ADDIS ABABA UNIVERSITY

SCHOOL OF GRADUATE STUDIE

DEPARTMENT OF CHEMISTR?

ZEOLITES AND MIXED OXIDES IN THE REMOVAL OFCr (VI)

Advisors: Prof. Isabel Diaz

Dr. Eduardo Pérez

Girum Getachew

June 2014



Hﬁa‘{#

i
|4
B Urivereity

(SangefTs0)
ZEOLITESAND MIXED OXIDESIN THE REMOVAL OF Cr (VI)

Girum Getachew

A Thesis Submitted to the Department of Chemistgs@nted in the Partial
Fullfillment of the Requirements for the Degredvdster’s of Science in

Inorganic Chemistry.

Addis Ababa University
Addis Ababa, Ethiopia

June 2014




ADDIS ABABANIVERISTY
SCHOOL OF GRADUATE STUDIES
This is to certify that the thesis prepared by @irGetachew Demissie, entitled: Zeolites and
Mixed oxides in the removal of Cr (VI) and submdttin partial fullfilment of the requirment of
the Degree of Master of Science in Inorganic Chagnisomplies with regulation of the

university and meets the accepted standards waffect to originality and quality.

SIGNED BY THE EXAMINING BOARD

Prof. Isabel Diaz
(Research Advisor) Signatu Date

Dr. Eduardo Pérez
(Research Advisor) Signatur Date

Dr. Yonas Chebude
(Chairman) 1Sadure Date

Dr. Negash Getachew
(Examiner) Sagure Date




ABSTRACT

In this work, different natural zeolites, namelyr®©ptilolite (Mexico) and Sample 7 (Ethiopia),
mesoporous material SBA-15 calcined and uncalcasedell as mixed oxides Hydrotalcite and
SBA-15 supported hydrotalcite were employed foroeah of chromate from aqueous solution.
This materials show adsorption capacity with défegrmechanisms and ion (cation and anion)
exchange properties. UV-Vis spectroscopy was usedlétermining the concentration of Cr

(VI) before and after the treatment.

Obtained data from chromate adsorption experim@&visr the mentioned materials were
compared. It was shown that adsorption data farrahreolite was very good having 66.5% and
74.5% adsorption capacity for Clinoptilolite andn§de 7, respectively. Maximum chromate
adsorption was found over mixed oxides: 98.4% a®d7% for SBA-15/HT and HT,
respectively. It was much greater than that ofrthiral zeolites and mesoporous materials. For
comparison purpose, pure silica mesoporous matececined and uncalcined SBA-15 were
tested, showing retaining capacity of 13.6% andB3%%, respectively. Finally, SBA-15/HT

composite appears as a promising adsorbent forv&bchromate ion from waste waters.

Keywords. Adsorption, Retention, SBA-15, Hydrotalcite, SBABHT composite, Clinoptilolite,

Sample 7 and Chromate ion.
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BACKGROUND

Environment is the totality of circumstances sunding an organism or group of organisms
especially, the combination of external physicatditons that affect and influence the growth,
development and survival of organisms. It consiftshe flora, fauna and the abiotic, and
includes the aquatic, terrestrial and atmospheaigithts. A pollutant is any substance in the
environment, which causes objectionable effectgainmg the welfare of the environment,
reducing the quality of life and may eventually sadleath. Such a substance has to be present in
the environment beyond a set or tolerance limiticlvltould be either a desirable or acceptable
limit. Hence, environmental pollution is the presemf a pollutant in the environment; air, water
and soil, which may be poisonous or toxic and wéluse harm to living things in the polluted
environment. [1, 2]

1.1 Chromium occurrencein the environment

Chromium occurs in the environment under variousmfchemically, physically and morpho-
logically. Most surface water contains very low dewof chromium, except the wastewater
coming from industries. Industries dealing with miaipigment, dyes, textile, leather, are an
important source of discharge of chromium into éngironment. Cr (Ill) and Cr (VI) oxidation

states of chromium present in the environment asstitally different in charge, as well as

chemical and biological activities. [3]

Chromium (lll) is considered to be a trace elenes#ential for the proper functioning of living
organisms. It is also known as responsible fordbetrol of glucose and lipid metabolism in
mammals. Whereas chromium (VI) exerts toxic effextsbiological systems and it was found
that the occupational exposure to hexavalent chmmieads a variety of clinical problems.
Inhalation and retention of Cr (VI) containing m&écan cause perforation of the nasal septum,
bronchitis, inflammation of the larynx and liver danncreased incidence of broncogenic
carcinoma. Skin contact of chromium (VI) compourgh dnduce skin allergies, dermatitis,

dermal necrosis and dermal corrosion. [4]

The toxicological impact of chromium (VI) originatérom the action of this form itself as an
oxidizing agent, as well as from the formation i&fef radicals during the reduction of Cr (VI) to

Cr (1l1) occurring inside the cell. [5]
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1.2 Chemistry of chromium and chromium compounds

Chromium metal was discovered in 1797 by the Frememist, Louis Nicolas Vauquelin. It was
named chromium because of many different charatiegolors of its compound (Greek word
chroma meaning color). Chromium is a steel-gragirbws, hard metal. Like other transition
metals, it exhibit variable oxidation states. Thestccommon oxidation states of chromium are:
0, II, NI, and VI, with Il being the most stabtene. But only three oxidation states are found in
nature; these are: Cr (0) which occurs in metétlion, Cr (111) which occurs in soluble chromic
compounds and Cr (VI) which occurs as soluble £r@nd CpO;* compounds. [6] Other
oxidation states of Cr are unstable and therefane not found in the natural environment. The
oxidation state of the Cr has a significant effectthe transport and fate of Cr and on the type
and cost of treatment required to reduce Cr conagons less than regulatory health-based
standards. Cr (VI) is far more mobile than Cr (Hhd more difficult to remove from water. [7,
8] It is also the toxic form of Cr, approximatel® 10 100 times more toxic than Cr (lll) by the
acute oral route, presumably owing to the stromgétizing potential and membrane transport of
Cr (VI). [9] The EPA classifies Cr (VI) as a knowruman carcinogen via inhalation, but
classifies Cr (lll) as not known to cause cancer.(\&l) compounds are anions. The most
common Cr (VI) forms are chromate (GfQ, and hydrogen chromate (HCfP also called
bichromate. The relative amount of these two sged&pends on pH. Dichromate §0f) can

also occur. [10]

