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ABSTRACT

The natural bentonite and bentonite/iron oxide composite were used as sorbents of Cu(Il). Their
sorption properties were examined under the different conditions such as pH of the solution, initial
metal ion concentration. The bentonite removed 71 % Cu(Il) while composite 90 %. Their maximum
adsorption capacities were 34.1 and 44.4 mg Cu(Il) g, respectively. The chemical regeneration of
composite sorbent by organic acids (oxalic, citric) led to partial Cu(Il) dissolution. The hydrochloric
acid caused its structural destruction. For the bacterial regeneration, the sorbents were inoculated with
heterotrophic indigenous bacteria. After 10 days the bacteria released approximately 80 % of loaded
Cu(Il), leaving the sorbents stable. Longer treatment and higher concentration of metal cations caused
the reverse sorption of Cu(Il) by bacteria. The regenerated sorbent was successfully repeatedly used for
the Cu(II) adsorption.
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INTRODUCTION

Due to the rapid increase in global industrial activities, the heavy metal pollution became serious. The
hazardous heavy metal pollution of wastewater is one of the most important environmental problems
in the world. A wide range of treatment technologies such as chemical precipitation, coagulation-
flocculation, flotation, ion exchange, adsorption and membrane filtration have been developed for
heavy metal removal. Adsorption by low-cost sorbents and biosorbents is considered as an effective
and economic method for wastewater treatment. Naturally occurring clays and clay minerals are of
paramount importance in the field of environmental and waste management. Bentonite is composed
mainly of montmorillonite, the most common mineral of the smectite group [1-3]. The adsorption
properties of bentonites are determined by their chemical and mineralogical composition, also, various
ways of modifications and treatments to enhance them were studied. Surface decoration of the
aluminosilicate minerals with magnetic nanoparticles had led to a new class of composite materials,
which could be also used for the environmental purposes as adsorbents of the organic and inorganic
compounds and metal ions [4-6].

There are few significant deposits of bentonite in East part of Slovakia (Kuzmice, Fintice, Lastovce)
as well as in Central Slovakia (Stard Kremni¢ka — JelSovy potok and Lieskovec). These bentonites
are used for industrial purposes, and their geological, geotechnical and sorption properties are still
studied by Slovak researchers for their wider utilization [7-15].
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In spite of cumulation of sorbents after their use, relatively small number of studies was devoted to
their regeneration. The recovery of bounded metal cations, regeneration and reuse of the sorbent
makes the sorbent interesting from the economical point of view. The adsorbed ions can be removed
by conventional methods, what are usually non economical, or cause the sorbents destruction. In a few
articles the clinoptilolite regeneration was studied. The natural zeolite was used for Zn(II) and Pb(II)
adsorption from the aqueous solutions, MBR permeate and from the primary treated wastewater. Then
the effect of desorbing solutions (HNO;, KCIl, NaCl and NH4Cl) on the metals recovery was studied.
Also, several adsorption/desoprtion cycles were conducted. The highest desorption performance was
achieved using 1 M KCl for zinc and 3 M KCl for lead. Regeneration effect for lead reduced within
the first three cycles to 80-85 % and to less than 50 % after nine regeneration cycles. The recovery of
zinc was lower than 50 % after four cycles, what was attributed to the lower amount of adsorbed zinc
ions on zeolite in comparison to lead ions [16].

The clinoptilolite was also investigated as a possible regenerable sorbent for acid rock drainage. NaCl,
NaCO;, NaHCO;, NaOH, NaOAc and Na,EDTA were tested as possible extractants from
clinoptilolite samples spiked with Zn(II) and Cu(Il) The rank of desorption effectiveness was EDTA >
NaCl > NaNO; > NaOAc > NaHCO; > Na,CO; >NaOH > Ca(OH), and desorption of Zn(Il) and
Cu(Il) was found to be dependent on pH, with an optimum range from 2.5 to 4.0. For cyclic
adsorption/desorption, adsorption remained satisfactory for six to nine regenerations with EDTA and
NaCl, respectively [17]. The influence of the pretreatment on the clinoptilolite sorption properties and
on its regeneration was studied by Gedik et al. Four different chemicals (NaCl, KCI, CaCl, and HCI)
were tested for their performance in both pretreating clinoptilolite for higher Cd removal capacity, and
regenerating it to sustain or improve Cd removal capacity. Successive Cd removal and regeneration
cycles were conducted in continuous mode using duplicate glass columns. In order to optimize
pretreatment of clinoptilolite bed to achieve the most favorable Cd removal capacity, the effect of total
volume, pH and water quality of pretreatment solution (1 M NaCl) was also investigated. Five
exhaustion and regeneration cycles were conducted and clinoptilolite exhibited a 36% higher removal
capacity in the last three runs when compared to the first two runs [18].

