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OZET

YUZEYAKT iF MADDELER iN CINKOOKSIT YUZEYLERE
ADSORPSYON VE DESORPSYON KO SULLARININ
INCELENMESI

GURSOY, Firat Melih

Yuksek Lisans tezi, Kimya MuhendigliBélimu
Tez Yoneticisi: Prof Dr. Simer Peker
Eylul 2009, 85 sayfa

Bu calsmanin amaci, yuzey aktif maddelerin c¢inko oksit riime
adsorpsiyon ve desorpsiyonskdiarinin incelenmesidir. 104 M 382 TUBAK
projesi kapsaminda Uretilen ZnO (¢inko oksit) naneterin birbirlerine
yapstiklar ve yuzeylerinin ince bir film tabakasi ikaplandgl goralmitar.
Farkl c¢ozgenlerle yikamalar yapildiktan sonra dahizeyde SDS (sodyum
dodesil sulfat)'in kaldii, SEM gorunttleri ve EDS analizlerinden amliaistir.
Etkileyen parametreleri aydinlatabilmek icin ZnOflizerine SDS adsorpsiyonu
bu calgmada sistematik olarak inceleryti.

Adsorpsiyon kati-sivi arasinda gercagklg icin adsorplayan kati ZnO’in
sulu cozelti icerisindeki ylzey yapisi, ve adsampla SDS’in sulu c¢ozelti
icerisindeki 6zellikleri incelenngtir. ZnO’in ylizey yapisinin ve ylzey yukinin
pH ile desistigi saptanmgtir. Deneysel ¢cajmalar sonucunda ¢inko oksitin ylizey
yukunun sifir oldgu noktanin (pzc) elektrolit konsantrasyonunalbalarak
8.7 < pH < 1lara@nda oldgu bulunmytur. pH < 8.7 de ylzey yuklu pozitif,
pH > 11'de negatif oldgu saptanmtir. Su icerisinde ZnO ytzeylerinde hidroksil
gruplarinin olgtugu ve bu gruplarin ZnO’in 7.75 < pH < 12 apahda dgisim
gosterdikleri bulunmgtur. Cinko oksit'in ¢ézunurlgl 3 < pH < 12 araginda
minimumdur. Yuzey yukune lga olarak pH azaldik¢a, ZnO yuzeyleri (+) yukli
olduklari icin (-) yukli DS(dodesil ) iyonlarinin adsorpsiyonu argtm. Degisik
pH deserlerindeki SDS adsorpsiyonu sirasinda, coOzeltiph'inda deisim
gozlenmektedir. Bu dgsim ZnO vyiizeyindeki B ve OH iyonlarinin
yerdesisimine balanmstir. pH=12 dgerinde yilzey yukinin sifira yakin ofau
icin adsorpsiyon sirasinda pH gigmi olmamstir. pH=12 deki adsorplanan
miktar diger pH’lardakine gore c¢ok fazladir. Bu fazlahk aqgsiyon
mekanizmasinin ggstigini gostermektedir.
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Desorpsiyon yuzdesi pH ile artgostermgtir. Desorplanan SDS miktari
nanotane uretiminde desorplanan miktara gore %8&@ tezladir. Aradaki farkin
nanotane Uretimi esnasinda O- (oksijen}ldddarina takilarak adsorplanan ve
yikama ile giderilemeyen SDS den kaynaklg@ndistinilmektedir.

Anahtar kelimeler: SDS, adsorpsiyon, pH etkisi, yluzey yuku, ylizegnal
iletkenlik.



VI

ABSTRACT

ADSORPTION AND DESORPTION BEHAVIOR OF
SURFACTANTS ON ZINCOXIDE SURFACES

GURSOY, Firat Melih

Masters Thesis, Chemical Engineering Department
Supervisor: Prof Dr. Stimer Peker
September 2009, 85 pages

The aim of this thesis is the investigation of #usorption and desorption
conditions of surfactants on zinc oxide surfacele Thanoparticles of ZnO
produced in the Project supported by TIWBK under the Technological
Research Grant 104M382 were found to be coatedthindilm that caused the
particles to stick together. SEM photographs and EDalysis showed that SDS
stil remained on the surfaces even after repeateshiwgs with water and other
organic solvents. In this work, SDS adsorption onOZis investigated
systematically to elucidate the factors controllihg adsorption.

Since adsorption takes place at the solid/liquiterface, the surface
composition of the solid ZnO and the physical props of SDS in solution are
investigated. It was found that the surface contipmsand surface charge of ZnO
varied with pH. The point of zero charge was foundvary in the range,
8.7 < pH < 11, depending on the concentration efdlectrolytes. The surface
charge of ZnO was found to be positive for pH < &id negative for pH > 11.
The surfaces of the ZnO particles were found tadilyde to different hydroxides
of Zn. The pH of the supernatant showed a vanatigh time in the range
7.75 < pH < 12. The pH of the solution did not dparmwith time outside this
range. The solubility of ZnO is minimum in theantal3 < pH < 12. Since ZnO
surfaces have a (+) charge below the isoelectiitt pithe adsorption of negatively
charged DSincreased with a decrease in pH. During the adsormf SDS at
different pH values, the pH of the solution wasrfduo be instable. This variation
was attributed to the exchange of &hd OH ions at the surface. Since the surface
charge of ZnO is nearly zero around pH=12, there meachange in the pH of the
supernatant solution during the adsorption procdsse specific adsorption
(mol/g) at pH=12 is much larger than that at other values. This excess in



VI

adsorption was attributed to a change in the atisorpnechanism. The percent
desorbed from the surfaces was found to increasie pti. In fact, the percent
desorption found in this work is about 50% gre#tan the desorption percentage
during the washing step of the nanoparticle pradactThe difference in the
desorbed amounts could be due to the SDS chemidailyded into the
O- vacancies during the formation of ZnO nanopkasic that could not be
removed during the washing step.

Keywords: SDS, adsorption, pH effect, surface charge, sarfarea,
conductivity.
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1. INTRODUCTION

The subject of the research on which this thesikwsobased arises from a
problem encountered in the production of ZnO by rthieroemulsion method in
the technological research, Project 104 M 382 stpgoby TUHTAK. ZnO
nanorods were grown in a basic medium (pH 13) istarfrom Zn(OH);~
precursor through the reaction,

2Na* + Zn(OH);~ - Zn0 + H,0 + 2Na* + 20H~

The reaction took place inside the rod-like micellef hexanol/SDS
surfactants dispersed in heptane. The reactionk mace at 14% in an
autoclave. At the end of the reaction the nanosuspension was washed repeat

in hot water and the solvents listed in Table 1.1

Table 1.1Desorption effect of different solvents.

