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ABSTRACT

In this study, comprehensive analysis was performed on natural pumice stone from the Bitlis region
of Eastern Anatolia with regard to the removal of nickel(Ni). In terms of various calculation mod-
els involving textural parameters (e.g., surface area, pore volume, particle size), the surface area
of the Bitlis pumice samples obtained was 1.3491 m?/g Brunauer—-Emmett-Teller model, 1.3719 m?/g
Barrett-Joyner-Halenda model, and 16.0137 m?/g Langmuir model, whereas, the particle size was
4,447 nm. Fourier-transform infrared spectroscopy analysis also showed that in the region of 1,200
950 cm™ there was a band (and shoulder) of symmetric and asymmetric stretching of the Si—-O-5i
bond. Accordingly, based on the kinetic, equilibrium, and thermodynamic studies of Ni(II) adsorp-
tion by Bitlis pumice from aqueous solutions, in order not to affect the heavy metal activation in the
adsorption of Ni heavy metal with Bitlis pumice. Experiments were carried out at pH 7, using 1 g
of pumice and 120 min at an input concentration of 3 mg/L Ni. 99% removal was achieved during
contact time. The best removal efficiency of Ni(I) (99%) was obtained with an adsorbent dosage
of 3 mg/L, pH 7 with a contact time of 120 min. This involved the use of the Langmuir isotherm
model (R? = 0.99). These processes were interpreted chemically with the use of the second-order

pseudo-kinetic model (R? = 0.99).
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1. Introduction

The use of appropriate adsorbents and adsorption
methods providing the cheapest, most easily available
and most readily applicable, with the highest uptake and
the least complex way to extract toxic heavy metals from
wastewater, are of prime importance for a clean ecosys-
tem and human health [1]. Despite efforts to incorporate
new methods of discharge of heavy metals, the removal
of toxic metals remains a serious problem facing modern

* Corresponding author.

society. Nickel(Il) is a very important heavy metal in this
context, as are lead (Pb), zinc (Zn), mercury (Hg), cadmium
(Cd), copper (Cu), chromium (Cr), and arsenic (As). Ni(II)
causes toxic damage to humans (such as allergic reac-
tions, chronic bronchitis, and cancer of the lung and nasal
sinus) [2-6], and the creation of green and blue environ-
ments (via industrial wastewater, contaminated soils and
sediments of lateritic and sulfidic Ni(II) deposits associ-
ated with mafic-ultramafic rocks [7,8]. Since it is a widely
used heavy metal in industry (e.g., in the manufacture
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of stainless steel, alloys, special steels, coatings, electric
batteries, and electroplating) and it commands a high
market price, the recycling of Ni(II) is economically prof-
itable [9]. Accordingly, several adsorbent materials in the
form of natural and synthetic chemicals and composites,
have been used to prevent Ni(II) pollution (e.g., biofilm
placed) zeolite [10], natural kaolinite, nano- and surfac-
tant-coated alumina [11,12], Calotropis procera [13], carbon
nanotubes [14,15], chitosan-coated PVC beads [16], apricot
stone [17,18], protonated rice bran [19], orange peel, egg-
shell waste [20], bamboo activated carbon [21], waste pea
shell [22], olive stone [23], Remazol black B-sulfonamide
polymeric resin [24], calcium carbonate coated bacterial
magnetosomes [25], mineral-organic hybrid adsorbents
[26], and raw and modified plant wastes [27]. On the other
hand, research into the modified or unmodified uses of
natural pumice - a light and inexpensive material with
high porosity - as an adsorbent in toxic heavy metal (e.g.,
Cd, Cu, Zn, Pb, Cr) extraction, have been of great inter-
est in the last decade [28—41]. Specifically, there has been
interest in the adsorption capacity of natural pumice which
depends on several textural parameters such as surface
area, pore volume, pore size, and particle size [42], and
its surface morphology, cellular texture, and vesicular
structure, all of which make it an appropriate adsorbent
material [36,43,44].

In this respect, the study carried out for this purpose is a
very important and innovative research point for the elimi-
nation of nickel pollution from water. Eliminating the nickel
pollution by using Bitlis pumice, one of the volcanic rocks of
the same region, is another innovative part of the study in
terms of creating a different environmental cycle. Within
the context of this comprehensive analytical study involving
Bitlis pumice, its efficiency as a form of adsorbent in the puri-
fication quality of Ni(Il). This is based on physical adsorp-
tion studies and thermodynamic applications: scanning
electron microscopy (SEM), textural and physical adsorption
analyses, Fourier-transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA), chemical analysis of
Ni-bearing contaminated water, isotherm, kinetic and ther-
modynamic studies of heavy metal adsorption, removal
efficiency, effects of contact time, initial ion concentration of
pH, and temperature.

