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Abstract

The presence of dye molecules in water resources has harmful effects on environment. Therefore, it is important to
remove dyes from wastewater using eco-friendly materials. In this study, adsorptive removal of diazo dye Direct Red
28 (DR-28) and tetra azo dye Direct Black 22 (DB-22) was investigated by using a new composite, kaolin supported
zinc ferrite (KZF) as adsorbent. Characteristics of the composite, KZF were determined using various techniques such
as FTIR, SEM, XRD, VSM, and EDS/Mapping. The adsorption of DR-28 and DB-22 on KZF was studied as a function
of contact time, initial dye concentration, adsorbent amount, temperature, initial pH of the solution as well as the heat
treatment of the composite. The removal of DR-28 was found to be 92.4% for the KZF concentration of 1g/200mL, initial
dye concentration of 20 mg/L, contact time of 120 min at original pH and 21 °C. On the other hand the removal of DB-
22 was found to be 91.7% under the same conditions at 40 °C. The results showed that Langmuir isotherm is suitable
for the adsorption of DR-28 and DB-22 on KZF under given conditions. It was found that adsorption of DR-28 on KZF
was exothermic while that of DB-22 was endothermic. The enthalpy changes (AH) for the adsorption of DR-28 and
DB-22 dyes on KZF were found to be -24.59 kJ/mol and 61.95 kJ/mol respectively. AS for the adsorption of DR-28 dye
was found to be negative while AS° for the adsorption of DB-22 was positive. The kinetic data fitted well to the pseudo
second order model for the adsorption of DR-28 and DB-22 on KZF composite. These results showed that the prepared

adsorbent KZF could be used as an adsorbent for the efficient removal of anionic dyes.
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1. Introduction

Dyes are chemical compounds used to color prod-
ucts in many fields such as textile, leather, paper, rubber,
printing and plastic.! Dyes in wastewater are dangerous
and negatively affect the water quality. The discharge of
wastewater containing dyes into water resources causes a
decrease in gas solubility, light and oxygen permeability,
and therefore a decrease in photosynthesis. It also affects
aquatic life and human life due to its carcinogenic and mu-
tagenic effects.!" Dyes entering the human body through
the food chain cause diseases such as dizziness, jaundice,
diarrhea, and nausea. They also damage to organs such as
kidney, brain and liver.!?

Dyes can be divided into two categories: natural and
synthetic dyes. With the increase in dye consumption, nat-
ural dyes have been replaced by synthetic ones. Synthetic
dyes consist of three parts: chromophoric groups, auxo-

chromes and conjugated aromatic structures. Chromo-
phoric groups are unsaturated and they consist of atoms or
groups of atoms that allow the light to be absorbed.> Dyes
can also be classified according to the chromophoric
groups: Azo, Anthraquinone, Indigoid, Nitroso, Nitro, and
Triarylmethane.® Azo dyes are characterized by the num-
ber of azo bond groups such as monoazo, diazo, triazo,
polyazo and azoic. Polyazo dyes are complex structures
and contain three or more azo groups in the same mole-
cule.’

Direct red 28 (DR-28, known as Congo red) and Di-
rect black 22 (DB-22) are widely used in textile, paper and
plastic industries.* DR-28 contains two azo groups and
DB-22 contains tetra azo groups. Both DR-28 and DB-22
are anionic dyes.” DR-28 and DB-22 in wastewater dam-
age the environment due to their carcinogenic and toxic
properties. Therefore, DR-28 and DB-22 containing
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wastewater should be treated before being released into
environment.

Different treatment methods such as coagula-
tion-flocculation!?, Fenton!!, ozonation'?, UV!3, photo-
catalytic process'*, and adsorption!® are applied to remove
dyes from aqueous solutions. Among these methods, ad-
sorption has gained importance in recent years since it be-
comes more economical with cheap, simple, and efficient
adsorbents. Natural adsorbents such as clinoptilolites,
montmorillonites, esmectites, kaolinites, and bentonites
have been successfully used for adsorption.!®

Kaolin has a great potential in the removal of dye-
stuffs from wastewater thanks to its chemical and mechan-
ical stability, high cation exchange capacity, adsorption
ability, unique structural properties as well as its low cost,
high efficiency, and abundance.'”!® On the other hand, the
surface properties such as surface area and surface ex-
change sites of kaolin should be improved to increase the
adsorption capacity. For this purpose, physical and chem-
ical processes such as milling, heat treatment, acid treat-
ment, and alkaline treatment can be applied. While alka-
line treated kaolin has a small surface area, kaolin with a
large surface area can be obtained by acid treatment. How-
ever, acid treatment is difficult due to the inert nature of
kaolin. Metakaolinite is obtained by the calcination of ka-
olinite.!”1?

Magnetic adsorbents are new generation adsorbents
with high adsorption capacity and speed. Compared to
other adsorbents, magnetic adsorbents have some advan-
tages such as less production cost, easy separation from
solution, low diffusion resistance, and large surface area.*
Among the magnetic nanoparticles, spinel ferrites with the
chemical composition of MFe,0, (M=Cu, Mn, Zn, Mg,
Co, Ni and other metals) have been extensively studied so
far due to their special properties, where oxygen ions (O%)
make a cubic structure, Fe>* cations occupy half of the oc-
tahedral holes and M?* ion is a divalent cation and place in
the eight holes of the tetrahedral.? Zinc, cobalt, and nickel
ferrites are widely used as a magnetic support thanks to
their high saturation magnetization intensity and excellent
mechanical strength.?°

The addition of inorganic particles such as spinel fer-
rite to the matrix of kaolinites can improve the adsorption
capacity and facilitate its separation from the aqueous
solution by an external magnet. This process improves
both the physical and chemical properties of kaolinite and
provides high adsorption capacity by preventing agglom-
eration of inorganic nanoparticles.?!