Polymer-clay composites were designed to adsorb selenium from water. The chitosan-clay composite
and Al-oxide columns were regenerated by rinsing with NaCl and NaOH to release the adsorbed
sulphate and selenium. Increasing the pH (rinsing with NaOH) released 65 and 44% of the adsorbed
sulfur and selenium, respectively. Desorption by rinsing with NaCl was lower reaching 42 and 11%
for sulfur and selenium, respectively. The performance of the composite to readsorb selenium was
tested on a composite rinsed with NaOH. The regenerated composite read-sorbed 50 % more selenium
than was its released amount. The amount of sulfur readsorbed by the regenerated composite increased
only 10 %. The NaOH solution did not promote the anion desorption from the Al-oxide filters. By
using NaCl solution 15 and 33% of the selenium and sulfur was desorbed, respectively. The
regenerated filter readsorbed more than twice the amount of selenium that was released. These
preliminary results indicate that the regeneration improved selenium removal by the composite and by
the Al-oxide [19]. Zhu et al. described in their review the regeneration of spent organoclays [20].

The recovery of bound cadmium and the subsequent reuse of biosorbents - alga Ecklonia maxima and
the waste product from the manufacture of Kelpak were investigated by Stirk and van Staden. Acids
(HCI, HNOj; and H,SO,) and the chloride salts (NaCl and CaCl,) were more effective at desorbing
cadmium ions than the carbonate salts (NaHCO; and K,CO3) and the chelator Na,EDTA. The sorbent
derived from ground Ecklonia maxima could be used for more than four adsorption-desorption cycles
whereas the sorbent derived from the Kelpak Waste could only be used effectively for up to three
adsorption-desorption cycles [21]. The thermal regeneration of montmorillonite — Cu(Il)/Fe(III) oxides
after the humic acid adsorption was studied by Peng et al. The temperature to achieve good
regeneration efficiency were determined to be 300 °C and the regenerated adsorbent was still magnetic
and approximately had as high specific saturation magnetization and good adsorption capacities as the
as-prepared adsorbent [22].

In the most methods, either chemical agents (e.g., extraction agents, oxidation agents) or auxiliary
(e.g., light, heat) have to be added, which make the regeneration process effective and/or rapid, but the
costs of the processes are relatively high. In the bioregeneration method, the microbes can grow
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without the addition of expensive chemical agents or auxiliary, which can make the regeneration
cheaper significantly. In addition, the bioregeneration method can be performed in situ. However, the
processing time is always longer.

There are a massive presence of Cu(Il) contaminated soils in the eastern part of Slovakia. As the main
aim of the work was to conduct the introductory experiments of sorbents bioregeneration, the bacteria
present in these soils were isolated and used for the experiments. Therefore, the sorption of Cu(Il)
from the model solution onto natural bentonite and bentonite/iron oxide composite was studied. The
dependence on pH of the solution, initial metal ion concentration was tested. The desorption of
bounded Cu(Il) was performed by chemical, as well as by biological methods and compared.

EXPERIMENTAL
Sorbentsand their properties

Natural bentonite, containing montmorillonite with crystalochemical formula [Si7 s Algos] [Als 3 Fepn
Mgy .75] Oz (OH)4 (Cag4oMgp04Nag 01Ko01), originated from the Slovak deposit JelSovy potok [23]. The
sample used for the investigation was isolated from the 4 % water suspension of bentonite and treated
by sedimentation method with the aim to obtain almost monomineral fraction with the particle size
below 20 um.

The composite material was prepared by the method of precipitation of the iron oxide onto the
bentonite surface, according to the method described previously [24]. The bentonite/iron oxide weight
ratio in composite was 1:1.

