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INTRODUCTION

Synthetic dyestuffs widespread in textile, paper printing,
food, cosmetics, pharmaceutics industries and color photography
are of great concern as important environmental pollutants to
well-being of humans and ecosystems since there are more
than 10000 commercially available dyes most of which are
difficult to biodegrade due to their complex aromatic molecular
structure and synthetic origin'>. Therefore, an effective process
for the removal of dyes before their disposal as wastewaters is
of environmentally and economically great importance®.
Traditional treatment methods to achieve decolorization of
such wastewaters include chemical coagulation and/or ozona-
tion, electrochemical treatment” and biological treatment’.
However, these common treatment methods are often ineffec-
tive in decolorizing of dyes which are formed from highly
complex and variable chemical structures™'. Adsorption technique
has been showed to be an effective process for the removal of
color from dye wastewaters as well as for the treatment of
industrial wastewaters owing to its efficiency, flexibility and
economic feasibility'' ">,

Numerous kinds of adsorbents such as (dehydrated) wheat
bran carbon'’, (dehydrated) peanut hull*'?, chemically treated
tomato waste', natural bentonite', chitosan'® and dead pine
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Soybean cake was utilized as an adsorbent for the decolorization of Reactive Red 195 from aqueous solution based on adsorption, |
ultrasound and ultrasound-assisted adsorption. This study quantified and modeled effects of the following six factors on decolorization |
efficiency: the three process types, five initial dyestuff concentrations, five initial pH values, four adsorbent concentrations, four temperatures |
and 16 reaction times. Optimum pH for adsorption was determined as 2. The maximum decolorization efficiency (93.3 %) was obtained
consistently with ultrasound-assisted adsorption, the lowest initial dye concentration (200 mg/L), the highest adsorbent concentration |
(2 g/L) and the highest temperature (50 °C). The best-fit multiple non-linear regression models accounted for 85.1 to 93.3 % of variation |
in decolorization efficiency, had a cross-validation-derived predictive power that ranges from 84.2 to 92.8 % and quantified the rates of |
change in decolorization efficiency as a function of the experimental predictors. Pseudo-second-order kinetic model described decolorization |
kinetics of Reactive Red 195 better than pseudo-first-order kinetic model. The Langmuir adsorption model fitted the adsorption equilibrium |
data better than the Freundlich model. The adsorption of Reactive Red 195 on soybean cake was found to be of endothermic and spontaneous |
|
|

Keywords: Color removal, Isotherms, Kinetics, Data-driven modeling, Soybean cake.

needles' have been used in the decolorization process.
Recently, the use of adsorbents of vegetable origin has gained
increasing importance through which non-toxic by-products
and wastes are used as an ecologically benign alternative in
decolorization of textile dyes. Soybean cake as a by-product
of oil industry is generally used as a domestic animal feed and
to our best knowledge, has not been explored as an adsorbent
for reactive dyestuffs.

Nowadays, advanced oxidation processes such as
ozone oxidation, ultrasound irradiation, photocatalytic
degradation and electro-Fenton process have also gained
importance in a wide variety of application fields, especially,
in the treatment and decolorization of dye solutions from
wastewaters'"'®, There exists recently increased interest in the
applications of sono-chemical treatments to wastewaters
contaminated with dyes, aromatic compounds and/or
chlorinated hydrocarbons'**. Ultrasound causes the formation,
growth and sudden collapse of acoustic cavitation-induced
micro bubbles in an irradiated liquid leading to high localized
temperatures (up to 5000 °C) and pressures (hundreds of
bars)**. Although most organic compounds can be decom-
posed by the ultrasonic irradiation, much effort has been
devoted to accelerate the decomposition rates that are still slow
for practical uses".
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In present study, decolorization efficiency by soybean
cake of dyestuff aqueous solutions of Reactive Red 195
(RR195) using adsorption, ultrasound and ultrasound-assisted
adsorption was quantified as a function of process type, dye
concentration, adsorbent concentration, temperature and
reaction time.

