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ABSTRACT. In this study, the removal of diazo and tetra-azo dyes using calcined kaolin were compared. Direct
red-28 (DR-28) and Direct black-22 (DB-22) was chosen as diazo and tetra-azo dyes, respectively. The kaolin
obtained from Turkiye and calcined at 200 °C was found to be the most efficient adsorbent. Natural and calcined
kaolins were characterized using SEM-EDS, FTIR, TGA, and XRD. The parameters such as, calcination
temperature of the kaolin, adsorbent amount, temperature, initial pH, contact time, and initial concentration were
studied. It was found that the removal rate of DR-28 was higher than that of DB-22 at the studied conditions. The
removal of DR-28 and DB-22 were found to be 90.1% and 46.2% under the following conditions: adsorbent amount:
1.2 g/200 mL, initial concentration: 20 mg/L, original pH, temperature: 20 °C and contact time 120 min. The
adsorption of the dyes was fitted to Langmuir isotherm model. The maximum adsorption capacity of calcined kaolin
at 200 °C was determined as 5.39 and 3.5 mg/g for DR-28 and DB-22, respectively. The adsorption of DR-28 and
DB-22 followed a pseudo-second order model. The thermodynamic study showed that the adsorption of DB-22 onto
calcined kaolin was endothermic while that of DR-28 was exothermic.
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INTRODUCTION

Textile industries generate a large amount of wastewater with synthetic dyestuffs, which causes
environmental pollution. Small quantities of dye (< 1 mg /L) can color a large body of water. Due
to their toxic, carcinegenic, and mutagenic properties, dyes used in textile industry are dangereous
chemicals. Dyes have a negative effect on the living substances, aquatic animal life, and water
quality. Coloring agent in the wastewater prevents sunlight penetration and photosynthesis, and
alters gas solubility. Pollutants in wastewater reach people through the food chain [1-4]. For these
reasons, it is environmentally important to remove dyes from wastewater.

Dyes are colored organic compounds based on three essential groups in their molecules:
chromophore, auxochrome and matrix. The chromophore consists of groups of atoms such as nitro
(—NOy), azo (—N=N—), nitroso (—N=0), thiocarbonyl (—C=S), carbonyl (—C=0) and alkenes
(—C=C—). The atom group is attached to the chromophore called auxochrome. The purpose of
using auxochrome groups is to fix the dyes and modify their color. The auxochrome groups may
be acidic such as OH, SO3; and COOH or basic such as NHR, NH; and NR». The third part of the
dye, called the matrix (benzene, perylene and anthacene rings), contains the remaining atoms of
the molecule [5-7]. Dyes can be classified according to their application area: acid, basic, reactive,
direct, disperse, and vat dyes. Dispersed and vat dyes are insoluble in water while others are water
soluble. Water soluble dyes are mostly used in nylon, wool, cotton, leather, and paper dyeing [5,
7].

Azo dyes contain at least one azo group. Depending on the number of azo groups they contain,
they are called monoazo, disazo, triazo, or poly-azo dye. Poly-azo dyes are complex and their azo
groups are repeated three or more times in the same molecule. About 70% of the dyes used in
textile production are azo dyes [8].
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Direct red-28 (DR-28) (Cs,H 22N¢Na»S>0g) is an anionic dye that causes cancer in humans.
The other known name of the DR-28 is Congo red. It contains two azo groups. DR-28 is obtained
by the reaction of tetrazotized benzidine with two molecules of naphthionic acid. It can stay in
the environment for a long time [9-12]. DR-28 is used in pharmaceutical, paper, plastics, printing
and textile industries [12]. Direct black-22 (DB-22) (C4sH3:N13Na30,;S3) is one of the toxic and
carcinogenic anionic azo dyes used in dyeing cellulosic fibers like cotton, wool, viscose, rayon
and paper. It contains tetra-azo groups. It is difficult to remove of DB-22 due to its stability and
recalcitrant property [8, 13].

Several treatment methods are used to remove dye solutions such as adsorption [11],
photocatalysis [14, 15], coagulation [16], Fenton [17], ozonation [18] and sonication [19] etc.
These methods have some limitations and disadvantages such as low efficiency, high energy
consumption, high chemical consumption, sludge disposal [13].

Among these, adsorption process attracts more attention compared to other conventional
treatment methods due to its low initial cost, high efficiency, easy operation, and insensitivity to
pollutants and toxic compounds. Adsorption process becomes more economic with low-cost
adsorbents [1, 11].