Initial SDS ATE?;;;;DS Desorption ‘(’)/:Jq,;(:]sgrbed
No Solvents Amount of SDS from

(10° mol) W;'f‘ter surfaces, % surfaces

(20° mol)

1 Acetone 3.26 0.10 3.1 96.9
2 Ethanol 3.26 1.01 31.0 69.0
3 Water 3.26 1.56 47.8 52.2
4 Ethylether 3.26 0.05 1.7 98.3
5 | Acetonitrile+Water 2.46 0.73 29.5 70.5
6 Ethanol+Water 2.46 0.68 27.8 72.2
7 Acetone+Water 2.46 0.65 26.4 73.7
8 Ethylether+Water 2.46 0.70 28.5 71.5
9 Acetonitrile 3.26 0.08 2.3 97.7
10 Water (again) 3.26 1.36 41.8 58.2

The total amount of SDS in the wash waters weréyaed. The difference of the
initial amount of SDS and that analyzed, gave timeunt of SDS that remained
adsorbed on the surfaces of ZnO nanorods.

That SDS could not be thoroughly removed from Zn@axes were further
supported by SEM images given in Fig. 1.1. A flufifjn covering the nanorods
and the rods joined by the aggregation of thesasfils clearly evident from
Figure 1.1(a-e).
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Figure 1.1SEM and EDS analysis of nanorods.

EDS analysis are made a section the surface ofotie confirm that there is an
appreciable amount of S, signifying the presence@®.

SDS is a anionic surfactant molecule has the ch@Em@omposition
C,2H,50S03.Na* and the structural formula is illustrated in Figg.
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Figure 1.2 Structure of SDS.

The molecule consists of a long, eleven-unit methyl (CH) chain,
terminated on the right-hand end with a methyl §Cétoup. This chain is the
nonpolar tail. The left-hand end terminates with Hulfate polar headgroup. In
polar solvents like water this amphiphilic molecudmizes to form an anionic
amphiphile and a sodium cation. The negatively @ber hydrophilic polar
headgroup (O-S§) is attracted to the water molecules while the bgtipbic tail
is repelled.

ZnO is considered as one of the industrially im@attmetal oxides with a
wide range of application areas, due to its optiedbctrical and mechanical
properties. ZnO normally forms in the hexagonalrfzite) crystal structure (Fig.
1.3). HCP packing of oxygen anions (black) produbesZnO wurtzite structure
of zinc oxide. The co-ordination of Zn is tetrat@dbecause there is little energy
difference between the tetrahedral and hexagonaitates.

Figure 1.3Wurtzite structure of ZnO (Zn grey, O black).

The appearance of Si on the surfaces must be daec#étibration error of
the instrument for there were no silicates in thaction mixture and the each
water. Na peak coincides with the Zn peak and tberecould not be analyzed. It
is more probable that Naons were removed from the surfaces by washirtgr af
the adsorption of SDS.
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Aim of this research is to determine the adsorptad desorption behaviour of
SDS onto ZnO surfaces. In addition, characterimatioZnO surfaces structure in
the aqueous solution. Since ZnO nanoparticles’ dyced in the Project

(TUBITAK 104 M 382) was not sufficient in amounbrfthe analyses, ZnO, from

Merck was used. ZnO from Merck was characterizedhleysame methods used
for the ZnO obtained in the project.

BN

Z8kU  X18.880 1hm 18 48 S ; B 18 48 SEI

Figure 1.4 SEM images of Merck ZnO.

SEM images of Merck’'s ZnO showed that the particlese short with
cylinders with hexagonal cross-sections (Fig. 1Meir dimensions were in the
order of nanometers. So, we decided Merck ZnOdcbel used to simulate the
ZnO produced in the project.

Although SDS in extensively used in research, diigne on the adsorption

of SDS on ZnO is scarce. The relevant literaturéghensubject is summarized in
Table 1.2.



Table 1.2Several researches about SDS adsorption.

Author, year | Adsorbate Adsorbent | Parameter Main results
_— ZnO-BET surface| CTAB, increases the
SDS-anionic . .

. Area: 5.75 g zeta potential and
Sadowski and surfactant ] . R
Polowezyk CTAB- Zn0, pH: not adjusted. exh|b|ts_h|gher

' e IEP:8.95 | T: 20°C adsorption. SDS,
2004 cationic
decreases the zeta
surfactant .
potential.
SDS-anionic MgO-BET CTAB, increases the
Sadowski and surfactant MgO surface area: 8.4 | zeta potential. SDS,
Polowezyk, CTAB- IEP'lé 4 m?/g pH: not decreases the zeta
2004 cationic A adjusted. potential and exhibits
surfactant T: 20°C higher adsorption.
Surface charge of| Adsorption,
Gold-thiol, independent of the
controlled and surface charge
fixed density. density. First,
sbs, formation of a
recrystallized bilayer of surfactan
ethanol.  Salt: | molecules.Second,
o Nacl opposite orientatior
Tulpar and SDS-anionic Gold-thiol Water,del(_)nlzd, of the molecule.
Ducker, 2004 | surfactant charcoal-filtered Charge regulation,
T,constant.
pH,constant. remove_s the
counterion from the
surface. NaCL,
decreases the
interaction
Hu and Bard, Surface charge of| CMC, 8.1-8.4mM
1997 Gold-thiol, Surface,positively
controlled and charged. Addition of
fixed density. SDS,surface charge
SDS,purified by | reversal to negative
recrystallization | charge on substrate
from ethanol to and SDS form bilayer
remove any film or small surface
o impurities. micelle. Surface
SDS-anionic |~ 1 o1 | Water,deionized | charge is related to
surfactant T,constant. the amount of SDS

adsorbed on the
substrate. Near the
CMC,monolayer
adsorption, greater
than CMC,bilayer
adsorption and
micelle structure.




