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ABSTRACT

The natural bentonite and bentonite/iron oxide cositp were used as sorbents of Cu(ll). Their
sorption properties were examined under the diffesmnditions such as pH of the solution, initial
metal ion concentration. The bentonite removed 7C@dl) while composite 90 %. Their maximum
adsorption capacities were 34.1 and 44.4 mg Cugil))respectively. The chemical regeneration of
composite sorbent by organic acids (oxalic, cittéd) to partial Cu(ll) dissolution. The hydrochiori
acid caused its structural destruction. For thedrad regeneration, the sorbents were inoculatitd w
heterotrophic indigenous bacteria. After 10 dayss ltacteria released approximately 80 % of loaded
Cu(ll), leaving the sorbents stable. Longer treatin@and higher concentration of metal cations caused
the reverse sorption of Cu(ll) by bacteria. Theeregrated sorbent was successfully repeatedly ased f
the Cu(ll) adsorption.

Keywords:bentonite, Cu(ll) adsorption, chemical leachingléaching

INTRODUCTION

Due to the rapid increase in global industriahatitis, the heavy metal pollution became seriole T
hazardous heavy metal pollution of wastewater i @inthe most important environmental problems
in the world. A wide range of treatment technolggsich as chemical precipitation, coagulation-
flocculation, flotation, ion exchange, adsorptiamdamembrane filtration have been developed for
heavy metal removal. Adsorption by low-cost sorbeartd biosorbents is considered as an effective
and economic method for wastewater treatment. Hiyuoccurring clays and clay minerals are of
paramount importance in the field of environmemtatl waste management. Bentonite is composed
mainly of montmorillonite, the most common mineddlthe smectite group [1-3]. The adsorption
properties of bentonites are determined by thezngbal and mineralogical composition, also, various
ways of modifications and treatments to enhancentlheere studied. Surface decoration of the
aluminosilicate minerals with magnetic nanopartided led to a new class of composite materials,
which could be also used for the environmental pseg as adsorbents of the organic and inorganic
compounds and metal ions [4-6].

There are few significant deposits of bentonit&ast part of Slovakia (Kuzmice, Fintice, Lastovce)
as well as in Central Slovakia (Stard Krethai — JelSovy potok and Lieskovec). These bentonites
are used for industrial purposes, and their geosdgigeotechnical and sorption properties are still
studied by Slovak researchers for their widerzaitiion [7-15].

Technical Institute Bijeljina, Archives for TechaliSciences. Year X N9 45



Dankanova, Z. et al: Study of Cu(ll) ...... Archives for Technical Sciences 2018, 1 9(3-56

In spite of cumulation of sorbents after their usgatively small number of studies was devoted to
their regeneration. The recovery of bounded mettibns, regeneration and reuse of the sorbent
makes the sorbent interesting from the economicaltf view. The adsorbed ions can be removed
by conventional methods, what are usually non ewoced, or cause the sorbents destruction. In a few
articles the clinoptilolite regeneration was stddi€he natural zeolite was used for zZn(ll) and Pb(ll)
adsorption from the aqueous solutions, MBR permaatkfrom the primary treated wastewater. Then
the effect of desorbing solutions (HRAKCI, NaCl and NHCI) on the metals recovery was studied.
Also, several adsorption/desoprtion cycles weredaooted. The highest desorption performance was
achieved using 1 M KCI for zinc and 3 M KCI for teaRegeneration effect for lead reduced within
the first three cycles to 80-85 % and to less ®@/6 after nine regeneration cycles. The recovéry o
zinc was lower than 50 % after four cycles, whas atiributed to the lower amount of adsorbed zinc
ions on zeolite in comparison to lead ions [16].

