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Abstract

In this study, kinetics of the removal of Cr (III) from the waters by adsorption have been investigated
using montmorillonite natural clay that was obtained from the vicinity of Narman, Erzurum in Turkey.
Activation energy, thermodynamic values and adsorption kinetics were determined. In addition, the trials
were repeated by subjecting to the same adsorbent activation process. The values found for these two
adsorbents were compared. As a result of the experiments, the parameters affecting the adsorption kinetics
were examined. It was determined that the adsorption process could be best depicted by pseudo second
order reaction kinetics. Using pseudo second order reaction rate constants, AH® = -25.791 k] mol" and
AS° =106.19 joule mol™” were calculated for raw adsorbent. For the activated adsorbent, AH® = -18,806 k]
mol ™! and AS° = 79.37 joule mol™ were calculated. That AG® increases as temperature increases indicates;
adsorption is more spontaneous at high temperatures. Negative AH® values show that the reaction is
exothermic. The positive values of AS® indicate increased randomness at the adsorbent/solution interface
during the adsorption of chrome.
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Introduction

Wastewaters can be contaminated as physical, chemical
and biological. Wastewaters of various industrial such as
textile, paper, leather, paint and metal good industries
contains large amounts of heavy metals and synthetic
dyes. Heavy metals are mixed to the water source with
industrial wastewater or acid rains. When considering
natural diffusion of heavy metals, it seems to quite

highly concentrations of heavy metals caused by human
factors in the ecological system (Tastan et al., 2010).

Both metallic chromium and chromium compounds
have been used widely in industry. Thus, they cause
significant pollution in the industrial wastewater.
Chromium in the industrial wastewaters present as

both +3 and +6. In the removal of chromium from
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wastewaters are used commonly process such as chemical
precipitation, adsorption, ion exchange, recovering by
evaporation, solvent extraction and reverse osmosis
process. The adsorption process in the treatment of
wastewater containing at low concentrations chromium
draws attention as a viable method. Many experiments
have been done in the literature using different
adsorbents such as soil ( Barlett and Kimble,1976;
Jiant et al., 2008), ash (Griffin et al., 1977), activated
carbon (Chen et al., 2007; Huang and Wu, 1975), silica
titania gel (Koneko et al., 1978), bentonite (Majdan et
al., 2005), activated clinoptilolite (Toprak and Girgin,
2000), clay (Krishna et al., 2001), zinc extraction
wastes (Glinaydin et al., 1999), activated bauxite
(Erdem et al., 2004). Commercial activated carbon is
an ideal adsorbent used in environmental engineering
for chromium adsorption in wastewater treatment.
However, because of the expensive material, studies are
carried out to find a lower cost adsorbent.

Chromium that has an atomic weight of 51.9961
g mol' and atomic number of 24 is silvery metallic
element at room temperature. Chrome is among the
most important heavy metal. The reason for this is
that chromium is widely used in developing countries

due to its durable structure. Due to the toxic effects on
living systems, the US EPA has determined maximum
contaminant concentrations for chromium in
wastewaters (Bueno et al. 2008). Chromium has been
wanted to be present at a maximum concentration of
0.1 mg L' in air and a maximum of 1 mg L' in water.
Chromium affects protein, carbohydrate and water
metabolism by providing the body’s insulin movement.
Some of the uses of chromium include leather
refinement, corrosion control, pigment production and
nuclear weapon production.

In this study, the kinetics of chromium (III)
removal from wastewater by the adsorption process
using montmorillonite was investigated. Both raw
montmorillonite and activated montmorillonite by acid
treatment was used as adsorbents.

Materials and Methods

Materials

Obrtained from the vicinity of Narman in Erzurum
and used as adsorbent in this study, characteristics of
montmorillonite mineral and chemical analysis is given
in Table 1 (Bayram, 2012).

Table 1. Micronized montmorillonites minerals and chemical analysis.

