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ABSTRACT

Adsorption performance of Fe and Mn, using three different activated pumice composites at varying
doses, pH, and the initial metal conditions, was investigated in the single and binary metal systems.
Adsorption performance of Fe was found to be higher than Mn adsorption at all adsorption condi-
tions. Consequently, maximum a 100% and a 64% of Fe and Mn removal was recorded, respectively.
Adsorption efficiencies of activated pumice composites using HCl and HNO, were found to be close to
each other that they were eventually higher than the results of H,O, activated pumice. Removal of Fe
or Mn decreased to some extent in the binary system compared with the single system at all activated
pumice composites. Adsorption data sets well fitted Langmuir isotherm than Freundlich and Temkin
isotherms. The presence of monovalent (Na*) salt did not significantly change the removal of both Fe
and Mn in the single and binary systems, while divalent (Mg* and Ca*) salts slightly decreased the
removal efficiencies of Fe and Mn. High desorption and reuse efficiencies were obtained when 0.1 N
HCl solution was used; however, the adsorption efficiency decreased after first recycling and reuse. In
conclusion, adsorption of Fe and Mn using HCI activated pumice composite is a promising low-cost
adsorbent in comparison with other low-cost adsorbents.

Keywords: Acid activated pumice; Iron; Manganese; Adsorption; Desorption; Isotherms; Single and

binary systems; Surface modification; Reuse

1. Introduction

Heavy metals are mainly non-biodegradable and tend
to accumulate in living organisms, causing various dis-
eases [1]. Iron (Fe) and manganese (Mn) are often present in
water and wastewaters, and Fe can cause anorexia, oliguria
and diphasic shock while Mn can affect nervous and endo-
crine systems [1-4]. Furthermore, Fe and Mn commonly are
also not preferred in potable water due to the unpleasant
taste, color, odor and turbidity [1]. As well, levels of iron
and manganese can create problems in the desalting plants,

* Corresponding author.

which means that there is a need of pretreatment to remove
them [5-8].

One of the most suitable and widely used treatment meth-
ods for removal of metals is known to be adsorption due to the
cost-effective and easy operation [9]. Pumice has been evalu-
ated an effective and a low-cost material having a large porous
surface area to remove various pollutants such as dyes [10,11]
and metals [12-14]. As reported in a review study on recent
investigations on pumice, most of the metals can successfully
be adsorbed when pumice is activated or doped with other
catalysts [15]. However, there has not been cited any adsorp-
tion study yet for the removal of Fe and Mn in the single and
binary adsorption systems using activated pumice powder.
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The aim of this study is to evaluate the effect of the acid
activation of pumice surface using HCl, HNO, and H,O, on
the removal of Fe and Mn in the single and binary adsorption
systems. The effect of the amount of pumice, pH and initial
Fe or Mn concentrations and the presence of monovalent and
divalent ions on the adsorption performance was investi-
gated. Desorption and reuse of activated pumices were also
evaluated. Langmuir isotherm was found to fit Fe and Mn in
both adsorption systems at optimum process conditions than
other isotherms’ attempts.

2. Materials and methods
2.1. Chemicals

The pumice was obtained from a company extracting pum-
ice in Cappadocia region (Nevsehir city area, Central Anatolia)
of Turkey, where a large pumice reserve is present. The par-
ticle size of pumice powder ranged from nano to micron
(0-125 micron). All chemicals used in the study were purchased
from Sigma Aldrich (St. Louis, Missouri, USA) at >99% purity.

2.2. Activation of pumice

The surface of pumice was activated using H,O, (P1),
HNO, (P2) and HCI (P3). First, 50 g pumice was added to
250 mL solution that contained a volumetric ratio of 1:10 of
acid:distilled water. Pumice was stirred in the solutions for
24 h and washed several timesw with distilled water and
dried at 105°C for 24 h before adsorption experiments.

2.3. Adsorption experiments

Adsorption experiments were performed in 100 mL flasks.
The samples were shaken at 200 rpm speed for 24 h. The effect
of activated pumice amount (0.5-2.0 g), the effect of pH (3-8)
and the effect of initial metal concentration (10-100 mg/L) on
Mn and Fe removal in the single and binary systems were eval-
uated in this study considering the following steps:

* Adsorption of Fe and Mn in single and binary systems
was optimized first at 20 mg/L of each metal.

e To study the adsorption isotherms, 2 g activated pumice
composites were put into the flasks containing 100 mL of
Fe, Mn or Fe + Mn solution of different initial concentra-
tions (10-100 mg/L).

e To study the effect of salts and ionic strength on the
adsorption of the Fe and Mn, 2 g of activated pumice was
added to 100 mL solution containing 50 mg/L of Fe or Mn
or Fe + Mn with different concentrations of MgCl,, NaCl
and CaCl, solutions (100, 200, 300, 400 and 500 mg/L) and
was shaken for 24 h.