2. Materials and methods
2.1. Experimental materials

A UV-spectrophotometer (WTW 7600 UV-VIS) was used
for adsorption measurement purposes. All shaking oper-
ations were done using a magnetic stirrer (2 mag magnetic
motion-mix 15 eco) model shaker. Ni(II) (Merck, Darmstadt,
Germany) solution and adsorbent weighing were measured
with the use of Ohaus Adventurer Pro brand precision
scales. The Ni(Il) was made with deionized water (ELGA
PURELAB Option DV-25) in a dilution of stock solution and
initial dyestuff concentrations.

2.2. Adsorbent

The Bitlis pumice (38°38'03.0"N 42°26'10.3”E, Bitlis,
Eastern Tiirkiye) sample was cleaned and dried.

2.3. Artificial wastewater

Nickel salt (Merck, Germany), which is prepared from a
1,000 mg/L stock solution of Ni(I) heavy metal salt at con-
centrations of 1, 3, and 5 mg/L, is an aqueous solution. The
adsorption study of heavy metals is carried out in a labo-
ratory environment. All aqueous solutions are prepared
using a deionized water device (ELGA PURELAB Option-Q).

2.4. Experimental methods

Adsorption experiments were performed with contact
times of 10, 30, 60, and 120 min for each concentration, along
with 0.5, 1, and 5 g of adsorbent material. For each initial
concentration (1, 3, and 5 mg/L), 0.5, 1, and 5 g of Bitlis pum-
ice were added, and the adsorption process was carried out
separately for the 4 different contact times. Ni(Il) removal
was conducted using a magnetic stirrer (2 mags magnetic
motion-mix 15 eco) at 500 rpm in a 50 mL beaker. Samples
were placed in falcon tubes and prepared for analysis. The
experimental samples obtained were measured using the
atomic absorption spectroscopy device. The initial concen-
tration, amount of adsorbent, and contact time removal
efficiencies, were calculated. In addition, to provide more
detailed information about the adsorption process, the
adsorption isotherm, kinetics and thermodynamics were
calculated and interpreted.

2.5. Bitlis pumice characterization studies (SEM, physical
adsorption, FTIR, and TGA analyses)

SEM is an electron microscope that obtains an image
by scanning the sample surface using a focused beam of
electrons. In this study, the characterization study of Bitlis
pumice was performed the in DAYTAM Laboratory using
the Zeiss Sigma 300 device. Brunauer—-Emmett-Teller (BET)
surface analysis, Barrett-Joyner-Halenda (BJH), Langmuir
(LA) models, with regard to textural properties such as spe-
cific surface area, pore volume, pore size, and particle size
of the studied pumice sample were determined using vari-
ous calculation models from the N, adsorption-desorption
isotherms at 76 K using Micromeritics 3Flex equipment.
About 0.37 g of the sample was placed in a glass tub to be
degassed and analyzed. The cold and warm free space was
63.9213 and 18.6914 cm?®, respectively. The analytical results
of the physical adsorption models (BET, LA, and BJH) were
obtained automatically from the Micromeritic device. The
FTIR analysis of the Bitlis pumice was done in the YUMERLAB
(Yalova University) laboratory using the PerkinElmer
Spectrum 100 device, and the TGA analysis of the Bitlis pum-
ice was performed using the Seiko TG/DTA 6300 device.

2.6. Adsorption studies

Adsorption is considered one of the most effective
methods for removing a wide variety of pollutants, whose
application has spread to wide areas [67-78].

The adsorption removal results obtained from the
experiments were calculated using the yield Eq. (1).

CO _Ce
C, ] )

Heavy metal adsorption % = (
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where C, is the heavy metal concentration (mg/L) at equilib-
rium and C, is the initial heavy metal concentration (mg/L).

2.7. Isotherm and kinetics analysis

Langmuir, Freundlich, Temkin and Dubinin-Radush-
kevich models were used to fit the experimental data and
determine the most appropriate isotherm model [45].