Theclinoptilolite was also investigated as a possiblgenerable sorbent for acid rock drainage. NacCl,
NaCQ, NaHCQ, NaOH, NaOAc and N&DTA were tested as possible extractants from
clinoptilolite samples spiked with Zn(Il) and Cy(The rank of desorption effectiveness was EDTA >
NaCl > NaNQ > NaOAc > NaHCQ@> NgCO; >NaOH > Ca(OH) and desorption of Zn(ll) and
Cu(ll) was found to be dependent on pH, with aninopin range from 2.5 to 4.0. For cyclic
adsorption/desorption, adsorption remained sat@fador six to nine regenerations with EDTA and
NacCl, respectively [17]. The influence of the peatment on the clinoptilolite sorption propertiesi a
on its regeneration was studied by Gedik eFalr different chemicals (NaCl, KCI, CaGind HCI)
were tested for their performance in both pretngatilinoptilolite for higher Cd removal capacityyca
regenerating it to sustain or improve Cd removglacéy. Successive Cd removal and regeneration
cycles were conducted in continuous mode usingichtpl glass columns. In order to optimize
pretreatment of clinoptilolite bed to achieve thestrfavorable Cd removal capacity, the effect tdilto
volume, pH and water quality of pretreatment solutil M NaCl) was also investigated. Five
exhaustion and regeneration cycles were conducteclanoptilolite exhibited a 36% higher removal
capacity in the last three runs when compareddditst two rung18].

Polymer-clay composites were designed to adsodnsh from water. The chitosan-clay composite
and Al-oxide columns were regenerated by rinsinghwiaCl and NaOH to release the adsorbed
sulphate and selenium. Increasing the pH (rinsiitg WaOH) released 65 and 44% of the adsorbed
sulfur and selenium, respectively. Desorption Imgirig with NaCl was lower reaching 42 and 11%
for sulfur and selenium, respectively. The perfanoe of the composite to readsorb selenium was
tested on a composite rinsed with NaOH. The regéeercomposite read-sorbed 50 % more selenium
than was its released amount. The amount of srdhdsorbed by the regenerated composite increased
only 10 %. The NaOH solution did not promote théardesorption from the Al-oxide filters. By
using NaCl solution 15 and 33% of the selenium antfur was desorbed, respectively. The
regenerated filter readsorbed more than twice theuat of selenium that was released. These
preliminary results indicate that the regeneraiioproved selenium removal by the composite and by
the Al-oxide [19]. Zhu et al. described in theiviev the regeneration of spent organocl@gg.

The recovery of bound cadmium and the subsequaseref biosorbents - aldgacklonia maximand

the waste product from the manufacture of Kelpakewevestigated by Stirk and van Staden. Acids
(HCI, HNG; and HSOy) and the chloride salts (NaCl and CgGilere more effective at desorbing
cadmium ions than the carbonate salts (Nakl@@ KCQO;) and the chelator NEDTA. The sorbent
derived from ground Ecklonia maxima could be usedniore than four adsorption-desorption cycles
whereas the sorbent derived from the Kelpak Wastddconly be used effectively for up to three
adsorption-desorption cycles [21]. The thermal negation of montmorillonite — Cu(ll)/Fe(lll) oxides
after the humic acid adsorption was studied by Pena@l. The temperature to achieve good
regeneration efficiency were determined to be 3D@rd the regenerated adsorbent was still magnetic
and approximately had as high specific saturatiagmetization and good adsorption capacities as the
as-prepared adsorbent [22].

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

There are a massive presence of Cu(ll) contamirstislin the eastern part of Slovakia. As thermai
aim of the work was to conduct the introductory exkpents of sorbents bioregeneration, the bacteria
present in these soils were isolated and usednhrekperiments. Therefore, the sorption of Cu(ll)
from the model solution onto natural bentonite Bedtonite/iron oxide composite was studied. The
dependence on pH of the solution, initial metal mncentration was tested. The desorption of
bounded Cu(ll) was performed by chemical, as webwbiological methods and compared.

EXPERIMENTAL
Sorbentsand their properties

Natural bentonite, containing montmorillonite wittystalochemical formula [2isAl o5 [Al 5.03 F& .22
Mgo.79 O20 (OH)s (Cay 49Mgo.0N&0.01Ko.01), Originated from the Slovak deposit JelSovy pd&#. The
sample used for the investigation was isolated filoend % water suspension of bentonite and treated
by sedimentation method with the aim to obtain a&tmaonomineral fraction with the particle size
below 20um.