Kaolin is one of the low-cost, eco-friendly, and efficient adsorbents with a chemical structure
of Al,0;.2S10,.2H,0. Higly abundant in nature, it is a white and soft plastic clay with high
thermal and mechanical stability. Kaolin structure contains hydrated aluminum silicate, kaolinite,
quartz, and mica. The silicate layers (Si,Os) attached to aluminum hydroxide layers (Al(OH)4)
are known as gibbsite layers. Silicate mineral layer with tetrahedral sheet and Al layer with
octahedral sheet are interlinked. The surfaces of kaolin carry a constant structural negative charge
derived from the isomorphous substitution of Si(IV) by Al(II) in silica layer [1, 5, 20-23]. In
recent years, there is an increasing body of studies on dye adsorption from aqueous solutions onto
kaolin supplied from different countries, such as basic yellow 28 [20], methylene blue [22-24],
methyl orange [25] and congo red [4, 12].

Recently, the use of natural adsorbents such as kaolin to remove dyes from aqueous solution
has increased. Although there are many studies on the adsorption of DR-28 using various
adsorbents, the number of studies on DB-22 adsorption is very few. As mentioned earlier, DR-28
contains two azo group while DB-22 contains tetra-azo groups. In this research, the adsorption of
diazo dye DR-28 and tetra-azo dye DB-22 onto calcined kaolin was compared. Kaolin obtained
from Turkey was chosen as the adsorbent. Characteristics of the raw and calcined kaolin were
discussed using SEM-EDS, FTIR, XRD, and TGA. The parameters such as calcination
temperature of the adsorbent, adsorbent amount, initial pH of the dye solution, temperature,
contact time and initial concentration of the dye solution were investigated. The adsorption
isotherms (Langmuir, Freundlich and Temkin model), adsorption kinetics (pseudo first order,
pseudo second order and intraparticle diffusion kinetic models), and thermodynamics properties
were also examined.

EXPERIMENTAL
Materials

In this study, kaolin supplied from a company in Turkey was used to remove the diazo and tetra-
azo dyes. HCl and NaOH were supplied from Tekkim. DR-28 and DB-22 were procured from
Isolab (CAS No: 573-58-0, C.I. 22120) and HNY company respectively. The commercial name
of DB-22 was Direct black-22 VSF 1600. Molecular structure of the dyes used in this study are
given in Figure 1.
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Figure 1. Chemical structure of (a) DR-28 and (b) DB-22.
Thermal treatment of kaolin

Kaolin was calcined using an oven (Proterm, PLF 120/5) at 200, 300, 400, and 500 °C for 3h. The
uncalcined kaolin was coded as K. The calcined kaolin was coded with a reference to the
calcination temperature, that is, K-200, K-300, K-400, and K-500.

Characterization of the kaolin

Characterization of the kaolin used in the study were performed by various techniques such as
XRD (Rigaku Smart Lab), SEM-EDS (FEI, Quanta FEG250), TGA (SDT Q600) and FTIR
(Perkin Elmer, Spectrum two).

Adsorption experiments

A stock solution was prepared by adding one gram of DR-28 or DB-22 dye to one liter of distilled
water. Dye solutions at different concentrations were prepared using stock solution and distilled
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water. The absorbance of the DR-28 and DB-22 solution were recorded using an UV-
spectrophotomoter (Hach, DR-2400) at a wavelength of 497nm and 481nm, respectively. After
that, the standard curves were obtained for each dye.

For a typical run, a known amount of the adsorbent and 200 mL of dye solution was charged
to the reaction vessel. The dye solution was magnetically stirred at a constant stirring speed of
500 rpm in all experiments. All the experiments were repeated two times. The following process
variables were investigated: calcination temperature of kaolin (200-500 °C), contact time (10-120
min), pH (6-9), the initial dye concentration (20-50 mg/L), adsorbent amount (0.4-1.2 mg/200
mL) and temperature (20-50 °C). The samples taken from the dye solution centrifuged at 5000
rpm for 10 min. Then the absorbance of the sample was recorded to determine the dye
concentration.

The removal of dye (R) was calculated using the Equation 1:

R,% = [Cy — Cp/Cp] * 100 )
The adsorption capacity of the adsorbent was calculated using the Equation 2:

qe = [V* (Co = Ce)/WI @

where . is the adsorption capacity of the adsorbent (mg/g). Co, C; and C. are the concentration of
the dye (mg/L) at the beginning, at any time and at equilibrium, respectively. V (L) is the volume
of the dye solution, and W (g) is the adsorbent weight.