The equilibrium concentration of dissolved Cr (lil) natural waters is small compared to Cr
(VI) concentration. In water, Cr (lll) is mostly the free-ion form C¢lll), although these ions
associate with hydroxide OHons in a pH-dependent manner, forming Cr(&HLCr(OH)"
Cr(OH);, and Cr(OHJ~. The solid precipitate Cr(Okl)s) will equilibrate with these dissolved
species. Cr (Ill) will also form complexes with argc and inorganic ligand such as S0
NH;", and CN [11]

Chromium compounds are widely used by industriesylting in large quantities of this element
being discharged into the environment. Some ofntaé uses for chromium compounds are as
follows: (1) plastic coating of surfaces for waserd oil resistance, (2) electroplating of metal for
corrosion resistance, (3) leather tanning and Hing, and (4) in pigments and for wood

preservative. Tannery effluent containing chromiigmone of the most obvious problems in

2|



leather industry. Chromium salts (particularly ahiom sulphate) have been used widely in
tanning due to the excellent properties that itdeza to the leather along with simplicity of
operation. However, only 60% of the total chromigait reacts with the hides. In other words,
about 40% of the chromium amount remains in thédsahd liquid wastes. Therefore, the
removal and reuse of the chromium content of thesstewaters is necessary for environmental

protection and economic reasons. [12, 13]
1.3 Toxicity of Chromium

Chromium is one of the most abundant inorganic igdowater contaminant at hazardous waste
sites. Compared to its trivalent counterpart, Ct) (¥%rms chromate (Crg) or hydrogen
chromate (HCr@) which is known to have 100-fold more toxicity th@r (lll) and more soluble

at various pH range. It is due to its easy penetranto biological membranes resulting in health
hazards such as skin disorders, respiratory tracklgms, lung carcinoma, acute tubular
necrosis of kidney and even death in extreme c&f@mnans are exposed to chromium through
breathing, eating or drinking and through skin eshtwith chromium or chromium compounds.
The level of chromium in air and water is generdtiw. [14] In drinking water the level of
chromium is usually low as well, but contaminatedllvwwater may contain the dangerous
chromium (VI). In human, Cr (VI) exposure causedked irritation of the respiratory track and
ulceration and perforation of the nasal septum amkers in the chromate producing and using
industries. Ingestion of 1.0g to 5.0g of Cr (VI)@dsomate results in severe acute gastrointestinal
disorders and convulsions. [15] Death may occuo¥ahg cardiovascular shock. The maximum
levels permitted in drinking water are 5 mg/L faivalent and 0.05mg/L for hexavalent
chromium. But there is still uncertainty regardimbat daily dose of Cr (V1) is considered toxic.
The tolerance limit for Cr (VI) for discharge intoland surface waters is 0.1 mg/L and in
potable water is 0.05mg/L. Therefore, among heagtaimons, chromium requires considerable
attention. [16, 17]

1.4 Wastewater and itstreatment

The success of many different treatment technotoigieemediating Cr (VI), contamination has
been demonstrated. However, most of these techieslagquire knowledge of site-specific

conditions, flexibility in remediation design andeativity in optimization strategies, not
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adherence to a step-by-step recipe approach. 8ieceiogeochemical properties of Cr and the
associated soil matrix can affect the removal iefficy of many treatment strategies, an
understanding of these properties is essentiattioosing an effective treatment method. Once
the properties of Cr and the associated soil amerstood and the behavior of Cr in the
subsurface and treatment environments can be peddiemedial alternatives for Cr (VI) can be
addressed. [18] The form of the Cr determines toxianobility, and treatment strategy

applicability. Various treatment methods such asnubal precipitation, reverse osmaosis, ion
exchange, solvent extraction, coagulation and @tsor are utilized to remove metal ions from

agueous solutions. However, due to the economistants which the country is facing, a

development of cost effective and clean processeesired. Of all these methods, adsorption

has proved to be the most effective. [19]
1.4.1 Adsor ption method

Adsorption is a process, by which a substancegasaor liquid becomes chemically attached to
a solid surface, called an adsorbate. Adsorptiotypgcally used in wastewater treatment to
remove toxic or recalcitrant organic pollutants p@sally halogenated but also non-
halogenated), and to a lesser extent, inorganidaounants, from the wastewater. It is
commonly used in the treatment of industrial wastens containing organic compounds not
easily biodegraded during secondary (biologicaatiment or toxic. [20]

1.4.1.1 Chromium removal using Natural Zeolites

Many researchers have used natural zeolites foalrat adsorption and several review works
have been reported. For example, Panayoe\a (2001) conducted a series of experiments
using a Bulgarian natural zeolite and modified ferfor removal of several metal ions such as
Ni?*, c/*, Cd*, zr?* and PB". In Ni** adsorption, natural and NaOH, NaCl, HCI, and
CH3;COONa modified zeolites have been tested in a bptohess. Zeolite modification with
CH;COONa and NaCl can increas€Nadsorption by 25-30%. [21]

Turkmanet al. (2004) studied removal of heavy metals{PEd*, Ni** and ZA") in synthetic
and real wastewaters using activated and non-aetivaatural clinoptilolite. The clinoptilolite
exhibited about 100, 98, and 96% removal efficieforyPlf*, Zn?* and Cd", respectively. [22]
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In general, natural zeolites in wastewater treatraem quite effective in comparison with other
methods mentioned above. Thus the possible regeredd the zeolite, re-use of the zeolite and
reuse of the obtained concentrate metal ions aftgeneration of the zeolite, very positively
impact on the environment without creating new wa€ine of the heavy metal that has been a