Contents of minerals % Calrlnjdn;rls‘l::l % (average)

Smectites 68-78 Na,O 1.20
Kaolin 15-20 MgO 5.01

Clay 94 ALO, 17.15

Quartz 4 SiO, 51.60
K0 1.61
CaO 4.50
Others 2 TiO, 0.52
Fe,O, 5.91
LOI 12.5
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Methods

The raw montmorillonite used was washed with
distilled water and dried at 105°C for 4 hours. To
activate adsorbent, montmorillonite was first washed
and dried. The dried adsorbent was saturated using
concentrated phosphoric acid (85% by weight) in ratio
of 1:1 adsorbent/acid. This adsorbent was kept in the
incubator at 500°C for 1 hour and washed with hot
distilled water up to pH 6. The shells were again dried
at 105°C for 4 hours.

The experiments were carried Edmond Buhler KS-15
brand shaker incubator. Cr (III) analysis was performed
with the Shimadzu model AA6800 atomic absorption
spectrometry. In order to determine the reaction degree
and reaction rate constant in the studies, the pseudo
first-order and pseudo-second-order reaction kinetics
were used by Eq. [1] and [2], respectively (Agarwal et
al. 2016; Regazzoni 2020; Ezzati 2020).

[1]

2]

where, q_ is the amount of substance adsorbed per unit
mass of adsorbent at equilibrium concentration (mg g,
(C,-C)/m) q, is th aount of adsorbed substance per unit
mass of adsorbent (mg g, (C-C)/m), C_ is the initial
Cr (III) concentration (mg L), C, is the equilibrium
Cr (IIT) concentration, C_is the Cr (III) concentration
at time (mg L") and m is adsorbent concentration (gr
LY.

To find the Gibbs free energy, enthalpy and entropy in
the adsorption process are used Eq. [3] and [4] (Lima
et al. 2020).

[3]

[4]

where, AG® is the Gibbs free energy, R is the ideal gas
constant (0.082 L atm mol" K'), K_is the equilibrium
constant, C_is the amount of substance that can be
retained in the adsorbent (mg L"), C_is equilibrium
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concentration of adsorbate (mg L), AS° is enthalpy
and AH® is entropy.

Classical adsorption models have been used to describe
the equilibrium between amount of adsorbed metal
ions per unit weight of biosorbent (q ) and metal ions in
solution (C) at a constant temperature. These models
(Freundlich, Langmuir, BET and Temkin) are given in
Eq. [5], [6], [7] and [8] respectively (Freundlich 1907;
Langmuir 1918; Branauer et al. 1938; Temkin and
Pyzhev 1940).

[5]

(6]

(7]

(8]
Where:
K, = the Freundlich adsorption constant (adsorption

capacity) (mgg")

N = the Freundlich adsorption constant adsorption
intensity (L mg™)

A = the maximum amount of the adsorbate adsorbed
per unit weight of adsorbent (mg g)

K, = constant related to the affinity of adsorbent
attachment areas (L mg),

C, = saturation concentration of the solute on the
adsorbent (mg L")

K, = BET constant expressing the energy of interaction
with the surface (L mg™)

q, = the amount of adsorbate required to form a single
layer on the adsorbent’s surface (mg g),

b, = the Temkin constant related to the heat of
adsorption (J mol™),

K = the Temkin isotherm equilibrium binding constant
Lgh,

R = the gas constant (8.3145 ] mol™!' °K™")

T = the temperature (°K).


https://doi.org/10.6092/issn.2281-4485/12288
https://doi.org/10.6092/issn.2281-4485/12914

S. Irdemez, G. Durmus, S. Kul, EE. Torun, Z. Bingiil

DOI: 110.6092/issn.2281-4485/12914

EQA 45 (2021): 17-26

Results and Discussion

In a study made by Irdemez et al., Cr** removal from
wastewater using raw and activated montmorillonite
was studied and optimum values were found for
adsorption. In the study, the most suitable pH = 5,
the most suitable temperature 30 °C and the optimum
stirring speed were found to be 300 rpm [24]. In this
study, the kinetic behavior of adsorption, adsorption
isotherms, and thermodynamic values were studied by
using these optimum values.

