+ Model

Journal of
Hazardous

Materials

www.elsevier.com/locate/jhazmat

e ¥ 2=
ELSEVIER Journal of Hazardous Materials xxx (2005) XXX—XXX

Factors affecting adsorption characteristics of*Zon two natural zeolites
Ali Hakan Oren?, Abidin KayaP*

@ Dokuz Eylul University, Civil Engineering Department, Kaynaklar Yerleskesi, 35160 Buca-Izmir, Turkey
b URS Corporation, 615 Piikoi Street, 9th Floor, Honolulu, HI 9681, USA

Received 7 June 2005; received in revised form 5 September 2005; accepted 6 September 2005

Abstract

Mining-related and industrial wastes are primary sources of heavy metal contamination in soils and groundwater. The limitation of such wa
in drinking water needs to meet government requirements in order to safeguard human health and environment. Zinc, one of the most prepond
pollutants, is difficult to remove from wastewater rather than other heavy metals (i.e. lead, copper and cadmium). This paper inve¥tigates Z
adsorption characteristics of two natural zeolites found in the regions of Gordes and Bigadic, in western Turkey. The results show#hat the Z
adsorption behavior of both zeolites is highly dependent on the pH. Adsorption dependence on lower pH values (pH<4) is explained by
dissolution of crystal structure and the competition of the zinc ions with theBetween pH 4 and 6, the basic mechanism is the ion exchange
process. The results also showed that decrease in grain size does not increase the adsorption capacity of zeolite from Gordes, yet it increases
zeolite from Bigadic about 23%. The results also reveal that an increase in the initial concentratiéhioftde system causes an increase in the
adsorption capacity to a degree, then it becomes more constant at higher concentrations. With this, the removal efficiency of Gordes zeolite is
times higher than that of Bigadic zeolite. Results show that an increase in slurry concentration results in a lower uptakimahZidinal part of
the paper, we compared the experimental data with the Langmuir and Freundlich isotherms. The results show that there is a good fit betwee
experimental data and empirical isotherms.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction a three-dimensional framework of Sj@nd AlQ, tetrahedral
[14,15] This structure causes zeolite to have negatively charged
Zinc manufacturing and other industries release large quarsurface. Negatively charged surface of zeolites can be used for
tities of metals, mainly Cd and Zn, during production. The adsorption of alkali earth metals, such as zinc. Occurrences of
increasing demand for alkaline zinc manganese batteries, instegédimentary zeolite are widespread in central and western Ana-
of mercury based ones, brings serious problems when those bagiia, Turkey. They are associated with clay minerals, borates,
teries are not disposed off propefly,2]. Yet, another source of carbonates and soda minerals similar to many other parts of the
contamination can be due to the flooding of ore mines into thgyorld. They are also found in close association with lignite-
environment{3,4]. Since heavy metals have toxic effects on thepearing lacustrine rocks and evaporité].
environment and public life, many researchers suggest a cost- Because zeolite has high adsorption capacity for pollutants,
effective process, such as ion exchange, for removing dissolveshcobs and #tstner[17] proposed the possible use of natural
heavy metals from wastewaters by using naturally occurringind modified zeolites for capping contaminated sediments with
materialg5-13] active barrier systems. Czurda and H§L8] emphasized that
Zeolites are hydrated aluminosilicates of alkali and alkanot only clay minerals, but also natural zeolites and fly ash zeo-
line earth elements with unique crystal structures consisting dftes can be used in reactive walls to protect the plume flow.
Besides, utilization of bentonite—zeolite mixtures as a clay liner
has been of interest for the last few years. Researchers investi-
* Corresponding author. Tel.: +1 808 593 1116; fax: +1808 503 1108.  Jated the advantages of bentonite-embedded zeolites for possi-
E-mail addresses: ali.oren@deu.edu.tr (A.Fren), ble use as a clay liner instead of liners made of bentonite—sand
Abidin_Kaya@urscorp.com (A. Kaya). mixtures[14,15,19] The motivation for using the former rather