Surface charge of Gold-thiol, controlled
and fixed density. SDS purified

sSDS Gold-thiol | recrystallization from ethanol to remove
any impurities. Purified water was from &
NanoPure system.
Main results

Levchenko et
al., 2002

Surface, positively charged. Purity of SDS playsgmificant role. Sodiun
dodecyl sulfate is known to hydrolyze over timédom dodecanol which
enhances the adsorption of SDS below the criticeéle concentration
(cmc) (8.1mM) and decreases the adsorbed amouwéedbe cmc. The
dodecanol impurity can exist in commercially avaiéaSDS purity on SD$
adsorption equilibria. A decrease in the adsorbeduat of surfactant
above the cmc can be associated with solubilizaifafodecanol in SDS
micelles in the bulk. Dodecanol lead to max. adsonpabove the cmc.
Adsorption depends on SDS concentration. Belovethe, the kinetics of
ionic surfactant adsorption is governed by monoausorption. Above the
cmc, where micelles are present the mechanismrE#cant adsorption
can depend on the nature of the surface. The micgifieuld not be able tq
adsorb directly onto hydrophobic surface. If thefaee is hydrophobic,
intermolecular van der Waals forces stabilize gutsam. In the case of
charged hydrophilic surfaces, the electrostaticderare also involved and
dominate the interaction compared to the van deal$\farces.

Purakayastha
et al., 2005

Double distilled Rubber granules
water was used. could remove up to
Rubber granul- %92 of SDS from
BET:0.45-0.78 wastewater.

(m?/g) and washed | Langmuir and

with distilled water, | Freundlich adsorptior
dried at 103C for isotherms were usud
2h. pH:6 Adsorption of more
T:26°C strongly sorbing
solute, the adsorptior
would be controlled
by pore diffusion.

Rubber
granules

SDS, anionic
surfactant

Adsorbate Adsorbent Parameter

Milli-Q water was
used.

The particles were
dried at 136C for
15min.

-Titanium dioxide
(rutil).
-Quartz.
-Kaolinite.

SDS-cmc: 8.2E-3M
TTAB-cmc: 3.6E-3M
CTAB-cmc: 9E-4M

Main results

Schulz and
Warr, 2002

TTAB and CTAB adsorption onto quartz, the nearesgimbor distances of
the aggregates within the adsorbed layer, whichedse significantly wit
increasing pH for both CTAB and TTAB. SDS and TTABsorption ont
rutil,at pH:3.3, 4.1, 5.2, a periodic texture isselved, indicating that SD
forms spherical org lobular surfactant aggrega®égnificant adsorption @
SDS was observed at pH 3, whereas the amount adsatopH 10 wa|
insignificant. In contrast, CTAB adsorbs at both pdlues, with greatq
adsorption at pH 10. The adsorption behavior of $&S attributed to th
charge on the edges of kaolinite particles. Adsibrivécelles of SDS ar|
found at pH’s less than the point of zero chargeutife, whereas TTAH
and CTAB adsorbed micelles are found only above pbats of zerd
charge of rutile and quartz,respectively.

T E 0 =pnoo




2. THEORY

Adsorption depends on many parameters, such asutti@ce morpholog
and characterization of the adsorbate, molecularctsire of the adsorbent,
solubility and critical micelle concentration antygical properties of the liqu
solvent.For this reason investigation of the rate of adsonp without studying
the effective parameters has little significanceé smmains empirice

2.1Interfacial Properties of SDS

Surfactants are amphiphilic molecules that possesis hydrophbic and
hydrophilic properties. A typical surfactant molecule consists of a I
hydrocarbon ‘tail’ that dissolves in hydrocarbordarther no-polar solvents, and
a hydrophilic ‘hea-group’ that dissolves in polar solvents (typicalwter). The
nature of the head oup makes it possible to divide sictants into subclasses
namely Anionic, Cationic, Zwitterionic and Nonioni®ne example of a di-
character molecule havinc polar headgroup and a nc¢-polar tail is sodium
dodecyl sulphate (SL, anionic surfactant), NaOSO.-Hs (Fig.2.1).

Sodium
Na*
Suliate
S
D:%:O Dodecyl
sodium dodecyl sulfate
I
@ 0 H H H H H H
2 2 2 2 2 2
Na 0—S—0—C C C C C C
I Ne” TN TNl TN TN \\CHg
0 H2 HZ HI H2 H2

Figure 2.1 Typical structure of SDSStokes and Evans, 1€).

When a sufficient amount of SDS is dissolved in axatseveral bull
solution properties are significantly changed, ipatarly the surface tensic



(which decreasesand the ability at the solution to solubilise hychrbons
(which increases). These changes di¢ occur until @ minimum bulk SC
concentration is reached. This concentration idedalthe critical micelle
concentration (CMC).

Technically, a micellar sution is a colloidal dispersion of organis
(self-assembled) surfactant molecules (Fig.2.2). -ionic surfactant molecule
can cluster together in micelles of 1000 molecolesore, but ionic species te
to form micelles with 10 to 100 moleculescause of electrostatic repulsic
between the head-groups.

£

Figure 2.2Micelle structur of SDS (Chen et al., 2009).

2.1.1 @nductometric determination of the cmc

Below the CMC, the addition of surfactant to anemus solution causes
increase in theumber of charge carriers (* (ag) and " OSQ;Cy2H2s (aq) ) anc
consequently, an increase in the conductivity. Abthe CMC, further addition «
surfactant increases the micelle concentratemains approximately constaiat
the CMC level) (Fig. 2.3)A plot of conductivity against surfactant concetitna
is, thus expeted to show a break at the CMC (Stokes and EVESB%; Huang
and Lee, 2001).



_________ - / Conductivity

Figure 2.3Demonstration of CMC point of surfactant (Univeysif Malta, 2000).

Below and above the CMC, surfactants are presdheifiorm of monomers
and micelles, respectively. Numerous factors cafiluence CMC values,
including type and concentration of electrolytesnperature, surfactant structure,
and organic additives.

2.1.2 Micellar geometry and critical packing parameer

At low bulk concentrations surfactant molecules present in aqueous
solutions as solvated monomers. However, when thek concentration exceeds
a critical value, known as the critical micelle centration (CMC), the
hydrophobic tails segregate from water and aggeeigdd colloidal micelles with
a hydrophobic interior and a hydrophilic surface.eTshape of micelles is
determined by the critical packing parameter, Cefihdd as

Vtail

CPP = ———— 2.1
Ltail *dg ( )

a= The mean molecular area occupied by a surfaotafeécule.