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

Sor bents char acterization

The powder X-ray diffraction (XRD) patterns of nialibentonite and composite material were
recorded using a Philips PW1820 diffractometer (Natherlands) equipped with a Cakadiation
(40 kv, 40 mA). The data were analysed using Philgoftware, X'PertHigh Score with PDF-2
Database.

Textural properties of sorbents were determinednfrine adsorption and desorption isotherms
measured with the ASAP 2400 apparatus (Micromettd&A) with the method of physical adsorption
of nitrogen at 77 K. The experimental data werecpssed by the BET (Brunauer, Emmett, Teller)
isotherm in the range of relative pressure 0.050® The value of total pore volumé, was

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

All chemicals used in this study were of analytigedde and solutions were prepared using the double
distilled water. The stock solutions (1000 mg &nd 100 mg L) of Cu(ll) were prepared by
dissolving the solid Cu(N£,.3H,O in distilled water. Then they were diluted to abt standard
solutions containing 10 — 500 mg Cu(Il}.LThe diluted NaOH and HCI were used to adjusipieof

the solutions. The sorption measurements were finp@ebatch technique at the ambient temperature
using the rotary shaker (30 rpm). Through the stutdg pH varied from 2 to 9, initial Cu(ll)
concentration in model solutions from 10 to 500 Inig A known amount of sorbent was added into
the plastic tubes containing 15 ml of Cu(ll) sadatiof known concentration and pH. The suspensions
were shaken for 24 hours to reach equilibrium dreh tconsequently filtered using the filter paper.
The supernatant solutions were analyzed by theiatabsorption spectrometry (AAS, Varian 240
RS/2400).

The adsorbed amount of Cu(ll) per unit mass wasutatied by the following equation (1):
a4 = (Co — C)*VIIm,, (1)

whereC, andC, are the initial and equilibrium concentration (i), V is volume of the solution (L),
m is the mass of the sorbent (g).
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The effect of metal ion removal (%MR) was calcutabsing the equation (2):
%MR =(Cy— G)/Co * 100 (2)

The linearized Langmuir and Freundlich models wased for the analyses of the adsorption
isotherms [26]. Also, the effect of the sorbentsswalculated from the equilibrium adsorption
isotherms.

Chemical and bacterial regeneration of composite

The efficiency of using organic acids appearindpacterial metabolites (citric and oxalic) as well a
an inorganic hydrochloric acid was studied in regation of composite sample and was compared
with the bacterial regeneration. For the bioleagteérperiments K and R bacteria were used denoting
the source of soils and sediments contaminatedugi))C from where they were isolated Fig.1. (K —
contaminated soil near the metallurgical factorywéltuty Krompachy, Slovakia and R — sediment
loaded with Cu(ll) from the river Hornad, localibear the RuZin dam, Slovakia). As the dominant
bacteria the strains of Bacillus sp. were iderdifie both isolates. For some extra bioregeneration
experiments with abiotic controls, the K bacteria aure strain of Bacillus cereus were selecte@. Th
experiments were realized in test tubes contaitiiegsame ratio of powdered sample and a liquid
medium as during the Cu(ll) sorption.
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Figure 1 Map with marked locations of bacteriaasioin

RESULTS AND DISCUSSIONS
Sor bents char acterization

The dominant phase in natural sample determined the XRD analysis was montmorillonite, Fig. 2.
Diffraction signals of montmorillonite in composisample decreased in intensity due to presence of
precipitated iron oxides on the bentonite surfaBeobably, the shift of basal spacing of
montmorillonite -d(001) from 1.5 nm to 1.23 nm is caused by exchangeatibms present in the
interlayer space of natural montmorillonite durithg bentonite modification in water environment
[27]. Except the Fe oxidized phase goethite phagesOOH) was observed in composite sample, too.
In our previous study the Méssbauer spectrosco/usad to determine the present iron oxide phase
in the composite sample [28-29]. The analyses stidiwe presence of maghemite, as well as goethite
in the composite sample, what corresponds withigbelt obtained from the XRD analysis.