At the end, taken samples were centrifuged for 5 min
at 4,000 rpm speed before metal analysis. The adsorption
removal efficiency was calculated as follows [1,2,4]:

Adsorption Efficiency (%) = [Cog €. ] %100 (1)

0
where C, (mg/L) is the initial metal concentration, and C,
(mg/L) is the metal concentration after 24 h adsorption.

2.4. Desorption and reuse study

To study the desorption and reuse of spent activated
pumice composites, adsorption experiments were performed
in 50 mL flasks using 50 mg/L of Fe and/or Mn concentra-
tions and shaken at 200 rpm speed for 24 h using 1 g of acti-
vated pumice at room temperature. Later, spent activated
pumice was collected and centrifuged for 5 min at 4,000 rpm
speed. After that it was washed several times with distilled
water and finally dried at 105°C. Three reagents were used
to activate spent activated pumices to be: (i) distilled water,
(if) 0.1 N HCI (50 mL), (iii) 0.5 N HCI (50 mL) and (iv) 1 N
HCI (50 mL). After that, reactivated pumice was used for
adsorption experiments of reuse at abovementioned condi-
tions. At the end, taken samples were centrifuged for 5 min
at 4,000 rpm speeds before metal analysis. The desorption
efficiency was calculated as follows [16,17]:

C
Desorption Efficiency (%) = 1 x 100 = 2= X100 @)

ads ads

where g, (mg/g) is the desorption capacity, and g, (mg/g)
is the adsorption capacity. C , (mg/L) is the metal concentra-
tion of the adsorbed onto pumice (C, - C, from Eq. (1)), and
C,.. (mg/L) is the metal concentration of the desorbed from
pumice after 24 h.

2.5. Analysis

To obtain surface properties of the pumice composites,
they were submitted to scanning electron microscopy (SEM)
energy-dispersive X-ray (EDX) analyzer (FEI-QUANTA FEG
250) and Fourier transform infrared spectroscopy (FTIR)
(Bruker VERTEX 70 ATR) analysis. SEM-EDX was operated
at 5 kV accelerating and 3 spot at a constant magnification of
20,000%. FTIR was obtained in the range of 400—4,000 cm™.

Fe and Mn analysis were performed with Merck test kits
(Fe-114761 and Mn-114770) using UV-Vis spectrophotome-
ter (Schimadzu UV-2401 PC) at A = 562 nm and A = 448 nm
wavelengths with calibration curve.

The pH was monitored using a pH meter (WTW pH 315i).
The pH at the point of zero charge (pH , ) of activated pum-
ice composites were determined accordping to literature [17].
Briefly, 50 mL of 0.01 M NaCl solution was adjusted to the
value varying between 2 and 12 by adding 0.1 M HCl or NaOH
solutions. Then, 0.15 g of pumice added the solutions at dif-
ferent initial pH values and left for 48 h at room temperature.
After 48 h, the final pH values are measured. The pH  was
determined from the curve as pH, —pH . vs. pH.

final initial initial”

3. Results and discussion
3.1. Characterization of surface pumice composites

SEM of pumice and acid activated pumice composites
is demonstrated in Fig. 1. It can be clearly seen that pum-
ice has porous and rough surface (Fig. 1(a)), and its surface
shape did not notably change after activation procedures
(Figs. 1(b)-(d)). EDX spectra showed that oxygen and sili-
sium are the major elements due to the origin of pumice
characteristics that mainly contain 58.4% O, 29.5% Si, 6.7%
Al, 1.4% K, 3.9% Na and 0.2% Fe. It was reported elsewhere
that the main components of pumice are SiO,, AL,O, and K,0O
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[10,18,19]. Those characteristics did not significantly vary
with the activation procedures applied in this study.