Leail = [1.5 + 1.265((n. — 1) — x)] Length of the tail. (2.2)

n.= The number of carbon atoms in the hydrocarboimadhéahe tail.
Viail = nc[((ne — 1) — x)Vey, + Veu,]  Volume of the hydrocarbon tail.  (2.3)

Vcu, = Volume of the CH,.
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Vcu, = Volume of the CHs.
Ncy = The number of hydrocarbon atoms in the hydrocadiain in the tail.

x = Variation of Length, i.e. full length or redutéength.

Litail

|

Figure 2.4 Shape of a surfactant molecule (J6nsson eB8P)1

The area, @& includes water molecules in the hydration sheltr@ polar
head and the effects of electrostatic repulsiome8pal micelles are formed for
CPP < 0.33, globular or spherocylindrical micelles fo38 < cpp < 0.5 and
vesicles for CPP > 0.5. SDS has a long hydrocartdmain and the packing
parameter of SDS is 0.37. It forms spherical més(Fig.2.5) and depending on
the concentration, ionic strength of the solutiowl ahe nature of the counterion
the shape of its micelles may vary from spherioagherocylindrical (Rieger and
Rhein, 1997).

Head group

Area a

Volume V

alkyl Chain

Figure 2.5 Schematic representation of an idealized sphemdz|le.

2.2 Structure of ZnO Particles

Zinc oxide is a chemical compound with the formdaO. It is nearly
insoluble in water but soluble in acids and alkdlisoccurs as white hexagonal,
wurtzite type crystals and a white powder commdaigwn as zinc white (Fig.
2.6). Zinc oxide occurs in nature as the mineratire. Physical and chemical
properties and crystal structure data of ZnO arergin Table 2.1and 2.2.
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(b)

Figure 2.6 (a) The crystal structure of ZnO (hexagonal),tfig) face of ZnO crystal.

Table 2.1Physical characteristic of ZnO (Zhuxi, 1995).

Crystal Structure Hexagonal ,Wurtzite.

Lattice parameters a=3.249A, ¢=5.205A,
c/a=1.602

Melting temperature 197%

Density 5676 kg/

Specific heat 0.125 kal/g

Thermal conductivity 0.006 kal/cm/K

Thermoelectric constant 1200 mV/K at 573 K

Table 2.2Crystal structure data (Zhuxi, 1995).

Spacegroup Symbol; P63mc

Origin Offset: (none)

Lattice Type: P

Unit Cell Parameters

a [A] b [A] c [A] alpha [deg] beta [deg] gamma [deg]

3.3500 3.3500 5.2200 90.000 90.000 120.000

Fractional Coordinates of Atoms in the Asymmetric Unit

Site Label Element X y z

O ) 0.3333 0.6667 0.3750
Zn Zn 0.3333 0.6667 0.0000

Zinc oxide is a rather common material which isduéer a quite large
variety of different applications. Probably the mbwsible” use in every day’s
life is that as a white pigment (zincwhite) in gaig and coloring of e.g. paper. A
completely different area is medicine, where zixgde is used e.g. in wound-
treatment making use of its antiseptic propertiesaddition to these applications
dating back to previous centuries the present tadolgical importance of ZnO
results from its semiconducting and optical prapsrt One example are
transparent conducting oxide (“TCO”) layers whiene suitable to be used as
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front electrodes in thin film solar cells. ZnO halso been used as a sensor for
hydrogen and carbon hydrides since the conductivityhin zinc oxide films
varies considerably with hydrogen gas pressure.

Presently, the possibility to grow ZnO nanoparsdle a rather large variety
of sizes and shapes is attracting considerabletette With regard to chemical
processes one of the oldest applications is in ecion with rubber
vulcanisation. ZnO has been used to acceleratdsuipduced vulcanisation and
to improve the properties of rubber.

2.2.1 Structure of ZnO crystals

ZnO crystallizes in the wurtzite structure with e ion surrounded by a
tetrahedron of four Ziions, and vice versa. In an ionic crystal of zixide in
which the oxide ions are greater than 1.5 timesdiaeneter of the zinc, the
smaller zinc ions may retreat to semi-interstilaations just beneath the surface
where they are shielded from complete surface expd$-ig. 2.7a). The structure
lacks inversion symmetry and cutting the crystappadicular to the c-axis results
in two structurally different surfaces. Hence theotepposite sides of the c-
oriented wafer are terminated with one type of ionly. These polar, or ‘basal’,
surfaces (bases of the prism shown in Fig. 2.7buatally referred to as (0 0 0
1)-Zn and (0 0 @ )-O terminated surfaces.

c
o Z_n AC A
S 4 - (000 1)

0001) | (101D

o~
L= 3
o~

(1121)

3 (1010)

Figure 2.7a) Unit cell of the ZnO wurtzite crystal structure) lowindex planes of the crystal,
¢) photograph of a ZnO single crystal grown with ¥ T method.
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The (1 01 0) and (1 12 0) and surfaces are the prism faces and the2(1)1
surface is the pyramid face of the crystal. Fig.c2shows a photograph of a
‘pencil’-type ZnO single crystal grown from the \apphase, with the (1 0 0)
and (1 12 1) faces labeled (Diebold et al., 2004).

The internal structure of a crystalline solid apeafect array of atoms or
ions reproduced indefinitely is not accurate. Mabseaks in the perfect
periodicity lead to well-defined imperfections.

The regularity in a single-phase, pure, singletatitse solid can be broken
by:

1. Point imperfections, such as vacancies and iitals exist in
thermodynamic equlibrium. Surfaces act as sourcesank for vacancies.
Point imperfections in ionic solids are charged rgzgimension
imperfections).

2. Linear imperfections, such as dislocations aretroduced by
thermal/mechanical stress. Edge dislocations liepeaalicular, screw
dislocations parallel with their Burgers vector detimensional

imperfections).