The textural properties of composite were analyagdow temperature nitrogen adsorption method
and compared with natural bentonite. The valugpetHic surface area of natural bentonite increased
after the precipitation of iron oxide particles @a surface almost twice, Table 1. Also, similar
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increase of total pore volume was detected, pgssibtonsequence of iron oxide agglomeration on
the bentonite surface.
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Figure 2 XRD pattern of natural bentonite, compmoaitd sythetized iron oxide without the bearer
(M — montmorillonite, G — goethite)

Table 1 Textural parameters of natural bentonitt@mposite

V,
Sample ET a
P [m? g% [em® g
bentonite 394 0.096
composite 73.7 0.216

Sor ption experiments

The pH of the solution influences the sorption @tahions by sorbent. The uptake of metal ions by
natural and modified bentonite slightly increasedhe pH range from 3.0 to 6.0, higher adsorbed
amounts was observed for natural bentonite, Figseéherally, when the pH value is higher than 5.5,
soluble Cu(ll) ions begin to precipitate as metadroxides because of the increasing concentrafion o
OH ions in solution. From this reason, almost no Qughs were detected in the solution in the range
of pH 7.0 — 9.0 by the spectrometry measuremengésé@hvalues were not considered for the data
evaluation due to observable precipitation of Qudhs in the solution. Also the dissolution of Fg(
from the composite was studied. The precipitated wxide particles on the bentonite surface were
stable in the solutions with pH > 4. On the badithese results, for the next adsorption expertmen
the pH value 5 was selected.

In the initial stages of the adsorption, the amoohtCu(ll) cations adsorbed at the equilibrium
increased rapidly with the increasing initial casoconcentration, then increased slowly, Fig. 4.
Higher metal uptake was observed for the compdsitthe whole studied concentration range.
Adsorption isotherm is an empirical relationshigdiso predict how much solute can be adsorbed by
sorbent. The adsorption isotherm is defined asaphycal representation showing the relationship
between the amount adsorbed by a unit weight dfesdrand the amount of adsorbate remaining in a
test medium at equilibrium. The distribution of mlebns between the liquid and solid phase can be
described by several isotherm models, the well-kmave Langmuir and Freundlich, Figs. 5, 6.

The Langmuir model, often applied by various woskfar the adsorption of variety of compounds,
properly fitted the experimental data in the stddiange of the initial concentrations. The Langmuir
isotherm assumes monolayer adsorption onto a sudactaining a finite number of adsorption sites
of uniform strategies with no transmigration of adgte in the plane surface. Once a site is filhed,
further sorption can take place at that site. TihtBcates that the surface reaches a saturatiamt poi
where the maximum adsorption of the surface wilabkeieved.

Its linear form is represented by Eq. (3):
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GJ0e = 1/Qo.b + CJQo, 3)

where C. and g are equilibrium solute concentration and equilibriuadsorption capacity,
respectivelyQq is Langmuir constant representing maximum adsanptapacity (amount of adsorbed
metal ions per 1 gram of sorbent) dmds adsorption equilibrium constant relates to ¢nergy of
adsorption. Their values were obtained from theesland interception of the plot, Fig. 7 and are
presented in Table 2. The Freundlich isothermtimituced as an empirical model. Its linear form is
represented by Eq. (4):

log @ = log K; + 1/n log G, (4)

where K¢ and n are Freundlich constants which correspond to atisorggapacity and adsorption
intensity, respectively.