Adsorption data of Ni(Il) heavy metals on Bitlis pumice
were investigated using the Langmuir (2), Freundlich (3),
Temkin (4), and Dubinin—-Radushkevich (5) isotherms with
the help of Egs. (2)-(5).

vl 6
qe qmaxKL qmax

Ing, =InK, +[1jlnCe 3)
n

g, =Blna+pInC, 4)

Ing, =InX, —K&* (5)

Kinetic studies are required for the design of the
adsorption process. Adsorption rate constants should be
calculated to determine the time required for the removal
of the components that must be adsorbed in order to max-
imize the adsorption efficiency. Two different kinetic mod-
els were used in the experimental series in which the Bitlis
pumice is used as an adsorbent material for the removal of
Ni(Il) from the artificial water. The linearized equation of
the pseudo-first-order and pseudo-second-order is repre-
sented by Egs. (6) and (7):

kt
log (g, -g,) =logg, —( 2'503] (6)

1L {1} )
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Thermodynamic parameters reflect the suitability
of the adsorption process under constant pressure and
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Fig. 1. Silica-rich acidic Bitlis pumice.
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temperature. It is essential to calculate the thermodynamic
parameters to conclude the adsorption process. This pro-
cess gives information as to whether the process is sponta-
neous or endothermic/exothermic [46].

Equilibrium constants obtained under different test
conditions are calculated with the use of Eq. (8).

lnbzA_S_ﬁ (8)
R RT

3. Results and discussion
3.1. Nature of Bitlis pumice

Pumice is a product of explosive volcanic eruptions once
gases are released during the solidification of silica-rich
molten lava during cooling as a form of its vesicular struc-
ture (Fisher et al. 1984). The pumice stone contains approxi-
mately 70% voids [47] with an average porosity of 90%, and
it floats on water due to its low density [43,48]. Although
pumice has a sponge-like texture, and a vesicular structure
with high porosity, typically there is no interconnection
between the pores. This fact causes the pores to form in
visibly numerous microscopic sizes (Fig. 1). It possesses an
amorphous (glassy) crystal structure and a low surface area
of = 5 m?/g, in which there is a broad distribution of pores
of varying size, and the absence of volume fractality [48,49].
It is light due to the vesicles inside it. Different structural
locations of pumice have different elemental compositions
that affect its adsorption capability [49]. Researchers have
described the two types of pumice as silica-rich light-col-
ored acidic and silica-poor dark-colored basic. Indeed, in
the volcanology literature, the term ‘basic pumice or basaltic
pumice’ corresponds to dark-colored silica-poor “scoria” and
differs from the other form of pumice in that it has denser
and larger vesicles with thicker pore walls [50].

The silica-rich white pumice used in this study is a prod-
uct of the well-known explosive Nemrut stratovolcano in
the Bitlis region of Eastern Anatolia [51], which has 70% of
Turkey’s reserves of pumice. The average chemical com-
position [51] and density of Bitlis pumice used in this study
are given in Table 1. It contains a high percentage of silica
(75 wt.%), and moderate amounts of aluminum (12.3 wt.%)
making up its aluminosilicate composition. Moreover, it
is also significantly low in potassium, sodium, and iron,
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while the percentages of calcium and magnesium are
even lower (Table 1). Notably, Liu et al. [52] and Cift¢i &
Merig [35] emphasized that high contents of silica in pum-
ice cause a negative charge on its surface, meaning that it
could easily adsorb heavy metals.

Fig. 2 shows SEM images of the surface morphology
and crystal structure of the Bitlis pumice. The image shows
a pattern of highly porous and irregular vesicular texture
containing large cavities. In addition, amorphous crystal
intra-structures of Bitlis pumice of regular surface morphol-
ogy demonstrate suitable sites for adsorption.

3.1.1. FTIR analyses of Bitlis pumice

FTIR for Bitlis pumice is presented in Fig. 3. In the region
of 1,200-950 cm™ there is a band (and shoulder) where the
pumice has symmetric and asymmetric stretching of the
Si-O-5i bond (from the present amorphous SiO, in pumice).

Table 1

In the region of approximately 780 cm™ the band of plane
deformation vibrations which are formed in symmetric
and asymmetric forms corresponds to (rocking and scis-
soring) corresponding to the Si-O bond (from the present
amorphous SiO, in pumice). The band at 1,629 cm™ is the
result of the presence of water molecules in the sample. The
bands in the range of 2,850-3,000 cm™ result from the water
and the presence of hydroxyl groups in the pumice sample.

3.1.2. TGA analysis of Bitlis pumice

As can be seen in Fig. 4, exothermic entry starts at
180°C. In addition, at these temperature at 180°C leaves its
water slowly.

