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ABSTRACT

The present study was designed to investigate the removal of three reactive dyes: Reactive Blue (RB),
Reactive Red (RR) and Reactive Yellow (RY) from simulated textile wastewater in single and mixed
(ternary) systems using adsorption process. Modified low-cost adsorbents: rice husk (RH), saw dust
(SD) and sewage sludge (SS) in addition to granular activated carbon were used as adsorbents. RH
was found to have a high removal efficiency. Batch experiments were achieved to study the effects of
pH, dosage, contact time and initial concentration onto adsorption process using RH. The optimum
conditions were found to be 2, 3 g, 150 min and 50 mg/L, respectively. The maximum removal effi-
ciency was 95.77%, 89.26% and 80.36% for RB, RR and RY, respectively, for single system. Adsorption
isotherms and kinetic models had been used to fit the experimental data. From which Langmuir and
pseudo-second-order models were found to be having high correlation coefficient for the three dyes.

Keywords: Reactive dyes; Adsorption; Rice husk; Saw dust; Sewage sludge; Granular activated carbon

1. Introduction

Wastewater from textile industry can contain a variety of
polluting substances including dyes. The increased number
of textile industries has shown a significant increase in the use
of synthetic complex organic dyes as the coloring materials.
Color is the first contamination to be recognized in the
wastewater and has to be removed before discharging into
water bodies or on land. The presence of very small amount
of dyes in water (less than 1 ppm for some dyes) is highly
visible and affects the aesthetic merit, water transparency
and gas solubility in lakes, river and other water bodies. The
removal of color from water is often more important than the
removal of the soluble colorless organic substance, which
usually contribute the major fraction of the biochemical
oxygen demand (BOD). Dyes, however, are more difficult to
treat because of their synthetic origin and mainly complex
aromatic molecular structures [1].

Adsorption is a physical-chemical technique that
involves mass-transfer from liquid to solid-phase to remove
or at least reduce chemical residues in wastewater [2].

Two-dimensional (2D) carbon nanomaterials generally dis-
play some limitations in adsorption applications due to easy
agglomeration. This problem was solved, as-synthesized
sandwiched nanocomposites made of Fe,O, nanoparticles,
different materials such as poly(allylamine) hydrochloride
molecules and carboxylate graphene oxide sheets prepared
using a layer-by-layer (LbL) self-assembly method. The suc-
cessfully synthesized sandwiched structures nanocompos-
ites have outstanding organic dye adsorption performance,
stability and recycling [3]. Activated carbon is most widely
used as an adsorbent in treatment of wastewater. Despite
of its efficiency in adsorption process, this adsorbent has
a high-cost which makes it no longer attractive to be used
in small-scale industries; because of this problem, recent
years researches have to produce other alternative low-cost
adsorbents that can substitute activated carbon in wastewa-
ter treatment. This type of low-cost adsorbents derives from
agriculture waste; industrial by-products or natural mate-
rials [4]. In this work, the removal efficiency of three dyes
(Reactive Blue [RB], Reactive Red [RR] and Reactive Yellow
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[RY]) was investigated using low-cost adsorbents obtained
from plant wastes and sewage sludge as a replacement for
costly conventional methods using commercial granular
activated carbon. Batch studies were used to evaluate the
influence of various experimental parameters including pH,
adsorbent dosage, contact time and initial concentration of
adsorbate onto removal efficiency using best adsorbent in sin-
gle and mixed (ternary) system. Various adsorption isotherm
and kinetic models were applied to fit the experimental data.
Prediction of removal efficiency for adsorption process was
carried out using multiple correlation equations.

2. Materials and methods
2.1. Reactive dyes

Three dyes (Reactive Blue [RB], Reactive Red [RR] and
Reactive Yellow [RY]) had been supplied from AL-Kut textile
Factory south of Baghdad (Department of Dying and Printing).
Simulated stock solutions of 1,000 mg/L had been prepared by
dissolving 1 g of each dye in 1 L distilled water then diluted to
the desired solution concentration of single dyes (RB, RR and
RY) and ternary system (BRY). Table 1 shows specifications
of these dyes. Some suppliers consider these specifications as
know-how due to commercial reasons [5-8].

