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ABSTRACT

The adsorption of Zn(ll) and Cu(ll) onto siderit8) (and kaolin (K) and adsorption of As(V) onto
bentonite (B) was studied. The chemical modifiaatioprecipitation of Mn@on the kaolin (KM) and
siderite (SM) surface was used to improve the guior properties of natural materials for their
application in columns. In the batch tests the &igadsorption capacity was observed for the KM
sample. The binary solution of Zn(Il)/Cu(ll) wasrpelated through the columns filled with quartzéan
(QS) as a bearer of KM or SM. The effect of toXieneents removal reached in average 90 % for both
columns.

The adsorption of As(V) onto natural bentonite éB)d synthetic magnetic particles (MP) was studied
by batch as well as column tests. Whereas the Blsadid not perform good adsorption properties in
batch test, in dynamic conditions its effect wamparable with MP. The effect of As(V) removal was
studied in a number of series with different miaterbeddings and cycles repetitions. The results
showed that the most effective was the columndildéth QS+B+MP containing more coarse-grained
fraction of bentonite. In the second cycle its reaieffect reached 60 % of As(V) elimination frohet
solution.
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INTRODUCTION

Contamination of soils by subsequent toxic elemé&ntene of the main environmental problems of
urbanization and industrialization and has recebi#¢ome a serious concern in the world. The
treatment of contaminated soils and sediments @radhieved by either physical or chemical
methods. The stimulation of biochemical processatecontamination is possible, if resistant baateri
are present in the soil. The biological-chemicathing and usage of resistant bacteria was apiged
Cu(ll), Zn(ll) and As(V) removal from the contamted samples of soils and sediments from the
Krompachy region, locality of Slovakia loaded bytaikirgical industry [1,2,3,4,5]. But the obtained
leachates from the remediation process also rampréise environmental loads. Therefore adsorption
should be the way of their regeneration.

The adsorption is considered as low-cost and éffechethod of toxic ions removal from the water
environ. Different natural and synthetic materialsch as clays, activated carbons, metal oxide® we
and are still studying as suitable adsorbents [&a%h oxides as natural compounds of soils, sedime
and environment containing water, have large spesifrface area and are able to adsorb significant
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amount of toxic ions. They represent dominant duksuis because they could be also fine dispersed
and used and surface coatings of other particlesv[8gnetic properties allow their easier separatio
from water. The natural goethite a hematite weuelistl as adsorbents of Cu(ll) and Zn(ll). The
synthetic oxides were more efficient, especially@u(ll) removal, what corresponds with their bette
surface properties in comparison with natural nialef9]. The manganese oxides are mainly used for
Pb(Il) removal from the water environment [10,1Quartz sands are components of silicate phases,
which are the results of weathering process inrahtionditions. lons of released iron, aluminum and
silica are precipitated onto surface of quartzipiag in forms of hematite, kaolinite and allophane
The sorption of heavy metals in these systemsdsrgéBult of surface reaction [12]. From different
studies follows that quartz sand is mainly used flfer in columns as filtrate medium or as a bearer
for other materials (bacteria, oxides) [13,14,1%derite as representative of Fe(ll) minerals, rofte
containing manganese impurities, is also intergstiatural adsorbent. The natural siderites and
hematites effectively removed As spieces (arseratenite and dimethylarsenic acid) from water
[16,17]. The multicomponent system (bentonite -rgugand - Mn@ was also used for Cd(ll)
adsorption [18]. The research articles are alse@wnwith using a combination of various mentioned
natural materials as column fillers for arsenicesps adsorption. The combination of siderite-coated
quartz sand and hematite-coated quartz sand gpailgoted the column performance in the process
of As adsorption [19].

This research article concerns the study of adeorptroperties of natural materials - siderite, lkao
and bentonite and their modified forms by syntlegtiMnQ and magnetic particles. The aim of the
study is to find suitable adsorbent/combinationadtorbents for the adsorption of toxic elements
present in the leachates after the biological-chehileaching of contaminated soils loaded by the
metallurgical industry. The adsorption of Cu(lin@) and As(V) by batch and column tests from the
model solutions was studied.