EXPERIMENTAL

Soybean cake was used in the present study as an
adsorbent and was supplied from a local oil firm in Ordu,
Turkey. Soybean cake was sieved using American Society for
Testing and Materials (ASTM) standard sieves (E-872 and D-
1102) after being grinded using a ball mill (Mertest LB 220).
In all the experiments, soybean cakes sieved to 50-100 mesh
size were used without any other treatment. Surface area and
porosity of soybean cake were measured using a BET analyzer
(ASAP 2020, Micnometrics Inc., USA) based on liquid N,
adsorption onto adsorbent at 77 K. Prior to BET analyses,
soybean cake was subjected to pre-treatment of degassing at
1.3 x 102 Pa for 6 h. Surface area of soybean cake was
measured at 2.08 m%/g. Porosity of soybean cake was measured
determining the total amount of adsorbent held at a relative
pressure of 0.95. Results showed that soybean cake had a fairly
porous structure. Chemical properties of soybean cake was
determined using a FTIR spectroscopy (ATI Unicam Mattson
1000) (Fig. 1). After soybean cake was mixed with KBr with
amass ratio of 1:33, the mixture was treated under a hydraulic
pressure of 490.3 MPa for two minutes in order for all the
samples to become pellets. Pellets of 1 mm in thickness were
dried in an oven (DV452, Chanel, China) for 2 h. Zero point
charge (pH,,.) of soybean cake and isoelectric point (pHi,) of
Reactive Red 195 were also measured using a zeta potential
meter (Zetasizer, 3000HSA, Malvern, UK) and a titration
method, respectively, according to Dincer et al.’.
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Fig. 1. FTIR spectroscopy of soybean cake

The commercial azo dye with the Color Index generic name
of Reactive Red 195 (RR195; C3;H9CIN;0;9S¢Nas; molecular
weight = 1136.31 g/mol; Au. = 540) was obtained from a local
textile firm in Duzce (Turkey) and was used without further
purification. The stock solutions of Reactive Red 195 were
prepared in a constant concentration of 1.0 g/L and then diluted
to appropriate concentrations. Working solutions of the desired
concentrations were obtained using successive dilutions. The

initial pH of each solution was adjusted to the required value
with concentrated and diluted H,SO4 and NaOH solutions
before mixing the soybean cake.

Batch sorption experiments were carried out following
the experimental set-up shown in Fig. 2. The experiments were
performed in a 1000 mL cylindrical jacketed vessel put on
an overhead mechanical stirrer (IKA RW 20, Kutay Group,
Turkey) which stirred the mixture at an agitation speed of 400
rpm. The agitator was used to have well-mixed suspension
characteristics for the solid particles. The vessel was set in a
digital ultrasonic cleaner (Wise Clean WUC DO6H, Wisd
Laboratory, Germany) operating at a frequency of 40 kHz.
Soybean cake concentration of 1 g/ was contacted with
Reactive Red 195 solution of 500 mL for the decolorization
of aqueous dye solutions. The experiments were repeated for
the three process types of adsorption, ultrasound and ultrasound-
assisted adsorption, the five initial pH values of 1, 1.5, 2, 2.5
and 3, the five initial dye concentrations of 200, 225, 250, 275
and 325 mg/L, the four adsorbent concentrations of 0.5, 0.75,
1.0 and 2.0 g/L, the four temperatures of 20, 30, 40 and 50 °C
and the 16 reaction times of 0, 5, 10, 15, 20, 25, 30, 45, 60, 75,
90, 120, 150, 180, 210 and 240 min. Ultrasound power used
for the treatments was 510 W.
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Fig. 2. Schematic view of the experimental set-up used in the present study

The solutions were analyzed at predetermined time intervals
for the final concentration of Reactive Red 195 using a UV/
visible spectrophotometer (Shimadzu UV-2100, Biomerieux,
France) at a wave length of 540 nm for the maximum absorbance
value. Dye concentration was calculated from a calibration
curve. Decolorization efficiency (DE, %) at any time was
estimated as follows™:

A —-A

DE =2 "t %100 (1)

o

where A, and A, are the initial and measured absorbance values
of the samples at a specified interval during a 4 h reaction,
respectively. Dyestuff concentration (Crrios, mg/L) after each
experiment was calculated using the best-fit calibration graph
(absorbance = 0.0189 x Cggyos; R* = 0.99; p < 0.001).