major focus in waste water treatment is chromit8] [

Even though, it is possible to remove Cr (lll) bsing natural zeolites without modification,
natural zeolite cannot remove Cr (VI) anion whishmainly found as oxyanions forms such as
chromate (Cr¢¥) and dichromate (GB;%) in the solution. [24] Therefore modification of
natural zeolite is required for such purpose. Tloelifred zeolite can adsorb and remove Cr (VI)
as well as Cr (lll). Modification of natural ze@g can be performed by several methods, such as
acid/base treatment, ion exchange, and surfaataictibnalization. Surfactant functionalization
is the commonly used method of modification of nafzeolite for the removal anions such as
chromate anion. Commonly used surfactants are tipos#tively charged organic cationic
surfactant such as hexadecyltrimethyl-ammonium (NIBJ, cetylpyridinium bromide (CPB)
and ethylhexadecyldimethylammonium (EHDDMA); wheought into contact with zeolite, the
cationic surfactants those posses a permanentiygosiharge selectively exchange with the
inorganic cations on the external surfaces of #wite crystals and form a surfactant modified
zeolite with anion exchange properties. A generadleh of sorption of cationic surfactants on a
zeolite surface is the formation of a monolayeft@mimicelle” at the solid-aqueous interface
via strong Coulombic (ionic) bonds at surfactanmaantrations at or below its critical micelle
concentration (CMC). If the surfactant concentratio solution exceeds the CMC, then the
hydrophobic tails of the surfactant molecules aisgedo form a bilayer or “admicelle”. [25, 26]
The mechanism of anion retention appeared to b&theation of a surfactant-anion precipitate
on the zeolite surface for surfactant monolayeherzeolite surface charge is reversed and anion
exchange with the counter ion for surfactant bitageveral studies on application of surfactant-

modified zeolites for chromate removal were pulddsh

G. M. Haggerty and Robert S. Bowman (1994) perfarmbatch sorption experiments that
showed a significantly enhanced removal of chronaa@ other inorganic anions selenate and
sulfate from aqueous solution by Clinoptilolite doated zeolite modified by the quaternary

amine hexadecyltrimethylammonium (HDTMA). While thatural zeolite had no affinity for the
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oxyanions, the HDTMA-modified zeolite showed sigraiht removal of chromate, selenate and
sulphate (Figure 1). [27] The mechanism of anidemrion appears to be the formation of an
HDTMA-chromate precipitate on the zeolite surfadend the existence of the adsorbed
chromium as in the form of Cr (VI) was well confieeh by the XANES spectrum which
indicated that the chromium associated with thditeesurface was 95% in the form of Cr (VI)
and Fourier Transform Raman Spectroscopy which sdow strong signal attributable to
chromate is seen for the HDTMA-chromate precipité05 crit. Sorption data for each anion

were well-described by the Langmuir isotherm eaqunatj28]

Sulfate on HDTMA-zeolite

Selenate on HOTMA-zeolite

Solute Sorbed, mmol/kg

b, o m— = z a1
0 0.4 0.8 1.2 1.6 2
Equilibrium Seolution Concentration, mmol/L

Figure 1: Sorption of oxyanions to natural zeolite and toTHULA treated zeolite

Batista et al. (2000) prepared an organo-zeolite by modificatadnthe surface adsorptive
properties of natural zeolites (Clinoptilolite) fnoCuba, with a cationic surfactant, Br-HDTMA,
and obtain an adsorbent with a maximum removal lwépaof Cr (VI) of 30 mg/g organo-
zeolite. Ghiacket al. (2004) compared the performance of natural zeatibdified by surfactant
hexadecyltrimethylammonium (HDTMA) and cetylpyridim bromide (CPB) for removal of
chromate from aqueous solution. Their results slklowet HDTMA and CPB modified
Clinoptilolite exhibited higher chromate sorptidran its natural form. [29] Campesal. (2007)
reported removal of hexavalent chromium by EHDDMAdaHDTMA-HSQ, cationic
surfactants modified mordenite zeolite. A compariseith untreated phase indicates that

surfactant-modified zeolite is more effective thdre natural sample Mordenite. The data
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indicated that the maximum percentage adson was 93% (HDTM~HSQ;) and 67%
(EHDDMA) for the initial chromium concentration &5 mg ™. [30] Ramoset al. (2008)

studied the adsorption of Cr (VI) form agueous sotuon Clinoptilolite andHDTMA modified

Clinoptilolite. They sated that surfacta modified Ginoptilolite adsorled 22 times more
chromium than the nomodifiec. [31] Covarrubiaset al. (2008) reported the CFmodified

FAU type zeolite presented the highest Cr (VI) maten capacity (37 mmol/kg) which is high

than the value found fadiDTMA -modified Clinoptilolite (HDTMA-HSQ", 28 mmol/kg) due to
the higher Cr (VI) retention of its unmodified forflarger pore opening) which retained ab

9.54 mmol/kg and its high CPB sorption capacity.abidition, the intrinsic Cr(lll) exchanc

capaity of FAU zeolite increased with CPB loading (- 527 mmol/kg), which appear to |

due to an additional retention mechanism providgdhe sorbe cetylpyridinium surfactar

layer. CPBmodified FAU zeolite appears as a promising adsurfe simultaneus removal of
Cr (1) and Cr (VI)(Figure 2. [32]

Qe e Qe Q,.,

Cr-,O (anlon exchange)

Cr* (cation exchange)

é%%%

Figure 2: Theretention of Cr (VI on the CPB micelles and Cr)in the zeolite surfa.

Zenget al. (2010) studied the adsorption of Cr (V1) by hexegpyridinium bromide HDPB)
modified Clinoptilolite Their results indicated that HDPB modifiClinoptilolite had higher
affinities towardschromate than that of natural on[36] V. Swarnakeet al. (2011) reported
sorption of Cr (VI) on HDTM/Amodified zeolite (Erionite) in Wich the sorbed SMZ forms -
micelle surfactant surface coverage which is resipba for chromate sorption. The isothe
data was analyzed and fitted to the Freundlichhesoh in which the sorption capacity
Chromate reached 21gfy. Zeolite modified vith Fe could serve as medium to remove Cr |
from wastewater. [37]This is because, -loaded zeolites showed electrochemical reduc