2.2. Type of adsorbent

Three types of nonconventional adsorbents were pre-
pared: rise husk (RH), sewage sludge (SS) and saw dust (SD)
in addition to commercial granular activated carbon (GAC).
The direct use of the raw wastes as adsorbents had been
found to be limited due to leaching of organic substances
such as lignin, tannin, pectin and cellulose into the solution
[9]. To resolve these problems, chemical modification had
been used as a technique to improve their physical, chemical
properties and adsorption capacity [10,11].

2.3. Properties of prepared adsorbents

The GAC, RH, SS and SD samples were sieved into
mesh 0.6, 1 mm by using standard sieves. For non-spherical

particles, the particle diameter is defined as an equivalent
diameter of a spherical particle with the same volume. As
an approximation, the particle diameter was calculated from
the geometric mean of the two consecutive sieve openings
without introducing serious errors. The geometric mean
diameter is given by, d=(d,d,)"?, where d, is the diameter of
the lower sieve on which the particles are retained and 4, is
the diameter of the upper sieve through which the particles
pass [12]. The physical, chemical properties and cost of
purchasing/preparation of adsorbents were carried out at
Catalysts Department in the Center of Petroleum Research
and Development (Ministry of oil/Iraq) as listed in Table 2.

2.4. Analytical techniques of dyes concentrations measurement

There are a number of analytical methods that may
be used for quantitative analysis of dyes solution such as:
first, chemical oxygen demand (COD) to characterize the
content of organics which can be oxidized to inorganic.
Second, UV-visible absorption spectrophotometer method
[13-15].

UV-visible absorption spectrophotometer method
is the common procedure in determination of colorant
concentration in their mixture. The main principle in
quantitative UV-visible spectrophotometer technique is
linear relation between absorbance A and concentration of
dissolved sample C (mg/L) which is given by Beer-Lambert
law Eq. (1) [15-17].

A=KC+E 1)

where A is absorbance of light at wavelength; K is absorbance
coefficient (slope of linear relation); C is concentration of dye
in solution (mg/L); E is intercept of linear relation.

For multi-components  solution the absorptive
(absorbance coefficient for each dye is determined from
absorbance measurement of dye at specific dye concentration
when absorbance linear relation is constructed by plotting
absorbance of each single dye against dye concentration at
its wavelength and re-plot at wavelengths of other dyes in
the mixture of dye solution. These determined coefficients

Table 1
Main characteristics of reactive dyes
Ttem Reactive blue (RB) Reactive Red (RR) Reactive Yellow (RY)
Trade name Cibacron Blue FNR Cibacron Red FN-R Cibacron Yellow FN-2R
Origin Swiss Swiss Swiss
Phase Solid/powder package 25 kg Solid/powder package 25 kg Solid/powder package 25 kg
Wavelength (nm) 690 540 501
Molecular formula C,H,,CuFN,O,,S,.3Na C,,H,.CIFN,O,,S Na, CH_,N,O,
pH 5.5-6 5.5-6 5.5-6
Molecular weight g/mol ~ 936.45 944.2 196
Chemical structure o Not disclosed by the " "
N=N t manufacturer = o Tt
OO RHCOCHy i :
_—
o3 [
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Table 2
Adsorbents specifications
Specifications Adsorbents
GAC RH SS SD
Source Uncarbo company Italy ~ Local Iraqi mills AL-Rustomya Collected from a local
form local markets treatment unit furniture factory
Origin Coconut shell Rice milling waste ~ Drying bed after Sawmill waste

Bulk density* (real density) (kg/m®) 641 (1,544)

Surface area (m*/g) 351.965

Porosity% ¢ 53.44

Pore volume (cm®/g) 0.422

CEC (meq/100 g) 58.315

Cost of preparation/purchase $/Kg 1,600
Purchased

primary settling

233.52 (1,390) 612.75 (2,500) 462.05 (1,509)

136.69 35.072 10.1712
83.2 75.49 69.38
0.054 0.544 Nil

116.8 83.380 43.118
25 38 28
Prepared Prepared Prepared

* Bulk density = (1- porosity) x real density.

are then used to determine the value of unknown dye
concentration by using Eq. (2) which can be solved
simultaneously by forming matrix which is called multiple
linear regression analysis [18,19].