EXPERIMENTAL
Adsor bents

The samples of natural siderite (S) from the lageilovinky, kaolin (K) from Rudnik and bentonite
(B) from the deposit JelSovy potok were used fergtudy. For the experimental purposes the samples
were dried for 24 hrs at 40 °C. The samples weszgesl to obtain the fraction below 63fn for
siderite, below 10@m for kaolin and two fractions for bentonite: 0.2 +mm and below 0.5 mm. To
enhance the sorption properties of S and K santhleis surface was coated by Madyer. The
natural samples were activated by Ga&6t 24 hrs and dried at 70 °C. 12 g of KMyWzas added into
100 ml of deionized water, the solution was heate@0 °C for 15 min. Then 12 g of natural sample
was added and the suspension was stirred for 10anmdnitrated by 150 ml of 2 M HCI. The slurry
was stirred for next 30 min in water bath, washeddionized water and dried at 70 °C for 24 hrs.
Magnetic particles (MP) were prepared by precijtamethod: 15.9 g Fe¢and 14.0 g FeSCYH,O
were diluted in deionized and heated at 60 °C umidgrous stirring. During the next heating at
90 °C, 50 ml 25 % NEDH was added. The slurry was heated and stirredL for to reach the
complete reaction. Then the precipitate was magglétiseparated, washed in 700 ml of hot deionized
water and dried at room temperature.

Textural study

Textural properties of studied samples were detezthby method of physical adsorption of nitrogen
at -196 °C by NOVA 1200e Surface Area & Pore Sizeljzer (Quantachrome Instruments, USA).
The samples were degassed at 150 °C in a vacuumuoxker a pressure lower than 2 Pa for 17 hours.
The measured data were processed by the BET (Ruenrsammet—Teller) isotherm in the range of
relative pressure 0.05-0.2 to obtain the valuepefcic surface area £Sy). The values of external
surface (S« and volume of micropores (¥, were calculated from theplot using the Harkins-Jura
standard isotherm. The value of total pore volumg)(was estimated from the maximum adsorption
at relative pressure close to saturation pres@tie [
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Adsor ption experiments

The batch adsorption experiments were realizedtary shaker (30 rpm). The defined solutions with
adsorbents were added into the plastic tubes. Tdaehsolutions of CuS{bH,O a Zn(NQ)..6H,O

of initial concentrations 10 — 100 mg/L of pH 5 warsed. The dose of S, K, SM, KM adsorbents was
1 g/L and the contact time 24 hrs. For the As(\gaadtion, the synthetic solution of M#AsSO, of
initial concentration 10-50 mg/L of pH 4 was usdthe B and MP doses were 10 g/L and 1 g/L,
respectively.

In dynamic regime, the model solution of 50 mg Q¥i(lof pH 5 was percolated through the column
with mixture of S+KM and S+K adsorbents in weightio 32:1. The filtrate column was 110 mm

high with inner diameter of 12 mm. The model satpercolated through the columns for 5 hrs (flow
rate 10 ml/hr). The pH value and Cu(ll) concentmatin filtrates were measured continuously. The
binary solution Cu(ll)/Zn(ll) of concentration 10@g/L was percolated through the column filled
with quartz sand (QS) and SM or QS and KM.

The MP are very fine therefore the bearer for thigation in column is needed. QS is cheap, stable
material with good permeability, proven in previaxperiments. Through the glass columns with 5 g
of adsorbent (QS, QS+B, QS+B+MP) percolated thatisol of 30, 50 a 100 mg As(V) /L of pH 4.
The adsorption effect and possibility of the colurfor repeated use was studied. Different
combinations of adsorbents layers in column westete All experiments were performed duplicate.
The concentrations of toxic elements before andréfie adsorption were determined by atomic
absorption spectrometer 240 RS/2400 (Varian, Aligjralo process the experimental data from the
static regime the Langmuir isotherm was used.