0304-3894/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2005.09.027

HAZMAT-4999; No. of Pages 7



+ Model

2 A.H. Oren, A. Kaya / Journal of Hazardous Materials xxx (2005) xxx—xxx

than the sand-bentonite mixture is the high cation exchangsitions were determined by inductively coupled plasma-atomic
capacity (CEC) of zeolites. emission spectroscopy (ICP-ES). The results are presented in
Studies on the removal efficiency of zeolites for zinc areTable 1
very limited in the literature. Previous studies mostly contain
comparisons of the adsorption characteristics of zeolite again U Methods
some heavy metals, including zinc. For example, Kang and Wada
[20] showed that zeolite had a higher selectivity for ammonium
than for zinc. Zamzow and MurpH$] investigated the removal
capacity of a wide variety of zeolite minerals for cadmium, cop-
per and zinc and revealed that zinc had the lowest adsorb
ions, among others, by all types of zeolites. Later, Colella ef
al. [21] obtained the same results that phillipsite and chabazit
had limited adsorption capacity for zinc as compared to coppe
Recently, Trgo and Perj22] recommended the use of zeolite

The solution preparation method was same as the previous
study conducted on natural and Na-enriched bentolfit8s
The chemical used in the batch experiments was a chloride
lution of zinc (ZnGl). A volume of 100 cr of zinc solu-
ions with various amounts of natural materials was placed
fh an Erlenmeyer flask to start the experiments. The initial
fnetal ion concentration used in the tests ranged between 2.5
and 20 mg/l. Samples were weighted between 0.1 and 1g to
Pdet the slurry concentrations in the range of 1.0-10.0 g mate-
rials per liter. Before adding the zeolites into the solutions,
the pH values were adjusted by adding NaOH and HCI solu-
tions. Samples were agitated with a speed of 100rpm at a
room temperature and suspension pH values were recorded.
After separating the supernatant liquid from the samples by cen-
frifugation, the metal ion concentration of the supernatant was
etermined by using UNICAM atomic adsorption spectropho-

with low Zn ion concentrations.
The objective of this study is to investigate the efficiency
of two natural zeolites from Turkey, which consist mainly of
clinoptilolite, in the removal of zinc ions from aqueous solu-
tions. The effects of grain size, initial solution pH, initial
metal ion concentration and slurry concentration on adsor
tion characteristics of zeolites were examined in detail. Th
experimental data was compared with Langmuir and Freundlic

) metry.

isotherms. ry

2. Materials and methods 2.3. Determining the amount of zinc ion removal, q,

2.1. Materials The interaction between the zinc ion and zeolite can be given

by the equilibrium:

The two natural zeolites used in this experimentation were
obtained from Bigadic and Gordes locations, in western Turkey”

The first was obtained from Bigadic reserves and Gordes Z€Quherem is the valence of exchangeable cations M (Na, K, Ca

lite Vr\]'az _prtowded”frqm In?al Co., sznw' Turkde){.h They V\:jere nd Mg) and subscripts (s) and (z) denote solution and zeolite
crushed into small pieces from rock forms and then pow erega‘hases, respectively.

in a mortar. Thg pulvgrized amounts were then pgssgd throu The amount of zinc ion adsorption onto the zeolite can be
the corresponding sieves to determine the grain size effecz:.alculated by:

Sieving was conducted between nos. 50 and 70 (300812
between nos. 70 and 140 (212-308), between nos. 140 and (Ci — Co)

270 (106-53wm) to obtain coarser, mid-coarser and finer zeo9e = — ¢ )

lites, respectively. No attempt was made to activate the materials.

They were dried for 1 week at 8€ in an oven before starting Wherege is the zinc ion adsorbed onto the zeolite (mg(@)the

the experiments. The mineralogical composition of both materilhitial metal ion concentration (mg/Ifje the final metal ion con-

als consists mainly of clinoptilolite. The associated minerals focentration in the solution (mg/l) arftis the slurry concentration
Gordes and Bigadic zeolites are k-feldspar and quartz, respetd/l)-

tively. The cation exchange capacity and specific surface area During the contact time of 2 days, the amount of the zinc
were obtained by the Na-methd#3] and spot test, respec- ions adsorbed by the two zeolites was determined and plotted
tively [24]. The cation exchange capacity of Gordes and Bigadidn Fig. 1 Fig. 1indicates that the uptake of zinc was very fast
zeolites were 69.3 and 57.2 meq/100g, while specific surfact# the first 6 h, then the exchange equilibrium was established
areas were 95 and 54, respectively. The chemical compo- Within 2 days for both materials.