A K, Ki, Ky, || G E,
4, Ky Ky Ky, || C, E,

= ® )
A, Kn, K, K., lc" E,

where A, is the absorbance at A, wavelength. K. is absorbance
coefficient of component (i) at wavelength of component (j).
C. is concentration of jth component; E, is error of measure-
ment (intercept value of linear relation) which can be ignored.

2.5. Analytical methods (calibration curves for analyses of single
and multi-dyes)

Seven solution of single dyes (RB, RR and RY) with con-
centration (5, 10, 25, 50, 75, 100 and 150 mg/L) were prepared
from the serial dilution of stock solution. Absorbance at
its wavelengths (609, 540 and 501 nm) for RB, RR and RY,
respectively, were measured. Then, the linear relation was
plotted between absorbance and each dye concentration at
each wavelength (A) and the process was repeated for each
dyes, respectively, in order to get absorbance coefficients to
estimate the concentration of unknown dyes.

2.6. Adsorption and kinetics experiments

At first, the adsorption experiments were carried out to
select the best adsorbent for dyes removal as a function of
pH. Then, the effect of various parameters including dos-
age, contact time and initial concentration on the removal
efficiency of RB, RR and RY using best adsorbent have been
determined. All the experiments had been done at room
temperature (25°C + 5°C). Samples for measurement of

dyes concentration were withdrawn using a pipette from a
height of 2-3 cm below the surface in each jar (1 Lcapacity).
Percentage of dye removal was calculated by Eq. (3):

¢ -G %100
»

Removal (%) =

)

where C and C, are the concentration in raw and treated
solutions, respectively.

The efficiency of removing RB, RR and RY mixtures
(ternary system) using best adsorbent was investigated using
dyes mixture ratio of 1:1:1, where the initial concentration
is 50 mg/L and pH, dosage and contact time are fixed at
optimum values obtained from studying the effect of each
parameters as will be discussed later. The concentration of
each dye at different time was determined from the calibra-
tion curve plotted between absorbance and concentration of
the three dyes as explained in section 2.4 and shown in Fig. 1.
Then, the removal efficiency was calculated using Eq. (3).

The kinetic parameters for the adsorption process were
studied by varying contact time from 15 to 180 min. pH,
adsorbents dosages and initial concentration were fixed at
optimum values obtained from adsorption experiments as
will cleared later. Volume of samples was fixed at 100 mL.
At the desired time interval (15, 30, 45, 60, 90, 120, 180 min)
the samples were analyzed to determine the amount of
adsorbed ion per mass of adsorbent (g, mg/g) at time (f)
using Eq. (4):

q&i(c”_cf)V
m

4)

where C, is the dye initial concentration (mg/L), C,is the
concentration of dye (mg/L) at time (¢), V is the volume of
sample 100 mL and m is the mass of adsorbent (g). g, vs. t
was plotted to find the model to fit the experimental data
(pseudo-first-order, pseudo-second-order and intra-particle
diffusion models).
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3. Results and discussion
3.1. Selection of the best adsorbent

To select the best adsorbent from GAC, RH, SS and SD,
pH of dyes solution was varied in the range (2, 4, 6, 8, 10
and 12) while the adsorbent dosages and initial concentra-
tion are fixed at 1 g and 50 mg/L, respectively. The results are
shown in Figs. 2—4. From these figures, it can be seen that the
dyes removal efficiency by RH is greater than those by other
adsorbents. The arrangements of adsorbents as a function of
dye removal efficiency are as follows:

RH>SS5>GAC>SD

This behavior of RH adsorbent may be attributed to
the cation exchange capacity, as shown in Table 2 for RH
(116.8 meq/100 g) >SS (83.380) > GAC (58.315 meq/100 g) > SD
(43.118 meq/100 g). The RB, RR and RY play an anionic spe-
cies in their solutions, due to the decreasing in pH of distilled
water from 6.5 to 6 during preparation of solutions. Also, the
results showed that as the pH increased the removal effi-
ciency decreased. At acidic pH, the positively charged species
start dominating and the surface tends to acquire a positive
charge, while the adsorbate (dyes) species are still negatively
charged. As the adsorbent surface is positively charged
the increasing electrostatic attraction between negatively
charged adsorbate species and positively charged adsor-
bent particles would lead to increased adsorption of reactive
dyes [20]. This can be explained on the basis that positively
charged surface is formed on the adsorbents at lower pH due
to adsorption of hydrogen ions on the surface of adsorbents.
The decrease in the amount of dye adsorbed on surface of the