3. Planar imperfections, such as small-angle boueslastacking faults, twins
have surface energy (two dimensional imperfections)

4. Volume imperfections, such as voids (three-direarad imperfections).

2.2.1.1 Non-polar surfaces of ZnO

The mixed-terminated (1010)-surface

The ZnO (100)- mixed-terminated surface of zinc oxide is thergetically
most favorable surface; SEM images recorded for po@der particles reveal a
dominance of this surface which forms the sideshefhexagonal columns, see
Fig. 2.8.
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Zn-Zn0O(0001)

Zn0O(10-10)

O-ZnO(000-1)

Fig.2.8 Left: SEM-image of ZnO powder patrticles. Centethesnoatical sketch showing
the typical shape of ZnO powder particles, a herafoolumn with the top-face
corresponding to the Zn-terminated Zn-ZnO surfacé the bottom to the O-
terminated O—ZnO surface. The six side faces ameqaivalent and correspond to
the mixedterminated ZnO (10) surface. Right: Atomic model of a hexagonal
column of a ZnO particle (W6ll, 2007).

The nonpolar surface is not electrostatic instaedias expected for the polar
surfaces are present and the actual geometrictisteuof the surface should be
similar to a bulk truncation, which is illustratedFig. 2.9

Figure 2.9Structure of a bulk-truncated mixed-terminated ZaQ10) surface. The Zn atoms are
represented by the grey, small balls, the oxygemsatoy the black balls. Unlike the
two polar surfaces of ZnO, O—ZnO and Zn-ZnO, thigalar surface does not exhibit
an electrostatic instability (Wéll, 2007).

Today, in terms of industrial added value, the deahproperties of ZnO
surfaces are the most important ones. Many diffeolemicals are produced
using zinc oxide or zinc oxide based compounds lat@erogeneous catalyst. The
most prominent example is methanol, which until@®&s been produced with
catalysts containing ZnO as the active componetthofgh there has been a
substantial interest recently in unravelling thenaistic mechanisms on the ZnO
catalysts, the only consensus appears to be tligf€zts are the active sites.
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In the surface tunnelling microscopy (STM) micrqgra shown in Fig. 2.10
it is remarkable that the density of defects afidm step edges, in particular that
of vacancies, is fairly low. In the study by W6H0Q7) this question has been
investigated in some more detail and on the bddiseoSTM data it was proposed
that on the clean ZnO (10) surface only few defects exist which corresptind
missing oxygen atoms or missing ZnO pairs. In gmaeswork it was reported that
after exposure to hydrogen the number of defecteases substantially and both
oxygen vacancies as well as ZnO vacancies canser\a.

T

a
[OOO0 Ty, [TZ1L0] "N, 5

Q

Figure 2.10 STM images recorded for a clean, mixed-terminaa® (1 01 0) surface. The
large scale image shown in (a), width 200 nm, watained at room temperature,
images (b) and (d) were obtained at 380—400 K,elimg parameters: 2.1 V, 1.3
nA in (@), 2.6 V, 0.4 nA in (b) and 0.7 V, 1.1 nA {d); (c) line profile AB
indicated in b. Figure taken from (W6ll, 2007).

The mixed-terminated (1120)-surface

This nonpolar surface has been the subject of asfadies only; the number
of works reported for this termination is signiintly smaller than for the other

surfaces of ZnO.

Figure 2.11Structure of a bulk-truncated mixed-terminated Za@0) surface. The Zn atoms are
represented by the grey, small balls, the oxygemstoy the black balls. Unlike the
two polar surfaces of ZnO, O-ZnO and Zn-ZnO, timpalar surface does not exhibit

an electrostatic instability (Wéll, 2007).
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The atomically resolved image in Fig. 2.12 shovsulattice with only one kind
of atomin the unit cell. Typically, cations are igeal in empty-states STM of
metal oxides, Zn atoms are tentatively assign bsgbts. Oxygen vacancies are a
common surface defect on metal oxide surfaces ande observed directly with
STM (Libuda and Sicoles, 2000); no indication okamg O atoms was observed
in such atomically resolved images on ZnO. Missatgms’ in the atomic rows
were observed occasionally. This could indicate éther Zn atoms are missing,
or that adsorbates sitting on these Zn sites niadu tappear black. The surface
free energy of the ZnO (10) surface was found to be only slightly largemtha
for the ZnO (120) surface, but significantly lower than for theotwolar ZnO
surfaces.

LS 4-’

Height (nm)

o

.40 80120
Distance (nm)

IOC;(Q/ [1100] g e

Figure 2.12Atomic model (white balls O, gray balls Zn) oflaxX 1) terminated surface
(Diebold et al., 2004).

2.2.1.2 The polar surfaces of ZnO

For single crystals of ionic materials with a na@anto symmetric bulk
structure a particular type of surface orientatierssts which are referred to as
polar surfaces. The ideal surface geometry of armalrface obtained by a simple
truncation of the bulk structure with ions of therge formal charge as in the bulk
is not stable. This instability of the polar surfaa# ionic crystals scales with the
size of the specimens so that, in principle, palarfaces of very small oxide
particles could be stable.

Surprisingly, most previous studies carried out foe two polar ZnO
surfaces, the O-terminated O-ZnO surfaces or Zr@1j0as well as the Zn-
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terminated ZnZnO surface (or ZnO(0001)), have failed to observe :
reconstruction.

Structure of the zinc-terminated ZnO(0001) surface

The structure of an ideeunreconstructed and unrelaxed-ZnO surface is
shown inFig. 2.1% a; b.

b)

(0001)

(1000)

(0007)

Figure 2.13a) Structure of an ideal, unreconstructec—ZnO(0001) surface. The Zn atoms
represented by tkgrey, small balls, thexygen atoms by the bla balls. Note, that
this surface is electrostatically inste (Woll, 2007). b)Polar planes of Zn(
(Peterson, 200

The observation is general to all diffraction studiesl suggests a high
density of defects, a typical phenomenon for oxdddaces. Thifact really calls
for a microscopy study of this surfa In a recent STM study kWoéll (2007) the
nature of theses defects has been identified:abalts revealed tl presence of a
large number of steps resulting in a rather rougfiiase with many tangular-
shaped terraces, yielding a very characteristigphmogy (W6ll, 2007), see Fig.
2.14.
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Figure 2.14a) STM images recorded for a Zn—ZnO surface, fiartub et al., (2003). b)
Structure of the H-saturated H(1 - 1) Zn—-ZnO swfaddote, that this surface
is electrostatically instable.

As expected from the small size of an H-atom re¢ato the surface unit cell, the
exposure of the zinc-terminated Zn—-ZnO surfacestdmic hydrogen leads to the
formation of a H(1 x 1) overlayer.