RESULTS AND DISCUSSIONS
Textural properties

Adsorption/desorption isotherms of natural and redisiderite and kaolin showed hysteresis what
corresponds with the presence of mesopores (pdregdth 2-50 nm in diameter), Figure 1. The
kaolin sample showed expressive increase of addorbeime at relative pressure /.9 what is
characteristic for multilayered adsorption in mames (pores of width > 50 nm in diameter).
Generally, siderite and kaolin contain silicate enal phases, whose should contribute to their
porosity. The influence of their modification wagegented by wider hysteresis loop. The
nonhomogenous covering of their surfaces by Mp&rticles caused the creation of new interparticle
spaces of diameters corresponded with mesoporss ¢akerved by SEM, not shown here). For the
SM sample expressive increased of adsorbed gasneoluas detected, following by increase of its
total pore volume, Table 1. The surface modificatiocreased the value of specific surface area of
studied materials, more expressive again for thesSiviple.

The natural bentonite showed wide hysteresis poiatethe presence of slit-shape pores, typical for
clay minerals. The shape of the adsorption isotheomesponds with Type |, characteristic for
materials containing micropores and of relative leslues of external surface. The adsorbed gas
volume in the range of relative pressure 0.01-0dbgbly corresponds with the quasi-multilayer
adsorption in supermicropores (larger microporewidth 1-2 nm in diameter) and in the range 0.2-
0.3 adsorption in the smallest mesopores occufliieeh, in the range 0.3-0.8 the volume of adsorbed
gas increased slightly, almost linearly. Also, tiigh volume of micropores was obtained by applying
the t-plot method using the Harkins-Jura isotherm. Hos sample, the BET method was not
appropriate for the specific surface area detertisingdue to negative C constant value obtaineghfro
the BET isotherm), Table 1.

For the MP the volume of adsorbed gas increasedlary in the whole range of relative pressure.
The present hysteresis loop corresponds with Tyfe dtharacteristic for the materials creating
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agglomerates or aggregates of the spherical mstadl approximately similar sizes. The hysteresis i
therefore caused by the adsorption of gas inténtieeparticle spaces.
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Figure 1 Low temperature nitrogen adsorption/desamgsotherms of studied materials

Table 1 Textural parameters of studied adsorbents

Sample | Ser(M79) | Geer | S(M79) | Vi(cm7g) | Vimiero(cm/g)
S 7 485.8 4 0.0143 0.0010
SM 36 134.0 31 0.0634 0.0020
K 11 778 10 * 0
KM 16 87.3 15 0.0755 0
B 87 167.7 35 0.1216 0.0239
MP 75 1445 67 0.2192 0.0033

* The value could not be determined due to unlichigas adsorption at high relative pressure

Adsorption of Cu(ll) and Zn(l1)

From the batch experiments, increasing adsorbediatsi@f Cu(ll) or Zn(ll) ions in dependence on
increasing initial metal ions concentration in gwutions can be observed, Figure 2. There was no
significant difference in removed amounts of Cuidiis by both natural adsorbents. Comparing the

affinity, higher amounts of Cu(ll) were removeddlystudied adsorbents.

The modification of S and K by Mnenhanced their adsorption properties. Expressiferehce in
adsorbed amounts of Cu(ll) as well as Zn(ll) canobserved. Comparing the modified adsorbents,
higher removal effect for both ions showed KM sangtrom the solutions of lower Cu(ll) initial
concentrations the KM sample removed almost 100f %@ugll). The values of calculated maximum
adsorption capacity from the Langmuir model aretisn Table 2.
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Figure 2 Adsorption isotherms for Cu(ll) and Zn@gsorption onto siderite and kaolin
and their modified forms ((>= 10-100 mg/L, pH 5, adsorbent dose 1 g/L)
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Table 2 The value of maximum adsorption capacitytoflied adsorbents for Cu(ll)
and Zn(Il) adsorption calculated from the Langmmaodel