Sor bents char acterization

The powder X-ray diffraction (XRD) patterns of natural bentonite and composite material were
recorded using a Philips PW1820 diffractometer (The Netherlands) equipped with a CuKd radiation
(40 kV, 40 mA). The data were analysed using Philips Software, X PertHigh Score with PDF-2
Database.

Textural properties of sorbents were determined from the adsorption and desorption isotherms
measured with the ASAP 2400 apparatus (Micrometrics, USA) with the method of physical adsorption
of nitrogen at 77 K. The experimental data were processed by the BET (Brunauer, Emmett, Teller)
isotherm in the range of relative pressure 0.05-0.2 p/py. The value of total pore volume V  was

estimated from the maximum adsorption at relative pressure close to the saturation pressure. [25].
Sor ption experiments

All chemicals used in this study were of analytical grade and solutions were prepared using the double
distilled water. The stock solutions (1000 mg L' and 100 mg L") of Cu(Il) were prepared by
dissolving the solid Cu(NO;),.3H,O in distilled water. Then they were diluted to obtain standard
solutions containing 10 — 500 mg Cu(II) L. The diluted NaOH and HCI were used to adjust the pH of
the solutions. The sorption measurements were made by a batch technique at the ambient temperature
using the rotary shaker (30 rpm). Through the study, the pH varied from 2 to 9, initial Cu(Il)
concentration in model solutions from 10 to 500 mg L. A known amount of sorbent was added into
the plastic tubes containing 15 ml of Cu(Il) solution of known concentration and pH. The suspensions
were shaken for 24 hours to reach equilibrium and then consequently filtered using the filter paper.
The supernatant solutions were analyzed by the atomic absorption spectrometry (AAS, Varian 240
RS/2400).

The adsorbed amount of Cu(II) per unit mass was calculated by the following equation (1):
ge = (Co— C)*V//m,, (1)

where Cy and C, are the initial and equilibrium concentration (mg L"), Vis volume of the solution (L),
my is the mass of the sorbent (g).
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The effect of metal ion removal (%MR) was calculated using the equation (2):
9%MR = (Cy— C,)/Cy * 100 )

The linearized Langmuir and Freundlich models were used for the analyses of the adsorption
isotherms [26]. Also, the effect of the sorbents was calculated from the equilibrium adsorption
isotherms.

Chemical and bacterial regeneration of composite

The efficiency of using organic acids appearing in bacterial metabolites (citric and oxalic) as well as
an inorganic hydrochloric acid was studied in regeneration of composite sample and was compared
with the bacterial regeneration. For the bioleaching experiments K and R bacteria were used denoting
the source of soils and sediments contaminated by Cu(Il), from where they were isolated Fig.1. (K —
contaminated soil near the metallurgical factory Kovohuty Krompachy, Slovakia and R — sediment
loaded with Cu(Il) from the river Horndd, locality near the Ruzin dam, Slovakia). As the dominant
bacteria the strains of Bacillus sp. were identified in both isolates. For some extra bioregeneration
experiments with abiotic controls, the K bacteria and pure strain of Bacillus cereus were selected. The
experiments were realized in test tubes containing the same ratio of powdered sample and a liquid
medium as during the Cu(II) sorption.
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Figure 1 Map with marked locations of bacteria isolation

RESULTS AND DISCUSSIONS
Sor bents char acterization

The dominant phase in natural sample determined from the XRD analysis was montmorillonite, Fig. 2.
Diffraction signals of montmorillonite in composite sample decreased in intensity due to presence of
precipitated iron oxides on the bentonite surface. Probably, the shift of basal spacing of
montmorillonite - d(007) from 1.5 nm to 1.23 nm is caused by exchange of cations present in the
interlayer space of natural montmorillonite during the bentonite modification in water environment
[27]. Except the Fe oxidized phase goethite phase (0-FeOOH) was observed in composite sample, too.
In our previous study the Mdssbauer spectroscopy was used to determine the present iron oxide phase
in the composite sample [28-29]. The analyses showed the presence of maghemite, as well as goethite
in the composite sample, what corresponds with the result obtained from the XRD analysis.