The aim of this study was to investigate the perfor-
mance of magnetic kaolin supported zinc ferrite as an ad-
sorbent for the removal of diazo dye DR-28 and tetra azo
dye DB-22 from aqueous solutions. The prepared adsor-
bent was characterized using FTIR, SEM-EDS, XRD and
VSM techniques. In order to determine the optimum ad-
sorption parameters, the effect of process variables such as
heat treatment of the composite KZF, adsorbent amount,

initial dye concentration, contact time, initial pH of the
solution, and temperature have been investigated. After
optimization of the effective factors, the kinetics and iso-
therm of the adsorption were investigated. A thermody-
namic study was realized to understand the behavior of the
adsorption process.

2. Materials and Methods

2. 1. Materials and Equipments

The kaolin clay with a particle size of 28 p was pro-
cured from a company in Balikesir, Turkey. It was a com-
mercial product and used without purification. DR-28 was
supplied from Isolab, DB-22 (commercial name Direct
Black 22 VSF 1600) from a company named “HNY” in
Turkey, and FeSO,7H,0 and ZnSO,7H,0 from Merck.

A magnetic stirrer (HSD-180), pH meter (C561,
Consort), centrifuge (Nuve, NF 200) and oven (Proterm,
PLF 120/5) were used in the study. UV- spectrofotomoter
(Hach, DR-2400) was used to measure the absorbance of
the dye samples.

2. 2. Preparation of the Adsorbent

The composite kaolin/Zn/Fe was prepared by chem-
ical coprecipitation method. First, iron II sulphate
heptahydrate (FeSO,.7H,0) and zinc sulphate heptahy-
drate (ZnSO,.7H,0) with a molar ratio of 2:1 were dis-
solved in 200 ml distilled water. Then, kaolin clay was add-
ed to the solution and heated to 65-70 °C while stirring
with a magnetic stirrer. The mixture was stirred for 30
min. 3M NaOH solution was added dropwise to the solu-
tion, and pH of the solution was adjusted to 12. After addi-
tion of NaOH solution, stirring was continued for one
hour at 100 °C. The prepared composite was left for one
day at room conditions and then placed in water bath for 4
h at 95 °C. After that, it was dried at 95 °C for 90 h. Finally,
the dried composite was heat treated at 200 °C for 3 h. The
composite with and without heat treatment were coded as
KZF-200 and KZF, respectively, and the raw kaolin as K.

2. 3. Characterization of Adsorbent

The adsorbents used in the study were characterized
by XRD, FTIR, SEM, EDS, and VSM. Powder X-ray dif-
fraction (XRD) patterns of the adsorbent were recorded
using Rigaku Smart Lab with Cu-Ka radiation at 40 kV
and 30 mA to determine the crystalline structure of the
samples. The samples were scanned from 5°-90° at a rate
of 2°/min, and with a step size of 0.01. Fourier transform
infrared (FTIR) (PerkinElmer, Spectrum Two) spectrosco-
py analysis was performed in the range of 400-4000 cm™!
to identify the functional groups of the adsorbents before
and after adsorption. SEM and EDS analysis were per-
formed using Jeol, JSM 7001F. Magnetic saturation was
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measured using a vibrating sample magnetometer (VSM
Lake Shore 7407).

2. 4. Adsorption Experiments

A stock solution of dye was prepared using distilled
water. Standart dye solutions with known concentration
were prepared using stock solution, then absorbance val-
ues of the standard dye solutions were recorded using UV-
spectrophotometer (Hach, DR-2400). The absorbance of
DR-28 and DB-22 solutions was recorded at 497 nm and
481 nm, respectively. The calibration graph was drawn us-
ing the absorbance values of the standard solutions.

For the adsorption experiments, the desired amount
of adsorbent was put in 200 ml of dye solutions and the
sample was magnetically stirred continuously at 600 rpm.
The stirring rate was constant in all experiments. The dye
solutions were kept at room temperature (21 °C) in all ex-
periments except those in which the effect of temperature
was investigated. pH was adjusted with HCI and NaOH
solutions to 6.5-9. The original pH of the dye solution was
~7.4. In the experiments, the amount of adsorbent and the
initial dye concentration were changed in the range of 0.6-
1.2 g/200mL and 20-50 mg/L, respectively. All the experi-
ments were repeated twice. Process variables such as the
heat treatment of the composite KZF, contact time, pH, the
initial concentration of dye solution, amount of adsorbent,
and temperature were investigated in the study. The sam-
ples were withdrawn from the reaction mixture and cen-
trifuged at 5000 rpm for 10 minutes to remove the adsor-
bent. The absorbance of the samples was measured to find
the concentration of dye.

Efficiency of the dye removal, (R) was calculated us-

ing Eq. (1).
R, % = [C,-C,)/C,]*100 (1)

Equation 2 gives the adsorption capacity of the ad-
sorbent:

qe= ((Co-Ce)*V)/IW )

where q. is the adsorption capacity of the adsorbent at
equilibrium (mg/g), C, is the initial concentration of dye,
C, is the concentration of dye at any time (mg/L), C, is the
concentration of dye at equilibrium (mg/L), V is the vol-
ume of the dye solution (L), and W is the weight of the
adsorbent (g).