Cu(ll Zn(ll)
Sample| Qo (mg/g) Q (mg/g)
S 12.9 0.9256 2.3 0.9973
SM 19.8 0.9754 16.9 0.9481
K 10.8 0.8255 7.6 0.9962
KM 39.8 0.9976 37.2 0.9468

On the basis of previous results only the modifieins were tested for adsorption from the binary
solutions, Figure 3. For both adsorbents the remetfi@ct was lower due to competitive ions
adsorption. Similarly, higher affinity of Cu(ll) apared and expressively restrained their selegtivit
towards Zn(ll) ions. The calculated values of maxmmadsorption capacity of SM sample decreased
of 20 % and 81 % for Cu(ll) and Zn(ll), respectiveFor KM sample it was a decrease of 32 % and
84 % for Cu(ll) and Zn(ll), respectively.
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Figure 3 Adsorption isotherms for Cu(ll) and Zn@gsorption from the binary model solutions
onto modified adsorbents {& 10-200 mg/L, pH 5, adsorbent dose 1 g/L)

To verify the adsorption properties of studied mate in dynamic regime, the introductory
experiments in columns were performed. The columese filled by the mixture of S+K or S+KM.
The model solution percolated through the coluntnsconsequence of high content of siderite in
mixtures the pH of the percolated solution incrdaesegpressively what caused the Cu(ll) precipitation
During first 3 hours of percolation, 100 % remoeéect of columns was observed. On the end of the
experiment the removal effect decreased but inaaereached 85 % for both mixtures.

In next experiments the layer of QS as permealk las well as bearer was used. The binary solution
of Cu(ll)/Zn(ll) percolated through the column &l with QS+SM or QS+KM, Fig. 4. During the first
hour the column QS+SM removed 100 % of Cu(ll) a@d8 of Zn(ll), then the effect decreased for
both ions. After 6 hrs it was not effective in Ahflemoval, but still removed 50 % of Cu(ll). Aftéd

hrs the elimination effect decreased to 20 %. F8#+KM the expressive decrease for Zn(ll) removal
was observed after 4 hrs, but the effect of Cu@inhoval reached 98 % also after 11 hrs of the
experiment, Figure 4.

From the presented results it can be concluded sthlied natural materials are cheap and easy
available adsorbents of toxic elements. Their gusmr properties can be improved by simply
chemical modification. The use of QS in columnssignificant for the easier permeability of the
layers of used adsorbents, but is also suitabéelearer of adsorbents of finer particles, whosenca

be fixed in the columns independently.
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Figure 4 Adsorption of Cu(ll) and Zn(Il) from thénlry solution in columns filled with QS+SM
and QS+KM (G =100 mg/L, pH 5, @ =4.5 9, mw xw=0.59)

Adsor ption of As(V)

In batch experiments the B sample did not perfasohgyood adsorption properties towards As(V) as
MP (not shown here). While the calculated valuenaikimum adsorption capacity of B sample was
3 mg As(V)/g, for the MP it was 23 mg As(V)/g. THiact should depend on the surface charge of the
adsorbents in water solutions. While at pH 4 the point charge of B was measured for the MP
the positive surface charge was obtained (not shbene), what corresponds with lower
adsorption capacity of clay sample.

In dynamic regime the effect of selected parametersarrangement/bedding of adsorbents and
fraction of the adsorbents particles was testetherfirst series of experiments the columns coethi
natural bentonite of particle size below 0.5 mm evested. The solution of 30 mg As(V)/L was
percolated through the column twice. After theosetcycle the As(V) concentration of the filtrate
was still lower than 2 mg/L. However, due to theefiparticles of the clay the percolation was very
slow, retarded and the flow rate was not continmalhe second series the QS was used as a béarer o
the MP and as a permeable layers for B columndelir interpret the influence of the bearer on the
adsorption properties of the MP or B adsorbents,cthiumns contained pure QS and next QS+MP,
QS+B and QS+B+MP were tested. For these expersikatfraction of B sample of particle size 0.5-
1 mm was used (for better permeability of the calaimThe solution of 100 mg As(V)/L percolated
through the columns. After the first cycle QS an8+8 column removed only 2.4 and 5.1 % of
As(V), respectively. The QS+MP column removed 3%9of As(V) and the combination of all
adsorbents reached 77.8 % of As(V) removal, Fidurdn the second cycle only two the most
effective columns were tested, Fig. 5. While theaadtion effect of QS+MP column decreased at 36
%, for the QS+B+MP column it was about 24 %. Tleisult pointed at the fact that not only synthetic