Adsorption isotherms

In this study, the relationship between the dye molecules adsorbed on the calcined kaolin surface
and the dye molecules remaining in the solution was investigated using widely used isotherm
models such as Langmuir, Freundlich and Temkin. The Langmuir, Freundlich and Temkin models
were estimated using the Egs. (3), (4) and (5), respectively. The shape of the Langmuir isotherm
(Ry) was calculated using the Eq. (6) [3, 20].

Coom Co oyt

3)

qe qmax qmax KL

1
Inq, = lnkf + ;lnCe “)
qe = PilnKr + B1InCe 5)
RL: 1/(1+K.Ci) (6)

where gmax (mg/g) is the adsorption capacity, Ky (L/g) is Langmuir constant related to the
adsorption energy, Ry is the dimensionless separation factor in Langmuir isotherm. Ry value
determines whether the adsorption process is irreversible (R.= 0), desirable (0 < Ry < 1), linear
(R= 1) or undesirable (R.> 1) [1, 21]. Kf and n are the Freundlich constants. The value of n
determines whether the adsorption process is physical (n > 1), chemical (n < 1) or lineer (n = 1)
[1]. Kr (L/mg) and B; (J/mol) are both known as Temkin isotherm constants [3].

Adsorption kinetics

Adsorption kinetics were determined using the experimental results. Pseudo first order (PFO),
pseudo second order (PSO) and intra particle diffusion models were examined in the study. The
Eq. 7 gives the linear form of the PFO kinetic model:

In(g, — q¢) = Ingp — kqt @)
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where q. and q; are the adsorption capacity at the equilibrium state (mg/g) and at any time (mg/g),
respectively. Rate constant (ki, min') is calculated from the slope of the graph plotted against
In (g, — q¢) versus t[1].

Also, the PSO kinetic model is given in the Equation 8:

t 1 t
LI 8
qt kzqe de ( )

where k, (g/mg.min) is the rate constant of the PSO kinetics. Drawing the linear graph of t/q;
versus t can provide the PSO kinetic rate parameter [ 1, 20].
The intraparticle diffusion model is given in Equation 9:

qr =K;t05+1 ©)

where K; is the intra-particle diffusion rate constant (mg/g-min), and I is the width of the origin
[26].

Thermodynamics behaviour

Egs. (10), (11), and (12) were used to calculate the standard change of Gibbs free energy, enthalpy,
and entropy in the adsorption process [27].

AGO = —RTIn Kp (10)
AG°  as®  aH°
InKp= - =%~ % (an
=%
Kp =% (12)

where AG® (J/mol), AH® (J/mol), AS® (J/molK) are the standard change Gibbs free energy, the
standard enthalpy change and the standard entropy change respectively. R is the universal gas
constant (8.314J/molK), Kp is the equilibrium constant, Cx and C. are the concentration of dye
adsorbed and the concentration of dye remained after adsorption.

RESULTS AND DISCUSSION

Characterization

The SEM-EDS analysis was performed to examine the structure of the kaolin and to determine
the elements it contains. SEM image and EDS spectra of the kaolin are given in Figure 2 (a-b).
As shown in Fig 2a, the kaolin has porous and heterogeneous surface with various cavities. It has
layered rectangular shapes. According to EDS analysis (Figure 2b), kaolin includes 19.66%
carbon, 44.01% oxygen, 20.06% silicon, and 16.27% aluminum by weight. Figure 2 (c-d) shows
the SEM image of K-200 and K-500. K-200 has layered irregular shapes with porous surface.
K-500 has highly disordered structure. Layered structure of kaolin has been altered. It is seen that
there was agglomeration of layers. Souri et al. [34] obtained similar result. Particle edges became
more rounded and agglomeration of platelets in irregular stacks became more apparent.

XRD patterns of K and K-200 were analysed to investigate the influence of the calcination at
200 °C on the surface performance of kaolin. Figure 3a shows the XRD patterns. Kaolin has
diffraction peaks at 12.34°, 24.87°, 26.61°, 50.1° and 59.93°. These peaks are related with
kaolinite. In literature, Meroufel er al. [12] and Niu et al. [28] reported similar diffraction peaks.
The diffraction peak at 20.86° and 62.3 are related with quartz [12].