The polar O—ZnO surface, ZnO (00 Q1 )

The structure of an ideal, unreconstructed O-Zn@ (0 1 ) surface is
shown in Fig. 2.15. The terraces on the O-termthatgface are much smoother
than the Zn-terminated surface; no nanosized halesvisible (Diebold, 2004).
Since the bulk-terminated (1 x 1) surface should westable due to an
electrostatic instability, the absence of a stmadtwearrangement in principle
implies the presence of a charge transfer, leadirgmetallization of this surface.

Figure 2.15Structure of the ideal oxygen-terminated polarazefof ZnO, O-ZnO or
ZnO (0 0 01 ). Note, that this surface exhibits an electrésiastability.

There are several experimental findings which suppoch a structural model
proposing rows of oxygen vacancies. This surfacelgays saturated with
hydrogen.
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2.2.2 Surface structure of ZnO

Many metal oxides will hydrolize in the presence whter to form
hydroxide layers at the surfaceM-OH). Water molecules may be both
physically and chemically adsorbed onto the surfatehe dispersed oxide
particles. The polar hydroxyl (-OH) groups may @tise surface to attract and
physically adsorb a single or several additiongeta of polar water molecules.
An oxide or hydroxide surfacell-OH) can become charged by reacting with H
or OH ions due to surface amphoteric reactions (Egd) éhd (2.5)).

=M-OH+H* ©&=M - OH} (2.4)
=M-0OH+OH™ & M—-0" +H,0 (2.5)

At low pH, hydroxide surfaces adsorb protons tadpiee positively charged
surfaces(= M — OHJ). At high pH they lose protons to produce negativel
charged surface& M — 07). The number of these sites and the surface charge
of the oxide particles are determined by the pHhef solution. The useful pH
range may be limited because the solubility of egidnd hydroxides is strongly
pH dependent, especially when the cation can fordndxyl complexes.

When the zinc oxide is immersed in the water thdase of the oxide is
hydrolyzed and a layer of hydroxide is built up g¢a and Kosec, 2000).

A higher solubility of this oxide (ZnO) in compaois to either TiQ or
FeO; complicates potentiometric titration because diggmn processes also
compete significantly for added acid or base (Sedtal Janusz, 2008).

The surface charge is formed on the metal oxiderasult of ionization and
completion reaction of surface hydroxyl groups. f&e charge density as a
function of pH is very important characteristic thie surface properties of the
metal oxide/electrolyte solution (Sedlak and Jan2698).

In aqueous solution ZnO dissolution takes plac®miag to the following
reactions:

Zn*?, ., + OH™ & Zn(OH)*

(aq) (2.6)

(aq)
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(2.7

(2.8

(2.9]

(2.10

(2.11

(2.12
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(2.14

(2.15

(2.16

The solubility diagram for zinc oxide in equilibmuwith an aqueous solution
varying pH is shown in Fig. 2.1

1.0g
0.9
0.8 L
0.7

0.6 |
0.5}
0.4
0.3}
0.2}
0.1}
0.0t

Zn(OH)
Zn(ou)m) n(OH), (aq

Fraction

Figure 2.16Solubility diagram for zinc oxide (Reichle et dl975)
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In water suspension of zinc oxide the surface hyide =Zn-OH or

Zn(OH)ys) is in equilibrium with the solution which contaispecies that can be
represented by Zn*{,, Zn(OH)* .y, Zn(OH)z.,, Zn(OM)3 ., and

Zn(OH)ﬁ‘(aq). Fig. 2.16 represents the fraction of zinc spe@essting as

2+ - 2—
In”(hq), Zn(OH)“(aq), Zn(OH)Z(aq), Zn(OH)3(aq) and Zn(OH)% aq OVer a

range of pH at Z%&. The hydroxide complexes can be representedebfotimula
Zn(OH)?7!, i = 1 — 4, also (Degen and Kosec, 2000).

Amphoteric molecules called zwitterions containhbpbsitive and negative
charges depending on the functional groups presetihe molecule. The net
charge on the molecule is affected by pH of thaira@inding environment and
can become more positively or negatively charged ttuthe loss or gain of
protons (H). The point of zero charge (pzc), in physical cstry, is a concept
relating to the phenomenon of adsorption, andstdbees the condition when the
electrical charge density on a surface is ziiie.usually determined in relation to
an electrolyte's pH, and the pzc value is assigoedgiven substrate or colloidal
particle. When the pH is lower than the pzc vathe,system is said to be "below
the pzc." Below the pzc, the acidic water donatesenprotons than hydroxide
groups, and so the adsorbent surface is positigefrged (attracting anions).
Conversely, above pzc the surface is negatively rgata (attracting
cations/repelling anions).

The isoelectric point (pl), sometimes abbreviatedeP, is the pH at which
a particular molecule or surface carries no nettetal charge. The pl is the pH
value at which the molecule carries no electridahrge or the negative and
positive charges are equal.

The pzc is the same as the isoelectric point (IEfEre is no adsorption of
ions other than the potential determining®H" at the surface. This is often the
case for pure ("pristine surface") oxides in water.the presence of specific
adsorption, pzc and isoelectric point generallyehdiferent values.

The point of zero charge (pzc) and isoelectric pofrihe material can be
obtained several methods as (Kosmulski, 2009);

» cip (common intersection point of potentiometric titwa curves obtained
at three or more ionic strengths or equivalent wash
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* intersection (intersection point of potentiometric titrationreas obtained at
two ionic strengths).

* pH (natural pH of the dispersion, e.g., mass titradaod potentiometric
titration at one electrolyte concentration).

» |EP (isoelectric point obtained by means of electrophis, electroosmosis,
or electroacoustic method).

One of the methods used for determination of thetpd zero charge is the
potentiometric acid-base titration of dispersionnparison with blank titration in
the absence of the dispersed solid oxide phasdsyielative values of the surface
charge densities. Absolute values of the surfaeegehdensities are then obtained
by setting the zero value at the common interseqgbioint (isoelectric point) for
different ionic strengths. The advantage of thishoe is that experiments can be
performed at extremely low ionic strengths.

The basic process at a metal oxide surface in aguenvironment is the
surface charging due to interactions of active agfsites with the potential
determining ions. For metal oxides, the potent&kdmining ions are Hand OH

ions.