The textural properties of composite were analyzed by low temperature nitrogen adsorption method
and compared with natural bentonite. The value of specific surface area of natural bentonite increased
after the precipitation of iron oxide particles on its surface almost twice, Table 1. Also, similar
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increase of total pore volume was detected, possibly in consequence of iron oxide agglomeration on
the bentonite surface.
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Figure 2 XRD pattern of natural bentonite, composite and sythetized iron oxide without the bearer
(M — montmorillonite, G — goethite)

Table 1 Textural parameters of natural bentonite and composite

SBET a
Sample [m’ '] [em® g']
bentonite 394 0.096
composite 73.7 0.216

Sor ption experiments

The pH of the solution influences the sorption of metal ions by sorbent. The uptake of metal ions by
natural and modified bentonite slightly increased in the pH range from 3.0 to 6.0, higher adsorbed
amounts was observed for natural bentonite, Fig. 3. Generally, when the pH value is higher than 5.5,
soluble Cu(Il) ions begin to precipitate as metal hydroxides because of the increasing concentration of
OH’ ions in solution. From this reason, almost no Cu(Il) ions were detected in the solution in the range
of pH 7.0 — 9.0 by the spectrometry measurement. These values were not considered for the data
evaluation due to observable precipitation of Cu(Il) ions in the solution. Also the dissolution of Fe(III)
from the composite was studied. The precipitated iron oxide particles on the bentonite surface were
stable in the solutions with pH > 4. On the basis of these results, for the next adsorption experiments
the pH value 5 was selected.

In the initial stages of the adsorption, the amount of Cu(Il) cations adsorbed at the equilibrium
increased rapidly with the increasing initial cations concentration, then increased slowly, Fig. 4.
Higher metal uptake was observed for the composite in the whole studied concentration range.
Adsorption isotherm is an empirical relationship used to predict how much solute can be adsorbed by
sorbent. The adsorption isotherm is defined as a graphical representation showing the relationship
between the amount adsorbed by a unit weight of sorbent and the amount of adsorbate remaining in a
test medium at equilibrium. The distribution of metal ions between the liquid and solid phase can be
described by several isotherm models, the well-known are Langmuir and Freundlich, Figs. 5, 6.

The Langmuir model, often applied by various workers for the adsorption of variety of compounds,
properly fitted the experimental data in the studied range of the initial concentrations. The Langmuir
isotherm assumes monolayer adsorption onto a surface containing a finite number of adsorption sites
of uniform strategies with no transmigration of adsorbate in the plane surface. Once a site is filled, no
further sorption can take place at that site. This indicates that the surface reaches a saturation point
where the maximum adsorption of the surface will be achieved.

Its linear form is represented by Eq. (3):
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C/q. = 1/Q0.b + C/Qo, 3)

where C, and ¢, are equilibrium solute concentration and equilibrium adsorption capacity,
respectively, Oy is Langmuir constant representing maximum adsorption capacity (amount of adsorbed
metal ions per 1 gram of sorbent) and b is adsorption equilibrium constant relates to the energy of
adsorption. Their values were obtained from the slope and interception of the plot, Fig. 7 and are
presented in Table 2. The Freundlich isotherm is introduced as an empirical model. Its linear form is
represented by Eq. (4):

log g, =log K, + 1/nlog C,, 4)

where K; and n are Freundlich constants which correspond to adsorption capacity and adsorption
intensity, respectively.

Freundlich equilibrium constants were determined from the plot of log g, versus log C, from Fig. 8, on
the basis of the linear form of Freundlich equation. The n value indicates the degree of nonlinearity
between solution concentration and adsorption as follows: if n = 1, then adsorption is linear; if n < 1,
then adsorption is a chemical process; if n > 1, then adsorption is a physical process. The value in
Freundlich equation was found to be 3.2-4.9, Table 3. The situation is most common and may be due
to a distribution of surface sites or any factor that causes a decrease in adsorbent-adsorbate interaction
with increasing surface density and the values of within the range of 1-10 represent good adsorption.
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Figure 3 Dependence of sorption capacity of studied sorbents on the pH of the solution
(Co=100 mg Cu(Il) L', my=1 g L"", pH range 2 — 10, t = 24 hrs)
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Figure 4 Adsorption of Cu(II) onto natural bentonite and composite in dependence of initial metal ion
concentration (Co= 10 - 500 mg Cu(Il) L', my=1gL", pH =5, t = 24 hrs)
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Figure 5 Linearized Langmuir model applied to the obtained adsorption isotherms of Cu(II) onto natural
bentonite and composite (Co= 10 - 500 mg Cu(Il) L', my=1gL", pH=5, t = 24 hrs)
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Figure 6 Linearized Freundlich model applied to the obtained adsorption isotherms of Cu(II) onto natural
bentonite and composite (Co= 10 - 500 mg Cu(Il) L', my=1gL", pH=5, t = 24 hrs)