When the kaolin and K-200 diffraction peaks were compared using Figure 3a, it was seen that
the position of the peaks did not change. This shows that the crystal structure did not change. The
intensity of the peaks at 20 value of 12.34°, 24.87° and 26.61° decreased due to dehydroxylation
[29-31].
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Figure 2. The SEM (a), EDS spectra (b) for kaolin, (¢c) SEM analysis of K-200, and (d) SEM
analysis of K-500.
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Figure 3. (a) XRD pattern of K and K-200, (b) FTIR analysis of adsorbents (K, K-200, K-300, K-
400, K-500, K-200-DR-28, and K-200-DB-22), (c) TGA of kaolin.

FTIR analyses were performed to examine the functional groups of kaolin and calcined kaolin.
The results are given in Figure 3b. The peaks around ~3690 and 3620 cm™ were assigned to the
strecthing vibration of external and internal —OH of kaolin [22, 23]. The band at ~3690 cm'!
indicated the presence of hydroxyl groups (OH) in the interlayers of the kaolin sample, and the
band at 3620 cm™! was related to the O-H bonds pointing into the layers towards the tetrahedral
sheets [32]. The band observed at 3690 cm™., indicated the amount of water physically absorbed
at the kaolin surface [3]. On the other hand, the absence of a characteristic band at 3670 cm!
indicates that the kaolinite structure is disordered and easier to dehydrate [33]. The peaks at 1117,
1030, and 1001 cm™ may be due to the tensile vibrations of the Si-O groups in the SiO4 molecules
(Si-O-Si stretching vibration related to presence of di-silicon oxide or quartz) [1, 12, 20, 22, 23,
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28]. The peak at 910 cm™ may be due to Al-OH-Al stretching vibration [22]. The peak at 796
cm’! can be attributed to -OH deformation linked to Al [23, 24].

As shown in Figure 3b, IR functional bands of the raw kaolin and the calcined kaolin at 200,
300, and 400 °C were similar. The transmittance of the bands was observed to increase with the
increase in calcination temperature. Gasparini et al. [29] reported similar results. The peak area
of bands assigned in FTIR spectrum of kaolin increased with the decrease in calcination
temperature. A similar result was reported by Tironi ef al. [33]. As seen in Figure 3b, there was
no band at 3670 cm™, and the structure of the kaolinite was disordered at lower temperatures due
to dehydroxylation [34]. Below 500 °C, the absorbed water, free water, and hydrogen-bonded
water in the kaolin can be released [35].

The peaks at ~3690 and 3620 cm™ indicate the presence of kaolinite. These peaks were not
observed in the kaolin calcined at 500 °C for 3 hours. This result showed that kaolin was
transformed to metakaolin due to high temperature [32, 34, 35]. There were only several peaks at
1034 and 910 cm™! at the calcination temperature of 500 °C.

The FTIR spectra of K-200 and the FTIR spectra of K-200 after DB-22 or DR-28 adsorption
have the same bands. This indicates that the functional groups of K-200 were involved in the dye
adsorption [23].

TGA analysis was performed to determine mass losses and thermal property of the kaolin.
The high temperature treatment of kaolin converts it to metakaolin. The TGA of the kaolin is
given in Figure 3c. Total mass loss was 12.27%. The adsorbed water in pores and on the surfaces
of the kaolinite was removed below 400 °C [36]. A significant mass loss was observed between
400 and 650 °C due to thermal reaction of kaolinite and water molecules eliminated by
dehydroxylation. Dehydroxylation of hydroxyl-containing compounds such as kaolinite occurs
with the formation of water molecules as a result of the interaction of neighboring OH groups.
OH groups released from octahedrally coordinated AI** ion provide a water formation. The
metakaolinite was obtained after dehydroxylation [29, 36]. The TGA and FTIR results were
consistent with each other.

Effect of calcination temperature of the kaolin

Calcined kaolin was tested, in order to determine the most effective adsorbent. The runs were
carried out under the following reaction conditions: Co: 30 mg/L, T: 20 °C, adsorbent amount: 0.4
2/200 mL and initial pH: 7.3-7.4 (original). Figure 4 (a-b) shows the results. The removal rate
decreased with the increase in the calcination temperature. The highest DR-28 removal was
obtained with the K-200. DB-22 removal was almost the same with K and K-200 at 60min contact
time. However, the DB-22 removal with K-200 was higher than K at 30 min contact time. As
mentioned in previous section of the study, the transmittance of the bands increases up to 400 °C
with an increasing calcination temperature. Kaolin phase structure changed and metakaolin was
formed at the calcination temperature of 500 °C. At the calcination temperature of 200 °C, the
lowest intensity was obtained and the functional groups involved dye molecules.