The surface charge density (Gjroan then be expressed as

AVxM=F
c=——— (2)1
S*xm=*1000
where,

AV (mL): difference between the titrant volumes u$adthe solution with ZnO
and the electrolyte solution at given pH values.

M (mol/L): molarity of the titrant.
F (C/mol): Faraday constant (96500 C/mol).
S (nf/g): specific surface area of ZnO.

m (g): mass of ZnO in solution.
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2.3 Adsorption

Adsorption at the solid—fluid interface plays angigant role in various
disciplines of the natural science and underliesmuanber of technological
processes. The applications of adsorption are wrdasl; among the many fields
of practical importance based on this process, aare mention heterogeneous
catalysis, flotation, material science, microelecics, ecology, separation of
mixtures, purification of air and water, electrostistry, chromatography, and so
forth.

2.3.1 Adsorption theories

Adsorption is the adhesion of atoms or moleculestlon surface of a
material. This process creates a film of the adserlfthe molecules or atoms
being accumulated) on the adsorbent's surfacs.different from absorption, in
which a substance diffuses into a liquid or sobdféerm a solution. The term
sorption encompasses both processes, while desoiiptihe reverse process.

Many physical and chemical processes occur abtledary between two
phases, while others are initiated at that intexfaén understanding of
phenomena occuring at such boundary surfaces ieftihe often assential for
explaining the mechanism of, for example, dissoluind crystallization.

Adsorption is one of the fundamental surface phesran(as well as a unit
operation). However, atoms on the surface of thsodment are not totally
surrounded by other adsorbent atoms and theretmmeatiract adsorbates. The
exact nature of the bonding depends on the dethilse species involved, but the
adsorption process is generally classified as gbygtion (characteristic of weak

van der Waals forces) or chemisorption (charadterisf covalent bonding)

(Fig. 2.17).

gas molecules

a) )

Figure 2.17a) Physisorption, b) Chemisorption (Kaplan, 2009).
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Adsorption can take place at the following inteescthe process of
adsorption in the following system (Oscik, 1982):

1. liquid/gas, 2. solid/gas, 3. solid/liquid, 4did/liquid

The necessary condition for adsorption is thatafrtbe phases must be a fluid in
which the adsorbate can diffuse freely.

2.3.2 Adsorption isotherms

Adsorption is usually described through isotherthst is, the amount of
adsorbate adhering on the adsorbent as a funcfiats ressure (if gas) or
concentration (if liquid) at constant temperaturke quantity adsorbed is nearly
always normalized by the mass of the adsorbenide &omparison of different
materials.

Langmuir adsorption isotherm

In 1916, Irving Langmuir published a new model ot for gases
adsorbed on solids, which retained his name.dtssmi-empirical isotherm

surface coverage

concentration or pressure

Figure 2.18Langmuir’s adsorption isotherm

. derived from a proposed kinetic mechanism. litaised on four assumptions:

1. The surface of the adsorbent is uniform, thaslisthe adsorption sites are
equivalent.
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2. Adsorbed molecules do not interact.
3. All adsorption occurs through the same mechanism.

4. At the maximum adsorption, only a monolayer isnfed: molecules of
adsorbate do not deposit on other, already adspreleécules of adsorbate,
but only on the free surface of the adsorbent.

The Langmuir equation or Langmuir isotherm or Langmadsorption
equation relates the coverage or fraction of serfac which molecular adsorbed
on a solid surface to gas partial pressure or curetgon of a medium above the
solid surface at a fixed temperature. The equati@s developed by Irving
Langmuir in 1916. The equation is stated as:

ox*xP

= 2.18
1+axP ( )

0 or theta is the fractional coverage of the surfétes the gas partial pressure or
concentrationp alpha is a constant. The constanis the Langmuir adsorption
constant and increases with an increase in thergnehergy of adsorption and
with a decrease in temperature.

The Langmuir equation is expressed here as:

Kc

P mec ke

(2.19)

where K = Langmuir equilibrium constant, ¢ = aqueoancentration (or gaseous
partial pressure), = amount adsorbed, ahg,.x = maximum amount that can be
adsorbed as c increases.

The reciprocal of the Langmuir equation yields ttheeweaver-Burk equation:

_ 4 (2.20)

A plot of (11") versus (1/c) yields a slope =I{K) and an intercept = Lfax
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BET adsorption isotherm

Often molecules do form multilayers, that is, scane adsorbed on already
adsorbed molecules and the Langmuir isotherm ivalat (Fig. 2. 19).

BET

Langrmur

Figure 2.19BET’s adsorption isotherms.

In 1938 Stephan Brunauer, Paul Emmett, and EdWalér developed a
model isotherm that takes this possibility into@aat. Their theory is called BET
theory, after the initials of their last names. Tegivation of the formula is more
complicated than Langmuir's.

The Langmuir equation is expressed here as:

X 1 N x(c—1)
V(l - X) Vmon€ VmonC

(2.21)

X is the pressure divided by the vapor pressurettferadsorbate at that
temperature (usually denoted P%,R is the STP volume of adsorbed adsorbate,
Vmon IS the STP volume of the amount of adsorbate reduio form a monolayer
and c is the equilibrium constaktwe used in Langmuir isotherm multiplied by
the vapor pressure of the adsorbate. The key assamysed in deriving the BET
equation that the successive heats of adsorptioaliféayers except the first are
equal to the heat of condensation of the adsorbate.

The Langmuir isotherm is usually better for chenmpsion and the BET
isotherm works better for physisorption for non-rofmorous surfaces.
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Freundlich’s adsorption isotherm

Boedecker proposed in 1895 an emprical equatiothébadsorption in the
form:

a=kp/" (2.22)

where k and n are constants. This equation is knasvRreundlich’s adsorption
isotherm equation, because Freundlich assignedt gneaortance to it and
popularized its use. It has been widely used asempirical equation for

gualitative purposes, and seemed to have no phantitheoretical foundation.

Kisliuk adsorption isotherm

Molecular interactions between gas molecules agsbdn a solid surface
form significant interactions with gas moleculestire gaseous phase. Hence,
adsorption of gas molecules to the surface is nlikedy to occur around gas
molecules that are already present on the solithseir rendering the Langmuir
adsorption isotherm ineffective for the purposesrafdelling. This effect was
studied in a system where nitrogen was the adsorbatl tungsten was the
adsorbent by Paul Kisliuk in 1957.