ability, which was not observed in natural zeolitedile they maintainedtheir original high
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cation exchange capacity. Gaoxiang &@al. (2012) reported that the added Fe (lll) resuited
an enhanced Cr (VI) retention by the zeolite. ThiBuence of present Fe (lll) on Cr (VI)
retention by and transport through zeolite wasistudnder batch and column experiments. The
Cr (V1) adsorption on Fe (lll)-zeolite followed asgudo-second order kinetically and the
Freundlich adsorption isotherm thermodynamicallge Tadsorption of Cr (VI) on the Fe (Ill)-
zeolite increased as the equilibrium Cr (VI) concation increased. [38] Natural zeolites
modified with acid also showed better performant&bromium from wastewater. Based on
this: S. Kocaobaa and Y.Orhanb (2007) reportedctiremium removal from wastewaters by
natural and modified zeolites.Clinoptilolite-typ@irkey natural zeolite will pretreated with HCI
and HNQ to improve the adsorption capacity for heavy nsetdlhe result showed that the
modified Clinoptilolite showed removal efficiency (/0-80 %) and the natural Clinoptilolite
showed an efficiency of about 70 % as shown irfithee bellow. [39] The very recent work by
A. Nezamzadech and G. Kaja (2013) showed a novednudte selective PVC membrane
electrode constructed using a HDTMA-surfactant riedinatural zeolite (Clinoptilolite). This
membrane worked well over a wide range of concéotra5 x 10° to 1.0 x 1Fmol/L) of
CrO4% with a better Nernstian behavior towards chroniatein a wide pH range of 6.8-10.7.
Hence, the modified nanoclinoptilolite with HDTMAas used as an ionophore for construction
of a potentiometric sensor for this anion. [40]

For comparison of adsorption properties of natawrad synthetic materials as well as micro-
porous and mesoporous materials the work done bMaci et al (2004) showed Synthetic
(ZSM-5 zeolites) and natural (Clinoptilolite) zdek, as well as MCM-41 molecular sieve were
employed for removal of chromate from aqueous swiutand the maximum chromate
adsorption over as synthesized MCM-41 was muchtgrélaan that of the natural Clinoptilolite
and ZSM-5 zeolites. The higher sorption of chromayeas-synthesized MCM-41 might be
related to high surfactant aggregates on the isndaces of this mesoporous material. Hence,
from the standpoint of industrial applications,stlithromate sorption capacity of MCM-41 is
very attractive. [41]

1.4.1.2 Chromium removal using Mixed oxides
Hydrotalcite consist of stacked layers of metaliaret (Mf*and M) similar to brucite-like

structures. They are part of a common group of raiseknown as layered double hydroxides
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(LDHSs). The brucite-type layers are stacked ondbpach other and are held together by weak
interactions through the H atoms. Substitution tfaként cations for trivalent cations with
similar radii, where a maximum of one in threedtent sites are substituted by a divalent cation,
gives rise to positively charged layers. [42] Tleagral formula for these structures is as follow
M 1.2 M (OH) Aym™ NHO, where M* is a divalent cation, R a trivalent cation, and A
an interlamellar anion with charge m-. The resul{awsitive charge, caused by the substitution
of aluminum, is neutralized through the intercalatand adsorption of anions. Charge neutrality
is not confined to the interlayer region, but atsothe external surfaces of the hydrotalcite
structure. Because there is no overall charge,dtgtitite are quite stable. The interlayer region
of LDHs are complex, consisting of anions, waterlenoles, and other neutral or charged
moieties. A large variety of anionic species canpbsitioned between the hydroxide layers,
including halides, oxyanions, oxy and polyoxy-mietigls, anionic complexes, and organic anion.
[43, 44] The interlayer interactions of LDHs aredia¢ed by Coulombic forces between the
positively charged layers and the anions in theriayer, and hydrogen bonding between the
hydroxyl groups of the layer with the anions and ttater molecules in the interlayer. Water
molecules are connected through extensive hydrbgeding to the hydroxyl ions of the metal
hydroxide layers and interlayer anions. [45]

LDHs have a so-called “memory effect”, whereby aroyalcite material can be thermally
treated to remove water, hydroxyl, and carbonaties drom its matrix, then rehydrated in an
agueous solution to return to its original strueturhis memory effect can be used effectively to
remove harmful anions, both organic and inorgdinicn wastewater solutions. The calcinations
of hydrotalcite, at temperatures of 350-600°C, reasointerlayer water, interlayer anions
(Carbonate anions) and hydroxyls. The result isctiiapse of the crystalline hydrotalcite to an
amorphous magnesium oxide with disperself #ns as a solid solution. The carbonate anions
are decomposed to carbon dioxide g-&nd G, leaving G anions between the layers. [46]
Rehydrating the calcined product regenerates the,lMhere water is absorbed to reform the
hydroxyl layers, as well as being absorbed intoittkerlayer, along with the anion in solution.
The composition of hydrotalcite is dependent onpgHewhere hydrotalcite formed at high pH
(pH>13) had a Mg:Al ratio of 2:1 (M@\l2(CGs)(OH).2- xH.0), while those precipitated at pH=8
had a Mg:Al ratio of 4:1 (MgAl ,(CO3)(OH)0: XxH,0).
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Brucite like sheet (cations)

. Interlayer region
anions and water

Figure 3: Schematic representation of the hydrotalcite-gpéonic clay structure.

At high pH, a more stable microcrystalline carbenlaydrotalcite forms, because of the readily
adsorbed C@from the atmosphere, producing a saturated catbos@ution. At lower pH
(pH<9.5), a less well-defined crystal structurenfer Because of the decrease in the available
carbonate in solution, the intercalation of otheioas into the hydrotalcite structure is possible.
The decrease in available carbonate is due to apel rdecrease in OHons from solution
resulting in a lower adsorption of GGand therefore a decrease in available carbomaesafor
intercalation. [48-52]

Many researchers have used Hydrotalcite for metaladsorption and several review works
have appeared. However, these investigations fdcasesingle metal ion and the affinity to
mixed oxides. While for real wastewater systemsrdtare different types of contaminants and
may contain a mixture of metal ions. In recent geamnore investigations have concentrated in
this area. For example, B. E. Lopez Mui@al 2011, this study was all about sorption behavior
of the chemical species of Cr(lll) from aqueoususohs by hydrotalcite calcined products. The
final pH of the chromium sulfate solutions in carttavith the CHT in combination with the
concentration that promote different chromium (dHemical species play an important role for
the chromium (lll) sorption by the HT. The maximworption of CHT to exchange Cr (lll) is
26.5 mmol/g and the S®is incorporated into the lamellar crystalline sture of HT during the
regeneration processes as a consequence of theryeffect. The removal of Cr(lll) from
wastewater using CHT is a good alternative becthesexidation of Cr (Ill) to Cr (VI). [53]
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L. Cocheciet al 2010, in this paper, five hydrotalcite-like compds containing Mg and zif*

in different proportions as divalent cations weyatBesized and characterized from a structural,
textural and morphologic point of view, in orderlte used as adsorbents for chromate anion
removal. The calcined hydrotalcite like compoundn céde used as potential ion
exchanger/adsorbent for the removal of toxic Chusmion from wastewater. [54]