3. Results and Discussion

3. 1. Adsorbent Characterization

The SEM and EDS/Map analyses were used to exam-
ine the structure and distribution of elements at the sur-
face of the adsorbent. SEM, EDS spectra and EDS map-

ping images of the composite KZF are given in Fig. 1. As
shown in Fig. 1-a, KZF has an irregular and porous surface
structure. The EDS/Map analyses were used to determine
the Zn and Fe particles in the kaolin layers, and the results
confirm that there are Fe and Zn ions in the structure of
KZFE. KZF includes iron (7.1%), zinc (4.8%), silisium
(6.2%), oxygen (45%), sodium (16.7%), aluminum (4.1%),
carbon (9.6%) and sulphur (5.3%). According to the re-
sults of EDS analysis, kaolin was successfully loaded with
Fe and Zn, and the elements were observed to distribute
uniformly.

As shown in Fig. 2, the bands found at ~3690 and
3620 cm™! are the typical bands for the ordered structure
of kaolin. The bands at ~3690 cm™! and 3620 cm™ are re-
lated to the OH and H-O-H stretchings, respectively.!” The
peaks at 1117, 1030, and 1001 cm™ may be due to Si-O
stretching.>!® The peak at 910 cm™! can be attributed to
Al-OH-Al stretching vibration.?> The peaks at 796, 752
and 691 cm™! may be due to the tensile vibrations of Si-O-
Si, Si-O-Al and Si-O-Mg and the bending vibrations of
SiO in the structure of kaolin.?

The peaks detected at 910, 940, 1001, 1030, and 1117
cm! in the spectrum of kaolin disappeared in the FTIR
spectra of KZF and KZF-200. The bands of KZF and KZF-
200 (752, 796, 3620 and 3690 cm™!) were similar to those
of the raw kaolin but transmittance of these bands was
higher than that of the kaolin. The weak and disappeared
peaks showed the change in the structure of kaolin. This
can be interpreted as the AI>* crystals in the kaolin struc-
ture were replaced by Fe**.! There were new bands at
1440, 1100 and 980 cm™! in KZF and KZF-200. The peaks
at 1440, 1100 and 980 cm™! may be due to O-H bending,
C-O stretching and C=C bending, respectively.

When the FTIR spectra of KZF were compared with
the FTIR spectra taken after the adsorption of DR-28 or
DB-22 on KZEF, it was seen that both had the same bands
except the peaks at 1440 and 1100 cm™!. After the adsorp-
tion of DR-28 and DB-22 by KZF, the peaks at 1440 and
1100 cm™! disappeared. The transmittance of KZF after the
adsorption of dye was lower than that of KZF. This indi-
cates that the functional groups of KZF were involved in
the dye adsorption.?® After the dyes were adsorbed by KZF,
some of the peaks disappeared and the range of some of
the absorption peaks changed. This may be due to the in-
teraction between the functional groups in the KZF and
the dye molecules.?

Fig. 3 shows XRD patterns of K, KZF, and KZF-200.
As seen in Fig. 3, kaolin has three intense diffraction peaks
at 20 at 12.34°, 24.87° and 26.61°. These peaks are associat-
ed with the presence of kaolinite. Similar diffraction peaks
were reported by Meroufel et al.3 and Niu et al.?* The dif-
fraction peak at 20.86° is associated with quartz.® In addi-
tion to the typical peaks of kaolin, new peaks at 19°, 28.9°,
32.1°,33.8°, 35°, 48.7°, 54.6° 59.5° and 62° were observed
in XRD spectra of KZF and KZF-200. According to the
PDF card, peaks appear at 19°, 28.9°, 35°, 59.5° and 62°
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Fig. 1. The SEM (a), EDS spectra (b), EDS Mapping analyses (c) for KZF composite The functional groups of the kaolin, KZF, KZF-200 and DR-28
or DB-22 adsorbed KZF were determined using FTIR analysis. The related FTIR spectra are shown in Fig. 2.
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Fig. 2. FTIR spectra of K, KZE KZF-200, and dye adsorbed KZF

match well with PDF card 00-010-0467 (Franklinite, Zn-
Fe,0,).

The peaks at 28.9° and 33.8° indicate that these com-
posites contain typical zinc oxide, magnetite, and zinc fer-
rite structures. The diffraction peak at 28.9° indicates the
successful introduction of Zn to Fe spinel after synthesis.
The peak at 35° shows the development of the spinel phase
indicating a zinc ferrite formation in the composite.?>
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The magnetic behavior of KZF at 298K was investi-
gated by VSM analysis. The result is shown in Fig. 4. As
can be seen in the Fig. 4, the amount of magnetic satura-
tion for the KZF was determined as 3.3 emu/g. The low
value of magnetic saturation for KZF is due to the fact that
the magnetite was covered by the kaolin.?® However, KZF
can be separated from the solution using a permanent
magnet. The magnetization curve of KZF exhibited zero

Findik: Removal of Diazo Dye Direct Red 28 and Tetra

339



Acta Chim. Slov. 2022, 69, 336-348

a)
2000+ K
1500+
®
g
)
g
§ 10004
£
5001
T T T T
20 40 60 80
2theta (deg)
800
KZF
500
= 400+
£
g
z
g
£ 300
2004
100+
0
Y T T
20 40 60 80
24nela (deg)
C) &
= KZF-200
400+
&
g
2 3004
s
E
200+
10
0
T T T T
20 40 60 80
24heta (deg)

Fig. 3. XRD spectra of K, KZF and KZF-200

coercivities and remanences indicating a superparamag-
netic behavior of the sample at room temperature.?’

3. 2. Effect of Heat Treatment

KZF and KZF-200 composites were considered to
investigate the effect of the heat treatment on dye removal
performance of the composites. The experiments were

M (emu/g)

H (O¢)

Fig. 4. VSM analysis of KZF at room temperature

performed at an initial dye concentration of 30 mg/L, with
an adsorbent amount of 0.6g/200mL, at 21 °C and original
solution pH of =7.4. As seen in Fig. 5, lower removal rates
were obtained for both DR-28 and DB-22 in the experi-
ments with kaolin compared to those with KZF and KZF-
200.