3.1.3. Textural aspects

Textural properties in the form of surface area, pore
volume, pore size, and particle size of the studied Bitlis

Major elements compositions (wt.%) of the Bitlis pumice (Schmincke et al. 2014)

Sample Locality Rock  Color Density = Major elements (wt.%)
No g/lem®*  Si0, ALO, CaO FeO, KO Na O MnO MgO P,0, TiO, SO, LOI
5_KPO Bitlis pumice White 1.00 725 123 033 214 466 479 005 008 001 014 006 329

Fig. 2. Scanning electron microscopy image of Bitlis pumice.
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Fig. 3. Fourier-transform infrared spectra of Bitlis pumice.
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Fig. 4. Thermogravimetric analysis of Bitlis pumice (temperature range between 25°C and 750°C).

pumice sample were measured by the physical adsorption
method at low pressures with high resolution. As a result
of the experiments, the “adsorption-desorption isotherm”
was obtained, which is presented in Fig. 5.

The typical three stages of the isothermal adsorption
curves of the Bitlis pumice sample, showing similarity to
those of Harrat (Madina, Saudi Arabia) pumice (Alraddadi
and Assaedi [42]), as can be seen in Fig. 5 [42]. At Stage 1,
before point B (single point surface area at P/P° = 0.28 on
the adsorption curve), adsorption of the first layer of the
N, molecules occurred on the solid surface. At Stage 2,
multi-layer adsorption of the N, molecules forms, and the
number of adsorbed layers (hence the adsorption capacity)
progressively increase with the increasing relative pres-
sure. At the last stage (Stage 3, elevated vertical stage), the
adsorption pressure progressively increases the saturated
vapor pressure of the gas, and the nitrogen molecules
cause liquification and the capacity achieves its maximum

adsorption value. The pressure is then decreased, and
the nitrogen progressively begins to desorb. The adsorp-
tion quantity of nitrogen at Stage 1 is <0.5 and <1 cm?/g
at Stage 2, while at Stage 3 the maximum adsorption
quantities are in the range of 2.7035-8.8635 cm®/g (Fig. 3).
Accordingly, the BET, LA, and BJH models are used to
calculate the textural parameters from the experimental
isotherms of the Bitlis pumice sample. These are presented
in Table 2 and compared with those of Harrat pumice
[42]. In the case of the Bitlis pumice sample, the BET sur-
face area was obtained as 1.3491 m?%/g, which is lower than
that of the Harrat pumice sample (1.6698 m?/g, Table 1). The
Bitlis pumice sample’s single-point surface area (B, Fig. 3)
at P/P° = 0.28 was observed as 1.1241 m?/g, which is close
to that of the BET surface area (Table 5). The Langmuir
surface area (based on a monolayer assumption) was
obtained as 16.0137 m?/g, which is much higher than that
of the Harrat sample (2.2360 m?/g). In the case of the Bitlis
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Fig. 5. Experimental nitrogen adsorption-desorption isotherms
of Bitlis pumice, indicating the different adsorption stages.

Table 2

pumice, the single point total pore volume of the pores with
a diameter width less than 40.3122 nm at P/P° = 0.950000000
was 0.002126 cm®/g, which is lower than that of the
Harrat pumice (with a diameter less than 77.9710 nm at
P/P°=0.974531650 is 0.00334 cm?®/g).

The BJH adsorption cumulative surface area and
pore volume of the Bitlis pumice sample were respectively
1.3719 m%*g and 0.002022 cm®/g (Table 2). The BJH surface
area of the Bitlis pumice was higher than its BET surface
area. Similarly, the particle size of the Bitlis pumice sample
was obtained as 4,447 nm, which was higher than that of the
Harrat pumice sample (3,593 nm, Table 2). Therefore, the
specific surface area and particle size are important factors
in determining the efficacy of the rock in several applica-
tions. To illustrate, it increases the surface area of particles
and their ability to adsorb by making the material suscep-
tible to applications such as water purification [43]. Hence,
decreasing particle size increases the surface area, and the
adsorption capacity of the smaller particles becomes higher
as they become more reactive. This is because trace elements
tend to be concentrated in the finer particles. Accordingly,
Figs. 6 and 7 show the BET surface area vs. particle size and

Textural properties of Bitlis pumice (sample 5_KPO), and comparison with those of the Harrat Khayra pumice (sample S2, [43])

Bitlis Harrat
Textural Sample No# 5_KPO S2
Parameters Method
Surface area (S) Brunauer-Emmett-Teller surface area (m?/g) 1.3491 1.6698
Single point surface area (m*/'g) 1.1241 1.6489
Langmuir surface area (m?/g) 16.0137 2.236
t-plot external surface area (m?%g) 2.1332 1.0618
Barrett-Joyner-Halenda adsorption cumulative surface area of pores diameter (m?/g)  1.3719 0.763
Barrett-Joyner-Halenda desorption cumulative surface area of diameter (m?/g) 1.8353 0.7376
Pore volume (V) Single point adsorption total pore volume of pores 0.002126  0.00334
(less than 40.3122 nm diameter at P/P°=0.950 000 000 cm®/g)
Barrett-Joyner-Halenda adsorption cumulative volume of pores (cm®/g) 0.002022  0.00616
Barrett—Joyner—Halenda desorption cumulative volume of pores (cm®/g) 0.004222  0.00625
Pore size (dav) Adsorption average pore width (4 V S.1 by Brunauer—-Emmett-Teller) 6.3022 7.9877
Barrett-Joyner-Halenda adsorption average pore diameter (4 V S.1) (nm) 5.8952 32.318
Barrett-Joyner-Halenda desorption average pore diameter (4 V 5.1) (nm) 9.2015 33.911
Nano particle size  Average particle size (nm) 4,447 4 3,593.2