*REB 608 nm
259 WRR 540 nm
2 4 y = 0.0133x- 0.0034

RY 501 nm

RY=09993

y = 00068 + 0.0005
R*=0.9987

¥ =0.0034% - 0.0014
R* = 08896

200
Conc ppm

Fig. 1. Calibration curve for the three dyes at different wavelength.
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Fig. 2. RB removal as a function of pH at adsorbent dose =1 g,
initial concentration = 50 mg/L.
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adsorbents with increase in pH is in good agreement with
the data reported earlier [21]. Thus the maximum removal
efficiency decreased (from 83.994% to 36.958%, from 70.176%
to 24.65% and from 48.241% to 10.026% for RB, RR and RY,
respectively) as the pH increases (from 2 to 12).

Thus, RH will be used in further experiments to determine
the effects of different parameters on its adsorption capacity
for removing reactive dyes in single and mixed system.

3.2. Factors affecting RH performance
3.2.1. Effect of pH

The best pH for the removal of all dyes using RH as
found in pervious experiment was 2. Thus the pH of the three
reactive dyes solution was adjusted to this value in the next
experiments.

3.2.2. Effect of contact time

The effect of contact times onto dye removal efficiency
are shown in Fig. 5. The pH, dosages and initial concentra-
tion are kept constant at 2, 1 g and 50 mg/L, respectively.

Dye removal was rapid at initial stage (about 90 min) with
removal efficiency is 81.834%, 65.985% and 45.231% for RB,
RR and RY, respectively) but decreased with the increase of
time. Initially rapid increase was due to the presence of large
number of vacant site and with the passage of time, num-
ber of active sites decreased which were responsible for the
reduction of adsorption rate [22]. The optimum contact time
was observed to be 150 min for all the dyes with maximum

|4 RH —+—55 ——GAC ——5D|

o @ N @
S S o o
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RR removal (%)
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Fig. 3. RR removal as a function of pH at adsorbent dose =1 g,
initial concentration = 50 mg/L.
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Fig. 4. RY removal as a function of pH at adsorbent dose =1 g,
initial concentration = 50 mg/L.
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removal efficiency of 84.14%, 71.32% and 53.21% for RB, RR
and RY, respectively.

3.2.3. Effect of RH dosage

For optimizing the amount of adsorbents, experiments
were performed using best pH and contact time obtained from
previous experiments and 50 mg/L initial dye concentration
and was shaken for 150 min after adding different amount of
adsorbents (0.5-4.0 g). The results are shown in Fig. 6. It was
observed that adsorption of dye increased with the increase
of the amount of adsorbents and then attained constant value
at equilibrium. The optimum amount was found to be 3.0 g
which was used for all subsequent adsorption experiments.
The removal efficiency at this dose is 95.77%, 89.26% and
80.36% for RB, RR and RY, respectively. It is readily under-
stood that the number of available adsorption sites increases
by increasing the adsorbent dosage and this, therefore, results
in an increase in the percentage of dye adsorbed. The decrease
in adsorption efficiency with an increase in the adsorbent dos-
age is mainly because of the unsaturation of adsorption sites
through the adsorption process [20,23]. Another reason may
be the inter-particle interaction, such as aggregation, resulting
from high adsorbent dosage. Such aggregation would lead to
a decrease in the total surface area of the adsorbent and on an
increase in diffusional path length [20].

3.2.4. Effect of initial concentration

The effect of the initial concentration of the RB, RR
and RY dyes on removal efficiency was investigated at a

90
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Fig. 5. Effect of contact time of RH on the removal efficiency of
RB, RR and RY.
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Fig. 6. Effect of RH dosage on the removal efficiency of RB, RR
and RY.
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different concentration range of 5-150 mg/L on RH under
previously determined optimum conditions. The maximum
removal is 95.77%, 89.26% and 80.36% for RB, RR and RY,
respectively, which is obtained at initial concentration of
50 mg/L. According to the results in Fig. 7, it shows that as
the initial concentration increases up to 50 mg/L, the dye
removal efficiency increases; since at low ratio of adsorbate/
adsorbent (i.e., dye/RH) there are more adsorption sites
available for dye removal. As the concentration increased
beyond 50 mg/L, the ratio increased and consequently the
adsorption sites become insufficient to adsorb all dyes
molecules [24].