100

80

Zﬁl;l&ll

K KZF KZF-200 KZF-200
DR-28 DB-22 DR-28 DB-22 DR-28 DB-22

Removal rate, %

Adsorbent 30 min W60 min ™90 min

Fig. 5. Effect of the heat treatment on the removal of (a) DR-28 and
(b) DB-22 (initial concentration: 30 mg/L, temperature: 21 °C, ad-
sorbent amount: 0.6g/200mL, initial pH: original)

DR-28 removals at the end of 90 minutes were found
to be 82.3% and 81.1% in the experiments with KZF and
KZF-200, respectively. The removal rates in the contact
time of 90 min were almost the same. However, in the con-
tact times of 30 and 60 minutes, KZF provided a higher
DR-28 removal than KZF-200. In the experiments, DB-22
removal was found to be higher for the composite KZE In
the contact time of 90 min, the removals of DB-22 were
found to be 40% and 33.3% in the experiment with KZF
and KZF-200, respectively. Therefore, KZF was chosen as
the adsorbent, and the effect of the other parameters was
examined using KZE

The heat treatment temperature affects the structure
of the composite. In one study, Olusegun and Mohallem?!
studied adsorption of Congo red using synthesized kaolin-
ite supported CoFe,0, nanoparticles calcined at different
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temperatures. Adsorption capacity of the composite with-
out calcinations was higher than the calcined composite at
700 °C. Calcination temperature up to 700 °C resulted in
structural damage to kaolinite.

As shown in Fig. 2, KZF and KZF-200 had the same
peaks, but the transmittance of KZF was lower than that of
KZF-200. The kaolinite had a disordered structure at lower
temperatures due to dehydroxylation.?®

The removal rate of DR-28 was found to be higher
than that of DB-22. DR-28 has two azo bonds, on the other
hand, DB-22 has tetra azo bonds. The higher the number
of azo bonds, the higher the stability of dye, which makes
the dye removal difficult.

In addition, the molecular weight of the tetra azo dye
DB-22 was higher than that of the diazo dye DR-28. The
molecular weights of DB-22 and DR-28 were 1084 g/mol
and 696.67 g/mol, respectively. The distribution of dyes in
water increases with the increase of the molecular weight
of the azo dyes, which causes a decrease in the rate of azo
dye degradation.”

3. 3. Effect of Adsorbent Amount

In the present study, the effect of adsorbent amount
on dye removal was also investigated. Experiments were
done with a various amounts of adsorbent at the initial
concentration of 30 mg/L, at 21 °C and original pH. Fig. 6
shows the effect of adsorbent amounts on the removal of
DR-28 and DB-22. The removal of DR-28 increased with

a) 100
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06 0.8 1 12
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Fig. 6. Effect of KZF amount on the removal of (a) DR-28 and (b)
DB-22 (initial concentration: 30 mg/L, temperature: 21 °C, initial
pH: original)

DB-22 removal, %

increasing KZF amount from 0.6g/200mL to 0.8g/200mL
then remained constant. DR-28 removals at the end of 90
min were found to be 89.7%, 90.2% and 90.1% for the KZF
amounts of 0.8, 1, and 1.2g/200mL respectively. At the end
of 30 min, the removals of DR-28 were found to be 76.4%
and 88.9% in the KZF amounts of 0.8g/200mL and
1g/200mL respectively. Therefore, 1g/200mL of KZF was
chosen as the optimum adsorbent amount.

The removal of DB-22 increased with the increasing
the amount of adsorbent within the range of 0.6g/200mL-
1.2g/200mL. The removals of DB-22 at the end of 90 min,
were 40%, 55.3%, 73.2%, and 75.4% in the KZF amounts of
0.6, 0.8, 1, and 1.2g/200mL respectively. There was no sig-
nificance difference between the DB-22 removals of
1g/200mL and 1.2g/200mL KZF.

DB-22 removal was lower than the removal of DR-28
under the studied conditions. As mentioned in the previ-
ous section, removal of tetra azo dyes is more difficult than
that of diazo dyes.

The removal of DR-28 and DB-22 increased with the
increasing adsorbent amount due to the increase in sur-
face area and number of active sites. After the optimum
adsorbent amount, the effective active surface area de-
creased due to the accumulation of adsorbent particles,
and as a result, the removal rate remained almost constant.
Nicola et al.” investigated the adsorption of Congo red us-
ing magnetic mesoporous silica. The removal of Congo
red increased with increasing the adsorbent amount from
0.5 to 1g/L and after 1g/L adsorbent amount removal rate
remained nearly constant. Similarly, Boushehrian et al.?,
reported that the removal of methylene blue and methyl
violet remained almost constant after the adsorbent dos-
age of 1.5g/L. Cao et al.?® investigated the adsorption of
reactive brilliant red using magnetic Fe;O,4/chitosan nano-
particles and reported that the optimum adsorbent amount
was 0.6 g/L, and after the optimum adsorbent amount, the
removal rate was almost the same. In another study,
Karthikeyan et al.** studied the adsorption of phosphate
and nitrate ions from water using magnetic kaolin (MK)
chitosan beads and reported that, the removal of phos-
phate and nitrate increased with the increasing amounts of
MK-chitosan beads due to the increase in reactive vacant
sites of the adsorbent surface. Moreover, they also report-
ed that, there was no significant change in the removal rate
at the adsorbent amounts greater than 100 mg. Koohi et
al.*! also reported similar results. They found that the re-
moval efficiency of Congo red increased with the increas-
ing amounts of Fe;0,/NiO due to the increase in the active
surface area, and after the adsorbent amount of 15 g/L, no
significant change was observed in the removal rate. The
decrease in the surface area due to the aggregation of par-
ticles causes a decrease in the adsorption capacity. Esvandi
et al.’ examined the adsorption of sunset yellow and Nile
blue using magnetic nanoparticle, and reported that the
removal efficiency increased when the adsorbent amount
was increased from 0.4 g/L to 1 g/L (optimum adsorbent
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amount), and after the adsorbent amount of 1 g/L, the re-
moval rate remained constant. In another study, Mahmoo-
di et al.*? investigated the adsorption of direct black 22
using polyaminoimide homopolymer. They reported that
removal of direct black 22 increases with increasing adsor-
bent amount due to increased adsorbent surface and avail-
ability of more sites.