Investigation of adsorption kinetics

To investigate the adsorption kinetics during the removal
of chromium using montmorillonite mineral was used 5
g L' of adsorbent concentration, 100 mg L of Cr (III)
concentration and experiments were performed at 300
rpm stirring speed and pH 5. The study was conducted
at 20° temperature. At this temperature, pseudo first-
order and pseudo second order kinetic constants were
found for both raw adsorbent and activated adsorbent.
The data obtained are shown schematically in Fig. 1.
Reaction rate constants calculated from these results are
given in Table 2.

Figure 1. Adsorption kinetics of Cr’* removal wusing raw and
activated adsorbent.

y=-0,0815x +2,0303
y=-0,1146x +2,5161
y= 0,0733x +0,2118
y = 0,0776x + 0,3005

R?=0,9255
R? = 0,9638
R? = 10,9998
R? = 10,9996

Raw adsorbent- pseudo 1st order
Activated adsorbent-pseudo 1st order
Raw adsorbent-pseudo 2nd order

Activated adsorbent-pseudo 2nd order

Table 2. Kinetic constants calculated for Cr (I11) removal using montmorillonite ar 20°C

Raw adsorbent Activated adsorbent
Parameters Pseudo Pseudo Pseudo Pseudo
first order second order first order  second order
K 0.0815 0.0253 0.1146 0.0201
min! gr mg' min™' min’! gr mg' min™'
q, (mg g‘l) 13.04 7.61 13.64 12.03 12.38 12.87
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The q, values for raw adsorbent and activated adsorbent
based on the experimental results respectively have been
calculated 13.04 and 12.03 mg g'. Since these values
are closer to the values in the Table 2, the reaction rate
has been considered to progress with respect to pseudo
second order.

When Table 2 is examined, it is seen that the
adsorption rate of raw montmorillonite is a little faster
than activated montmorillonite. The same is true for
pseudo-1st order kinetics. These results show that the

activation process does not increase the rate in inorganic

adsorbents such as montmorillonite, but rather decreases
it. It is understood from the q_ values that the removal
efficiency is lower as well as the speed.

Thermodynamic constants

To test for the effects of temperature on removal of
chromium, 5 g L of adsorbent concentration and 100
mg L' of chromium concentration was used and
experiments were performed. The data obtained for 20,
30, 40 and 50° are also shown schematically in Figure 2.
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Figure 2. The effects of temperature on the removal of Cr** for raw adsorbent

and activated adsorbent.

When Figure 2 is examined, it can be said that the
equilibrium concentration increases a little with the
increase of temperature for both pure and activated
adsorbent. This state can be seen from the q_ values in
Table 3. Again, itis seen that the efficiency is lower in the
activated adsorbent. Pseudo-second-order rate graphs

y=0,0730x + 0,6365 R*=0,0887 10°C
y=00733x + 02118 R*=0,9908 20-C
y=007531x + 0,1844 R 30°C |
y=00721x + 0,131 F 40°C
4 |y=00704x +0,0627 E*=10,9999 30-C

o

g

=

W10 °C &20°C

®30 °C

040 *C  oi)*C

0 10 20 30 40 30 60 70
Time (min)

Figure 3. Pseudo-second-order rate graphs plotted
Jfor raw montmorillonite at different temperatures.
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drawn with the data obtained as a result of temperature
tests are given in Figure 3 and 4. In addition, using data
given in Fig. 3 and Fig. 4, pseudo second-order kinetic
reaction rate constants were calculated. These values are

shown in Table 3.