FTIR spectra of surface activated pumices are given
in Fig. 2. It is seen that three main peaks at 1,020, 780 and
455 cm™ in the FTIR spectra are displayed to vary from
pumice to surface activated pumices. The strongest peak at
~1,020 cm™ could be the Si-O-Si symmetric stretching vibra-
tion due to the groups of (Si0O,), [20]. The transmittance at
1,020 cm™ shows an enhancing intensity with the surface
activation. Transmittance intensities were obtained to be
81.9%, 79.3%, 77.0% and 72.6% for activated pumice, P1, P2
and P3, respectively. The peaks at ~780 cm™ could be a vibra-
tion of Si-O-Si bond [10,19,21]. Furthermore, the vibration of
Si—O-Si bond intensity is the highest one at the HCl activated
pumice. Intensities of activated pumice, P1, P2 and P3 com-
posites were observed as 89.1%, 87.3%, 85.0% and 83.0% at
455 cm™, respectively. Other small peaks observed at ~1,600
and ~3,400 cm™ are also owed to the bending vibration of
H-O-H bond and asymmetric stretching vibration of H-O
bond in adsorbed water molecules, and those peaks are same
in all activated pumice composites [20,22].

3.2. Effect of activated pumice amounts

As shown in Fig. 3, the removal of Fe was found to be
~100% at all amounts used of P2 and P3 composites while

Fig. 1. SEM results of: (a) pumice, (b) H,O, activated pumice, (c)
HNQ, activated pumice and (d) HCI activated pumice.
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Fig. 2. FTIR spectra of pumice and three different activated
pumices.

it was nearly observed at 100% using 1.5 g of P1 composite
in the single system. Nearly the same removal of Mn was
observed using all activated pumice composites in the sin-
gle Mn adsorption system. However, a rather lower removal
efficiency was obtained using P1 composite. In the case of
binary adsorption systems, both Mn and Fe removals slightly
decreased. Anyhow, Mn and Fe removals increased with
increasing amount of activated pumice composites. The
removal of both Fe and Mn was higher using P2 and P3 com-
posites than P1 composite. Nevertheless, a gradually increas-
ing removal trend of Mn and Fe being 53.4% and 66.0% for
P1; 79.9% and 71.6% for P2 and 93.1% and 98.5% for P3 was
observed using 2 g of each composite correspondently. In a
previous study, the removal of Fe was reported to increase
from 72.7% to 87.8% using acid activated montmorillonite
varying from 2 to 6 g/L [23].

3.3. Effect of pH

pH is one of the most important factors influencing the
efficiency of adsorption process due to affecting both the
surface charge of the adsorbent and the bonding-formation
of metals. Both Fe and Mn removals were found to be
lower at acidic conditions than the alkaline conditions
in both single and binary systems (Figs. 4(a) and (b)). On
the other hand, higher Fe and Mn removals were reported
with increasing pH from 2 to 8 using untreated activated
carbon and tannic acid modified activated carbon [24]. It is
stated that the low metal adsorption at very low pH values
arises from the competition between H* protons and met-
als on the active sites of adsorbent [25,26]. Removal of Fe
and Mn increased with increasing solution pH up to 8. Fe
removal using P2 and P3 activated pumice composites was
observed to be nearly the same while Fe removal using P1
was found to be lower than other composites used in the
single system (Fig. 4(a)). In the case of Mn removal, max-
imum efficiency was obtained using P3 activated pumice
composite (Fig. 4(a)). Accordingly, the performance order
of composites used for Mn removal was found to be P3 >
P2 > P1. Although the same results for both metals were
observed in the binary adsorption systems (Fig. 4(b)), the
adsorption capacity of Fe and Mn decreased for all activated
pumice composites compared with the single systems. The
adsorption capacities of both Mn and Fe were calculated to
be 1.62 and 9.00 mg/g in the single adsorption system, and
1.03 and 7.23 mg/g in the binary adsorption system, respec-
tively, when P3 composite was used.

The pH_ of activated pumice composites affects the
metal removal efficiency. This means that when the solu-
tion of pH is lower than pH_ , the surface of composite is
positively charged and this leads to decrease the adsorp-
tion of cationic metals. When the solution of pH > pH_,
the surface of composite is negatively charged, and this
leads to increase the adsorption of cationic metals. Higher
adsorption removal of metals can be favored above the
pH,,. of composites. The pH  of pumice was found at 6.12
in the literature [27]. Similar result was observed in this
study that the pH_ of pumice was found to be 5.61 and
it is changed to 6. 60 3.97 and 3.79 using P1, P2 and P3,
respectively. This high pH__value of P1 leads to decrease
the Fe and Mn adsorption capac1ty when the pH of solution
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Fig. 7. Langmuir isotherm using P1, P2 and P3 in the (a) single and (b) binary adsorption systems (pH: 7, pumice concentration:

2 g; time: 24 h).

was lower than the pH_ value (pH , = 6.60). The lower
pH,,. value of P2 and P3 could gain an advantage that high
removal efficiencies of Fe and Mn can be obtained in a
wide range of pH values (>4).