Reaction kinetics parameters (rate and order of reaction
rate) of the three process types were derived from the experi-
mental data and were used to estimate activation energy of
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reaction for the processes. Langmuir and Freundlich isotherm
studies were performed under pH 2, the initial dye concen-
tration range of 200 to 500 mg/L, the 4 h reaction time and the
temperature range of 20 to 50 °C. Finally, enthalpy, Gibbs
free energy change and entropy were determined using isotherm
constants.

Decolorization efficiency was tested as a function of (1)
the initial dye concentrations, the process types and the reaction
times under the constant adsorbent concentration (1 g/L) and
temperature (20 °C); (2) the adsorbent concentrations, the
process types and the reaction times under the constant dye
concentration (250 mg/L) and temperature (20 °C) and (3)
temperature, the process types and reaction time under the
constant dye (250 mg/L) and adsorbent (1.0 g/L) concentra-
tions. Anderson-Darling test and the plots of both residuals
versus fitted values and residuals versus the order of the data
were applied to check the assumptions of normality, constant
variance and autocorrelation, respectively, prior to the implemen-
tation of the parametric tests of analysis of variance (ANOVA)
and multiple non-linear regression (MNLR). Tukey’s multiple
comparisons following general linear model (GLM) was used
to detect significant differences in decolorization efficiency
among the three processes, the reaction times, the initial dye
concentrations, the adsorbent concentrations and the tempe-
ratures. Best-fit MNLR models were built to explicate the
efficacy of explanatory factors and their interactions for the
prediction of the response variable (decolorization efficiency).
The best subset procedure was used to choose the best-fit
MNLR models with the highest goodness-of-fit and the highest
predictive power which were measured by adjusted coefficient
of determination (R%;) and coefficient of determination based
on leave-one-out cross-validation (R’cy). The three-category
process type was incorporated in the MNLR models as a
dummy variable with ultrasound-assisted adsorption held as
baseline. Variance inflation factor (VIF) for multicollinearity
and Durbin-Watson (D-W) statistics for autocorrelation were
reported for the best-fit MNLR models. All the statistical
analyses were performed using Minitab 16.1 (Minitab, Inc.,
State Collage, PA).

RESULTS AND DISCUSSION

Descriptive statistics of decolorization of Reactive Red
195 were presented as a function of process type, temperature,
reaction time, initial dye concentration, adsorbent concentration
and reaction time in Table-1. Out of the five pH values, the
minimum decolorization efficiency was obtained at the initial
pH 3 for the aqueous reactive dyestuff solution under the treat-
ment of 250 mg/L Reactive Red 195 with 1.0 g/L soybean cake
at 20 °C and the agitation speed of 400 rpm. Decolorization
efficiency increased with a decreasing pH (p < 0.05; n=75)
and reached its maximum at the lowest pH 1 as the reaction
time progressed (Fig. 3). Effect of initial pH on decolorization
efficiency depends on pH,,. of adsorbent and pHygp of dye stuff’.
pH,,c of soybean cake and pHier of Reactive Red 195 were
measured at 1.5 and 2.5, respectively. The dyestuff gets negatively
charged with pH values above 2.5, thus serving as a repulsive
force between the dye and the negatively charged adsorbent.
Decolorization efficiency was reported to increase when the
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Effect of initial pH on decolorization by soybean cake of Reactive
Red 195 using adsorption (Total mixture volume of 500 mL; total
reaction time of 4 h; 250 mg/L initial Reactive Red 195 concen-
tration; and 1.0 g/L soybean cake concentration)

initial pH of reactive dye solution was set in a range of 1.5 to
2.5 which was attributed to the strongly electrostatic attraction
force between adsorbent and dyestuff?. Similarly, an increase
in adsorption capacity was stated with increasing pH up to pH
9°. Therefore, pH 2 was assumed to be the optimum pH value
for the decolorization experiments conducted in the present study.