¥=00788x + 06378 R*=0,%9%5 10°C
¥=0,0776x + 03005 R*=0,9906 20-C -
y=00734x + 02431 R*=099% 30°C
¥=00742x + 0,1885 R*=0,99938 40-C
4 | y=00720x + 0,118 R*=0,9000 30°C -

w10 eC

42000
3 30 C
w 040 oC
! & 050 o€
0
0 10 se 60 70

iDt(mjn)lO
Figure 4. Pseudo-second-order rate  graphs
plotted for activated montmorillonite at different
temperatures.
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Table 3. Cr (I11) removal using montmorillonite pseudo second-order kinetic constants.

Raw adsorbent

Activated adsorbent

T . Pseudo Pseudo s
eml()%a ure second—order ( qe, ree!l) C(le, calcul?tle)d econd—order ( qe, ree!l) ((]e, ca]cula}tle)d
@mg' miny (Me8)  (mgg) 7Ly (mggh)  (meg
283 0,00858 12.57 13,53 0,0913 11.49 12.61
293 0,0253 13.04 13,64 0,0201 11.89 12.56
303 0,0289 13.17 13,68 0,0232 12.14 12.56
313 0,0396 13.48 13,87 0,0292 12.59 12.95
323 0,0791 14.02 14,2 0,0451 12.74 12.90

When Table 3 is examined, it is seen that the increase in
temperature causes the q_values to increase. This means
that as the temperature increases, the amount of Cr’**
captured per unit adsorbent increases. also, the higher
the temperature, the higher the reaction rate.

Equilibrium constants was calculated using data

obtained from these graphics, and They are drawn
(1/T) versus In (K ) graphics as seen in Fig 6.

The graphs drawn to find the activation energies and
thermodynamics constants using the values given in

Table 3 is given in Fig.5.

LT (K1
0 (K ) 4
0.003 00031 0,0032 0.0033 0.0034 0.0033 0.0036
¥=-31022x+12,773 Rf=05171 Rawadsorbent - 3 5
-1 u v=-2262x+9 5463 R*=00809] Activatad adsorbent
T~ - ¥=-44972x+ 11,324 B*=0,9242 Raw adsorbent| 3
; = - ~ = -3278.5x+7.0438 R*=0,5334 Activated adsorbent
2 o - R
- . “o~ - E:Jﬁ
A?‘ o
= 3 2 )
= = <0 =
— - —
. 15
4

W raw adsorbent- Activation energy
3 0 Activated adsorbent-activation energy
OFaw adsorbent-therm odynamics constant

&

® Activated adsorbent-therm odynam ic constant

Figure 5. The graphics of activation energies and thermodynamics
constants for Cr (II]) adsorption using raw adsorbent and activated

adsorbent.

Using data obtained from Figure 5, the activation
energies have been found respectively as 37.389 k]
mol! and 27.257 k] mol?, for raw adsorbent and
activated adsorbent. If the activation energy is between
5 k] mol! and 40 kJ mol”, adsorption is defined as
physical adsorption (Wu 2007). These values indicate
that the adsorption process takes place physically. These
values indicate that the adsorption process takes place
physically.

Enthalpy, entropy and Gibbs free energy values are
calculated from the data obtained in Fig 4 and these
are given in Table 4. When Table 4 is examined, It
is seen that the Gibbs free energy values are negative
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and the maximum value is -0.606 k] mol! and the
smallest value is -8.999 kJ mol?. If the Gibbs free
energy is between (-20)-(0) k] mol”, there is physical
adsorption, if between (-80)-(-400) k] mol’, there is
chemical adsorption (Jaycock and Parfice 1981). The
lower Gibbs free energy for the activated adsorbent
means the greater the equilibrium constant K. In
this case, it means that the equilibrium concentration
decreases and the removal efficiency increases. Negative
AH? values show that the reaction is exothermic and
the negative AG® values show that adsorption progress
spontaneously. Also, the positive AS°® values show high
rates of coincidental.
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Table 4. Equilibrium constant, enthalpy, entropy and Gibbs free energy changes  for Cr (II1)

removal using raw adsorbent and activated adsorbent.