3.4. Effect of initial metal concentrations

Increasing initial metal concentration caused to decrease
the removal of the metals due to the saturation of active
sites on the activated pumice composites as seen in Fig. 5.
Fe removal slightly decreased, whereas the Mn removal was
much affected by initial Mn concentration varying in the
range of 10-100 mg/L. The removal efficiencies ranged from
96.8% to 84.8% for Fe and 64.5% and 14.7% for Mn using P3
at 10 and 100 mg/L, respectively. Both Fe and Mn removals
were found to be lower in the binary system than the single
adsorption system after an initial concentration of Fe and Mn
being 20 mg/L. Mn removal was influenced more than that of
Fe removal, comparing the single and binary systems.

3.5. Effect of ionic strength

Natural water and wastewater usually contain salt
(ionic strength) which is to cause the electrostatic interac-
tion between solution and surface of the activated pumice,
eventually the salt ions compete with metal ions [28-30].
Three different salts as NaCl, MgCl, and CaCl, were inves-
tigated in this study to influence adsorption of Fe and Mn
removals. The results are shown in Fig. 6. Removal of Fe
and Mn decreased with increasing the salt concentration. A
decreasing Mn removal with an increasing ionic strength was
observed to be higher than the Fe removal in both single and
binary adsorption systems. It was also observed that there

is more competition between Mn and salt ions than that of
between Fe and salt ions. The removal of Fe and Mn slightly
decreased with Na* than the divalent metals (Mg* and Ca*)
in accordance with the literature [29,31]. In addition, Tung
and Duman [32] reported that Na' is indifferent ion and
Mg? and Ca* are the potential determining cations to affect
the negative zeta potential of pumice [30]. They found that
the higher negative zeta potential of pumice was obtained
in the presence of NaCl to vary between 10" and 10° M.
Additionally, the effect of MgCl, and CaCl, on the zeta poten-
tial of pumice was reported to be similar [32]. In this study,
the salt concentration used varied from 10 to 10° M. Thus,
the higher negative surface of pumice could tolerate the
negative effect of salt addition (NaCl). However, Mg* and
Ca? were adsorbed on the surface of pumice and changed
the surface charge of pumice. Finally, that leaded to decrease
the adsorption removal efficiencies of Fe and Mn. The degree
of interaction increased with the increase of the salt concen-
trations between 100 and 500 mg/L, and was found to be in
the order of Mg* > Ca* > Na". It can be concluded that the
activated pumice composite is suitable for the removal of Fe
and Mn in aqueous media with a lower salt concentration
(<200 mg/L) [33].

3.6. Adsorption isotherms

Langmuir, Freundlich and Temkin isotherms were evalu-
ated to assess the adsorption kinetics of Fe and Mn in the sin-
gle and binary systems. Because low regression coefficients
were observed for Freundlich and Temkin isotherms, only
Langmuir isotherms of activated pumices are given in Fig. 7.
Langmuir isotherm was often reported to fit the adsorption
data of different pollutants using pumice [12,34,35]. Fitting
Langmuir isotherm of Fe or Mn adsorption at a high
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r(l;aolinlepirison of Fe and Mn adsorption capacities according to Langmuir isotherm

Adsorbent Initial concentration (mg/L) 4. (Mg/g) Reference
Fe removal

HCl-activated pumice 10-100 9 This study
Zeolite 300-1,000 7.4 [1]
Zeolite 20-400 6.6 [37]
TAAC - 2.8 [25]
Activated carbon - 14.6-46.4 [42]
Granular activated carbon - 3.6 [40]
Bentonite 0-400 21 [43]
Kaolinite 100-250 11.2 [36]
Acid-activated kaolinite 100-250 12 [36]
Montmorillonite 100-250 28.9 [36]

Acid activated montmorillonite 100-250 30 [36]
Clinoptilolite 0-500 59-7.6 [41]
Bentonite 0-500 41 [41]
Chabazite 0-500 5.5 [41]
Zaccagnaite 0-200 9.4 [44]

Mn removal

HCl-activated pumice 10-100 1.62 In this study
Clinoptilolite - 7.69 [45]
Clin-Fe - 27.1 [45]
Granular activated carbon - 2.55 [40]
Clinoptilolite 100-400 422 [39]
Zeolite 20-400 242 [37]

Na montmorillonite - 3.22 [38]
TAAC - 1.73 [25]
Activated carbon - 0.51-16.4 [42]
Zaccagnaite 0-200 30.69 [44]
Manganese coated sand - 0.164-0.868 [46]

Note: Clin-Fe: Clinoptilolite-Fe; TAAC: Tannic acid immobilised activated carbon.

regression coefficient than the other isotherm was explained
due to the monolayer coverage on the surface of activated
pumice.