Effect of adsorbent amount

The effect of K-200 amount on the adsorption of dye was studied with the adsorbent amounts of
0.4,0.6,0.8, 1 and 1.2 g/200 mL while maintaining all the other parameters constant (Co: 30 mg/L,
T: 20 °C, pH: original). As seen in Figure 4 (c-d), the removal of both dyes (DR-28 and DB-22)
increased as the amount of K-200 increased. The reason for this is that as the amount of adsorbent
increases, the adsorbent surface area and the number of active sites increase. 88.7% removal of
DR-28 and 42.2% removal of DB-22 dyes were achieved with 1.2 g/200 mL under the studied
conditions.
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Figure 4. Effect of calcination temperature (a) DR-28 and (b) DB-22 (T: 20 °C, initial pH:
original, Co: 30 mg/L, adsorbent amount: 0.4 g/200 mL) and effect of K-200 amount,
(c) DR-28 and (d) DB-22 (adsorbent: K-200, T: 20 °C, initial pH: original, Co: 30 mg/L).

Aragaw and Angerasa [20] obtained similar results for the adsorption of Basic yellow on
Ethiopian kaolin. In another study, the adsorption of Congo red on Australion kaolin was
examined [37]. It was reported that the adsorption of Congo red increased with the increase the
adsorbent dosage, due to the increase in the adsorption surface area of micropores and the
availibility of adsorption sites. Mouni et al. [24] examined the removal of methylene blue using
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kaolin and reported that the adsorption rate increased rapidly as the amount of adsorbent increased
due to the increase in surface area and the availability of more adsorption sites.

In the present study, DB-22 removal was found to be lower than that of DR-28. As shown in
Figure 1, the numbers of azo groups for DR-28 and DB-22 were different. DB-22 contains tetra-
azo bonds while DR-28 contains two azo bonds. As the number of azo bonds increases, the
stability of the dye increases and it becomes more difficult to remove the dye. On the other hand,
the molecular weight of DB-22 (1084 g/mol) was higher than that of DR-28 (696.67 g/mol). As
the number of azo bonds in azo dye increases, the molecular weight also increases. As the
molecular weight of azo dyes increases, the dispersion of the dye in water increases. This causes
a decrease in the azo dye removal rate [7].

Effect of the initial pH and temperature

One of the important parameters affecting the dye adsorption is the pH of the dye solution.
Structure of DR-28 changes under strong acidic pHs due to the formation of protonated species
(bluish color). The red color is stable within the pH range of 5-13 [12, 38]. Therefore, the pH
range was determined as 6-9 in the study.

The effect of pH was studied using different initial pH settings (6, 8, 9 and original pH) while
keeping the other parameters constant (T: 20 °C, Co: 30 mg/L, K-200 amount: 1.2 g/200 mL). The
original pH of the dye solution was ~7.4. The experiment was started after the solution pH was
adjusted and was not controlled during the experiment. The results are shown in Figure 5a.

The DR-28 removal rate increased from 80.7% to 88.9% with the increase of the solution pH
from 6 to 7.4 (original pH). After this pH value, the removal of DR-28 decreased with the increase
of the solution pH to 8, and then remained nearly constant. A similar behaviour was reported by
Meorufel et al. [12] and Ogunmodede et al. [4]. The rate of Congo red removal using kaolin
increased with the increase in pH, reached the maximum at pH 10, and then decreased at the
higher pHs. The negatively charged adsorbent surface regions did not support the adsorption of
the deprotonated Congo red due to electrostatic repulsion. Also, the abundance of OH ions in the
basic solution creates a competitive environment for the adsorption sites with anionic Congo red
ions causing reduced adsorption.

The removal of DB-22 decreased with the increase of pH from 6 to original pH. After this pH
value, the removal rate remained nearly constant. A similar result was reported by Mahmodi et
al. [39]. The adsorption capacity of DB-22 increased as the pH decreased. The electrostatic
attraction between the positively charged adsorbent surface and the negatively charged dye is
important at acidic pH values. As the pH of the system increases, the number of positively charged
sites decreases.

Zeta potential analysis was used to determine surface charge of the K-200. As shown in Figure
5b, pHzpc value was 3.2 for adsorbent K-200. If the pH less than pHzpc value, adsorbent has
positive charge, if pH greater than pHzpc adsorbent has negative charge [26]. Below pHzpc value,
electrostatic attraction exists between negative charges of anionic dyes and positive charges of K-
200 [3, 37]. At pH above pHzpc value, ionic repulsion between the K-200 surface and anionic dye
molecules occur [37].