3.3. Treatment of mixed dye solutions using RH

The efficiency of removing RB, RR and RY mixtures
(ternary system) using RH was investigated. The ratio of
dyes mixture was 1:1:1, where the initial concentration and
pH are fixed at 50 mg/L and 2, respectively. As shown in
Fig. 8, the maximum removal efficiency is 93.576%, 82.916%
and 73.358% for RB, RR and RY, respectively. Maximum
removal efficiency for mixed dyes is obtained at 3 g then
became constant. However, in single dyes system, the
maximum removal efficiency is obtained 3 g and it is still
higher than that for mixed system which is due to compe-
tition between dyes toward RH. The less dye solubility, the
higher removal efficiency [25]. Hence the maximum removal
efficiency in mixed system is less by 2.291%, 7.107% and
8.713% in compared with single system for RB, RR and RY
dyes, respectively.

‘—O—RB ——RR RY‘

120
~ 100
B
= 80
H
g 60
o
o 40
>
8 20

0 T T T T T T T
0 20 40 60 80 100 120 140

Initial dye concentration (mg/L)

Fig. 7. Effect of initial concentration on the removal efficiency of
RB, RR and RY.

[——RB —+—RR - RY]

100 4

90
80
70

60 -
50
40 -
30
20 A
10 A
0 T T T T T

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Dosage (g)

Dye removel (%)

Fig. 8. Effect of RH dosage on the removal efficiency of RB, RR
and RY in ternary system.
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3.4. Multiple correlations for adsorption process

The removal efficiency of reactive dyes by RH in batch
system is affected by many factors including pH, contact
time (min), dosage (g) and initial concentration (mg/L). The
degree of relationship existing between the dyes removal
and these factors are found to be simulated with the regres-
sion equation by the application of Excel program. The dye
removal efficiency has an optimum value for each factor. The
optimum value for each factor was found and put in the fol-
lowing equation: y = aX, "X, <X 4 X ¢ X.! to calculate the cor-
relation coefficient. The best represented equations for dyes
removal and correlation coefficients are shown in Table 3.

3.5. Adsorption isotherm constants for dyes onto RH
3.5.1. Single-component system
The adsorption isotherm for single-component systems of

RB, RR and RY, respectively, onto RH are shown in Figs. 9-12

Table 3
Best equation of RH dye removal and its correlation coefficient
for RB, RR and RY

Dye R?

RB 91581 . Xy
y=o x;).436 (31041x2.1098

Equatlon Yiheoretical

90.026

Yoractical

95.960

RR 90.266 X076 89.260  82.408

_ 2
y =10.31 0.633 ,,0.044 0210
Xp Xy X,

RY 91319 0753
y=7.65— 2

0.766,.0.026 ,.0.238
xl 3 x4

80.360  74.974

where y: dye removal efficiency (%), X,: pH, X,: contact time (min),
X, dosage adsorbent (mg), X,: initial concentration (mg/L), ¥, icur
dye removal efficiency (%) calculated from batch tests by using
Eq. (3) and v, . ... dye removal efficiency (%) calculated from the
equation by multiple correlation.

qe (mg/g)

1.2 3 45 6 7 8 9 10 1 1219
Ce(mglL)

14 15

Fig. 9. Adsorption isotherm for single RB onto RH.

using four models Freundlich, Langmuir, Temkin and com-
bination of Langmuir-Freundlich as listed in Table 4 whereas
Fig. 11 shows a comparison between dyes adsorption capac-
ity using Langmuir model. The parameters for each model
obtained from non-linear statistical fit of the equations to the

12

10

q. (mg/g)

4 6 8 10 12 M B B 20 2 24
C, (mgl)

Fig. 10. Adsorption isotherm for single RR onto RH.
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Fig. 11. Adsorption isotherm for single RY onto RH.
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Fig. 12. RH adsorption isotherm in single system for RB, RR and
RY using Langmuir model.
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experimental data (Statistica v6). Table 4 shows parameters
of single-solute isotherm for RB, RR and RY uptake onto RH.

From the above figures and Table 4 for single-component
systems, one can conclude the following;:

¢ The equilibrium isotherm for each solute is of favorable
type since R, <1 (R, = 0.408, 0.556 and 0.645 for RB, RR
and RY, respectively).