Table 2 Langmuir and Freundlich parameters for Cu(II) sorption onto bentonite and composite

Langmuir Freundlich
Sample | Q,[mgg'l| b[Lmg"] R’ K/[Lg'] 1/n R’
bentonite 34.1 0.064 0.9988 2.624 0.2247 0.9772
composite 44.4 0.034 0.9878 2.871 0.2022 0.9588

In both cases, linear plots were obtained, which reveal the applicability of these isotherms on the
ongoing adsorption process. However, comparing the correlation coefficients, Table 2, the Langmuir
model better characterized the sorption process. Higher value of maximum adsorption capacity, 44.4
mg Cu(Il) g, was obtained for the composite sorbent.

Table 3 compares the maximum sorption capacities of Cu(Il) for different natural and modified
bentonites and smectites reported in research studies. Among the natural materials the highest value of
maximum adsorption capacity showed the bentonite used in this study. Comparing the natural
samples originated from the same locality JelSovy potok, the sample with particle size under 200 um
reached lower adsorption capacity of Cu(Il) than the Na-saturated fraction with particle size under 2
um [34]. The equal value was also obtained by ViglaSova et al. [35]. The highest maximum adsorption
capacity proved the natural sample contained almost monomineral fraction of montmorillonite (this
study). The magnetic modification enabled to enhance the bentonite adsorption capacity, comparable
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with capacity published for acid activated bentonite [30]. Additionally magnetic sorbents could be
separated from the medium after the adsorption process in high gradient magnetic field [36].

Table 3 Comparison of adsorption capacity of Cu(II)

Adsorbent Qo [mg g'l] Reference
Raw bentonite 32.17

Acid activated bentonite 42.41 (301
Natural Ca-bentonite 32.26 [31]
Na-bentonite 17.88 [32]
Natural bentonite 11.34 [33]
Bentonite JelSovy potok 23.75

Bentonite Lieskovec 7.27 [34]
Na-bentonite JelSovy potok 28.33

Bentonite JelSovy potok 28.63

Bentonite Lieskovec 15.94 [35]
Illite/smectite 4.44

bentonite 34.10 In this study
composite 44.40 In this study

The next goal of this work was the bioregeneration of the sorbents. For this purpose much higher
amounts of studied samples are needed. For the subsequent bioremediation 10 grams of sorbents per
litter were used for Cu(Il) adsorption. The initial metal ion concentration of the solution was 100 mg
Cu(Il) L' and pH 5. Under these experimental conditions the bentonite and composite removed from
the solution 71 % and 90 % Cu(Il), respectively.

Chemical regeneration of composite

The treating of the composite with oxalic, citric and hydrochloric acids was proved and considered.
After 2 days the oxalic acid dissolved 24 % of adsorbed Cu(lIl), the citric acid 34 % and the
hydrochloric acid 95 %. Unfortunately, together with Cu(Il) also high amount of Fe(IIl) was liberated
from the composite surface (253 mg L™, 81 mg L™ and 333 mg L™, respectively).

Bacterial regeneration of the sorbent by R and K bacteria and Bacillus cereus sp.

The results published previously by Dankova et al. [37] confirmed the success of sorbent regeneration
by selected bacteria. In the beginning of bioregeneration there was no significant difference in the
activity of R and K bacteria, although after 7 days slight variations in their activity were observed, Fig
7. During the bacterial treatment almost 82 % of Cu(Il) was released from the bentonite and 78 %
from the composite. Revealing the effect of bacteria on Fe(Ill) release, the same bacterial treatment
was applied also to the composite without adsorbed Cu(Il).