Freundlich equilibrium constants were determinetfthe plot olog g versudog G, from Fig. 8, on
the basis of the linear form of Freundlich equatibhen value indicates the degree of nonlinearity
between solution concentration and adsorption kmafe: if n = 1, then adsorption is linear;nf< 1,
then adsorption is a chemical process ¥ 1, then adsorption is a physical process. THeevin
Freundlich equation was found to be 3.2—4.9, T8bl€he situation is most common and may be due
to a distribution of surface sites or any fact@ttbauses a decrease in adsorbent-adsorbate fimerac
with increasing surface density and the valuesitifiwthe range of 1-10 represent good adsorption.
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Figure 3 Dependence of sorption capacity of stud@tients on the pH of the solution
(Co= 100 mg Cu(ll) [}, my= 1 g L'*, pH range 2 — 10, t = 24 hrs)
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Figure 4 Adsorption of Cu(ll) onto natural bentenéind composite in dependence of initial metal ion
concentration (§= 10 - 500 mg Cu(ll) X, my=1 g L*, pH = 5, t = 24 hrs)
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Figure 5 Linearized Langmuir model applied to théamed adsorption isotherms of Cu(ll) onto natural
bentonite and composite {€ 10 - 500 mg Cu(ll) X, m;=1 g L*, pH = 5, t = 24 hrs)
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Figure 6 Linearized Freundlich model applied todb¢ained adsorption isotherms of Cu(ll) onto naitur
bentonite and composite {€ 10 - 500 mg Cu(ll) £, my=1 g L}, pH =5, t = 24 hrs)

Table 2 Langmuir and Freundlich parameters for IEs@rption onto bentonite and composite

Langmuir Freundlich
Sample | Qy[mg gl | b[L mg’] R Ki[L g7] 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 0.2027 0.9588

In both cases, linear plots were obtained, whicleak the applicability of these isotherms on the
ongoing adsorption process. However, comparingctineelation coefficients, Table 2, the Langmuir
model better characterized the sorption procesghétlivalue of maximum adsorption capacity, 44.4
mg Cu(ll) g*, was obtained for the composite sorbent.

Table 3 compares the maximum sorption capacitie€wul) for different natural and modified
bentonites and smectites reported in researchestulimong the natural materials the highest vafue o
maximum adsorption capacity showed the bentonited us this study. Comparing the natural
samples originated from the same locality JelSompk the sample with particle size under 200
reached lower adsorption capacity of Cu(ll) thae Ma-saturated fraction with particle size under 2
um [34]. The equal value was also obtained by Vig¥aset al. [35]. The highest maximum adsorption
capacity proved the natural sample contained almmmstomineral fraction of montmorillonite (this
study). The magnetic modification enabled to enbahe bentonite adsorption capacity, comparable
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with capacity published for acid activated benteri@0]. Additionally magnetic sorbents could be
separated from the medium after the adsorptiongam high gradient magnetic field [36].

Table 3 Comparison of adsorption capacity of Cu(ll)

Adsorbent Qo[mg d'] Reference
Raw bentonite 32.17

Acid activated bentonite 42.41 [30]
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]
lllite/smectite 4.44

bentonite 34.10 In this study
composite 44.40 In this study

The next goal of this work was the bioregeneratbrihe sorbents. For this purpose much higher
amounts of studied samples are needed. For thegudrst bioremediation 10 grams of sorbents per
litter were used for Cu(ll) adsorption. The initiaktal ion concentration of the solution was 100 mg
Cu(ll) L™ and pH 5. Under these experimental conditionsbérgonite and composite removed from
the solution 71 % and 90 % Cu(ll), respectively.

Chemical regeneration of composite

The treating of the composite with oxalic, citriedahydrochloric acids was proved and considered.
After 2 days the oxalic acid dissolved 24 % of abded Cu(ll), the citric acid 34 % and the
hydrochloric acid 95 %. Unfortunately, togethertw@u(ll) also high amount d¥e(lll) was liberated
from the composite surface (253 mg .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 ef3l] confirmed the success of sorbent regeneration
by selected bacteria. In the beginning of bioregatiomn there was no significant difference in the

activity of R and K bacteria, although after 7 dalight variations in their activity were observéiy

7. During the bacterial treatment almost 82 % aofllf was released from the bentonite and 78 %
from the composite. Revealing the effect of baaten Fe(lll) release, the same bacterial treatment
was applied also to the composite without adso®dl).