Tukey’s multiple comparison test showed that the three
process types and the five initial dye concentrations differed
significantly from one another in terms of decolorization
efficiency (p < 0.001) (Table-2). The highest decolorization
efficiency of 65.9 % was obtained at the lowest initial dye
concentration of 200 mg/L with ultrasound-assisted adsorption.
Similarly, decolorization efficiency was found to decrease with
the increasing initial dye concentration in the decolorization
of methyl orange with ultrasonic irradiation-assisted ozona-
tion”. The reaction times of 0, 5, 10, 20, 45 and 150 min
differed significantly in generating an increased efficiency of
decolorization in the present study. Ultrasound-assisted
adsorption yielded the highest decolorization efficiency of
47.2 % in the first 10 min, a reaction time shorter than did the
other process types.

The best-fit MNLR model accounted for 89 % of variation
in decolorization efficiency and had a high predictive power
(R%cv = 89 %) based on cross-validation as a function of the
process type, reaction time, initial dye concentration, an inter-
action term among adsorption, reaction time and initial dye
concentration and the quadratic and cubic terms of reaction
time (p < 0.001) (Table-3). The increased initial dye concen-
tration decreased decolorization efficiency at arate of 0.1 mg/L,
whereas the increased reaction time increased decolorization
efficiency at a rate of 0.7 min™. As with our findings, both an
inverse relationship between initial dye concentration and
decolorization efficiency and a positive relationship between
adsorbent concentration and decolori-zation efficiency were
found based on the best-fit MNLR models for the decolorization
of Reactive Blue 19 from aqueous solution with a combined
ultrasound/activated carbon system and for the adsorption of
Reactive Black 5 in aqueous solution by peanut hull, respec-
tively'?. Relative to ultrasound-assisted adsorption, adsorption
and ultrasound separately led to decolorization efficiency lower
by 21 % and 4 %, respectively. Using the best-fit MNLR
models, Sayan and Esraedecan' also detected the same positive
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TABLE-1
DESCRIPTIVE STATISTICS OF DECOLORIZATION EFFICIENCY (%) OF REACTIVE RED 195 BY SOYBEAN CAKE ACCORDING TO
PROCESS TYPE, TEMPERATURE, REACTION TIME, INITIAL DYE CONCENTRATION and ADSORBENT CONCENTRATION

Factor n Mean SE Mode Median Skewness Kurtosis
Process type
Adsorption 176 50.8 15.6 52.7 64.5 -0.62 -0.45
Ultrasound 176 62.0 13.4 66.6 63.3 -1.32 1.55
Ultrasound-assisted adsorption 176 66.3 13.4 70.4 62.8 -1.19 1.18
Temperature (°C)
20 384 56.5 15.5 59.9 73.6 -0.84 0.12
30 48 63.5 12.4 68.3 48.4 -1.53 1.49
40 48 68.4 11.6 72.5 47.1 -1.57 1.81
50 48 72.5 11.3 76.6 46.7 -1.49 1.69
Initial dye concentration (mg/L)
200 48 65.8 11.6 69.5 49.0 -1.64 2.13
225 48 61.4 13.5 66.6 52.0 -1.46 1.18
250 336 61.5 15.5 66.4 71.4 -0.92 0.24
275 48 53.1 14.2 58.3 53.8 -1.22 0.53
325 48 46.0 14.0 51.3 51.5 -1.19 0.34
Adsorbent concentration (g/L)
0.5 48 61.9 19.2 70 70.4 -1.18 0.31
0.75 48 59.9 15.9 65.9 59.7 -1.39 0.93
1 384 61.0 15.1 65.4 74.6 -1.08 0.7
2 48 46.6 7.2 49.6 30.5 -2.85 7.56
Reaction time (min)
0 33 27.7 10.6 26.7 43.3 0.51 -0.37
5 33 43.8 14.5 43.6 56.1 -0.08 -0.62
10 33 51.1 15.1 52.8 57.9 -0.37 -0.66
15 33 55.0 14.7 57.4 57.4 -0.42 -0.69
20 33 57.5 14.0 60.1 55.1 -0.41 -0.72
25 33 59.3 13.2 61.7 52.0 -0.38 -0.77
30 33 60.8 12.4 63.1 49.1 -0.34 -0.82
45 33 63.2 10.9 64.7 43.1 -0.32 -0.82
60 33 64.7 10.1 65.5 39.3 -0.33 -0.76
75 33 65.6 9.6 67.1 36.1 -0.36 -0.72
90 33 66.2 9.3 68.1 34.5 -0.41 -0.61
120 33 67.0 9.2 69.4 33.7 -0.5 -0.44
150 33 67.7 9.1 69.8 33.5 -0.58 -0.31
180 33 68.1 9.1 70.4 33.7 -0.64 -0.23
210 33 68.5 9.2 70.8 33.8 -0.68 -0.17
240 33 68.6 9.2 71.2 33.8 -0.68 -0.15