The dissolution of Fe(Ill) from the composite loaded with Cu(Il) turned to obvious when the
precipitation of Cu(Ill) was observed. It is supposable that after finishing Cu(Il) dissolution, the
bacteria started to release Fe(Ill) ions form the composite. Although the liberation of Fe(III) from the
composite without adsorbed Cu(Il) in the case of both (R and K) bacteria was much higher than from
the composite loaded with Cu(Il), Fig. 8.

During the experiments focused on the comparison of the activity of K bacteria (presenting a mixture
of bacterial strains of Bacillus sp.) and a selected bacterial strain (Bacillus cereus), no significant
difference was observed, Fig. 9. On the basis of these results it can be concluded, that the isolation of
selected species for bioregeneration purposes is not essential.
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Figure 7 The effect of R and K bacteria on Cu (I) release from the composite material
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Figure 8 The effect of R and K bacteria on Fe(III) dissolution from the as-prepared composite and from the
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Figure 9 The effect of K bacteria and the strain Bacillus cereus on sorbent regeneration during the selected days

in comparison with abiotic control
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Abiotic control

The abiotic controls were made in parallel with the regeneration experiments. Unlike in abiotic
controls, the sorbents were treated by the same medium used for the bioleaching but without bacteria.
According to the comparison of Cu(Il) release, in abiotic controls higher amounts of dissolved Cu(II)
were measured as for solutions with K bacteria and strain Bacillus cereus, Fig. 9. That is probably
caused by presence of strong chelators and leachates used for medium preparation. To verify the effect
of bacteria on the Cu(Il) release, the same experiments were repeated with media containing only the
bacteria (without chelators and leachates). The measurements were made after 2 and 5 days. For both
of sorbents, the bacterial efficiency decreased after 5 days of bioleaching. It should be mentioned that
bacteria need also the chelators for their activity. Therefore the conditions and optimization of this
process should be more studied. Also, probably the reverse sorption of dissolved Cu(Il) by bacteria in
the medium takes place. The same phenomenon was observed during the bioleaching of contaminated
soils and sediments by heterotrophic bacteria [38].

CONCLUSION

The natural bentonite and bentonite/iron oxide composite were used as Cu(Il) sorbents. The modified
bentonite showed better sorption properties than natural. It was shown and proved, that modification
of natural clay by iron oxide particles improves its sorption properties. The removal of Cu(Il) was
studied due to the following introductory experiments of sorbents regeneration by the heterotrophic
indigenous bacteria isolated from the soils and sediments loaded by Cu(ll). The results from the
bioleaching were compared with the chemical methods, those were not appropriate for sorbent
regeneration; except of Cu(Il), high amount of Fe(Ill) was dissolved from the composite surface in a
short period of time. The bacterial treatment was very effective in Cu(Il) release from the bentonite
and composite surface. No significant difference in activity of K bacteria and bacterial strain of
Bacillus cereus was observed. The bioregenerated sorbent, used repeatedly for the adsorption, reached
lower value of adsorption capacity than as-prepared, but was still sufficient for removal of heavy metal
ions from the solutions.

Utilization of bacteria for the regeneration of sorbent represents an ecological method, easy applicable
for in-situ processes [39]. Therefore our study will continue with the aim to specify the conditions
supporting the bioregeneration. Also, the as-prepared composite material was treated by R and K
bacteria to study the Fe(IIl) dissolution from the composite and following was used for another
sorption experiments. The bacteria transformed presence Fe particles to active forms, which
participated in adsorption process [40]. Nor only the sorbent regeneration by bacteria is interesting
from the environmental and economical point of view. But also the adhesion of heterotrophic
indigenous bacteria onto the sorbent surface and bioleaching as improvement of sorption properties of
materials could be applicable as low-cost and ecological methods for wastewaters treatment.

List of symbols

SBET specific surface area [rn2 g’l]

v, total pore volume [cm’ g™']

Cy initial metal ion concentration [mg L’l]

mg sorbent concentration [g LN

C. equilibrium metal ion concentration [mg L’l]

q. amount of metals adsorbed at equilibrium [mg g™']

Qo Langmuir constant representing maximum adsorption capacity [mg g™']
b Langmuir sorption equilibrium constant [L mg™']

K; Freundlich constant corresponds to adsorption capacity [L g
1/n Freundlich constant corresponds to adsorption intensity [-]

R’ coefficient of determination [-]
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