3. 4. Effect of Initial pH

The pH of solution is an important parameter affect-
ing the adsorption of dye onto the adsorbent. DR-28 is a
diazo dye which changes colour at low pHs due to proto-
nation of its amino groups. The red color of DR-28 chang-
es to bluish color below the pH 5.821:33 For this reason the
effect of pH was not investigated under strong acidic con-
ditions.

The effect of pH on the removal of DR-28 and DB-22
was studied at the initial pHs of 6.5, =7.4, 8.5, and 9. =7.4
is the original pH of the dye solution. The results are pre-
sented in Fig. 7. The pH of the dye solution was adjusted at
the beginning of the experiment and not controlled during
the adsorption process.

100
5= 80 1
o
)
T 60 -
Q
s 40
E —+—DR-28
= 20 —=—DB-22

0 ‘ ‘

6.00 7.00 8.00 9.00 10.00

pH

Fig. 7. Effect of initial pH of the dye solution on the removal of DR-
28 and DB-22 (initial concentration: 30 mg/L, temperature: 21 °C,
adsorbent: KZF, adsorbent amount: 1g/200mL, contact time: 60
min)

The removal rate of DR-28 increased from 87.5% to
90.5% when the pH of the solution was increased from 6.5 to
7.4. After the original pH, the removal rate decreased with
the increase in solution pH, which could be attributed to the
de-protonation of the adsorbent surface. Similarly, Koohi et
al3! reported that the removal of Congo red decreased as the
pH was increased after the optimum pH. They also reported
that, the adsorption capacity gradually decreased, due to the
repulsion between the Congo red ions and the adsorbent
molecules. Das et al.3® investigated the effect of pH on the
decolorization of Congo red and reported that, highly acidic
and highly basic conditions were not suitable for the decolor-
ization of Congo red solution. They obtained the maximum
decolorization of Congo red at pH 7.

The removal of DB-22 increased when the pH was
increased from 6.5 to 7.4 (original pH). At the pHs of 7.4

and 8.5, there was no significant change in the removal
rate. The removal of DB-22 was found to be 80.4% in pH 9.
Sun et al.* reported similar result for the adsorption of
anionic dye reactive red 123 and explained the effect of pH
on the adsorption by electrostatic interaction between the
adsorbent and the dye molecules. Based on these results, it
can be asserted that the adsorption mechanism is not de-
pendent solely on electrostatic interaction. The molecular
structure of dyes may also affect the adsorption process.

3. 5. Effect of Temperature

In the study, the effect of temperature on dye remov-
al was also investigated to reveal whether the adsorption
process is exothermic or endothermic. The experiments
were done at different temperatures at the initial concen-
tration of 30 mg/L, with the adsorbent amount of
1g/200mL and the contact time of 60 min at original pH.
Fig. 8 presents the effect of temperature on the removal of
DR-28 and DB-22.
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Fig. 8. Effect of temperature on the removal of DR-28 and DB-22
(pH: original, initial concentration: 30 mg/L, adsorbent: KZF, ad-
sorbent amount: 1 ¢/200mL, contact time: 60 min)

The removal of DR-28 decreased with the increasing
temperature. This result shows that, the adsorption of DR-
28 on KZF was exothermic. As the temperature increases,
the tendency of the dye adsorbed on the adsorbent surface
to separate from the surface increases.? According to Es-
vandi et al.3, the adsorption efficiency decreases with in-
creasing the temperature due to the desorption of dye mol-
ecules from the adsorbent surface. Magbool et al.*®
investigated the removal of Congo red using free biomass,
Na-Alg/CH and PPY/CH conjugates. It was found that the
removal of Congo red decreased with increasing tempera-
ture due to the weakened Van der Waals force and the
H-bonding between the adsorbent and the sorbate.

On the other hand, the removal of DB-22 increased
with increasing the temperatures up to 40 °C. The remov-
als of DB-22 at the initial concentration of 30 mg/L and the
contact time of 60 min were found to be 69.2%, 83.2% and
91.3% at the solution temperatures of 21, 30, and 40 °C,
respectively. After 40 °C, the removal rate remained almost
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constant. So, the adsorption of DB-22 on KZF is an endo-
thermic process. Magdy et al.!® reported similar results for
the adsorption of Direct Red 23. The mobility of dye mol-
ecules changes with temperature. As the temperature of
the solution increases, the mobility of the dye molecules
increases and as a result, the number of dye molecules in-
teracting with the free active sites on the composite surface
increases.

Based on the experimental results, it can be asserted
that the optimum temperatures for the removal of DR-28
and DB-22 were 21 °C and 40 °C, respectively. For this rea-
son, the experiments examining the effect of initial dye
concentration were carried out at these optimum temper-
atures.