Although Fe adsorption capacity was not significantly
changed using three activated pumice composites, the
adsorption capacity of Mn yielded 2.4 times higher using
HCI activated pumice than H,O, activated pumice com-
posite use in the single adsorption system. Similar trend
was observed in the binary adsorption system (a 2.2 times
higher Mn adsorption capacity was observed using P3
compared with P1). This enhanced adsorption removal
was also shown in the literature using acid activated clays
[36]. Maximum adsorption capacities of Fe and Mn were
observed using P3 in both adsorption systems. Fe and Mn
adsorption capacities were found to be 9.00 and 1.62 mg/g

in the single system while they were calculated as 7.23 and
1.03 mg/g in the binary system. These results indicated a
higher capacity of activated pumice composites than the
results of zeolite and tannic acid immobilized activated
carbon as reported by Motsi et al. [25,37]. They found a
6.61 mg/g of Fe adsorption capacity while Mn adsorp-
tion capacity was reported to be 2.42 mg/g using natural
zeolite. Furthermore, Uger et al. [24] reported that Fe and
Mn adsorption capacities were 2.80 and 1.73 mg/g, respec-
tively, using tannic acid immobilized activated carbon.
Mn adsorption capacity was also obtained as 3.22 mg/g
using montmorillonite, 4.22 mg/g using clinoptilolite
and 2.55 mg/g using granular activated carbon [38-40].
Fe adsorption capacity was calculated between 6.6 and
7.4 mg/g using natural zeolite [1,37].
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Although Mn adsorption capacity of activated pumice was
found to be lower than all other adsorbents reported in the sci-
entific literature (Table 1), pumice could be evaluated to be more
economical one [15]. As compared with the literature (5.9-7.6
using clinoptilolite, 5.5 mg/g using chabazite, 4.1 mg/g using
bentonite, 11.2 mg/g using kaolinite) [36,41], Fe adsorption
capacity of pumice was found to be higher than the range given
in the literature except the results of montmorillonite adsorbent.

3.7. Desorption and reuse of pumice composite

HCI solutions were used as desorption agent in this
study as reported to be more effective desorption agent
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Table 2

than the H,SO, solutions when the using Cr adsorption with
pumice [23]. Also, it is found that desorption of Cu is much
higher in HCl solutions than the HNO, solutions using chi-
tosan as an adsorbent [47]. Desorption of Fe and Mn from
the pumice composites was evaluated using four desorption
media as explained in section 2.3. The highest desorption
was achieved when 1 N HCI solution was used for this pur-
pose. Increasing of HCI normality did not change or slightly
decrease the desorption efficiency. The maximum desorp-
tion efficiencies are 91.1% and 88.0% for Fe and Mn using
HCI activated pumice, respectively (Fig. 8). Desorption in
distilled water (41%-52% for Fe and 39%—63% for Mn using
different activated pumices) was observed to be lower than
HCI desorbed solutions. Although the Fe and Mn removals
slightly decreased, an 81.0% and 44% of Fe and Mn remov-
als were obtained, respectively, when HCI activated pumice
was reused (Table 2). Fe adsorption was observed to be more
affected than Mn adsorption. It is concluded that HCI acti-
vated pumice is more suitable when pumice is reused for
adsorption of Fe and Mn.

4. Conclusion

Three types of acids were evaluated to activate the sur-
face of pumice to remove Fe and Mn from synthetic water.
Desorption and reuse of pumice were also evaluated. The
effect of monovalent and divalent ions on the adsorption effi-
ciency was investigated. Three widely used isotherms were
used to fit the adsorption data. The results of this study are
outlined below:

* Removal of Fe and Mn increased with increasing pumice
amounts and varying pH of the solutions.

e Fe and Mn removals were affected by activation acid.
HCI and HNO, acids were noted more effective ones than
H,O, in the single metal adsorption system. In the case of
binary system, higher Fe and Mn removals were obtained
using HCl activated pumice composite. Removal efficien-
cies of Fe and Mn were obtained in the order of HCI >
HNO, >H,0,.

e N HCI solution was also observed to be suitable for
desorption.