Temperature « aGe AHe (jouf‘es;ol_l
(K) c (J mol) (] mol) o

283 6,472 4,394
. 293 9,18 -5.401

; é 303 11,93 -6.244 25791 106.19
E 313 13,82 6.834
323 29,13 -9.055
p 283 4,91 -3.745
E 293 5,97 -4.354

= 303 7,67 -5.133 -18.806 79.37
§ 313 10,63 -6.150
2 323 12,72 -6.829

Gibbs free energy indicates the degree of spontaneity of
an adsorption process and a higher negative value means
better adsorption with higher energy (Jia et al. 2019).
In this case, it appears that crude montmorillonite is a
more suitable adsorbent.

Adsorption isotherm
Cr (IID)

montmorillonite mineral have been performed at 100

Isotherm studies to remove using

mg L of Cr (III) concentration, 300 rpm of mixing

60
— Freundlich
I T 1L anem uir
30 =
- = =BET
= - = Temkin
40 B Experimenta] |
"G e
el
20
10 d
I
0
0 20 40 60
Cs (mg LY
(a)

speed, 20°C of temperature and pH 5. Langmuir,
Freundlich, BET and Temkin isotherm graphics are
shown schematically in Fig. 7. The isotherm constants
calculated from this graph are given in Table 5.

When Figure 7 is examined, it can be said that the
adsorption is more suitable for the Langmuir isotherm
than the others. This situation shows that adsorption
proceeds in a monolayer and the adsorption rate is
directly proportional to the adsorbate concentration

and active sites on the surface (Langmuir 1918).

11} — -
:reundh_ch -
......... ng]luﬂ.f 7
40 = = =BET
=+ = Temkin
B Experimental
=30
-
20
10
0
0 l&a (mg LY 40 60

(b)

Figure 7. Adsorption isotherms of Cr’* removal using (a) raw montmorillonite and (b) activated

montmorillonite.
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When the isotherm coefficients are compared, it is seen
that the raw adsorbent coefficients are higher than the
activated adsorbent. High “K.” values indicates that the

raw adsorbent adsorp more pollutants per unit mass,
and high “a” values indicates that the binding sites of
the raw adsorbent are more affinity to the contaminant.

Table 5. Isotherm constants for chromium adsorption using both raw montmorillonite

and activated montmorillonite

Raw adsorbent

Activated adsorbent

Freundlich isotherm

n K, R? n K. R?
0.930 0.868 0.9857 0.978 0.682 0.9701

Langmuir a K, R’ a K, R?
isotherm -322  -3.11*10% 0.9808 -5000 -1.44*10% 0.9873

K R? K R?

BET isotherm B 4 B 4

6.205 22.076 0.9219 39.79 10.47 0.9596

Temkin b, K. R’ b, K, R?
isotherm 109.69  0.1345 0.9065 109.20  0.106 0.8836

Conclusions

In this study, Cr (III) removal from wastewaters prepared
synthetically by adsorption using the montmorillonite
had been examined the adsorption kinetics. The
Montmorillonite natural clay used in this study is
extracted from Erzurum, a city in Turkey. In studies,
montmorillant natural clay was used both in its raw
form and applying the activation process. Adsorption
kinetics, thermodynamic constants and isotherms were
determined from results of experimental studies. Data
obtained in this study have been analyzed according
to the pseudo-first and pseudo-second order kinetic
model and kinetic constants have been calculated. The
adsorption isotherms have been determined from the
obtained data.