*less than 77.9710 nm diameter at P/P°=0.974 531 650 (cm®/g)

Table 3

Comparison of initial concentration, adsorbent dose, removal efficiency parameters with different adsorbents (120 min, contact time,

pH: 7, 20°C)
Adsorbent Ni(II) (mg/L) Dose (g/L) .0 (Mg/8) References
Rice husk ash 100 1 4.84 [68-79]
Manganese dioxide 10-200 10 114.9 [69-80]
Activated carbon 29.3 0.4 34.04 [70-81]
Montmorillonite 50-500 0.5 100% [71-82]
Manganese oxide coated zeolite 100 1 7.9 [72-83]
Bitlis pumice 3 1 149.9 This study
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Fig. 6. Correlation between Brunauer-Emmett-Teller surface
area (m?g) and average particle size (nm) for Bitlis pumice,
Harrat pumice, and scoria samples.

pore volume variations for the Bitlis pumice, the Harrat pum-
ice and the scoria samples. The surface area increases with
decreasing particle size, while it expands with increasing
pore volume. These variations in particular make the adsorp-
tion capacity of the Bitlis pumice more suitable for water
purification. Considering the average adsorption pore width
of the Bitlis pumice (6.3022 nm), like the mesoporous struc-
ture of the Harrat pumice (7.9877 nm), the structure of Bitlis
pumice could be classified as mesoporous material (rang-
ing between 2 and 50 nm) according to the conventions of
International Union of Pure and Applied Chemistry (IUPAC)
(Thommes et al. [55]). This indicates its low density [42,53].
This fact also suggests that the channels and cavities of the
mesoporous Bitlis pumice can selectively separate ions and
molecules according to their different sizes [42,54,55].

3.1.4. Initial effects of Ni(II) heavy metal concentration on
adsorption

The initial heavy metal concentration in aqueous solu-
tions significantly affected the adsorption process. This
effect depends on the type of heavy metal, the presence of
cations and groups on the surface of the adsorbent affect-
ing the ability of the surface to bind metal ions. For exam-
ple, during the waste tea bed adsorption experiment, the
adsorbent material rapidly achieved the saturation process
at 200 mg/L Ni(Il) throughout the initial concentration [45].
The results that are obtained in the adsorption experiments
with regard to Ni(II) heavy metal at 1, 3, and 5 mg/L initial
concentrations with 1 g Bitlis pumice are as shown in Fig. 8.
The adsorption efficiency is increased in parallel with the
increase in heavy metal concentration. The total saturation
of the adsorbent then occurred at a maximum concentra-
tion of 3 mg/L Ni(II) heavy metal (Table 3).

3.1.5. Effects of adsorbent on Ni(Il) heavy metal adsorption

The results of the experiments that was carried out to
determine the effect of the amount of Bitlis pumice on the
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Fig. 7. Correlation between Brunauer-Emmett-Teller surface
area (m*g) and pore volume (cm®g) for Bitlis pumice, Harrat
pumice, and scoria samples.
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Fig. 8. Effect of initial concentration on the adsorption of Bitlis
pumice (1 g Bitlis pumice, 120 min contact time, pH: 7, temp.: 25°C).

adsorption of the heavy metal Ni(Il) are given in Table 4.
When the Bitlis pumice amount is increased to 0.5 g, the
amount of heavy metal adsorption also increases and
reaches equilibrium. The best yield that was obtained in the
experiment was 99% with regard to 1 g Bitlis pumice (Fig. 9).

As a result of the experiments that was carried out to
determine the effect of different MHLT-KTS amounts on
the adsorption of Cr(VI) on MHLT (magnetic halloysite
nanotubes)-KTS (biopolymeric chitosan) nanocomposite,
the optimum amount of MHLT-KTS nanocomposite was
shown to be 150 mg (6 g/L MHLT-KTS) [46]. In addition,
the adsorption capacity of a local clay variety (BM-Clay2)
at an initial concentration of 50 mg/L via constant Ni(II),
which varies from 0.2 to 5 g/L was investigated. After the
adsorbent dose reached the highest removal efficiency at
3 g/L, the efficiency started to decrease. This was explained
by the fact that the concentration of metal ions in the solu-
tion reached a low value, and the adsorption driving force
was minimal [59].