¢ For RB and RY; Langmuir and Freundlich models gave
the best fit of the experimental data with high correla-
tion coefficients (0.996 and 0.990, respectively). While the
experimental data for RR were described successfully
with Langmuir and Temkin models with correlation
coefficient of 0.993.

e Using Langmuir model; it was found that the maximum
amount of adsorbate adsorbed per mass of RH (g,) for
RB is greater than that for RR and RY (qm,RB =23.895 mg/g;
q,,xe= 18.844 mg/g and q, . = 12.614 mg/g ). This may be
attributed to that solubility of RB which is less than for

RR and RY. At the same time, the molecular weight for
RR is greater than that for RY. The solubility and molecu-
lar weight of reactive dyes are listed in Table 3.

* From Temkin, the values of free energy noted as b, are
6.360, 5.831 and 4.137 kJ/mole for RB, RR and RY, respec-
tively, which is less than 40 kJ/mole. This confirms that
adsorption process of RB, RR and RY by RH is a physical
process. This result is in agreement with these founded
by Abood [26].

3.5.2. Mixed-component system (ternary system)

Mixed systems are usually present in effluent from dif-
ferent industries. The obtained data for mixed component
systems are correlated by the four models. The parameters
for each model obtained from non-linear statistical fit of the
equation to the experimental data.

Table 5 represents all parameters and correla-
tion coefficient. The adsorption isotherms for ternary

Table 4
Parameters of single-solute isotherm for RB, RR and RY onto RH
Model Reference Parameters RB RR RY
Freundlich model [24] K, (mg/g)(L/mg)"" 0.803 0.384 0.173
ge=K,Cl/" N 1.227 1.209 1.167
R? 0.996 0.987 0.990
Langmuir model [25] q, (mg/g) 23.895 18.844 12.614
g - 7.bC, b (L/mg) 0.029 0.016 0.011
©1+bC, R 0.996 0.993 0.990
R, =1/(1+0bC) R, 0.408 0.556 0.645
Temkin model [25] B, (KkJ/mole) 6.360 5.831 4.137
0=, c) K, (L/mg) 0.718 0310 0.189
b R? 0.973 0.993 0.987
Combination of Langmuir-Freundlich [26] q, (mg/g) 25.295 8.241 0.284
.= bq,C." b (L/mg)"® 0.029 0.019 0.885
©o1+bC" N 1.029 0.711 0.531
R? 0.995 0.793 0.987
Table 5

Parameters of ternary solute isotherm for RB, RR and RY onto RH

Model Reference Parameters RB RR RY
Extended Freundlich model [24] K, (mg/g)(L/mg)" 0.649 0.238 0.199
K.C " N 1.237 1.141 1.533
Tei = o i K,C. R 0.985 0.963 0.975
G ’ RMSE 1.412 2.062 1.316
Langmuir model extended [25] q, (mg/g) 19.546 12.650 4.618
_q,bC,; b (L/mg) 0.036 0.012 0.026
Bei = 14 ibkce ) R? 0.997 0.976 0.976
a RMSE 0.592 2.146 2.146
Combination of Langmuir-Freundlich [26] q, (mg/g) 8.669 4.967 5.655
g b C/’%’" b (L/mg)" 0.028 0.003 0.023
9., =" N 0.622 0.438 1.112
1+ Zbicﬁ R 0.990 0.966 0.975
- RMSE 0.673 1.996 1.316
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component systems of RB, RR and RY ions onto RH are
shown in Figs. 13-16.

From the above figures and Table 5 for ternary compo-
nent systems, the following conclusion could be drawn:

¢ The extended Langmuir model seem to give the best fit-
ting for the experimental data (R*>=0.997, 0.976 and 0.976)
for RB, RR and RY, respectively, and this results agreed
with those in the study by Sulaymon and Abood [25].

¢ The g, values for the ternary systems were less than those
in single systems, due to competition between the solutes.