The effect of solution temperature on the adsorption of DR-28 and DB-22 dyes on the K-200
adsorbent was investigated at 20, 30, 40, and 50 °C while keeping other parameters constant (Cy:
30 mg/L, K-200 amount: 1.2 g/200 mL, initial pH: original).

As shown in Figure 5c, the removal of DR-28 in 60 min decreased from 88.7% to 86%, 81.1%,
and 64% with the increase in temperature from 20 to 30, 40, and 50 °C, respectively. The decrease
in the removal rate with the increasing adsorption temperatures shows that the adsorption process
occurred under exothermic conditions. The dye molecules on the adsorbent surface may have an
increased tendency to move away with the increasing temperatures so, the removal rate of dye
decreases [1]. In their study, Aragaw et al. [20] reported that the adsorbent pores expanding with
the increasing temperatures caused the dye molecules not to be kept in an active site.
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Figure 5. (a) Effect of initial pH (T: 20 °C, Co: 30 mg/L, K-200 amount: 1.2 g/200 mL, contact
time: 60 min), (b) Zeta potential of K-200, and (c) effect of temperature (initial pH:
original, K-200 amount: 1.2 g/200 mL, Co: 30 mg/L, contact time: 60 min).

The removal rate of DB-22 in 60 min was 42.2%, 43.6%, 45.6% and 48% at 20, 30, 40, and
to 50°C, respectively. The increase in the removal rate with the increasing temperatures shows
that the adsorption process was endothermic. As a result of the increased mobility of dye
molecules at high temperatures, the possibility of an interaction between dye molecules and active
sites on the adsorbent surface increases [22, 24]. As the solution temperature increases, the
solution viscosity decreases and the transport of dye molecules to the adsorbent surface by
external diffusion and diffusion inside the pores becomes easier [3, 24].

Effect of initial dye concentration and contact time

The effects of contact time and initial concentration of DR-28 and DB-22 dyes using K-200 were
studied with initial dye concentrations (20-50 mg/L) and contact time (0-120 min) while the other
parameters were kept constant (K-200 amount: 1.2 g/200 mL, T: 20 °C, initial pH: original). The
results are shown in Figure 6.
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The removal of DB-22 and DR-28 increased very quickly as the contact time increased to 20
min, and then it slightly increased until a contact time of 45 min, and reached the equilibrium
state. No further increase was observed in the removal of both dyes with the increasing contact
times. In the initial stage, many active sites of the K-200 were available. Therefore, the removal
rate increased until reaching the equilibrium within 45 min. After a contact time of 45 min, the
number of empty sites on K-200 decreased, and thus, the removal rate also decreased.
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Figure 6. Effect of initial dye concentration and contact time (a) DR-28 and (b) DB-22 (T: 20 °C,
initial pH: original, K-200 amount: 1.2 g/mL).

As seen in Figure 6, the removal of dye decreased with the increase in the initial concentration.
The removal rate of DR-28 in a contact time of 120 min decreased from 90.1% to 88.9%, 79.4%
and 66.3% with the increase in the initial dye concentration from 20 to 30, 40, and 50 mg/L,
respectively. A similar result was obtained for the removal of DB-22. The removal rate of DB-22
decreased from 46.2% to 44.6%, 39.3% and 32.3% with the increase in the initial dye
concentrations from 20 to 30, 40, and 50 mg/L, respectively. The ratio of the active surface area
of the adsorbent to the dyes in the solution is important. According to the results, this ratio was
high at the low concentrations of DR-28 and DB-22. At high concentrations, there are less active
sites on the adsorbent than the dye molecules in the solution. As a result, the initial concentration
of 20 mg/L was the optimum initial concentration. At low dye concentrations, active sites on the
adsorbent surface are enough for the adsorption, and as a result the removal efficiency of dye is
high. At high dye concentrations, the removal rate decreases due to the fact that the active sites of
the adsorbent are occupied and the dye molecules re-enter the liquid phase [20].

In the literature, there are some studies reported similar results. In a previous study, it was
reported that the removal of Basic yellow 28 on the Ethiopian kaolin decreased with the increase
of initial concentration from 20 to 60 mg/L [20]. In another study, it was reported that Congo red
removal on the Algerian kaolin reached the equilibrium after 40 min and adsorption capacity of
the kaolin increased with the increase in the initial concentration [12]. In their study, Vimonses et
al. [37] reported that the dye removal decreased with the increase of the initial dye concentration
from 50 to 250 mg/L due to the limitation of adsorption sites on the clay mineral surface.
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Adsorption isotherms

The adsorption isotherm models (Langmuir, Freundlich and Temkin) were calculated with
different initial dye concentrations (20-50 mg/L). The other parameters were kept constant (initial
pH: original, K-200 amount: 1.2 g/200 mL, T: 20 °C). Table 1 gives the Langmuir, Freundlich
and Temkin isotherm parameters for DR-28 and DB-22 adsorption. Figure 7a shows the Langmuir
adsorption isotherm models for DR-28 and DB-22 on K-200.