2 2
Zng) +2M" — mZnif + 2Mif (1)

Table 1

Chemical compositions of starting materials (on weight basis)

Materials SiQ (wt.%) Al;O3 (Wt.%) FeO3 (Wt.%) MgO (wt.%) CaO (wt.%) NgO (wt.%) K20 (wt.%)
Bigadic zeolite 65.85 11.22 1.09 1.07 2.94 0.49 3.05

Gordes zeolite 63.74 11.80 1.66 1.18 1.86 0.51 2.46
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Fig. 1. Adsorption characteristics of materials during 2 days.
3. Results and discussions

3.1. Grain size effect

in adsorption capacitj25], whereas Leyva-Ramos et §26]
reports that decreasing the grain size does not increase the
adsorption capacity. It appears that the effect of decrease in grain
size on adsorption capacity hinges on an increase of the internal
surface area. Thisis because increase in external surface area has
little influence upon the internal surface area. In porous mate-
rials, the contribution of the external surface area to the total
surface area is limited, and therefore, size reduction has a neg-
ligible effect on increasing the total surface area. It is evident
from the results of this study that an increase in external surface
area has little effect on the internal surface area, thus, it has little
effect on the adsorption capacity.

3.2. pH Effect

After determining the effect of grain size on Zrremoval,

the smallest grain size fraction (53—-10&) was chosen for the
remaining parts of the batch adsorption experiments. In order
to determine the pH effect on adsorption capacity of materi-
als, solutions were prepared at different pH levels ranging from
3 to 8. Fig. 2 shows the change in 2h uptake by the zeo-
lites at different initial solution pH levels. As can be seen from
Fig. 2, adsorption capacity of both materials increased when

The adsorption characteristics of zeolites with respect to graithe initial pH of the solution was increased from 3 to 4 (region
sizes are given ifmable 2 Table 2indicates that decreasing I). In the second region, from pH 4 to 6, the adsorption per-
the grain size results in two different adsorption capacities: (iformance of Gordes zeolite remained almost unchanged, while
decrease in grain size of Bigadic zeolite causes an increase ihat of Bigadic increased. Above pH 6, like the Bigadic zeolite,
adsorption capacity and (ii) grain size has little influence orthe Gordes zeolite had a tendency to increase and reached the
adsorption capacity of Gordes zeolite. Increase in adsorptiohighest value at pH 8.
capacity of Bigadic zeolite may be attributed to increase in the These results are in agreement with the results previously
specific surface area. However, one would expect that the sameported27,28]. Also, it is revealed that clinoptilolite still had
would hold true for Gordes zeolite. Thus, it appears that thenegative surface charge even at very acidic conditions (i.e. pH
increase in specific surface area is not the only mechanism tha) which enables it to have a great advantage for organic and
causes an increase in the adsorption capacity. Also note that everorganic cationic contaminanf81]. FromFig. 2, the lowest
23% increase in adsorption capacity of Bigadic zeolite is almosEZn?* adsorption rates were obtained at pH 3 and it may have
half that of Gordes zeolite. The two-fold difference betweenbeen due to the increase in firstly, the competition for adsorption

the adsorption capacity of Gordes and Bigadic zeolites can bsites by H, secondly, the existence of particular zinc hydroxyl
explained as participation of ion exchange accompanied witspecies and dissolution of 1 ions from the aluminosilicate

external or/and internal surface adsorption. Despite main minlayers[22,29]

eral is clinoptilolite for both zeolites, associated minerals may
lead this difference in the adsorption capacity between Gordes
and Bigadic zeolites. Therefore, increase in adsorption capaci-
ties with decrease in grain size (increase in specific surface area)
of Bigadic zeolite is not significant when compared with that of
Gordes.