Desorption and reuse efficiencies (%) using HCl solutions (initial Fe or Mn concentration: 50 mg/L, pumice: 1 g, pH: 7, time: 24 h)

Pumice DW 0.1 N HCI® 0.5 N HCI? 1N HCI*
Composite A D R D R D R D R
Fe removal (%)

HCl-pumice 92.8 40.7 50.4 91.1 81.0 88.8 81.3 84.1 774
HNO,-pumice 92.0 41.3 52.1 84.3 79.9 80.2 79.4 78.7 74.7
H,O,-pumice 82.6 514 494 85.7 74.8 82.4 74.9 79.8 77.8
Mn removal (%)

HCI-pumice 46.6 38.7 30.5 88.0 44.0 79.8 404 79.3 41.5
HNO,-pumice 441 44.7 37.1 85.4 33.8 83.3 32.8 447 25.8
H,0,-pumice 322 63.4 15.1 89.5 25.0 88.8 25.5 87.8 27.4

*Desorption agents.

Note: DW: distilled water, A: adsorption efficiency, D: desorption efficiency, R: reuse adsorption efficiency.



60

D.. Cifci, S. Meri¢ / Desalination and Water Treatment 71 (2017) 52-61

When HCl activated pumice was reused after desorption,
an 81.0% and 44% of Fe and Mn removals were obtained,
respectively.

Monovalent and divalent ions affected the adsorption
efficiency to be in the order of Mg* > Ca*" > Na" for the
salt concentrations varying between 100 and 500 mg/L.
Langmuir isotherm fitted the adsorption data of both Fe
and Mn at the highest correlation.

In conclusion, HCI acid activated pumice can be recom-

mended to be more suitable and economic material for the
removal Fe and Mn in both the single and binary adsorption
systems.

Acknowledgments

The authors acknowledge Namik Kemal University

Scientific Research Project (NKUBAP.00.17.AR.14.17) for
funding this work. Soylu Ltd. is also acknowledged for
kindly providing pumice. Authors express their inspiration
from the COST ACTION Water 2020 (ES1202) “Conceiving
water treatment in 2020”.

References

(1

(2]

3]

[4]

(5]

(6]

[7]

(8]

9]

[10]

[11]

[12]

M. Al-Anber, Z.A. Al-Anber, Utilization of natural zeolite
as ion-exchange and sorbent material in the removal of iron,
Desalination, 225 (2008) 70-81.

F.A. Dawodu, K.G. Akpomie, Simultaneous adsorption of
Ni(II) and Mn(II) ions from aqueous solution unto a Nigerian
kaolinite clay, J. Mater. Res. Technol., 3 (2014) 129-141.

E. Grygo-Szymanko, A. Tobiasz, S. Walas, Speciation analysis
and fractionation of manganese: a review, TrAC Trends Anal.
Chem., 80 (2016) 112-124.

M.U. Khobragade, A. Pal, Investigation on the adsorption of
Mn(Il) on surfactant-modified alumina: batch and column
studies, J. Environ. Chem. Eng., 2 (2014) 2295-2305.

B. Huang, Z. Li, Z. Chen, G. Chen, C. Zhang, ]J. Huang, X.
Nie, W. Xiong, G. Zeng, Study and health risk assessment of
the occurrence of iron and manganese in groundwater at the
terminal of the Xiangjiang River, Environ. Sci. Pollut. Res., 22
(2015) 19912-19921.

A.G. Tekerlekopoulou, S. Pavlou, D.V. Vayenas, Removal
of ammonium, iron and manganese from potable water in
biofiltration units: a review, J. Chem. Technol. Biotechnol., 88
(2013) 751-773.

Y. Cai, D. Li, Y. Liang, H. Zeng, J. Zhang, Operational parameters
required for the start-up process of a biofilter to remove Fe, Mn,
and NH,-N from low-temperature groundwater, Desal. Wat.
Treat., 57 (2016) 3588-3596.

K.S. Kshetrimayum, H. Hegeu, The state of toxicity and cause
of elevated Iron and manganese concentrations in surface water
and groundwater around Naga Thrust of Assam-Arakan basin,
Northeastern India, Environ. Earth Sci., 75 (2016) 1-14.

S.E. Bailey, TJ. Olin, RM. Bricka, D.D. Adrian, A review of
potentially low cost sorbents for heavy metals, Water Res., 33
(1999) 2469-2479.

H. Shayesteh, A. Rahbar-Kelishami, R. Norouzbeigi, Adsorption
of malachite green and crystal violet cationic dyes from aqueous
solution using pumice stone as a low-cost adsorbent: kinetic,
equilibrium, and thermodynamic studies, Desal. Wat. Treat., 57
(2016) 12822-12831.

B. Heibati, S. Rodriguez-Couto, N.G. Turan, O. Ozgonenel, A.B.
Albadarin, M. Asif, I. Tyagi, S. Agarwal, VK. Gupta, Removal
of noxious dye—Acid Orange 7 from aqueous solution using
natural pumice and Fe-coated pumice stone, J. Ind. Eng. Chem.,
31 (2015) 124-131.