relationship between decolorization efficiency and the inter-
action term between initial dye concentration and reaction time
in present study.

According to Tukey’s multiple comparisons, the ultrasound-
assisted adsorption resulted in the highest decolorization
efficiency of 93.3 % with the highest adsorbent concentra-
tion (2 g/L) (p < 0.001) (Table-2). Decolorization efficiency
increased significantly with the reaction times of 0, 5, 10, 25
and 150 min. The best-fit MNLR model explained 93 % of
variation in decolorization efficiency with a high predictive
power (R%y = 92 %) as a function of the process type, the
adsorption concentration, the reaction time, an interaction term
between adsorption and reaction time and the quadratic and
cubic terms of the reaction time (Table-3). An increase in the
adsorbent concentration or the reaction time enhanced decolo-
rization efficiency at a rate of 40.4 g/L and 0.7 min™, respec-
tively. Ultrasound-assisted adsorption yielded decolorization
efficiency better than adsorption by 17 % and ultrasound by
3 %. Ultrasound-assisted adsorption was faster than the other
processes in paving the way for the highest decolorization
efficiency with the increasing adsorbent concentration as well

as the increasing reaction time, respectively. In present study,
the same positive relationship was found between reaction time
and decolorization efficiency based on the best-fit MNLR
models"'"?,

Based on Tukey’s multiple comparisons, decolorization
efficiency was significantly higher with the ultrasound-assisted
adsorption process and with the increasing temperature (p <
0.001) (Table-2). The highest decolorization efficiency of
72.6 % at 50 °C and 58.3 % in the initial 10 min was achieved
more rapidly with ultrasound-assisted adsorption than the other
process in the face of the increasing temperature and the
increasing reaction time, respectively. 94 % decolorization
efficiency was obtained based on the adsorption of Chemazol
Reactive Red 195 on dehydrated beet pulp carbon with a 20
mg/L initial dye concentration at 50 °C*. 98.6 % decolorization
efficiency was reported for the triphenylmethane dyes waste-
water using ultrasonic-assisted ozone oxidation under the
optimal conditions of 39.8 °C and initial pH 5.2'"'¥. The optimal
decolorization efficiency of Reactive Red 2 was estimated at
85 % after a 120 min reaction time at pH 7 using an ultraviolet/
ultrasound/TiO, system™.
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TABLE-2
TUKEY’S MULTIPLE COMPARISONS OF DECOLORIZATION
EFFICIENCY (%) AMONG PROCESS TYPES, INITIAL DYE
CONCENTRATIONS, REACTION TIMES, TEMPERATURES
AND ADSORBENT CONCENTRATIONS (p < 0.001)

Mean Mean Mean
Process type n =80 n =64 n =64
Adsorption 47.6" 49.5° 56.5°
Ultrasound 59.1° 58.7° 67.9°
UAA 63.6° 61.8° 72.1¢
Reaction time n =15 n =12 n =12
(min)
0 2520 23.5¢ 35.5"
5 40.0" 42.6 51.3¢
10 47.28 49.7° 58.3"
15 51.2f 53.3% 61.7¢
20 53.9¢ 55.3% 63.8%
25 55.9%f 56.8"¢ 65.4%
30 57.5% 58.0% 66.6"
45 60.3>¢ 60.2 687
60 62.0°™ 61.5% 70.1*>
75 63.1" 62.2® 70.9*
90 63.8% 62.7* 71.4%
120 64.7% 63.4% 72.0°
150 65.4° 64.0° 72.5°
180 65.8° 64.3 73.0°
210 66.2° 64.6" 73.4
240 66.3" 64.7° 73.4°
d;glégﬁc‘ Mean Adsorbent Mean Temp. Mean
in) (n=48) conc.(g/L) (n=48) (°C) (n=48)
200 65.9° 0.50 31.0° 20 57.5¢
225 61.4° 0.75 45.0° 30 63.5°
250 57.5¢ 1.00 57.5¢ 40 68.4°
275 53.1¢ 2.00 93.3¢ 50 72.6
325 46.0° - - - -