The dissolution of Fe(lll) from the composite loddeith Cu(ll) turned to obvious when the
precipitation of Cu(ll) was observed. It is supgadeathat after finishing Cu(ll) dissolution, the
bacteria started to release Fe(lll) ions form thmposite. Although the liberation of Fe(lll) fromet
composite without adsorbed Cu(ll) in the case dhl{® and K) bacteria was much higher than from
the composite loaded with Cu(ll), Fig. 8.

During the experiments focused on the comparisahefctivity of K bacteria (presenting a mixture
of bacterial strains of Bacillus sp.) and a selédbacterial strain (Bacillus cereus), no significan
difference was observed, Fig. 9. On the basis efdhresults it can be concluded, that the isolatfon

selected species for bioregeneration purposed isssential.
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Abiotic control

The abiotic controls were made in parallel with tlegeneration experiments. Unlike in abiotic
controls, the sorbents were treated by the saméumedsed for the bioleaching but without bacteria.
According to the comparison of Cu(ll) release, lo#ic controls higher amounts of dissolved Cu(ll)
were measured as for solutions with K bacteria stnain Bacillus cereusFig. 9. That is probably
caused by presence of strong chelators and leachsee for medium preparation. To verify the effect
of bacteria on the Cu(ll) release, the same exmarisnwere repeated with media containing only the
bacteria (without chelators and leachates). Thesoreanents were made after 2 and 5 days. For both
of sorbents, the bacterial efficiency decreasest &tlays of bioleaching. It should be mentioned that
bacteria need also the chelators for their activityerefore the conditions and optimization of this
process should be more studied. Also, probablyeterse sorption of dissolved Cu(ll) by bactene i
the medium takes place. The same phenomenon wasselddsduring the bioleaching of contaminated
soils and sediments by heterotrophic bacteria [38].

CONCLUSION

The natural bentonite and bentonite/iron oxide oositp were used as Cu(ll) sorbents. The modified
bentonite showed better sorption properties thaarak It was shown and proved, that modification
of natural clay by iron oxide particles improves #orption properties. The removal of Cu(ll) was
studied due to the following introductory experirteenf sorbents regeneration by the heterotrophic
indigenous bacteria isolated from the soils andnsexts loaded by Cu(ll). The results from the
bioleaching were compared with the chemical methddese were not appropriate for sorbent
regeneration; except of Cu(ll), high amount of He{kas dissolved from the composite surface in a
short period of time. The bacterial treatment wasy\effective in Cu(ll) release from the bentonite
and composite surface. No significant differenceaativity of K bacteria and bacterial strain of
Bacillus cereusvas observed. The bioregenerated sorbent, usedtegibefor the adsorption, reached
lower value of adsorption capacity than as-prepavatiwas still sufficient for removal of heavy rakt
ions from the solutions.

Utilization of bacteria for the regeneration oftsemt represents an ecological method, easy apfgdicab
for in-situ processes [39]. Therefore our studyl wiintinue with the aim to specify the conditions

supporting the bioregeneration. Also, the as-pegharomposite material was treated by R and K
bacteria to study the Fe(lll) dissolution from themposite and following was used for another
sorption experiments. The bacteria transformed gmes Fe particles to active forms, which

participated in adsorption process [40]. Nor orilg sorbent regeneration by bacteria is interesting
from the environmental and economical point of vidBut also the adhesion of heterotrophic

indigenous bacteria onto the sorbent surface amddzhing as improvement of sorption properties of
materials could be applicable as low-cost and epcdd methods for wastewaters treatment.

List of symbols

Seer specific surface area frg”]

A total pore volume [cig]

Co initial metal ion concentration [mg1]

my sorbent concentration [g'L

Ce equilibrium metal ion concentration [mg']L

Oe amount of metals adsorbed at equilibrium [r§ g

Qo Langmuir constant representing maximum adsorptigracity [mg d]
b Langmuir sorption equilibrium constant [L g

Ks Freundlich constant corresponds to adsorptipacisy [L ¢']
1/n Freundlich constant corresponds to adsorptia@nsity [-]
R? coefficient of determination [-]
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