® There is a weak competition in ternary systems in the
adsorption capacity of RB (Aq,, ., = 4.349 mg/g), whereas
the uptake of RR and RY is reduced much more by the
presence of RB solute, due to high affinity between RB
and RH (Aq,, = 6.194 and Ag, = 7.996 mg/g).

m,RR_

8
7

= Langmuir
Gl |- Freundlich

@® Experimental

q(mgig)

7 4 6 8 10 12 14 16 18 20
C, (mg/L)

Fig. 13. Adsorption isotherm for RB onto RH in ternary system.
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6 8 10 12 14 16 18 20 22 24 26 28 30
¢, (mg/L)

Fig. 14. Adsorption isotherm for ternary RR onto RH in ternary
system.
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3.6. Kinetic models

The kinetics of RB, RR and RY adsorption onto RH was
analyzed using pseudo-first-order, pseudo-second-order and
intra-particle diffusion kinetic models. Table 6 and Figs. 17-19
demonstrate the results of these models. The data obtained
separately for each of the kinetic models from the slopes of
plots show a good compliance with the pseudo-second-order
equation, the correlation coefficient values for the linear
plots being higher than 0.98 with adsorption uptake equal to
4.327, 3.636 and 2.644 mg/g, this is closed to the experimental
uptake of 4.207, 3.566 and 2.6605 mg/g for RB, RR and RY,
respectively.

The value of constant (C) in the intra-particle diffu-
sion model is not equal to zero, suggesting that adsorption
proceeds from boundary layers mass transfer across the
interfaces to the intra-particle diffusion within the pores
of adsorbent. This indicates that the mechanisms of dyes
adsorption are complex and both the surface adsorptions
as well as intra-particle diffusion contribute to the rate
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wasenes Freundbich
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Fig. 15. Adsorption isotherm for ternary RY onto RH in ternary
system.
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Fig. 16. RH adsorption isotherm in ternary system for RB, RR and
RY using Langmuir model.
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determining step and this is in agreement with those results
obtained by Ong et al. [27].

3.7. FTIR analyses

Fourier transform infrared spectra (FTIR) were used to
investigate the changes in vibration frequency in the func-
tional groups of the RH due to RB, RR and RY adsorption.
Each fresh and dye-loaded adsorbents were mixed separately
with KBr of spectroscopic grade and made in the form of pel-
lets at a pressure of about 1 MPa. The pellets were about 10 mm

Table 6
Kinetic constants for the adsorption of RB, RR and RY onto RH
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in diameter and 1 mm thickness. Then the adsorbents were
scanned in the spectral range of 4,000-400 cm™. Fig. 20 shows
the FTIR spectra of RH before and after adsorption of RB, RR
and RY dyes. These spectra indicated a number of absorption
peaks showing the complex nature of the adsorbent. The func-
tional group is one of the key factors to understand the mech-
anism of dyes binding process on natural adsorbent.

The adsorption peaks between 3,740.12 and 3,402.43 cm™
indicates the existence of free hydroxyl groups, the C-H
stretching vibration around 2,985.66-2,388.34 cm™ indi-
cates the presence of aliphatic groups. The C=C stretching

Dyes Gexp Pseudo-first-order model Pseudo-second order model Intra-particle diffusion model
solutions  (mg/g) K, t_ —t g,=K t"7+C
lo -q,)=1o - t Lo
8(d.~4,) =log(q.)~ o 0 Kal o a 6]
[24] [25]
. K, R? RMSE ¢, K R? RMSE K, R? RMSE
(mg/g)  (1/min) mg/g  (g/mg min) (mg/g min™)
RB 4207  11.048 0.0507 0.871 2173  4.327  0.0010 0997 0592  0.3976 0.836 2.196
RR 3.566 9.206  0.0449  0.899 2.065 3.636  0.0011 0.992 0.673  0.3337 0.840 2.182
RY 2.661 7290 0.0380 0914 2035 2644 0.0007 0984 1412  0.6322 0.949 2.021
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Fig. 17. Pseudo-first-order model for adsorption of RB, RR and
RY onto RH.
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Fig. 18. Pseudo-second-order model for adsorption of RB, RR
and RY onto RH.
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Fig. 19. Intra-particle diffusion model for adsorption of RB, RR
and RY onto RH.
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Fig. 20. FTIR spectra of (a) raw RH and (b) RB-loaded RH,
(c) RR-loaded RH, (d) RY-loaded RH.
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Table 7
Functional groups responsible for RB, RR and RY adsorption
Wave number, Functional groups RB RR RY
cm! RB-loaded RH A RR-loaded RH A RY-loaded RH A
3,740.12 Surface O-H stretching 3,735.21 491 3,736.86 3.26 3,737.55 2.57
3,402.43 Surface O-H stretching 3,392.87 9.56 3,396.84 5.59 3,394.75 7.68
2,985.66 Aliphatic C-H stretching 2,981.34 4.32 2,982.65 3.01 2,983.87 1.79
2,388.39 Aliphatic C-H stretching 2,385.76 2.63 2,384.65 3.74 2,385.54 2.85
1,647.21 Alkene C=C Stretching 1,644.87 2.34 1,646.43 0.78 1,640.23 6.98
1,512.19 Alkene C=C stretching 1,503.65 8.54 1,505.65 6.54 1,508.98 3.21
1,423.47 P-OH stretching 1,418.65 4.82 1,420.31 3.16 1,420.99 2.48
1,157.29 Si-O stretching 1,148.43 8.86 1,150.43 6.86 1,152.74 4.55
1,045.42 Si-O stretching 1,025.76 19.66 1,035.86 9.56 1,037.75 7.67
acid
894.97 Si-H stretching 890.63 4.34 892.08 2.89 893.87 1.1
744.52 Si-H stretching 740.87 3.65 741.32 3.2 742.98 1.54
582.50 Si-H stretching 578.87 3.63 580.87 1.63 581.87 0.63
Summation of shifts (A) ARB =77.26 ARR =50.22 ARY =43.05