The finding of this study is not unique, there are stud-
ies reporting that decrease in grain size leads to an increase

q, (mg/

Table 2
Effect of grain size fractions on heavy metal uptake

Size @wm)  Metal adsorbed;e (Mg/g) Increase in adsorption (%)
Bigadic = Gordes Bigadic = Gordes
zeolite zeolite zeolite zeolite
300-212 1.715 4.056 - -
212-106 1.973 4.141 15 2.1
106-53 2.110 4.406 23 8.6

a Initial pH 4.0,S=1g/l, Ci~8mgl/l.

7
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Fig. 2. Changes in the adsorbed amount of*Zmetween pH 3 and 8.
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Fig. 4. Relationship between initial metal ion concentration artf Zemoval.

The mechanism that governs the adsorption characteristics
of zeolites at pH ranges between 4 and 6 are adsorption and igh adsorption behavior of both materials under different metal
exchange. The rapid increase at pH 4 can be attributed to then concentrations. As can be seen frBig. 4, increasing the
replacement of exchangeable cations present at the exchanggetal ion concentration led to an increase in thé*Zrptake by
able sites, i.e. Ng K*, Ca&*, Mg?* with Zn?* cations in the  the materials to a certain point, then a plateau was seen for both
aqueous solution. On the other hand, the adsorption did not shogeolites which indicated unavailability of further adsorption of
considerable change between pH 4 and 6 and one of the possilfieavy metals onto the zeolite on account of zinc saturated sur-
explanations is that the resorption of exchangeable cations to thigces. Asiitis seen frofig. 4, the maximum adsorption capacity
zeolite surface may have been occurred as a result of shakingef Gordes and Bigadic zeolite is 6 and 3 mg/g, respectively.

In addition to the ion exchange, the formation of zinc species  The difference in the uptake of Zhmay be due to the differ-
with OH™ plays an important role in the increase of heavy metaknce in the mineralogical compositions and associated cations in
removal above pH 6 (region II). Depending on the pH and metathe exchangeable sitf20,32,33] Also, having almost twice the
concentration, zinc may form complexes with OHor exam-  specific surface area of Bigadic zeolite can make Gordes zeolite
ple Zn(OHy, Zn(OH)~ and Zn(OH)?~, at higher pH values more sorption capability for zinc. The lower selectivity of&Zn
(PH>6), and as a result, zinc hydroxyl species may particias compared to other heavy metals, such &$,Rf*, CL?* by
pate in the adsorption and precipitate onto the zeolite structurgeolites was demonstrated by some researdBers35] Sheta
[22,27,28,30] et al. [33] investigated the adsorption characteristics of natu-

Measurement of the final pH values of the suspensions, afteal zeolite and bentonite via zinc and iron and concluded that
a contact time of 2 days, supports the statements made aboVsavy metal uptake substantially depends on the mineralogical
Fig. 3shows the suspension pH values at the end of the expertompositions of materials and kinds of heavy metal used in the
ments. The path of the final pH values of both zeolites showegksts.
almost the same trend for all initial solution pH levels. From
pH 3 to 8, an abrupt change followed by a gradual increasg 4. Siurry concentration effect
in the final pH indicates a tendency of neutralizing the initial
solution pH. Ersoy and Celil81] obtained similar results from |n the literature, only limited data exists regarding the effect
the elektrokinetic measurements that C||n0pt||0||te SUSpenSionéf S|urry concentration on hea\/y metal removal by the zeo-
exhibited buffer pH around pH 9. In acidic conditions, balancingjites [25,36] Thus, we attempted to determine the effect of
of pH is due to either the exchanging process of alkaline iong|yrry concentration on uptake of Zhon zeolite; initial metal
from the mineral with H or binding the protons on the Lewis jon concentrations were taken as 20 mg/l for zeolites and other
basic sites. However, removal of protons from the surface Bronsjtuations, such as pH, grain size and temperature were kept con-
sted acidic sites and zeolitic water that coordinate exchangeabigant Fig. Sexpresses the effect of slurry concentration fof'Zn
CatiOI’IS cause reduction in the final SOlution pH in the alkalinQemOVEu from the aqueous so'utions and the fina| pH Of the SOIU'

region[22]. tions. The solid lines with opened symbols indicate the change
in zinc adsorption by the slurry concentration; the dashed lines
3.3. Initial metal concentration effect with closed symbols denote to the final solution pH.