G N Manjuet al 1999, show the sorbent power of hydrotalcite MM, (OH):]**Aym™ NHO
compound for Cr (VI) from water solution. The rdsshow remarkable adsorption capacity
compared to other adsorbent. The efficiency of \@) (emoval is enhanced by decreasing the
pH of the solution. The maximum adsorption of Ci)(M observed at pH=2. This may be the
fact that anion exchange mechanism is involved @* ions are exchanged by HCEO
Adsorption of Cr (VI) increased with increasing tegmature. Desorption of Cr (VI) from spent
adsorbent was 95.7% at 0.1M NaOH. 100% removalrdi/@ from synthetic wastewater could
be achieved at pH=2. [55]

11 |



OBJECTIVE OF THE STUDY

2.1 General objective

The major attempt of this work is to study the agson capacity different natural zeolites from
Mexico and Ethiopia, synthetic mesoporous matefrieddcined and uncalcined SBA-15) and
mixed oxides (Hydrotalcite and SBA-15 supported kdyalcite) for chromium metal ions from

water solution.

2.2 Specific objective

/7

+ To investigate the efficiency of different porouaterial on chromium removal.

+« Finding suitable adsorbent which is capable of nangpor minimizing the risk of

Cr (VI) which appear in the discharged waste wateanneries.

K/

+ Introducing new, low cost, easily manageable andrenmentally acceptable way

of removing Cr (VI).
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EXPERIMENTAL PART

3.1 Materialsand Chemicals
3.1.1. Chemicals;

The raw material and chemicals used for this sindiude: two natural zeolites, Clinoptilolite
ZEOCAT (from Mexico) and a natural zeolite from @an, Ethiopia named Sample 7;
mesoporous materials (calcined and uncalcined SBAsinthesized at the Institute of Catalysis
and Petroleochemistry (ICP-CSIC), Spain and mixeddes (Hydrotalcite and SBA-15
supported Hydrotalcite) kindly donated by Prof. ed@osch and Dr. Geolar Fetter from
Universidad Nacional Autonoma de Mexico (UNAM)..®0; 1, 5-diphenyl carbazide,
Ethanol and 0.2N 8O, All raw adsorbent obtained in powder form, wernesbed and sieved
to the particle size fraction 75-125 um and prepdor the experiments. All other chemicals

used were at least reagent grade.
3.1.2 Apparatus and I nstruments used:

UV-VIS Spectrophotometer (PerkinElmer UV WinLab .8.0730 / 1.61.00 Lambda 900) has

been used for the measurement of the concentratiomromium.
3.2 Experimental procedure
3.2.1 Preparation of standard solution for UV-Vis measurement

In order to improve the sensitivity of UV-Vis tovelsr Cr (VI), a complexation agent, 1, 5-
Diphenyl carbazide (DPC), (bidentate ligand) isdusehe complexation must be done in acidic
medium. The carbonyl oxygen and the nitrogens la¢tdd¢o the phenyl group on the 1, 5-DPC
activate and the Cr (VMWill start to combine and form a complex with 1P®C having red
violet color. The characteristics peak is due ® ¢harge transfer from ligand to metal or metal
to ligand.

0.25 g of of a common complexing agent of chromi{y) for spectrophotometeric analysis
was taken and dissolved with some amount of 95%neth This solution was further diluted to
100 mL with distilled water.
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Scheme 1: Schematic diagram for ' (VI) complex with 1, 5-DPC.

0.360 g of KCr,O;, analytical gradewas dissolved in distillediater and diluted ' 1L. A series
of eight standardaere prepared by taking aliquots 0.1, 0.2, 0.30.4, 0.5, 0.7, 1 and 1.25 n
from the stock solutiomto 100mL measuring flaskgThe mass of the aliquots was accura
determined by an analytichblance).They were acidified with 5 miof 0.2 N sulfuric acid.
Then 1 mL offreshly prepared, 5-DPC solution was added ¢ach standard and a pink «
was immediately developeThe solution was completed by adding water ungl thark.The
amount of complexing agewas increased for the last four seriesrnake sure a total compl
formation. The @ndard solutions were analyzed with -Visible spectrophotometer witlcm
quartz cell .the absorbance measuremewere perforned in the range (400-700 nm. The

absorption maxima were observed at nm as shown.

A calibration curve is done by plotti the absorbance at the maximum vs the concentrafi

Cr (V1) in ppm.
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Figure 4: Spectral data of standard solution (A) and Calibraturve (B).

3.2.2 Procedurefor Adsor ption Experiment

For adsorption experiment, 4 ppm of Cr (VI) solatiwas prepared by weighing 11.3 mg and
diluting then in 1000 ml volumetric flask. Then 2rB of the solution was poured into each glass
vials which had 25mg of the different adsorbentii@ptilolite, sample 7, calcined SBA-15,
uncalcined SBA-15, Hydrotalcite and SBA-15/HT). Ragals containing the mixture and the
solution was left for a contact time of 24h undégovous stirring. After this, the solution was
taken to centrifuge to separate the supernatauatisolfrom the residue. Finally the supernatant
solution was immediately analyzed in the UV-Visaserement by adding small amount of
0.2N H,SO, and 1.5-DPC to each solution. These amounts wenerately weighed in order to
determine the dilution factor (correction). The @ibmnce was recorded at 540 nm and the

concentration of each solution was calculated uiegcalibration curve.