S.H. Khorzughy, T. Eslamkish, FED. Ardejani, M.R.
Heydartaemeh, Cadmium removal from aqueous solutions

[13]

[14]

[13]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

by pumice and nano-pumice, Korean J. Chem. Eng., 32 (2015)
88-96.

T. Liu, Y. Yang, Z.-L. Wang, Y. Sun, Remediation of arsenic(III)
from aqueous solutions using improved nanoscale zero-valent
iron on pumice, Chem. Eng. J., 288 (2016) 739-744.

M. Doénmez Oztel, F. Akbal, L. Altas, Arsenite removal by
adsorption onto iron oxide-coated pumice and sepiolite,
Environ. Earth Sci., 73 (2015) 4461-4471.

D.I. Cifci, S. Meric, A review on pumice for water and
wastewater treatment, Desal. Wat. Treat., 57 (2016) 18131-18143.
S. Coruh, G. Senel, O.N. Ergun, A comparison of the properties
of natural clinoptilolites and their ion-exchange capacities for
silver removal, ]. Hazard. Mater., 180 (2010) 486—492.

M.G. Sujana, A. Mishra, B.C. Acharya, Hydrous ferric oxide
doped alginate beads for fluoride removal: adsorption kinetics
and equilibrium studies, Appl. Surf. Sci., 270 (2013) 767-776.
O.S.G.P. Soares, L Marques, C.M.A.S. Freitas, A.M. Fonseca,
P. Parpot, J.J.M. Orfao, M.ER. Pereira, 1.C. Neves, Mono and
bimetallic NaY catalysts with high performance in nitrate
reduction in water, Chem. Eng. J., 281 (2015) 411-417.

M.N. Sepehr, V. Sivasankar, M. Zarrabi, M.S. Kumar, Surface
modification of pumice enhancing its fluoride adsorption
capacity: an insight into kinetic and thermodynamic studies,
Chem. Eng. J., 228 (2013) 192-204.

U.A. Guler, M. Sarioglu, Removal of tetracycline from wastewater
using pumice stone: equilibrium, kinetic and thermodynamic
studies, J. Environ. Health Sci. Eng., 12 (2014) 1-11.

H. Shayesteh, A. Rahbar-Kelishami, R. Norouzbeigi, Evaluation
of natural and cationic surfactant modified pumice for
congo red removal in batch mode: kinetic, equilibrium, and
thermodynamic studies, J. Mol. Liq., 221 (2016) 1-11.

M.N. Sepehr, A. Amrane, K.A. Karimaian, M. Zarrabi, H.R.
Ghaffari, Potential of waste pumice and surface modified
pumice for hexavalent chromium removal: characterization,
equilibrium, thermodynamic and kinetic study, J. Taiwan Inst.
Chem. Eng., 45 (2014) 635-647.

K.G. Bhattacharyya, S.S. Gupta, Adsorption of a few heavy
metals on natural and modified kaolinite and montmorillonite:
a review, Adv. Colloid Interface Sci., 140 (2008) 114-131.

A. Uger, A. Uyanik, S.F. Aygiin, Adsorption of Cu(II), Cd(II),
Zn(II), Mn(Il) and Fe(Ill) ions by tannic acid immobilised
activated carbon, Sep. Purif. Technol., 47 (2006) 113-118.

K. Swarnalatha, S. Ayoob, Adsorption studies on coir pith for
heavy metal removal, Int. J. Sustain. Eng., 9 (2016) 259-265.
M.A. Shavandi, Z. Haddadian, M.H.S. Ismail, N. Abdullah, Z.Z.
Abidin, Removal of Fe(IIl), Mn(II) and Zn(II) from palm oil mill
effluent (POME) by natural zeolite, J. Taiwan Inst. Chem. Eng.,
43 (2012) 750-759.

L. Yuan, ]J. Shen, Z. Chen, X. Guan, Role of Fe/pumice
composition and structure in promoting ozonation reactions,
Appl. Catal., B, 180 (2016) 707-714.

K.A.Karimaian, A. Amrane, H. Kazemian, R. Panahi, M. Zarrabi,
Retention of phosphorous ions on natural and engineered
waste pumice: characterization, equilibrium, competing ions,
regeneration, kinetic, equilibrium and thermodynamic study,
Appl. Surf. Sci., 284 (2013) 419-431.

L. Wang, J. Zhang, R. Zhao, Y. Li, C. Li, C. Zhang, Adsorption
of Pb(II) on activated carbon prepared from Polygonum orientale
Linn.: kinetics, isotherms, pH, and ionic strength studies,
Bioresour. Technol., 101 (2010) 5808-5814.