3. 6. Effect of Initial Dye Concentration and
Contact Time

In the study, the effects of initial dye concentration
and contact time on dye removal were also investigated.
The experiments were done within an initial concentration
range of 20-50 mg/L with an adsorbent amount 1g/200mL,
at original pH. The experiments examining the effect of
contact time and initial dye concentration were carried out
at the optimum temperature values specified in the previ-
ous section (i.e., 21 °C for DR-28 and 40 °C for DB-22).
Fig. 9 presents the effect of initial dye concentration and
contact time on the removal of DR-28 and DB-22.
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Fig. 9. Effect of initial dye concentration and contact time on the
removal of (a) DR-28 and (b) DB-22 (pH: original, temperature: 21
°C (for DR-28), 40 °C (for DB-22), adsorbent: KZF, adsorbent
amount: 1g/200mL)

The experimental results showed that the removal
rates of DR-28 and DB-22 were faster for the first 20 min,
and then slowed down. The removal rate was almost con-
stant after the contact time of 30 min. At the beginning of
the adsorption process, active surface area is high. As the
time progresses, empty areas begin to fill and the appropri-
ate surface area decreases due to saturation with dye mol-
ecules. Accordingly, the rate of the adsorption process de-
creases and reaches an equilibrium.>3°

As seen in Fig. 9, the removal of DR-28 and DB-22
decreased with the increasing initial dye concentrations.
The removals of DR-28 for the contact time of 120 min
were found to be 92.4%, 89%, 86% and 77% at the initial
dye concentrations of 20, 30, 40, and 50 mg/L, respectively.
Similar result was obtained for DB-22. The removals of
DB-22 were found to be 91.7%, 90.2%, 85.5%, and 75.6% at
the initial DB-22 concentration of 20, 30, 40, and 50 mg/L
respectively. Mass transfer occurs due to the concentration
difference between the aqueous phase and the adsorbent
surface. Initial concentration of the dye solution is the
driving force for mass transfer. The removal rate decreases
with the increasing initial dye concentration due to the de-
crease in the number of active sites of the adsorbent.'®
Magdy et al.'? reported similar results. As the dye concen-
tration increases, the adsorbent reaches saturation quickly
for a fixed amount of adsorbent, and the active surfaces are
covered with dye molecules. According to Sanad et al.*, at
high dye concentrations, the unit mass of the adsorbent is
exposed to more dye molecules. As a result, the active sites
are gradually filled until they reach saturation causing a
decrease in removal efficiency. Boushrean et al.? examined
the effect of initial concentration on the removal of meth-
ylene blue and methyl violet and reported that the ratio of
the active surface area of the adsorbent to the dyes in the
solution was high at low dye concentrations, and for this
reason, all the dye molecules interacted with the adsor-
bent, and thus a higher removal efficiency was achieved.

3. 7. Adsorption Isotherms

The adsorption equilibrium data collected at the dye
concentrations of 20-50 mg/L were fitted by common iso-
therms Langmuir and Freundlich models. The Langmuir
isotherm model assumes that the adsorbate is coated in a
monolayer on the homogeneous adsorbent surface, and
the adsorption takes place only at the active sites on the
adsorbent. The Freundlich equation is an empirical equa-
tion used to describe heterogeneous systems.?’

Langmuir and Freundlich models are given in Egs.
(3) and (4), respectively. 2237

Co — Ce 1 3)
de Qmax  9max KL
Inge = Inkf + ~nCe (4)
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1
i = 1+K,C, (5)

where qy,,,, is the adsorption capacity (mg/g), Ky is the ad-
sorption energy (L/g), and K¢and n are the Freundlich
constants.

The value of Ry specifies whether the adsorption pro-
cess is irreversible (R;=0), desirable (0<R;<1), linear
(R=1) or undesirable (R;>1). The value of n determines
whether the adsorption process is linear (n=1), physical
(n>1) or chemical (n<1).

The adsorption isotherm models were calculated at
the initial dye concentrations of 20-50 mg/L. The other
factors, such as initial pH, adsorbent amount, and temper-
ature were kept constant. For DR-28 and DB-22, the initial
pH was original pH, and the amount of the adsorbent KZF
was 1g/200mL. While the parameters such as adsorbent
amount and pH were the same for both dyes, the tempera-
ture was 21 °C for DR-28 and 40 °C for DB-22.

The values and constants of the Langmuir and Fre-
undlich isotherm models for DR-28 and DB-22 are given
in Table 1. The results of the Langmuir adsorption iso-
therm models for DR-28 and DB-22 are shown in Fig. 10
and Fig. 11, respectively.

The values of R? for the Langmuir model were found
to be 0.9969 and 0.9926 for DR-28 and DB-22, respective-
ly. The values of R? for the Freundlich model were found to
be 0.9308 and 0.8381 for DR-28 and DB-22, respectively.
DR-28 and DB-22 adsorptions were found to be in a good
agreement with the Langmuir isotherm. The calculated Ry
values of DR-28 and DB-22 were between 0 and 1. Based
on these results, it can be asserted that the adsorption pro-
cess was desirable.

Table 1. Langmuir and Freundlich isotherm parameters for the ad-
sorption of DR-28 and DB-22 (pH: original, adsorbent: KZF, adsor-
bent amount: 1 g/200mL, temperature: 21 °C for DR-28, 40 °C for
DB-22)

Isotherm Constants DR-28 DB-22
Langmuir Qmax ME/) 7.640 8.404
Ky (L/mg) 0.722 0.605
R? 0.9969 0.9926
Ry 0.027-0.064 0.032-0.076
Freundlich n 3.59 3.03
K¢ (mg/g) 371 3.53
R? 0.9308 0.8381

3. 8. Adsorption Thermodynamics

Thermodynamic parameters (AG®, AH?, AS®) were
calculated using the Egs. (6), (7), and (8). The values of
AH? and AS° were calculated from the slope and intercept
of a linear plot InK_ versus 1/T.%37-38

AGO = AHO — TASO (6)

16
14 1

1.2 4 DR-28
14
0.8 -
© 06 -
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0.2
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y=0.1309x + 0.1812
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Fig. 10. Langmuir isotherm for DR-28 onto KZF (pH: original, tem-
perature: 21 °C, adsorbent: KZF, adsorbent amount: 1 g/200mL)
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Fig. 11. Langmuir isotherm for DB-22 onto KZF (pH: original, tem-
perature: 40 °C, adsorbent: KZF, adsorbent amount: 1 g/200mL)

AG° ASC®  AHO
RT R RT

KC=

ok

(8)

where AG is the standard change free Gibbs energy (J/
mol), AHC is the standard change enthalpy (J/mol), AS® is
the standard change entropy (J/molK), and R is the univer-
sal gas constant (8.314 J/molK), K_ is the ratio of the equi-
librium concentration of adsorbate (q.) loaded to the equi-
librium concentration in solution (C,).