Note: The absorbance of the initial solution must ineasured every time to check the

concentration.
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RESULTS AND DISCUSSION

4.1 Cationic exchangers. Zeolites

Zeolites are crystalline aluminosilicates, compoasdlly similar to clay minerals, but differing in
their well-defined three-dimensional nano- and orgorous structure. Aluminum, silicon, and
oxygen are arranged in a regular structure of J8i@nd [AlQy]* tetrahedral units that form a
framework with small pores (also called tunnelsarotels, or cavities) of about 0.1 nm-2 nm
diameter running through the material. As a conereqe of the framework being built from
negatively charged units is that it possesses aeutive charge that must be balanced by the
presence of positively charged cations. Most néyuraccurring zeolites have the
environmentally predominant sodium ion as a looselynd counter ion. These can be readily
displaced by other ions for which a particular femwork has a much greater affinity, thus giving
zeolites significant ion exchange properties. [33]

Clinoptilolite is the most abundant natural zeolittnd has the chemical formula
N&y 1Kg 5Bao 04(Al g 31526 84072)°19.56H0. [14] Its characteristic tabular morphology shoavs
open reticular structure of easy access, formedymwn channels of 8-10-membered rings.
Considerable research has been conducted to okl@zacthe chemical, surface, and ion-
exchange properties of Clinoptilolite. The ion-eanfge capacity of natural zeolite for inorganic
cations has been investigated by many authors. [34]

It should be noted that the ion exchange and the pize properties of zeolites are partially
linked. When the zeolite is in the sodium form .(i.ee has positively charged sodium ions
balancing the net negative charge on the alumicatds framework), the sodium ions are
associated with the tetrahedral aluminum or silie@oms at the entrance to the pores and,
because of their finite size, they effectively reglihe diameter of the pore opening slightly. If
the sodium ions are replaced by potassium ions;iwéiie larger than the sodium ions, then the
opening of the pore is effectively reduced evemhien. This behavior permits a degree of control

over the size of material that can enter the pores.
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Figure5: Aluminosilicates tetrahedral structure and exchabtgecations within the zeoli

framework.

Zeolites are aluminosilicates, buher tetrahedral atoms such as phosphorus, gal

germanium, boron, and beryllium can exist in tlzerfework as well

In our attempt to evaluate natural zeoliteschromiumremoval, we have tested a commer
natural zeolite, clinoptilolite ZEOCAT (om Mexico) and a natural zeolite from Ethio
(Sample 7) collected in Gondar region which corganlot ofiron as extraframewo cation.
The X+ay diffraction pattern of this sample showed atom& of two structures: Natrolite ai
Analcime (Figure 6A @ad B, respectively). Natrolite with a unit cell fornaul of
NapAl 2Siz02(H20), shows to be the main product and Analcime (Na(;Og)(H20)) gives small
intensities. The average chemical composition off8a 7 provides a Si/Al of 1.88, and Fe/Ti
11.14. Tk idea of using an -containing zeolite was to survey the potential caug behaviol
of the adsorbent. For comparison purposes, a dilobie with Si/Al 4.5 and no Fe at all w:

evaluated and compared with the literature (Fi6C).

(A) (B) (©)
Figure 6: Crystal’s structure of Analcin(A), Natrolite(B) and Clinoptilolite (C
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Figure7: Picture of Sample 7 from Gondar.

C. Covarrubiast al, 2008 showed that the natural mordenite adsorlp ardund 25-30% of
hexavalent Chromium ion due to the narrow pore. site data showed that modified zeolites
having large surface area can easily absorb cheimatwhereas those with small pore volume
will result in low affinity for chromate ion. Seuhgk Leeet al, 2004 discussed the effect of Fe
in zeolite structure for removal of chromium fronastewater. The paper shows the Fe-loaded
zeolites have a great adsorption capacity. Thiuisto the role of the Eewhich is loaded in
zeolite that would reduce the Cr (VI) (as chromateon) to Cr(lll) that could easily be
exchanged by the negatively charged zeolite framlewidhe paper shows above 90% removal of
a composition of 3 g adsorbent in 0.03 L of 0.5 @M VI) solution. [32]

In our experiments we chose solutions of 4 mg/ICof(VI) and at a solid to liquid dose of 10
g/L. The contact time between the Cr (VI) solutard the zeolite was not optimized, thus set at
24h where we assume that the saturation or equiibhas been reached. As collected in Table
1, both samples show an unusually good adsorp@padty and it is worth noting that these
zeolites are not modified nor doped, they are wethey are collected. These results indicate
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that their pore volume is enough to retain the wtate ion from the solution. The UV-Vis
spectra in Figure 8 show the solution treated lhewtural zeolite show different absorption

peak with different intensity.

0.35 H 0.34

initial soln

CLI treated

. r . r . r . r . r .
400 450 500 550 600 650 700
Wavelength(nm)

Figure 8: Spectral data of the initial solution (A=0.35) aheé solution after treated by different
natural zeolites, namelZlinoptilolite (A=0.11)andSample 7 (A=0.14)

Table 1: Adsorption capacity of natural zeolites with aitiah concentration of Cr (VI) of
4mg/L.

Adsor bent type Amount of adsor bent/amount of % Removed
Cr (VI) solution
Clinoptilolite 0.025g/0.0025L 74.43%
Sample 7 10g/L 67.65%
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Zeolites are known to be cationic exchangers, therg should not accept anions. From the table
both natural zeolites show good (68 to75 %) adgmpesults for chromate ion this may bring
controversial idea with the expected ionic progsrof zeolites. Then, what property of the

natural zeolites help to remove such a high amotiahromate ions from the solution?

Three mechanisms may be proposed. 1) Most zefditesl in nature may contain impurities
and they are not as neat as synthetic zeolites.impurities are randomly located throughout the
structure of the zeolite and they may retain themlate ions from the solution. For instance,

extra-framework alumina should interact with chréenan improving the removal capacity.

2) Also the defects present in the structure afir@tzeolites contribute to the removal of
chromate ion. Defect structure is a fault or latkame part of the zeolite framework. In other
words positive charge centers may be present:htwrate ion from the solution can enter into

the missing part of the zeolites and can be stackedhe pore.

3) There is also the possibility of chromate ion@§>) to replace the hydroxyl anion (QHrom
the extra framework alumina. This may increasa¢neoval percentage of chromate ion. While
in contact with the solution, this extra framewatikminum will have some interaction with

chromate ions. So the removal capacity increasesalthis reason.