S. Afroze, TK. Sen, HM. Ang, Adsorption removal of zinc(II)
from aqueous phase by raw and base modified Eucalyptus
sheathiana bark: kinetics, mechanism and equilibrium study,
Process Saf. Environ. Prot., 102 (2016) 336-352.

L. Cui, Y. Wang, L. Gao, L. Hu, L. Yan, Q. Wei, B. Du, EDTA
functionalized magnetic graphene oxide for removal of Pb(II),
Hg(II) and Cu(ll) in water treatment: adsorption mechanism
and separation property, Chem. Eng. ]., 281 (2015) 1-10.

S. Tung, O. Duman, Effects of electrolytes on the electrokinetic
properties of pumice suspensions, J. Dispers. Sci. Technol., 30
(2009) 548-555.

T. Madrakian, A. Afkhami, M. Ahmadi, Simple in situ
functionalizing magnetite nanoparticles by reactive blue-19 and



[34]

(35]

[36]

[37]

(38]

[39]

[40]

DI Cifci, S. Meri¢ / Desalination and Water Treatment 71 (2017) 52-61 61

their application to the effective removal of Pb* ions from water
samples, Chemosphere, 90 (2013) 542-547.

M. Yavuz, F. Gode, E. Pehlivan, S. Ozmert, Y.C. Sharma, An
economic removal of Cu* and Cr* on the new adsorbents:
pumice and polyacrylonitrile/pumice composite, Chem. Eng. J.,
137 (2008) 453-461.

M.N. Sepehr, M. Zarrabi, H. Kazemian, A. Amrane, K.
Yaghmaian, H.R. Ghaffari, Removal of hardness agents, calcium
and magnesium, by natural and alkaline modified pumice
stones in single and binary systems, Appl. Surf. Sci., 274 (2013)
295-305.

K.G. Bhattacharyya, S.S. Gupta, Adsorption of Fe(IlI) from water
by natural and acid activated clays: studies on equilibrium
isotherm, kinetics and thermodynamics of interactions,
Adsorption, 12 (2006) 185-204.

T. Motsi, N.A. Rowson, M.J.H. Simmons, Adsorption of heavy
metals from acid mine drainage by natural zeolite, Int. J. Miner.
Process., 92 (2009) 42-48.

O. Abollino, M. Aceto, M. Malandrino, C. Sarzanini, E. Mentasti,
Adsorption of heavy metals on Na montmorillonite effect of pH
and organic substances, Water Res., 37 (2003) 1619-1627.

E. Erdem, N. Karapinar, R. Donat, The removal of heavy metal
cations by natural zeolites, J. Colloid Interface Sci., 280 (2004)
309-314.

A. Jusoh, W.H. Cheng, W.M. Low, A. Nora‘aini, M.].M.M. Noor,
Study on the removal of iron and manganese in groundwater
by granular activated carbon, Desalination, 182 (2005) 347-353.

[41]

[42]

[43]

(44]

[45]

[46]

[47]

A.S. Sheta, A.M. Falatah, M.S. Al-Sewailem, E.M. Khaled,
AS.H. Sallam, Sorption characteristics of zinc and iron by
natural zeolite and bentonite, Microporous Mesoporous Mater.,
61 (2003) 127-136.

D. Mohan, S. Chander, Single component and multi-component
adsorption of metal ions by activated carbons, Colloids Surf., A,
177 (2001) 183-196.

M.A. Al-Anber, Removal of high-level Fe* from aqueous
solution using natural inorganic materials: bentonite (NB) and
quartz (NQ), Desalination, 250 (2010) 885-891.

A. Jaiswal, M.C. Chattopadhyaya, Interaction of Mn*, Fe*" and
Cu* heavy metal ions from aqueous solution by zaccagnaite, a
hydrotalcite-like compound, Desal. Wat. Treat., 29 (2011) 252-257.
A. Dimirkou, M.K. Doula, Use of clinoptilolite and an
Fe-overexchanged clinoptilolite in Zn* and Mn? removal from
drinking water, Desalination, 224 (2008) 280-292.

S.-M. Lee, W.-G. Kim, ].-K. Yang, D. Tiwari, Sorption behaviour
of manganese coated calcined starfish and manganese coated
sand for Mn(Il), Environ. Technol., 31 (2010) 445-453.

E. Igberase, P. Osifo, A. Ofomaja, The adsorption of copper (II)
ions by polyaniline graft chitosan beads from aqueous solution:
equilibrium, kinetic and desorption studies, J. Environ. Chem.
Eng., 2 (2014) 362-369.