In the Langmuir model, R? was 0.9964 for DR-28, and 0.9542 for DB-22. In the Freundlich
model, R? was 0.6805 for DR-28, and 0.7928 for DB-22. In the Temkin model R? was 0.714 for
DR-28, and 0.812 for DB-22. The Langmuir isotherm has high regression coefficient than other
isotherms. It can be said that the adsorption of both dyes were compatible with the Langmuir
isotherm. Based on the calculated Ry values for DB-22 and DR-28, the adsorption process was
defined as desirable. According to Langmuir isotherm model, adsorbent can be adsorbed as a
monolayer from the homogeneous adsorbent materials. Adsorbent surface is uniform, and
adsorption capacity is the same at all points [28].

The maximum adsorption capacity of K-200 was determined as 5.39 and 3.5 mg/g for DR-28
and DB-22 respectively. In the literature, there are studies on the adsorption of dye with kaolin
obtained from different countries. In one study, adsorption of Basic yellow investigated using
Ethiopian kaolin and adsorption capacity was found to be 0.885 mg/g [20]. Merufel ez al. [12] and
Vimonses et al. [37] used Algerian and Australian kaolin for the adsorption of Congo red,
adsorption capacity found as 5.94 mg/g and 5.44 mg/g, respectively. In another study, Dias et al.
[40] investigated adsorption of annotto dye on Brazil kaolin. Adsorption capacity was 12.9 mg/g
at 60 °C. As a result, the K-200 has nearly similar performance in removing of DR-28 and DB-
22 from aqueous solution compared to kaolin obtained from other countries.

Table 1. The parameters of the adsorption isotherms for DB-22 and DR-28 dye adsorption.

Model Constants DR-28 DB-22
Langmuir qmax (ME/g) 5.39 3.50
K (L/mg) 0.935 0.103

R? 0.9964 0.9542

R 0.021-0.054 0.163-0.327

Freundlich n 5.18 2.69
Kr (mg/g) 3.18 0.76

R? 0.6805 0.7928

Temkin B1 (J/mol) 0.91 0.979
Kr(L/mg) 12.54 2.05

R? 0.714 0.812

Adsorption kinetics

Kinetic behaviour of DR-28 and DB-22 adsorption using K-200 was studied in 10-120 min
contact time. The pseudo first order (PFO), pseudo second order (PSO) and intraparticle diffusion
kinetics models were used. Table 2 gives the parameters of the PFO, PSO and intraparticle
diffusion models for DR-28 and DB-22 adsorption onto K-200. Figure 7b and 7c¢ shows the results
of the PSO and intraparticle diffusion kinetic model of DR-28 and DB-22 with K-200. As shown
in Table 2, the correlation coefficient (R?) of the PSO was higher than that of the PFO. The
calculated q values in the PSO model and the experimental q values are close to each other.
According to the results, the model that best describes the DR-28 and DB-22 adsorption kinetics
was PSO.
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Figure 7. (a) Langmuir isotherm (T: 20 °C, initial pH: original, K-200 amount: 1.2 g/mL, contact
time: 120 min), (b) PSO kinetic model (T: 20 °C, initial pH: original, K-200 amount:
1.2 g/mL, contact time: 120 min), (c) intra particle diffusion model, (d) thermodynamics
of DR-28 and DB-22 adsorption on K-200 (intial pH: original, K-200 amount: 1.2 g/200
mL, Cy: 30 mg/L, contact time: 60 min).
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The intra-particle diffusion model is widely used in the study of the kinetic behavior of the
adsorption of pollutants and can reasonably interpret the mechanism of the adsorption process
[26]. According to this model, if the g, plot vs. t*° is a straight line, the intra-particle diffusion is
the limiting step in the adsorption process and if it is not a straight line, the adsorption process
follows the liquid film diffusion [1, 27]. As shown in Figure 7c, the plot of q' against t*° was linear,
it can be said that the adsorption of DR-28 and DB-22 was controlled by intraparticle diffusion
mechanism.

Table 2. PFO, PSO and intraparticle diffusion kinetic models constants for DR-28 and DB-22 adsorption
using the adsorbent K-200.