vibrations between 1,647.21 and 1,512.19 cm™ indicative of
alkenes and aromatic functional groups [28]. The peak of
1,423.47 cm™ represents P-OH stretching. The peaks around
1,157.29-1,045.42 cm™ and 894.97-582.50 cm™ corresponds to
Si-O and Si-H groups, respectively [29].

Table 7 represents the shift in the wave number of
dominant peak associated with the fresh and dyes-loaded
adsorbents in the FTIR plots. These shifts in the wavelength
showed that there was dyes-binding process taking place at
the surface of the adsorbent. There was a clear shift of wave
number of hydroxyl groups -OH. The aliphatic C-H stretch-
ing also shows shift responsible for adsorption of dyes. Si-O
stretching was found to have major shift of wave number so
these groups play the major roles of dyes adsorption. The
summation of difference in wave number before and after
adsorption is 77.26, 50.22 and 50.22 cm™ for RB, RR and RY,
respectively. This confirms the previous results that RB had
more adsorption capacity than RR and RY dyes.

4. Conclusions

In this study adsorption treatment method was applied
for removing reactive dyes from simulated dye wastewater.
The following conclusions were drawn:

e Prepared RH has higher removal efficiency and adsorp-
tion capacity toward reactive dyes than SS, GAC and
SD adsorbents. This difference in behavior is due to the
higher CEC of RH than other adsorbents.

¢ The maximum removal efficiency of RH depends on
certain pH, dosage, contact time and initial concentra-
tion; the maximum removal efficiency is obtained at
(2, 3 g, 150 min, 50 mg/L, respectively) with removal effi-
ciency of 95.77%, 89.26% and 80.36% for RB, RR and RY,
respectively.

* The equilibrium isotherm for RB, RR and RY onto RH
was of favorable type, (R, ranged from 0 to 1). In addition
to the familiar Langmuir model (1918), several modern

models such as Freundlich (1907) and Temkin (1934)
models were found to be in good agreement with the
experimental results.

e According to Temkin model, the current adsorption pro-
cess is a physical process since the heat of adsorption
denoted by constant B, is less than 40 kJ/mole for the
three reactive dyes.

* Pseudo-second-order kinetic model was found to be
more suitable for adsorption of RB, RR and RY, because
of higher correlation coefficients as compared with other
models.

e FTIR analysis for RH showed many types of groups.
However OH and Si-O groups play the important role
in the adsorption of the reactive dyes from their aque-
ous solution. The shifts in FTIR analysis before and after
adsorption for RB > RR > RY, respectively.

e The multiple correlations simulating the experimental
data for adsorption processes are found to be with good
fitting. The correlation coefficient R? is 91.581, 90.266 and
91.319 for RB, RR and RY, respectively.

The findings of this study will be used in future work
to examine the tested adsorbents in continuous system using
both simulated and real wastewater.
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