In summary, despite the low adsorption capcityasi natural zeolites, the two samples tested in

this work show higher Cr removal than those repbitethe literature.
4.2 M esoporous Silicate SBA-15

SBA-15 (Santa Barbara Amorphous) is an interesti@goporous silica material having highly
ordered nanopores and a large surface area, whiefdely employed as an adsorbent. Since it
has a lack of functionality, heteroatoms and orgémictional groups have been incorporated by
direct or post-synthesis methods in order to mothigir functionality. It exhibits interesting
textural properties, such as large specific surtaeas (above 1000°ng %), uniform-sized pores
(in the range 2 nm-30 nm), thick framework wallsadl crystallite size of primary particles and
complementary textural porosity. SBA-15 like MCM-#&la mesoporous, hexagonally ordered

material. Figure 9 shows the fiber like morpholajythe SBA-15 sample employed in this work
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(A), along with the TEM image of the projection iadpthe pore channels where the honeycomb

typical structure could be observed (B).

(A) (B)

Figure9: SEM (a) and TEM (b) images of SBA-15

SBA-15 is commonly prepared using a non ionic suafiat (Pluronic P123) which forms
micelles that provide the assembly in the mesopange. After the hydrothermal synthesis of
the silica around the micelles the resulting matérincalcined SBA-15) has no porosity,
furthermore, the surfactant is still located in thesopore and the only room for adsorption

would be the interface between the silica wall Hredcationic head groups of the surfactant.

Some researchers have tested the material asliratiove (uncalcined MCM-41) for
chromium removal [41] in an attempt to comparerdwilting behavior with that of surfactant-
modified zeolites. M. Ghiaci et al, 2001 show ttiegt adsorption capacity of chromate onto the
as-synthesized MCM-41 was higher than in surfaefdnt(binaural Clinoptilolite). With a
removal value of 73.6% from 62 ppm of Cr (VI) wdhratio of 0.15 g adsorbent in 0.025 L
solution, in as-synthesized MCM-41. Any how, a fisizp to have the porosity of SBA-15 fully

available requires calcinations at high temperat{&heme 2).
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Calcination at T

550°C, 3-6h

\4

Uncalcined SBA-15 calcined SBA-15

Scheme 2: Schematic representation of calcination of &-15.

From the UVWVis data of Figure 10 we can see that calcined -15 mesoporous materi
treated solution give absorption peak of A=0.284chs almost near to the value of absorp
peak of initial solution. This shows that calcif®@8A-15 remove small amounf chromate ion
from the solution most probably due to the largeepsize of the channels that allow -
chromiumions to pass through without retention. On the obi@nd uncalcined SE-15 give an
absorption peak at A=0.21 this shows us the unuadciSB/-15 remove more amount

chromateon than calcined one. This is due to the uncatti®BA-15 has some functional groi
(the interface) which increase retention capacftchromateion in SBA-15 or in the micelles

head groups which has positively char ethylene oxide chains.

0.35 | 0.3438

Initial soln
Calcined SBA-15 treat«

400 450 500 550 600 650 700
Wavelength(nm)

Figure 10: Spectral dataf the intial solution (A=0.38 calcined SBA15 (0.28 anduncalcined
SBA-15 (0.21treated solutiol
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Table 2 collects the removal efficiency of thesdernals. From the structural representation of
SBA-15 and the large pore size (30 nm), the chrenat in the solution will pass through the
straight channels showing very low affinity withetlsilica wall. Thus, despite the promising
properties of SBA-15 molecular sieve in separatitmere is still a need to modify or

functionalize the pore surface of SBA-15 for beteenoval behavior.

Table 2: Adsorption capacity of mesoporous materials withrétial concentration of Cr (VI) of
4mg/L.

Adsor bent type Amount of adsor bent/amount of % Removed
Cr (VI) solution
Calcined SBA-15 0.025¢g/0.0025L 13.59%
Uncalcined SBA-15 10g/L 39.89%

4.3 Anionic exchangers. Mixed oxides (Hydrotalcite and SBA-15/Hydrotalcite)

Hydrotalcite is, in its natural form, a hydroxycarate of magnesium and aluminum, belonging
to the class of anionic clays, with the formula Pip(OH).¢?".CO*.4H,0, and a layered
structure. Structurally, they are formed by brutite (Mg(OH),) sheets where isomorphous
substitution of M§" by a trivalent cation like At occurs. The positive charge of the layer is
compensated by anions, which occupy the interlapace along with water molecules. One of
the most exploited property of double layered htaloite is the so called “memory effect”
which consists in the spontaneous structural renacteon of the original layered structure after
being calcinated and then put in water or aqueoligigns containing different anions. [45, 46]
Anionic clays are the mirror images of cationicysland contain positively charged layers and
anions in the inter layers. Its name designatesi@enclass of natural or synthetic hydrotalcite-
like compounds (HTIcs), with general formula [(,(M")x(OH)I* [(A™)wmnH20]¢

Where: M' and M": divalent (Mg, Ni, Zn, Cu...) and trivalent cat®(Al, Ga, Cr, Fe...)

A: Interlamellar anion with charge m (G OH, CI, SQ? ...)

x: molar ratio M'/(M"+ M") and n: water molecule
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Layered charged positive

[M 2+1-X'VI 3+X(O H)Z] X

Interlayer distance
with anions and water

Figure 11: Layered structure of hydrotalc

Memory effect of Hydrotalcite

The anion exchange capacity of hydrotalis due tothe memory effect. The memory efi,
which consists in thepontaneous structural reconstruction of ttiginal layered structure aft

being calcinated and then put in water or aqueolugigns containing different aniol

When hydrotalcite are calcined, the layers becolapt $ogether by removing the interlay
distance. After in contact with anionic ution the mixed oxides will start to attain thearrmer
structure or reform again and they can start taimeanions (in our case C,*) easily from the

solution.

.ﬁﬁﬁ*

o In contact with

'uf.;'.’t_.l'.#wl‘ . | Calcination Anionic solution

Pl

|?| #.;*ir- ﬁ:Fr.rg

Hydrotalcite Mixed oxide Hydrotalcite

Scheme 3: Schematic diagram for memory efft
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In the aim to prepare nano-hydroxytalcite, a nesMyeloped synthesis route has been explored
in with the Hydrotalcite supported on a SBA-15. Timal composite SBA-15/HT has the
desired functionality in the pores surface, alontharge pore size that will allow the Chromate
ion to move through the channels.