UAA = Ultrasound-assisted adsorption. Means that do not share the
same letter are significantly different at p < 0.001.

TABLE-3
BEST-FIT MNLR MODELS OF DECOLORIZATION EFFICIENCY
(%) UNDER CONSTANT CONDITIONS OF (1) 20 °C AND
ADSORBENT CONCENTRATION OF 1 g/L; (2) 20 °C AND
INITIAL DYE CONCENTRATION OF 250 mg/L; AND (3) INITIAL
DYE CONCENTRATION OF 250 mg/LL AND ADSORBENT
CONCENTRATION OF 1 g/L (p <0.001)

Explanatory variables (1) 2) 3) VIF
Intercept 87.837 -2.179 39.553
Adsorption -21.53 -17.463 -19.387 2
Ultrasound -4.518 -3.075 -4.247 1
RT (min) 0.723 0.718 0.658 70
IDC (mg/L) -0.165 1
AC (g/L) 40.431 1
T (°C) 0.466 1
Adsorption x RT x IDC ~ 0.0002 2
Adsorption x RT 0.064 2
Adsorption X RT x T 0.001 2
RT? -0.005 -0.005 -0.005 428
RT® 0.000013  0.000013 0.000012 177
R’ (%) 89.6 93.3 85.1
Ry (%) 89.2 92.8 84.2
SE (%) 4.85 6.84 5.23
D-W 0.99 1.26 0.93
n 240 192 192

AC = Adsorbent concentration; D-W = Durbin-Watson statistics; IDC
= Initial dye concentration; RT = Reaction time; VIF = Variation
inflation factor.

In the present study, the reaction times of 0, 5, 10, 20 and
60 min led to significantly increased decolorization efficiency
(Table-2). Consistent with our findings, decolorization effi-
ciency was reported to increase with the increasing temperature
reaching 93 % at 40 °C and with increasing reaction time
reaching 85 % in the first 10 min as a result of ultrasound-
assisted Fenton oxidation in the treatment of ammunition
wastewater”. The best-fit MNLR model elucidated 85 % of
variation in decolorization efficiency with R%cy = 84 % as a
function of process type, temperature, reaction time, a three-
way interaction term among adsorption, reaction time and
temperature and the quadratic and cubic terms of reaction time
(Table-3). The rate of change in decolorization efficiency was
estimated at 0.4 °C and 0.6 min™. Ultrasound-assisted adsorp-
tion performed decolorization efficiency better than adsorption
by 19 % and ultrasound by 4 % (Table-3). Sayan and Esraedecan’
pointed out to the same positive correlation between tempera-
ture and decolorization efficiency, while Zhou et al.""® modeled
the same positive correlation between decolorization efficiency
and the temperature x reaction time interaction based on the
best-fit MNLR models.

Pseudo-first-order and second-order kinetic models are
the most common ones to describe decolorization kinetics™".
Our results showed that pseudo-second-order kinetic model
described decolorization kinetics of Reactive Red 195 better
than pseudo-first-order kinetic model (Table-4) and was calcu-
lated as follows™":

dq,
dt
The integration of eqn. 2 at the boundary condition
provides the following eqn. 3:

=k,(q,—q)’ 2)

I )
(qe - ql ) qe
The rearrangement of eqn. 3 generates the below equation:
r_1 .t
a kg q. %

where k is the rate constant of pseudo-second-order reaction
(g/mg/min), q. is the amount of dye removed at equilibrium
(mg/g), q. is the amount of dye removed at time t (mg/g). Our
results are in agreement with findings reported by Al-Ghouti*
and Ozacar and Sengil®. Also, the increased second-order rate
constant with the increasing temperature indicated that all the
decolorization processes in the present study were endothermic.
The activation energy (Ea) estimates of the decolorization
processes decreased in the order of adsorption > ultrasound >
ultrasound-assisted adsorption (Table-4).