Dye Kinetic Parameters Co (mg/L)
20 30 40 50

R? 0.395 0.9909 0.218 0.32
DR-28 PFO ki 0.016 0.069 0.027 0.0056
Jeal 0.225 1.159 1.787 0.164

Qe 3.19 4.6 4.64 5.03
R? 0.9996 0.9999 0.9992 0.9990

PSO ko 0.234 0.142 0.076 0.24

cal 32 4.67 4.72 5.01

Qexp 3.19 4.6 4.64 5.03
Intraparticle Ki 0.0341 0.0740 0.1108 0.0312

diffusion I 2.832 3.925 3.568 4.668

R? 0.709 0.649 0.708 0.364
R? 0.062 0.9621 0.8839 0.6036
DB-22 PFO ki 0.011 0.0383 0.0192 0.0233
eal 0.045 0.5573 0.195 0.150

Qexp 0.981 1.281 1.399 1.395
R? 0.9968 0.9991 0.9992 0.9993
PSO ko 1.650 0.131 0.256 0.327
eal 0.977 1.338 1.417 1.412

Jexp 0.981 1.281 1.399 1.395
Intraparticle Ki 0.162 0.0776 0.0372 0.0337

diffusion 1 1.662 1.618 2.212 2.261

R? 0.261 0.963 0.898 0.641

Thermodynamic study

To understand the behaviour of the adsorption process, thermodynamic parameters (AG, AH,
AS®) were calculated using the Equations (10), (11), and (12). The adsorption of DR-28 and DB-
22 dyes on the K-200 adsorbent were thermodynamically studied in the temperature range of 20-
50 °C while the other parameters constant (Co: 30 mg/L, K-200 amount: 1.2 g/200 mL, a contact
time: 60 min, pH: original). Figure 7d gives the results of the thermodynamic study. The
calculated thermodynamic parameters (AG, AH’, AS®) are given in Table 3.

The value of enthalpy changes (AH®) for DR-28 dyes was found to be negative, which means
that, the removal of DR-28 was exothermic. A negative AS® value for the adsorption of DR-28
indicates that, there is a decrease in the energy available at the solid/solution interface and there
is no significant change in the internal structure of the adsorbent after the adsorption [40].
According to Boushehrian et al. [1], negative AS value in dye adsorption indicates a decrease in
random collision of dye molecules and adsorbent surface in the adsorption process. In the present
study, AG® was found to be negative at the studied temperatures. The negative values of AG®
indicate that the adsorption process is feasible and spontaneous [37, 38, 41].
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Table 3. Thermodynamic parameters for DB-22 and DR-28.

Dye T (°C) AR (K/mol) | AS"(/molK) | AG® (kl/mol)
DR-28 20 37.92 -110.93 5.071

30 -4.575

40 -3.786

50 -1.562
DB-22 20 6.17 1833 0.773

30 0.644

40 0.459

50 0.219

On the other hand, a positive value of AH for DB-22 dye showed that the adsorption process
was endothermic. A positive value of AS? suggests that there is an increase in randomness at the
dye and adsorbent interface during the adsorption process [2]. The value of AG® decreased from
0.773 to 0.219 kJ/mol with the increase of temperature. The positive values of AG® indicate that
adsorption is non spontaneous. According to results, adsorption process was a combination of
physical and chemical adsorption within a temperature range of 20-50 °C [22].

CONCLUSIONS

In this research, the adsorption of DR-28 and DB-22 was investigated using a calcined kaolin.
Kaolin was calcined at different temperatures. The characteristics of the adsorbent were
determined by SEM-EDS, FTIR, XRD, and TGA analyzes. The kaolin calcined at 200 °C was
found to be the most effective adsorbent in removing dyes used in the study. The results showed
that the removal of the tetra-azo dye DB-22 was more diffucult than that of the diazo dye DR-28.
The removal rates of DR-28 and DB-22 were 90.1% and 46.2%, respectively at the initial
concentration of 20mg/L, original pH, 20 °C and in the adsorbent amount of 1.2 g/200 mL. In the
study, the adsorption isotherms, kinetics, and thermodynamic behaviors of the adsorption process
of DR-28 and DB-22 dyes were investigated using calcined kaolin at 200 °C. The experimental
results were better fitted to the Langmuir isotherm model. Based on this result, it was understood
that the adsorption process took place on the homogeneous surface. The kinetic behavior of the
adsorption process showed that the pseudo second order model provided a better fit to the
experimental data. The adsorption of DB-22 was endothermic while that of DR-28 was
exothermic.
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