The adsorptions of DR-28 and DB-22 on KZF were
thermodynamically studied at an initial concentration of
30 mg/L, with an adsorbent amount of 1g/200mL, and a
contact time of 60 min, at the original pH. The results of
the thermodynamic study are given in Fig. 12. Table 2
shows the obtained thermodynamic parameters for DR-28
and DB-22.

The enthalpy change (AH?) for DR-28 dyes was
found to be -24.59 kJ/mol, which shows that, the adsorp-
tion of DR-28 using the composite KZF was exothermic.
AGO values were —1.364, —0.653, 0.137 and 0.927 kJ/mol at
the adsorption temperatures of 21, 30, 40, and 50 °C, re-
spectively. The negative AG? values at 21 and 30 °C indi-
cate that the adsorption process occured spontaneously.?
The positive AG? values at 40, and 50 °C suggest that the
adsorption of DR-28 onto KZF was not a spontaneous pro-
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Fig. 12. The thermodynamics of the adsorption of (a) DR-28 and
(b) DB-22 on the adsorbent KZF (pH: original, initial concentra-
tion: 30 mg/L, contact time: 60 min, KZF amount: 1 g/mL)

cess. The decrease in AG® value with the decrease in tem-
perature indicates that lower temperatures are suitable for
the adsorption of DR-28 molecules onto KZE?? The value
of AS? for DR-28 dye was also found to be negative. Ac-
cording to Boushehrian et al.2, the negative AS® values in-
dicate a decrease in the random collision of dye molecules
and the adsorbent surface during the adsorption process.
Magbool et al.* reported similar results for the adsorption
of BB-41. The negative value of AS? reveals that the disor-
der at the solid-solution interface is reduced.

On the other hand, AHC value for DB-22 was found
to be 61.95 kJ/mol, which shows that the adsorption pro-

Table 2. Thermodynamic parameters for the adsorptions of DR-28
and DB-22 onto KZF

Dye  Temperature AH® AS® AG°
(°C) (kJ/mol) (J/molK) (kJ/mol)
DR-28 21 -24.59 -79 -1.364
30 -0.653
40 0.137
50 0.927
DB-22 21 61.95 204 1.974
30 0.138
40 -1.902

cess was endothermic. AG? values were 1.974, 0.138, and
-1.902 kJ/mol at the adsorption temperatures of 21, 30,
and 40 °C, respectively. The positive AG® value at 21 and 30
°C indicated that the adsorption process was not sponta-
neous. The negative AG® value at 40 °C suggests that the
adsorption of DB-22 onto KZF was a spontaneous pro-
cess.* The decrease in AG® value with the increase in tem-
perature shows that higher temperatures are suitable for
the adsorption of dye molecules onto adsorbent.?? As
mentioned in the section 3.5 there was no increase in the
removal rate of dye beyond 40 °C. So, there is no need to
work at temperatures higher than 40 °C. AS? was found to
be 204 J/mol. The positive AS? shows the increase in disor-
der and randomness at the composite KZF and DB-22 dye
solution interface during the adsorption process.!*4

3. 9. Adsorption Kinetics

To understand the dynamics of the adsorption pro-
cess of DR-28 and DB-22 onto KZF, the adsorption kinetic
experiments were performed at the adsorbent amount
1g/200mL, with the initial dye concentration of 30 mg/L at
original pH. Adsorption temperature was 21 °C for DR-28
and 40 °C for DB-22. Common adsorption kinetic models,
pseudo first order equation, and pseudo second order
equation were employed to fit the experimental data.

The linear form of the pseudo first order kinetic
model is presented as Eq. 9:

In(ge — q¢) = Inqe — kqt )

In this relation, q. is the adsorption capacity in the
equilibrium state (mg/g), q; is the adsorption capacity at
any time (mg/g), and k, is the rate constant (min™!). k; can
be obtained by drawing the experimental data of In(q. - q;)
versus t.2%7

The pseudo second order kinetic model is given in
the Eq. 10:

£ 1 t

q_t B kzqez ¥ q_e (10)

where k, (g/mg.min) is the rate constant of the pseudo sec-
ond order kinetics. Drawing the linear graph of t/q, versus
t can provide the pseudo second order kinetic rate param-
eter.237:40

Regression coefficient (R?) is important to determine
the agreement of calculated q. values with experimental
data. A relatively higher R? value indicates that the model
is suitable for the adsorption process. The values and con-
stants of the pseudo first order and pseudo second order
models for DR-28 and DB-22 are given in Table 3 and Ta-
ble 4, respectively. The results of the pseudo second order
model obtained for the adsorption of DR-28 and DB-22
are shown in Fig. 13 and Fig. 14, respectively.

As can be seen in Table 3 and Table 4, the correlation
coefficient (R?) of the pseudo second order model was

Findik: Removal of Diazo Dye Direct Red 28 and Tetra ...