From Fig. 5, the amount of adsorbed zinc onto the zeolites
For the rest of the experiments, pH 4 was used in order talecreases with an increase in the slurry concentration. Raising
evaluate the effect of initial metal ion concentration on adsorpthe concentration from 1 to 10 g/l reduces the zinc removal 68
tion characteristics of the zeolitdsig. 4 represents the change and 49% for Gordes and Bigadic zeolite, respectively. The rea-
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son for decrease in the zinc removal was due to the increasing y = 0.24x + 0.52
interface area when the suspension was dil{8&¢l 06 | R®=089
Also, the symmetrical change in final pH of the solution with
respect to slurry concentration can be seefim 5 with the o 04
)

dashed lines. For both zeolites, the rise in the final pH can be =
attributed to the increase in the concentrations of alkaline ions 02 |
released from zeolite exchangeable sjg.

y = 0.25x + 0.16
R?=0.73

& Gordes Zeolite
O Bigadic Zeolite

3.5. Comparison of adsorption isotherms

-0.2 T T T T
Adsorption isotherms for zinc ion removal by zeolites in -1 05 0 05 1 1.5

terms of Langmuir and Freundlich models were expressed math-  (p) log Ce
ematically. The obtained experimental data here are expected
well fitted with the linearized form of Langmuir and Freundlich

|
FYg. 6. Linearized (a) Langmuir and (b) Freundlich isotherms féf"zamoval

by zeolites.
models:
Ce _ (1> + (“) Ce A3) that Langmuir and Freundlich isotherms correspond well with
qe KL KL the experimental results of other heavy mefa33,35,39]
logge = l0g K¢ + n10g Ce (4) The obtained results are in the range of cited values in the

literature. For example, Ouki and Kavanng@ii] and Panay-

The empirical constanf§_ anda for Langmuir model are related otova and Veliko34] found that clinoptilolite had a maximum

to the adsorption maximum (I/g) and bonding strength (I/mg)adsorption capacity for zinc of 2.7 and 2.3 mg/g, respectively.

respectively, whereakr (mg/g) andn (g/l) are the constants Elsewhere, Sheta et dB3] reported that the adsorption per-

for Freundlich model. In addition to the experimental data, thformance against zinc was as much as 2.9 and 1.9 mg/g for

linearized form of Langmuir and Freundlich isotherms usingtwo clinoptilolite, whereas Trgo and Pel22] showed higher

Egs.(3) and (4)for zinc ion removal by zeolites can be seen in adsorption rates when compared to the findings from the lit-

Fig. 6. erature (12 mg/g). The lower adsorption rates for zeolites with
As it is seen from thé&ig. 6, the experimental data for both

materials fit well with the linearized Langmuir and Freundlich ppe 3

isotherms. The values &, a, Kr andn obtained from both  The parameters for Langmuir and Freundlich isotherms

models are presented Tlable 3 soth Gord m Eicad it
The comparison of the experimental values with the values Qf oMM parameters ordes zeotte 'gadic zeotte

ge Obtained by both models is shownHig. 7. As is seen from  Langmuir

this figure, Freundlich isotherms were well fitted with the exper- ke (/g) 4.773 1.132

. - . . a (I/mg) 0.723 0.315

imental data rather than Langmuir isotherms. Cincotti §88]. _

found similar adsorption values for the zeolites which had 2deundlich

and 50 wt.% clinoptilolite content and their results again fit well ﬁ;}gg/g) 3'2351 01_;':;

with the Langmuir isotherms. Also, some other studies showed
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8 e The experimental results were a good fit with the Langmuir
and Freundlich isotherms. Itis seen that Freundlich isotherms
S=1g/l

o have a better correspondence with the experimental findings
: rather than with Langmuir.
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