0.35 0.3438

Initial solution
HT(1g/L) treated

HT(59g/L) treated

Absorbance(A)

400 450 500 550 600 650 700
Wavelength(nm)

Figure 12: Spectral data of initial solution (A=0.35) and 5mg (A=0.042)HT 12.5mg
(A=0.037)andHT 25mg (A=0.007treated solution.

The UV-Vis spectra (Figure 12) show the absorbapeak for chromium in the prepared
solution and after treating it with different dasfehydrotalcite. It's very easy to look and explain
the absorbance peak intensity difference betwesated and untreated one. The absorbance for
HT 25 mg is A=0.006 which is almost zero.

The graph shown in Figure 13 tells us the absokbafceach solution treated by different

adsorbent dose of the composite SBA-15/HT and rifi@li solution. As we can see from the
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graph it shows great difference in absorption patdasity. SBA-15/HT have A=0.004, which is

insignificant for 25 mg adsorbent dose.

Also it has better adsorption ability for chromate even at lower dose amount. So SBA-15/HT

is effective for adsorption of Chromate ion.

0.35 + 0.3438 Initial solution
0.30 - SBA-15/HT(2g/L) treated
' SBA-15/HT(5¢/L) treated

0.25 —
—_ 4
<
T 0.20 -
Q
() -
@©
Q9 .15
(@]
Q 4
g 0.10 H

0.05 —

0.004
_%— - \ /
0.00 o ——————— S —
T T T T T T T T T
400 450 500 550 600 650 700

Wavelength(nm)

Figure 13: Spectral data of initial solution (A=0.35) a@BA-15/HT 5 mg (A=0.01)SBA-
15/HT 12.5 mg (A=0.0042AndSBA-15/HT 25 mg (A=0.0040treated solution.

Both mixed oxides HT and SBA-15/HT vyield better @gigion capacity compared to other
adsorbents used in this work. From the data celteat Table 3 it can be observed that SBA-

15/HT has better adsorption capacity than Hydra&al&s decreasing the amount of adsorbent

dose the percentage adsorption will decrease haviigect relationship. The result obtained by
using SBA-15/HT (98.6% removal) is better than loydicite (88.7% removal), the chromate

ion effectively adsorbed by the composite.
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SBA-15 supported hydrotalcite at 2g/L ratio remov@6.3 % which means retains higher
capacity than hydrotalcite. This is because therdtgttite in the composite doesn’t require
calcination so it simply uses as anion exchangerit@ other hand the hydrotalcite crystals in
the SBA-15/HT composite are very small due to thafioement effect. Because of those
reasons the composite remove higher amount of ctemn from the solution.

Table 3: Adsorption capacity of HT and SBA-15/HT from awgan of 4 mg/L of Cr (VI).

Adsor bent type Amount of adsor bent/Amount of % Removed
Cr (V1) solution
Hydrotalcite 0.025g/0.0025L 100%
(10g/L)
0.0125g/0.0025L 88.7%
(59/L)
0.005g/0.0025L 87.8%
(29/L)
0.0059/0.005L 85.4%
(1g/L)
SBA-15/HT 0.025¢g/0.0025L 100%
(10g/L)
0.0125g/0.0025L 98.6%
(5g/L)
0.0059/0.0025L 96.3%
(2g/L)
0.005¢/0.005L 94.6%
(1g/L)

Table 4 collects a summary of the data obtainethim work. The obtained results show us
indirectly the chemical properties of each matet@ing these properties the determing factor

for the adsorption capacity for a Chromate iorhia $olution.

Hydrotalcite and SBA-15 supported hydrotalcite hgvanion exchange property show better
adsorption capacity than the rest of adsorbent ioeed above. In contrast SBA-15 in the
absence of functional group has lowest retainingacdy for chromate ion, lower even than
Zeolites due to the large pore size. Natural zeslghow high removal percentages despite their
cation exchange property, probably due to the warications present in the channels of the

zeolites which favour the adsorption of anions.
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Table 4: Comparison of the adsorption behavior of theedldht materials.

Adsor bent type Amount of Adsorbent/Amount of % Removed
Cr (V1) solution
Natural | Clinoptilolite 74.4%
Zeolite
Sample 7 67.7%
SBA-15 | Calcined 10g/L 13.6%
Uncalcined 39.9%
Hydrotalcite 10g/L 100%
5g/L 88.7%
2g/L 87.8%
1g/L 85.4%
SBA-15/HT 10g/L 100%
5g/L 98.6%
2g/L 96.3%
1g/L 94.6%
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CONCLUSION

The adsorption capacity of different adsorbents @womate ion was studied using batch
adsorption study. The absorption peak (from the \d¥spectra) difference between the initial

solution and after treating it with different adsent show the amount of chromate ion removed
from the solution with the respective adsorbente &hsorption peak on the UV-Vis spectra tells

the amount or concentration of chromate ion thatiikin the solution, not removed.

The two natural zeolites namely; Clinoptilolite addmple 7 give an unusually good result. They
removed above 60% of the Chromate ion from theti®olu This is due to the size of the
chromate ion in the solution have good probabildgyget in through the channel of zeolite
structure. The defect structure of zeolite framédwamd extraframework aluminum species help
the retaining capacity of natural zeolites.

We have also investigated Cr (VI) adsorption in SBAporous material both in the absence and
presence of surfactant. The Cr removal is not @asrly high (less than 40%). The uncalcined
SBA-15 show better adsorption capacity than catti®A-15 due to the presence of the
functional group of the surfactants.

The best result was shown by mixed oxides such wdrdthlcite and SBA-15 supported

hydrotalcite. Each material removes almost all theomate ion from the solution. The anion
exchange property of hydrotalcite helps them tooemore chromate ion. The supported SBA-
15 or the composite gave best result from eachhef material tested in this work. The

hydrotalcite having anion exchange property fixedhie SBA-15 material helps to retain more
chromate ion. It shows excellent adsorption betravio
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