Isotherms were used to determine the amount of adsorbent
required to remove one unit mass of dyestuff and adsorption
capacity. The following Langmuir and Freundlich isotherm
models as eqns. 5 and 6, respectively, were fitted into the

experimental data>'**:
C 1 1
—_—

q qmaxCe (5)

Qe GmaKp
where q. is the amount of adsorbed dye (mg/g), C. is the
equilibrium liquid-phase concentration (mg/L), K, is a direct
measure of sorption intensity (L/mg) and gm. iS a constant
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TABLE-4
PSEUDO-FIRST-ORDER AND PSEUDO-SECOND-ORDER KINETIC MODELS OF ADSORPTION,
ULTRASOUND AND ULTRASOUND-ASSISTED ADSORPTION PROCESSES

Pseudo-first-order

Pseudo-second-order

o 3 4
OO G gy SO0 Qo (mglg) (20 ) R E, (1/mol)

Adsorption

20 158.0 99.17 23.53 0.994 165.8 5.30 0.998 22.32

30 171.0 79.60 20.59 0.964 175.8 7.30 0.999

40 178.5 70.00 22.45 0.971 181.8 9.86 0.999

50 184.3 64.06 25.17 0.963 187.3 12.32 0.999
Ultrasound

20 168.1 37.23 24.32 0.841 169.2 25.33 0.999 18.06

30 180.5 28.20 21.53 0.779 181.2 33.26 0.999

40 189.9 20.84 19.07 0.693 190.5 43.13 0.999

50 198.0 17.85 18.45 0.678 198.4 49.81 0.999

Ultrasound-assisted adsorption

20 178.8 33.62 23.48 0.818 179.9 28.36 0.999 17.29

30 188.0 24.68 20.43 0.767 188.7 36.82 0.999

40 198.5 20.14 20.91 0.726 199.2 46.84 0.999

50 209.6 18.79 22.85 0.756 210.1 54.33 0.999

related to adsorbent monolayer reflecting the maximum adsor-
ption capacity (mg/g).

log q, =log K, +llog C, (6)
n

where q. is the amount of dye adsorbed per unit mass of adsor-
bent (mg/g), C. is the equilibrium concentration of dye in
solution (mg/L) and K and n are Freundlich constants.

As shown in in Fig. 4, Langmuir adsorption model fitted
the experimental data better than did the Freundlich model
(Table-5), as was also found by Gong et al.**. A dimensionless
separation constant of equilibrium (R;)) was calculated for all
the processes. R. was used to express the shape of Langmuir
isotherm and thus, applicability of decolorization process as
follows™:

_ 1

1+K,C, 0
where K| is the constant of Langmuir isotherm and C, is initial
dye concentration adsorbed. According to eqn. 7: process is

L

unrealizable if R, > 1; shape of isotherm is linear if R, = 1;
process is realizable if 0 < Ry < 1 and process is irreversible if
R. = 0. In the present study, all the R, values were found to
vary between 0 and 1 which showed that all the decolorization
processes were realizable.

Gibbs free energy and entropy are the most common
thermodynamic parameters for the identification of a decolori-
zation process. An increase in entropy is an indicator of the
structural heterogeneity of dyestuff according to the second
and third laws of thermodynamics®. Gibbs free energy as a
function of entropy and temperature provides information about
spontaneity of a chemical reaction”’. Gibbs free energy and
entropy can be calculated as follows'”:

AG =AH-TAS=-RTInK (8)
By rearranging eqn. 8, eqn. 9 was derived thus:
AS AH 1
IhK=—-—— 9
R RT ©)

TABLE-5
LANGMUIR AND FREUNDLICH ISOTHERM CONSTANTS OF ADSORPTION,
ULTRASOUND AND ULTRASOUND-ASSISTED ADSORPTION PROCESSES