345



346 Acta Chim. Slov. 2022, 69, 336-348

Table 3. Pseudo first order and pseudo second order kinetic model constants for DR-28 adsorption using the ad-

sorbent KZF
Kinetic model Parameters Initial dye concentration of DR-28, mg/L
20 30 40 50
Pseudo First Order R? 0.9531 0.9205 0.9699 0.8018
k, 0.0624 0.0783 0.0727 0.0597
Qal 1.788 3.009 5.385 4.739
Gexp 4.166 5.434 6.266 6.633
Pseudo Second order R? 0.9997 0.9980 0.9974 0.9979
k, 0.0755 0.0410 0.0195 0.0177
Qal 4292 5.692 6.798 7.179
Gexp 4.17 543 6.270 6.63

Table 4. Pseudo first order and pseudo second order kinetic model constants for DB-22 adsorption using the ad-

sorbent KZF
Kinetic model Parameters Initial dye concentration of DB-22, mg/L
20 30 40 50
Pseudo First Order R? 0.532 0.8783 0.7863 0.7998
k, 0.0467 0.07 0.0464 0.0338
eal 0.372 2.749 2252 2718
Qexp 3.754 5.831 6.898 7.265
Pseudo Second order R? 0.9992 0.9995 0.9993 0.9976
k, 0.145 0.049 0.036 0.021
eal 3.83 6.05 7.16 7.65
Qexp 3.75 5.83 6.90 7.27
5 —_— higher than that of the pseudo first order. This result shows
- that the pseudo second order model is the best model for
+20mglL describing the kinetics of KZF toward DR-28 and DB-22.
gl Y ®30mgiL
40mg/L .
10 - 4. Conclusion
<50mg/L
0 : , : . In this study, the adsorption of diazo dye Direct Red
0 20 40 60 80 00 120 140 160

time, min

Fig. 13 Pseudo second order model for the adsorption of DR-28

28 (DR-28) and tetra azo dye Direct Black 22 (DB-22) us-
ing synthesized magnetic kaolin supported zinc ferrite
(KZF) were investigated. KZF was prepared by co-precipi-

onto KZF tation method. KZF was heat treated at 200 °C for 3h and

coded as KZF-200. KZF provided a higher removal of DR-

o 28 and DB-22 than KZF-200. The characteristics of the

DB-Z2 KZF and KZF-200 were determined using FTIR, SEM,

o EDS/Elemental Mapping, XRD, and VSM analyses. The

*20mgL highest removal rates of DR-28 and DB-22 with the com-

- posite KZF were obtained at the original pH, at the initial
H30mg/L . .

dye concentration of 20mg/L, with the adsorbent amount

Ll A0mglL. of 1g/200mL, and the contact time of 120 min, and at 21 °C

50mgiL for DR-28 and 40 °C for DB-22. Under these conditions,

5 = = " P T TR | the removal rates of DR-28 and DB-22 from aqueous solu-

time, min

Fig. 14 Pseudo second order model for the adsorption of DB-22
onto KZF

tions were found to be 92.4% and 91.7% respectively. The
experimental results were better fitted with the Langmuir
isotherm model and adsorption process occurred on the
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homogeneous surfaces. The kinetic behavior of the ad-
sorption of DR-28 and DB-22 showed that the pseudo sec-
ond-order kinetic model was better fitted with the results.
The adsorption of DR-28 using KZF resulted in negative
AH® and AS° values which indicate exothermic in nature
and decrease in random collosion. AH? and AS° values for
the adsorption of DB-22 using KZF were positive. Adsorp-
tion of DB-22 was endothermic. The positive AS? value
indicated the increasing of randomness at the solid/liquid
interface during the adsorption.
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Povzetek

Prisotnost molekul barvil v vodah ima $kodljiv vpliv na okolje. Zato je pomembno, da jih odstranimo s pomo¢jo okolju
prijaznih materialov. V tej $tudiji smo preucéevali moZnost odstranjevanja diazo barvila Direct Red 28 (DR-28) in tetraa-
zo barvila Direct Black 22 (DB-22) z adsorpcijo na kompozitni nosilec na osnovi kaolina in cinkovega ferita (KZF).
Lastnosti KZF kompozita smo dolo¢ili s pomocjo FTIR, SEM, XRD, VSM in EDS. Adsorpcijo barvil DR-28 in DB-22
na KZF smo preudevali v odvisnosti od kontaktnega ¢asa, zaCetne koncentracije barvila, koli¢ine adsorbenta, tempera-
ture, zacetne pH vrednosti raztopine ter toplotne obdelave kompozita. Dosegli smo 92.4 % adsorpcijo DR-28 pri KZF
koncentraciji 1g/200 mL, zacetni koncentraciji barvila 20 mg/L, kontaktnem ¢asu 120 min, pri osnovni pH vrednosti
in temperaturi 21 °C. Adsorpcija barvila DB-22, pri enakih pogojih le temperaturi 40 °C, pa je bila 91.7 %. Rezultati so
pokazali, da je lahko adsorpcijo obeh barvil (DR-28 in DB-22) na KZF opi$emo z Langmuirjevo adsorpcijsko izotermo.
Adsorpcija barvila DR-28 je eksotermna, medtem ko je adsorpcija barvila DB-22 endotermna. Sprememba entalpije
(AHO) pri adsorpciji na KZF je bila 24.59 kJ/mol za DR-28 in 61.95 kJ/mol za DB-22. AS° adsorpcije je bila pri DR-28
negativna, pri DB-22 pa pozitivna. Hitrost adsorpcije obeh barvil lahko dobro opisemo s kinetiko pseudo-drugega reda.
Rezultati kazejo, da lahko pripravljeni KZF kompozit uporabimo za u¢inkovito odstranjevanje anionskih barvil.
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