Because the optimum pH is 5 and the optimum stirring
speed is 300 rpm in the studies previously, experiments
have been performed under such conditions(Irdemez et
al. 2017). Due to precipitation of chromium hydroxide
above the pH 6, It had not been studied the high pH.
The data obtained in studies had been applied to
pseudo first and pseudo second order reaction kinetics
and reaction degree has been determined. A result of
these studies, the reaction was concluded that in the
accordance pseudo second order reaction kinetics.
Pseudo second order reaction rate constant for raw
adsorbent have been calculated 0.021 g mg™” min™ at 20°.
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Pseudo second order reaction rate constant for activated
adsorbent have been also found as 0.01 gr mg"' min™
at 20°. These results show that the activation process is
not suitable for the montmorillant mineral. The same
results have been reached in other experiments.

In the trials to the effects of temperature, adsorption
rates and removal efficiencies have increased increasing
temperature. In studies examining the effect of
temperature, the reaction rate constants, equilibrium
constants and the activation energies were calculated.
For raw adsorbent and activated adsorbent, AH® values
have been found as -25.791 kJ mol”, -18.806 k] mol
and AS° values have been found as 106.19 joule mol
'K, 79.37 joule mol! K, respectively. The negative
values of AG® at tested temperatures reveal that the
adsorption is spontaneous process. The increase of AG®
with temperature indicates that adsorption is more
spontaneous at high temperatures. Negative AH® values
show that the reaction is exothermic. The positive values
of AS° indicate increased randomness at the adsorbent/
solution interface during the adsorption of chrome.
The data obtained on experiments have been applied
to Freundlich, Langmuir, BET and Temkin isotherms
and kinetic constants were determined for these
isotherms. From the results obtained, it can be said that
the Langmuir isotherm is more valid for both types
of adsorbents. If the two adsorbents are compared, it
is understood from the isotherm constants that the
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adsorption capacity of the raw adsorbent is higher.

In this study, found abundantly in nature and low cost-
effective montmorillonite natural clay has showed could
be used as adsorbent for removal of chromium from the

waters.

Conflicts of interest
The authors declare no conflicts of interest

Funding
This research did not receive any specific funding

References

AGARWAL S., TYAGI I, GUPTA VK. GHASEMI
N., SHAHIVAND M., GHASEMI M. (2016) Kinetics,
equilibrium studies and thermodynamics of methylene blue
adsorption on Ephedra strobilacea saw dust and modified
using phosphoric acid and zinc chloride.  Journal of
Molecular Liquids, 218:208-218. https://doi.org/10.1016/].
molliq.2016.02.073

BARLETT R., KIMBLE J. (1976) Behavior of chromium
in soil: 1 Trivalent form. Journal of Environmental
Quality, 5:383-386. heeps://doi.org/10.2134/
jeq1976.00472425000500040009x

BAYRAM T., (2012). Treatment of Atatiirk University Pilot
Milk Factory Wastewater in Membrane Bioreactor, Erzurum:
Atatiirk University, Doctoral Thesis.

BRUNAUER S., EMMETT PH., TELLER E. (1938)
Adsorption of gases in multimolecular layers. Journal of
the American chemical society, 60(2):309-319. https://doi.
org/10.1021/ja012692023

BUENO B.,TOREM M., MOLINA E, DEMESQUITAL.,
(2008) Biosorption of lead (II), chromium (III) and copper
(II) by R. opacus: Equilibrium and kinetic studies. Minerals
Engineering, 21(1):65-75. heeps://doi.org/10.1016/j.
mineng.2007.08.013

CHEN W, PARETTE R., ZOU J., CANNON ES,,
DEMPSEY B.A. (2007). Arsenic removal by iron-modified
activated carbon. Water Research, 41(9):1851-1858. https://
doi.org/10.1016/j.watres.2007.01.052

ERDEM M., ALTUNDOGAN H., TUMEN E (2004)
Removal of hexavalent chromium by using heat-activated
bauxite. Minerals Engineering, 17(9-10):1045-1052. https://
doi.org/10.1016/j.watres.2007.01.052

25

EZZATIR. (2020) Derivation of pseudo-first-order, pseudo-
second-order and modified pseudo-first-order rate equations
from Langmuir and Freundlich isotherms for adsorption.
Chemical Engineering Journal, 392:123705. https://doi.
org/10.1016/j.cej.2019.123705