magnetic particles, but also the clay adsorbengsplmportant role in this process under dynamic
conditions.
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Figure 5 Comparison of As(V) removal by QS, QS+B+®IP and QS+B+MP columns in the 1. adsorption
cycle and QS+MP, QS+B+MP columns in the 2. adsonpticle (pH 4; layer doses - QS: 4.5 g;
QS+B:4g+0.5g; QS+MP: 4 g + 0.5 g; QS+B+MP:3:60.5 g +0.5 g)
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To evaluate the influence of particle size of chgsorbent on the column adsorption effect the
QS+B+MP column containing clay particles below B was tested too. In two repeated cycles the
solution of 100 mg As(V)/g was used. Also after sieeond cycle the column reached 100 % effect of
As(V) removal, but the flow was slower and the oatuwas clogging during the experiment, Figure
6. For the practical purposes, or for further aggtlon in praxis, the use of coarser fraction afyds
suitable in spite of decrease of its removal effg@bout 20 %. On the basis of obtained resuttanit

be concluded, that by the suitable combinatioragéts of studied adsorbents in columns relativa hig
concentrations of As(V) can be removed effectively

120

2.cycle - Cy(As”) = 100 mg/L

100l PSD(B)<0.5mm

80 -

60 | PSD(B) = 0.5 mm -1 mm

40 |

Effect of removal (%)

20 |-

0

QS +B + MP QS +B +MP

Figure 6 Influence of clay particle size on the\As{emoval by QS+B+MP column
in the second adsorption cycle (pH 4; layer dosgS+B+MP: 3.5 g + 0.5 g +0.5 g)

CONCLUSION

The aim of the study was to evaluate and comparetisorption properties of selected natural and
synthetic adsorbents in removal of toxic elemerasfthe water solutions. The results showed that
adsorption properties of natural siderite and kaoén be enhanced by simply chemical modification
by MnO, particles. The higher affinity towards adsorbestiowed Cu(ll) ions in comparison with
Zn(ll) ions, also in the binary solutions. In aldtbh experiments better adsorption properties stiowe
KM sample thanSM sample. In column experiments due to the hightead of S sample in the
mixtures the precipitation of Cu(ll) occurred. Afténe replace of S by QS as a bearer, the column
contained QS+KM showed higher removal effect in parison with QS+SM column.

For the As(V) adsorption the natural bentonite aywthetic magnetic particles were tested. While in
the batch experiments the clay did not perform gadsorption properties, in dynamic regime it was
proved that also its presence as a layer is impbaad influenced the removal effect of the column.
The results showed that by the suitable combinadioselected adsorbents of appropriate fraction
(especially in the case of clay adsorbents) theinsot of high removal effect for more repeated
adsorption cycles can be obtained.

For the selective removal of toxic ions for realdkates regeneration, series of columns consi$ted o
QS+SM following by percolation through the QS+B+ki#tumns should be used.

List of symbols

SseT specific surface area {fg)
S external surface (ffg)
V,, total pore volume (cifg)
icro volume of micropores (city)
Co initial metal ion concentration (mg/L)
Ce equilibrium metal ion concentration (mg/L)
Oe amount of metals adsorbed at equilibrium (mg/qg)
Qo maximum adsorption capacity (mg/g)
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R coefficient of regression
t time (hrs)
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