Langmuir isotherm Freundlich isotherm
Temp. (°C) o o
Gumax (M/E) K. (L/mg) Ry R K¢ n R
Adsorption
20 206.6 0.0322 0.111 0.999 75.96 6.258 0.987
30 216.0 0.0395 0.092 0.998 88.93 6.978 0.941
40 223.7 0.0439 0.084 0.998 94.32 7.062 0.945
50 229.9 0.0491 0.075 0.999 102.1 7.468 0.959
Ultrasound
20 226.2 0.0326 0.112 0.998 79.03 5.893 0.985
30 238.1 0.0404 0.094 0.999 91.86 6.390 0.972
40 250.6 0.0462 0.085 0.998 102.8 6.770 0.991
50 263.2 0.0528 0.077 0.997 112.4 6.998 0.981
Ultrasound-assisted adsorption
20 248.1 0.0332 0.114 0.998 81.61 5.488 0.983
30 257.1 0.0413 0.102 0.997 96.15 6.131 0.988
40 266.7 0.0479 0.087 0.996 109.3 6.716 0.981
50 274.0 0.0545 0.078 0.992 126.2 7.837 0.969
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The fact that Gibbs free energy changes were negative for all
the temperatures showed that the process was of endothermic
and spontaneous nature in the present study (Table-6). The
increase in entropy depending on the process type indicates
increased structural heterogeneity of the dyestuff. Changes
in entropy were determined for all the temperatures and the
processes (Table-6). Positive change in entropy can be attri-
buted to high affinity of the adsorbent to the dyestuff which
was also indicated by Mittal®®.

TABLE-6
THERMODYNAMIC CONSTANTS OF ADSORPTION,

(@ ULTRASOUND AND ULTRASOUND-ASSISTED
00 ADSORPTION PROCESSES
50 90 130 170 210 250 290 330 Temp. (°C) K AG AS AH
C. (mgiL) (L/mg) (kJ/mol) (kJ/mol/K) (kJ/mol)
Adsorption
20 0.0321 -25.59 0.1244
1.6 020°C @30°C A40°C X50°C 30 0.0395 -26.98 0.1249 10.86
40 0.0439 -28.15 0.1246
50 0.0490 -29.34 0.1244
Ultrasound
127 20 0.0325 2562 0.1301
E; 30 0.0404 -27.04 0.1305 550
E 40 0.0461 -28.28 0.1302
2 087 50 0.0528 -29.54 0.1301
o Ultrasound-assisted adsorption
20 0.0331 -25.66 0.1317
0.4 30 0.0412 -27.09 0.1320 12.93
40 0.0478 2837 0.1319
50 0.0545 -29.63 0.1317
0.0 r r r r r r r
0 40 80 120 160 200 240 280 Conclusi
onclusion
C. (mg/L)
Ultrasound-assisted adsorption excels at decolorization
C o(mglL) efficiency compared to the other process types owing to its
164 lower activation energy. The lowest initial dye concentration
020°C D30°C A40°C X50°C (200 mg/L), the highest adsorbent concentration (g/L) and the
highest temperature (50 °C) yielded the highest decolorization
1.2 efficiency (93.3 %). Reaction time, its interaction with adsorp-
% tion and its quadratic and cubic terms were retained in all the
§ best-fit MNLR models as the most significant predictors in
2 081 accounting for variation in decolorization efficiency. For future
o’ studies, the experimentally designed application of ultrasound-
assisted adsorption to dye wastewaters remains to be explored
041 in terms of economic feasibility and environmental toxicity.
© ACKNOWLEDGEMENTS
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Fig. 4. Langmuir isotherm plots for (a) adsorption, (b) ultrasound and (c)
ultrasound-assisted adsorption

where AG is Gibbs free energy (kJ/mol), AH is enthalpy of
reaction (kJ/mol), K is chemical equilibrium (Langmuir)
constant (L/mol) and T is temperature (K). When In K versus
1/T graph is plotted, the slope and intercept of the plot can be
used to determine enthalpy and entropy of the reaction, respec-
tively. Results showed that all processes had a positive enthalpy
and were endothermic and spontaneous in nature (Table-6).
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