FREUNDLICH H.M.E (1907) Uber die adsorption in
16sungen. Zeitschrift fiir physikalische Chemie, 57(1):385-
470. https://doi.org/10.1515/zpch-1907-5723

GRIFFIN R., AU A. K., FROST R. (1977) Effect
of pH on adsorption of chromium from landfill-
leachate by clay minerals. Journal of Environmental
Science & Health Part A, 12(8):431-449. https://doi.
org/10.1080/10934527709374769

GUNAYDIN E OZER A, ALTUNDOGAN H,
ERDEM M, TUMEN E (1999) The removal of Cr (VI)
from aqueous solutions using zinc extraction residue.
Environmental technology, 20(4):405-411. https://doi.
org/10.1080/09593332008616833

HUANG C-P, WU M-H. (1975) Chromium removal
by carbon adsorption. Journal (Water Pollution Control

Federation), 47:2437-2446.

IRDEMEZ S., TORUN E E.,, DURMUS G. (2017)
The Removal of Chromium (III) Ions From Solutions
and Examination of Effecting Parameters by Using
Montmorillonite Mineral Clays (in Turkish). Dokuz Eylul
University-Faculty of Engineering Journal of Science and
Engineering, 19(57):701-711. https://doi.org/10.21205/
deufmd.2017195763

JAYCOCK, M.]., PARFITT, G.D. (1981) Chemistry of
Interfaces. Ellis Horwood Ltd, Onichester

JIA, C-S., ZHANG, L-H., X PENG, X-L., LUO, J-X,,
ZHAO, Y-L., LIU, J-Y., GUO, J-]J., TANG, L-D. (2019)
Prediction of entropy and Gibbs free energy for nitrogen.
Chemical Engineering Science, 202:70-74. https://doi.
org/10.1016/j.ces.2019.03.033

JIANG ]., XU R., WANG Y., ZHAO A. (2008) The
mechanism of chromate sorption by three variable charge
soils.  Chemosphere,  71(8):1469-1475.  https://doi.
org/10.1016/j.chemosphere.2007.12.012

KANEKO S., TSUKAMOTO K., IMOTO E (1978)
Removal of heavy-metals in wastewater by using complex
oxides gels. 1. Adsorption characteristics of chromium (vi)
on coprecipitated silica-titania gel. Nippon Kagaku Kaishi,
(9):1298-1301.


https://doi.org/10.6092/issn.2281-4485/12288
https://doi.org/10.6092/issn.2281-4485/12914
https://doi.org/10.1016/j.molliq.2016.02.073
https://doi.org/10.1016/j.molliq.2016.02.073
https://doi.org/10.2134/jeq1976.00472425000500040009x
https://doi.org/10.2134/jeq1976.00472425000500040009x
https://doi.org/10.1021/ja01269a023
https://doi.org/10.1021/ja01269a023
https://doi.org/10.1016/j.mineng.2007.08.013
https://doi.org/10.1016/j.mineng.2007.08.013
https://doi.org/10.1016/j.watres.2007.01.052
https://doi.org/10.1016/j.watres.2007.01.052
https://doi.org/10.1016/j.watres.2007.01.052
https://doi.org/10.1016/j.watres.2007.01.052
https://doi.org/10.1016/j.cej.2019.123705
https://doi.org/10.1016/j.cej.2019.123705
https://doi.org/10.1515/zpch-1907-5723
https://doi.org/10.1080/10934527709374769
https://doi.org/10.1080/10934527709374769
https://doi.org/10.1080/09593332008616833
https://doi.org/10.1080/09593332008616833
https://doi.org/10.21205/deufmd.2017195763
https://doi.org/10.21205/deufmd.2017195763
https://doi.org/10.1016/j.ces.2019.03.033
https://doi.org/10.1016/j.ces.2019.03.033
https://doi.org/10.1016/j.chemosphere.2007.12.012
https://doi.org/10.1016/j.chemosphere.2007.12.012