3.1.6. Effect of contact time on Ni(II) heavy metal adsorption

The adsorption performances of Bitlis pumice were
tested with the use of batch adsorption experiments. It was
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Table 4
Comparison of pH and contact time with Bitlis pumice and different adsorbents
Adsorbent pH Time (h) References
Rice husk ash 2-10 5 [79]
Manganese dioxide 45-7.5 24 [80]
Activated carbon 2.5-8.0 48 [81]
Montmorillonite 3-11 24 [82]
Manganese oxide coated zeolite 3-8 0.5 [83]
Bitlis pumice 2-11 2 This study
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Fig. 9. Effect of adsorbent amount on the adsorption of Bit-
lis pumice (3 mg/L Ni(Il) heavy metal concentration, 120 min
contact time, pH: 7, temp.: 25°C).

observed that equilibrium was achieved in the first 10 min
of the adsorption process. This can be explained by the high
number and availability of active sites, along with the driv-
ing force required for the transfer of the heavy metal Ni(II)
onto the pumice used in the experiment [56-66]. However,
the fact that the adsorption curve changed very little in the
later stages of the experiment is attributed to the limited
amount of the heavy metal because it reached the active sites
in the pumice pores very rapidly. The adsorbent achieved
equilibrium in the first 10 min of the 120-min adsorption
period, and the highest removal efficiency (99%) was also
obtained within 120 min (Fig. 10, Table 5).

It is therefore observed that there was not a signifi-
cant Ni(II) removal indication obtained at 20°C in the case
of both pumice and magnetic iron-coated pumice within
a 12-h adsorption time. This fact is also verified in for-
mer Ni(Il) removal studies. Using MnO, in Ni(II) results in
change because of the removal processes that continued for
up to 24 h [57]. Moreover, a maximum of 97.75% removal
was achieved in 120 min in the Ni(II) removal study using
modified waste newspaper [58].

Table 5
Adsorption isotherm constants for Bitlis pumice

0 10 30 60 120

Contact Time (min.)

Fig. 10. Effect of contact time on the adsorption of Bitlis pumice
(3 mg/L Ni(II) heavy metal concentration, pH: 7, 1 g adsorbent
material, temp.: 25°C).

3.1.7. pH effect

In the adsorption process, the pH value, which affects
the metal binding sites and metal chemistry of the adsor-
bent surface, is a crucial control parameter. To detect its
effect on the removal of Ni(Il) ions, experiments were car-
ried out at different pHs at an inlet concentration of 5 mg/L
in terms of the greatest removal efficiency. The maximum
Ni(II) removal efficiency using Bitlis pumice was obtained at
pH =7 (Fig. 11, Table 5).

While the adsorption capacity decreases due to high
solubility at a low pH, an increase in pH causes growth in
the removal of nickel ions [58]. This is because efficiency
decreases largely for H* ions while competing with Ni(II)
ions within active sites due to low pH levels [59].

3.1.8. Temperature effect

In adsorption experiments, the temperature is directly
related to the kinetic energy levels of the metal ions in the

Langmuir isotherm Freundlich isotherm

constants constants

Temkin isotherm Dubinin—-Radushkevich isotherm

constants constants

q, (mg/g) =0.145
K, (L/mg) = 0.00027
R*=0.99

K, (mg/g) =2.325
n (g/L)=135.13
R2=0.90

B (J/mol) = 0.1432
A, (L/g) =1.007
R*=091

X (mg/g)=1.93

K (mol/]?) = 10
R*=0.87




S. Yamag et al. / Desalination and Water Treatment 316 (2023) 395407

solution. An increase in temperature may cause a growth
in the diffusion rate of the adsorbate. The higher affinity
of the adsorbent for metal, along with the increase in the
active sites of the adsorbate, can often facilitate the adhesion
of heavy metals to the surface by further increasing their
uptake. In most cases, room temperature is preferred for
the determination of adsorption capacity. This is because
the operating cost of the experiment increases at high
temperatures [60,61].

Experiments involving temperature on the adsorption
of Bitlis pumice on heavy metal Ni(Il) with a 5 mg/L initial
concentration were conducted along with the 3 g adsorbent

120
100
80
60
40
20

0
2 3 4 5 7 9 11

Fig. 11. pH effect on the adsorption of Bitlis pumice (3 mg/L
Ni(II) heavy metal concentration, 120 min, contact time, 5 mg/L
initial concentration, temp.: 25°C).

