemuneHo06020 ONAKUMHOZ0 | MAIAXIMOBO20 3€eHO20 HA MOOUDIKOBAHIT CONIOMI sUMeHIo bYa
enoomepmiunoio. Hezamusni pesynomamu éenuuun AG® (6i0 —32.1 00 —24.6 kllowc monv ') niomeeposicyioms, wjo npoyec
aodcopOyii € CHOHMAKHUL NPU BCIX QOCTIONCEHUX memnepamypax. [{ecopoyito MemuneHo06020 OIAKUMHOZ0 | MAIAXIMO8020
3€NeH020 3 BIONPAYbOBAHO20 AOCOPOEHMA OYIHIOBANU 34 OONOMO20K 800U MA B0OHUX PO3UUHIE COIAHOI MA OYmMogoi
kucnom. Eghexmusnicmeo piznux enroenmie npu 0ecopoyii KamioHHUx 6apeHUKIE MOJICHA ONUCAMU 3d OONOMO20H0 MAKO20
paoy: HCl > CH3COOH > H>O. Ilpogedeni 0ocniodiceHHs NOKA3AM, WO AYMIHHA CONOMA, MOOUDIKOBAHA TUMOHHOK
KUCTIOMOI0, MOJice OYmU anbmepHamueor Oiibll 0opocumM aocopOeHmam, sKi SUKOPUCMOBYIOMbCA Ol BUTLVYEHHS
KAMIOHHUX OQPBHUKIB 31 CIMIYHUX 80O.

Knwwuosi cnosa: mooughikosana conoma siuMeHlo, TUMOHHA KUCIOMA, adcopbyis, pieHosaza, KiHemMuxda,
mepmMoOuUHaAMIKA
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