S. Irdemez, G. Durmus, S. Kul, EE. Torun, Z. Bingiil

DOI: 110.6092/issn.2281-4485/12914

EQA 45 (2021): 17-26

KRISHNA B., MURTY D., PRAKASH B. J. (2001)
Surfactant-modified clay as adsorbent for chromate. Applied
Clay Science, 20(1-2):65-71. https://doi.org/10.1016/
S0169-1317(01)00039-4

LANGMUIR I. (1918) The adsorption of gases on plane
surfaces of glass, mica and platinum. Journal of the American
Chemical Society, 40(9):1361-1403. https://pubs.acs.org/
doi/pdf/10.1021/ja02242a004

LIMA E. C., GOMES A. A, TRAN H. N. (2020)
Comparison of the nonlinear and linear forms of the vant
Hoff equation for calculation of adsorption thermodynamic
parameters (AS° and AH®). Journal of Molecular Liquids,
311:113315. https://doi.org/10.1016/j.molliq.2020.113315

MAJDAN M, MARYUK O, PIKUS S, OLSZEWSKA E,
KWIATKOWSKI R, SKRZYPEK H. (2005) Equilibrium,
FTIR, scanning electron microscopy and small wide angle
X-ray scattering studies of chromates adsorption on modified
bentonite. Journal of Molecular Structure, 740(1-3):203-
211. https://doi.org/10.1016/j.molstruc.2005.01.044

REGAZZONI A.E. (2020) Adsorption kinetics at solid/
aqueous solution interfaces: On the boundaries of the
pseudo-second order rate equation. Colloids and Surfaces
A: Physicochemical and Engineering Aspects, 585:124093.
hteps://doi.org/10.1016/j.colsurfa.2019.124093

26

TASTAN B. E, ERTUGRUL S., DONMEZ G. (2010)
Effective bioremoval of reactive dye and heavy metals by
Aspergillus versicolor. Bioresource technology, 101(3):870-
876. https://doi.org/10.1016/j.biortech.2009.08.099

TEMKIN M. (1940) Kinetics of ammonia synthesis on
promoted iron catalysts. Acta Physiochim URSS, 12:327-
356.

TOPRAK R., GIRGIN I. (2000) Removal of chromium
from leather industry waste water by activated clinoptilolite.
Turkish Journal of Engineering and Environmental Sciences,

24(5):343-351. https://journals.tubitak.gov.tr/engineering/
issues/muh-00-24-5/muh-24-5-7-9910-3.pdf

WU C. (2007) Adsorption of reactive dye onto carbon
nanotubes: Equilibrium, kinetics and thermodynamics,
Journal of Hazardous Materials, 144(1-2):93-100. https://

doi.org/10.1016/j.jhazmat.2006.09.083


https://doi.org/10.6092/issn.2281-4485/12288
https://doi.org/10.6092/issn.2281-4485/12914
https://doi.org/10.1016/S0169-1317(01)00039-4
https://doi.org/10.1016/S0169-1317(01)00039-4
https://pubs.acs.org/doi/pdf/10.1021/ja02242a004
https://pubs.acs.org/doi/pdf/10.1021/ja02242a004
https://doi.org/10.1016/j.molliq.2020.113315
https://doi.org/10.1016/j.molstruc.2005.01.044
https://doi.org/10.1016/j.colsurfa.2019.124093 
https://doi.org/10.1016/j.biortech.2009.08.099
https://journals.tubitak.gov.tr/engineering/issues/muh-00-24-5/muh-24-5-7-9910-3.pdf
https://journals.tubitak.gov.tr/engineering/issues/muh-00-24-5/muh-24-5-7-9910-3.pdf
https://doi.org/10.1016/j.jhazmat.2006.09.083
https://doi.org/10.1016/j.jhazmat.2006.09.083