Langmuir Isotherm

1
y = 6.8924x - 0.Q019
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and pH: 7-8 levels for 120 min contact time. It can be seen
in Fig. 12 that the best removal efficiency in the adsorp-
tion process is 96% at 15°C, while the optimum tempera-
ture is determined to be 20°C.

3.1.9. Adsorption isotherm study

Adsorption isotherms of Bitlis pumice on Ni(Il) heavy
metal were investigated using the Langmuir, Freundlich,
Temkin, and Dubinin—-Radushkevich isotherm models.
The isotherms so obtained are shown in Fig. 13.

Fig. 13 displays direct correlation values of 0.99, 0.90,
0.91, and 0.87, respectively for the Langmuir, Freundlich,

100 - \
5, !
= T
s
= 60 1 !
2= 1
£S
é 40
g
=y 20
2
3
< 0
15 20 40 50
CO(Temperature)

Fig. 12. Temperature effect on the adsorption of Bitlis pumice
(120 min contact time; 5 mg/L initial concentration; pH: 7).

Freundlich Isotherm

(b)
-4 -3 -2 -1 0
o y =-0.0074x - 0.844 ..
= R2=0.9099 e
Log qe
(d) D-R Isotherm
-2E+08 0 200000000 400000000
(] g
=
is}
=1E-10x - 1.93
R2=0.8774

Fig. 13. Isotherm study of the adsorption of Bitlis pumice with heavy metal Ni(Il). (a) Langmuir, (b) Freundlich, (c) Temkin, and

(d) Dubinin-Radushkevich isotherms.
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Temkin, and Dubinin—-Radushkevich isotherms with
regard to Bitlis pumice. In terms of these high correlation
values, the Langmuir isotherm can be explained by the
adsorption processes. This isotherm indicates that there
are adsorbing points on the adsorbent surface, and every
point is thought to adsorb a molecule with a formed layer
of molecular thickness. Every single layer on the surface is
coated with Ni(I) heavy metal, where the adsorption adapt-
ing to the Langmuir isotherm reaches the highest adsorp-
tion capacity within the equilibrium. The Q, value, which
represents the Langmuir adsorption capacity, and the b
value, which indicates the adsorption energy, are given in
Table 5 for Bitlis pumice. Poly(ethylenimine) functionalized
organic—inorganic hybrid silica adsorbent was synthesized
using the hydrothermal-assisted surface grafting tech-
nique for the removal of Ni(Il) ions from aqueous solu-
tion, and characterized by FTIR nitrogen adsorption and
static adsorption—desorption. It showed that the maximum
static adsorption capacity of Ni(II) with regard to poly(eth-
yleneimine)-functionalized hybrid silica adsorbent using
the hydrothermal heating method was 1.6 times that of the
conventional heating method. The Langmuir adsorption
model was found to be more suitable than the Freundlich
and Dubinin-Radushkevich adsorption models [74].

3.1.10. Adsorption kinetic study

The correlation numbers for the pseudo-first-order
kinetic and second-order kinetic models were respectively
found to be 0.85 and 0.999 according to the data that was
obtained because of applying the directly calculated exper-
imental data for the kinetic models. The correlation value

Table 6
Kinetic constants for Bitlis pumice

is determined as 0.999. Therefore, it is observed that this
application fits well with the pseudo-second-order kinetic
model. This model is also dependent on the adsorption
capacity and rate. It assumes that the Ni(II) concentration
remains constant over time and depends on the adsor-
bent concentration [62]. The kinetic constants are shown
in Table 6 and Fig. 14.

3.1.11. Adsorption thermodynamics

Experiments were conducted at different tempera-
tures to determine the adsorption thermodynamics. It was
calculated based on the experimental data. By using ther-
modynamic parameters, the reaction can be explained as
either endothermic or exothermic [63]. The AH® value gives
informative evidence to determine whether the adsorption
process is physical or chemical [63,64]. These parameters
are also included in Table 7.

The result of the negative AG® is proof that the adsorp-
tion phenomenon occurs spontaneously. It shows higher

Table 7
Thermodynamic constant of Ni(I) removal with Bitlis pumice

Temperature b AG° AH° AS°
(K) (kJ/mol)  (kJ/mol)  (J/mol'K)
288 145 -25
293 8.3235 -20
531 197
313 10.789 -18.9 56.53 ?
323 7.5 -21.7

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

Bitlis

k, (1/mi
pumice 1 (1/min)

Top experimental (mg/g)

9, Calculated (mg/g)  R*

k, (g/mgmin) g, Calculated (mg/g) R?

0.149 0.0541 0.00076

0.85 8.025 0.150 0.999

(a)  Pseudo First Order Kinetic

0 +
-50 0 50 100, 150 200

y=0.0235x - 3.119
R?=0.853

-50

Pseudo Second Order Kinetic
1200

1000

y =(6.6547x +5.5416
800 | R>=10.999

600

400

100 150 200
-200

Fig. 14. Adsorption kinetic study. Correlation numbers for the (a) pseudo-first-order kinetic and (b) pseudo-first-order kinetic

models.
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Table 8
Comparison of Ni(II) removal with other adsorption studies
Adsorbent Ni(II) Dose /. (mg/g) Ni(II) pH Time (h) References
(mg/L) (&/L) (mg/L)
Rice husk ash 100 1 4.84 100 2-10 5 [68]
Manganese dioxide 10-200 10 1149 10-200 45-7.5 24 [69]
Activated carbon 29.3 0.4 34.04 29.3 2.5-8.0 48 [70]
Montmorillonite 50-500 0.5 100% 50-500 3-11 24 [71]
Manganese oxide coated zeolite 100 1 7.9 100 3-8 0.5 [72]
Bitlis pumice 3 1 149.9 3 2-11 2 This study

spontaneity at lower temperatures [73]. A positive AH°
value indicated that the adsorption is indeed endothermic
and showed that chemical adsorption is the dominant pro-
cess. In terms of thermodynamics, the adsorption process
in the solution phase is quite different from that in the
gas phase. In the adsorption process within the solution
phase, adsorbate molecules can aggregate, depending on
the chemical properties of both adsorbent and adsorbate
molecules. Accordingly, the adsorption system involves an
endothermic process and needs energy for efficient adsorp-
tion [65]. Thus, a positive AS°® indicates that there may
be a structural differentiation between Bitlis pumice and
heavy metal Ni(II) forms.

4. Conclusion

The adsorption process is one of the most widely used
treatment methods in water and wastewater treatment and
is considered the cheapest and most effective technique
for removing Ni(II) heavy metal from water. It has become
effective in the field of removal due to its simple opera-
tion and availability. Moreover, in the last few decades,
the adsorption process has been accepted as the primary
treatment method for removing pollutants from the envi-
ronment [66].

Many different adsorbent materials have been used
for the adsorption method, which is one of the preferred
methods for nickel(Il) removal. However, when the data
obtained in the series of experiments carried out based on
the limited knowledge and research gap for Ni(Il) removal
in Bitlis pumice are examined, it is obvious that this study is
a very promising and important study. It will be a pioneer-
ing study for different heavy metals and their concentrations
in which Bitlis pumice will be used as an adsorbent and will
encourage other studies. The textural characteristics (i.e., sur-
face area, particle size, pore volume) and Ni(lI) adsorption
capacity of the Bitlis pumice were investigated using dif-
ferent analytical methods. The results obtained revealed that:

(i) The surface area of the Bitlis pumice sample was
1.3491 m?/g (BET model), 1.3719 m*/g (BJH model), and
16.0137 m?/g (LA model), whereas the particle size was
4,447 nm. Due to the presence of a negative correlation
between particle size and surface area, and a positive
correlation between pore volume and surface area, the
adsorption capacity of the Bitlis pumice stone is more
suitable as an absorbent for water purification.

(ii) The pumice particles studied were classified as a meso-
porous material with a pore size of 6.30 nm, indicating
that pores can selectively separate ions and molecules
according to their different sizes.

(iii) The highest removal efficiency of Ni(Il) by Bitlis pum-
ice stone from artificial water was 99% at an adsorbent
dosage of 3 mg/L, pH 7, with a contact time of 120-min
according to the Langmuir isotherm model (R? = 0.99).
This is interpreted chemically by the second-order
pseudo-kinetic model (R? = 0.99). The Table 7 shows the
correlation of thermodynamic fitness as 0.94. The AH°
value gives evidence to determine whether the adsorp-
tion process is physical or chemical. The result signi-
fies that the Ni(II) adsorption potential of pumice is
much higher than is the case with other heavy metals
(Table 8).

(iv) All these findings suggest that the mesoporous Bitlis
pumice stone is a powerful Ni(Il) adsorbent material for
the purpose of water purification, and a low-cost alter-
native for further promising future studies on adsor-
bents. Furthermore, Ni(Il) with its high market price,
due to its high density (8.9 g/cm®) relative to pumice
(1.00 g/ecm®) can easily be recovered by magnetic (or
gravimetric or densimetric) separation to be recycled for
economic growth.
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