1— e—R’(1+kE)t

e(t) = 1 + kEe—R’(l-l-kE)t (223)

ke : Sticking coefficient.
R’ : The rate constant for the Kisliuk model.
0 : Fractional coverage of the adsorbent with adserb
t : Immersion time.
2.3.3. Adsorption on metal oxide surfaces
Since the surface of metal oxides is usually cavemith chemisorbed

water, i.e., surface hydroxyls, its adsorptive hbraand catalytic action should
be affected by the presence of surface hydroxyie. Khowledge of the numbers
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of surface hydroxyls, therefore, is necessary far tritical discussion of the
interaction between metal oxide surfaces and ads®rimolecules (Nagao and
Morimoto, 1980).

Hydroxyl species on metal oxide surfaces have vedeiconsiderable
attention in recent years, because their preseaseptonounced effects on the
chemical activity and electronic properties of éxglirfaces (Noei et al., 2008).

2.3.4 Adsorption of surfactants

Surfactant adsorption is widely used to achive gearis wetting, colloidal
properties, and lubrication. Many surfactant ararghd, and it is well-known that
the charge on the solid-liquid interface affects #mount of adsorption, the shape
of the adsorption isotherm, and the organizationtred adsorbed surfactant
molecules (Tulpar and Ducker, 2003).

Some aspects of surfactant adsorption to solidasesf are clear. For
example, charged surfactants adsorb readily bytrelatic interactions on
oppositely charged surfaces. A characteristic featf surfactant adsorption at
concentrations below the critical micelle concetidra (cmc) is that adsorbed
surfactants form local aggregates (Hu and Bard7)199

Sodium dodecyl sulfate is known to hydrolyze oweretto form dodecanol
which enhances the adsorption of SDS below thécaritnicelle concentration
(cmc) (8.1mM) and decreases the adsorbed amouwedbe cmc. The dodecanol
impurity can exist in commercially available SDSripuon SDS adsorption
equilibria. A decrease in the adsorbed amount dgastant above the cmc can be
associated with solubilization of dodecanol in SDh3celles in the bulk
(Levchenko et al., 2002).

2.3.5 Instruments used in measuring adsorption beler

Adsorption has been intensively investigated witpegimental techniques,
such as scanning tunneling microscopy (STM), lowrgn electron diffraction
(LEED), x-ray diffraction, Raman spectroscopy, draalgle x-ray spectroscopy
(SAXS), nuclear magnetic resonance (NMR), tempesgbunogrammed
desorption (TPD), and many others. These methoaldda detailed information
about physicochemical properties of solid surfaues adsorbates.
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3. EXPERIMENTAL

3.1 Materials and methods

3.1.1 Materials

(SDS) Sodium Dodecyl Qulfate: SDS is used as the surfactant to be adsorbed in
this work. It is an anionic surfactant and has muoaler formula of
CioH2s0SONa. SDS  has a purity of greater than 99.00% (RAY Its
molecular weight is 288.38 g/mol. It is used withturther purification. 1-16mM

of its solutions are used in all the experimentise Bolutions are prepared by
weight determined g SDS in a 250 mL volumetricklasd filling the flask up to
250 mL with distilled water. SDS solutions are gald into ultrasonic water bath
for 15minutes and they are mixed by IKA-Laborte&hRH basic magnetic stirrer
for 20minutes. Finally, solutions are kept in cabiecubator at 2.

(ZnO) Zinc Oxide: Zinc oxide has a purity of 99% (MERCK). Its mol&u
weight is 81.39 g/mol. This material has a mediuwartiple size of 530 nm and a
BET surface area of 5.17°fg. Before experiments, ZnO was dried at Z56or
5hours. 1g of ZnO is used in all adsorption experits.

Water: Distilled water with a conductivity and pH valué 7 uS/cm and 5.58,
respectively, in all experiments.

(NaOH) Sodium Hydroxide: Sodium Hydroxide pellets purity 99.9% (MERCK)
is used in the experiments. Its molecular weighdGsg/mol. It is used without
further purification. 0.01 M and 0.1 M of its saluts are used in all the
experiments. The solutions are prepared by weigbidgg and 4 g of sodium
hydroxide in a 1 L volumetic flask and filling up L L with distilled water.

(HCL) Hydrochloric Acid: An aqueous hydrochloric acid solution from J.T.
BAKER consisting of 36-38% hydrochloric acid is dseavithout further
purification. The density of hydrochloric acid is1®@g/mL and its molecular
weight is 36.46 g/mol. 0.01 M and 0.1 M of its dmus are used in all the
experiments. The HCL solutions are prepared byntaki.83 mL and 8.3 mL of
HCL solutions and filling up to 1 L with distilledater.
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(C;HsOH ) Ethanol: Extra pure ethanol has a purity of 99.5% (Kime}lsdis
molecular weight is 46.07 g/mol and its densit@.i89-0.82 g/cm(20°C).

(C4HyCOCH3) Methyl Isobutyl Ketone(MIBK): Its molecular weight is 100.16
g/mol and its density is 0.80 g/émnd is bought from ATABAY.

Tego trant A100: Solid powder Tego trant A100 is titrant for theetenination of
anionic surfactants and soaps (METROHM).

Tego add: Liquid Tego add is solubilizer for the determioati of ionic
surfactants(METROHM).

Glassware: Before every experiment, all glassware were cléamigh tap water
and repeatedly washed with distilled water follovibgcdrying at 70C for 24 h.

3.1.2 Methods

The ZnO is dried by CARBOLITE FURNACES HTC 1400nter furnace
at 250-300°C for 5 h. In the adsorption and desorption expenits the solid
suspensions were mixed in NUVE ST 402 shaker wadén for 24 hours. The
surfactant concentration is determined by METROHB5-DMP Titrino with
Surfactrode Resistant electrode. The solid ZnOlapuid phases are separated in
HETTICH EBA-21 centrifuge at 5000 rpm for 15 mimd required amounts of
species are wieghted by using the Sartorius GP683ate and all the samples are
kept at 25C in a NUVE ES500 incubator. The samples and spexie mixed by
IKA-Labortechnik RHbasic magnetic stirrer and alseith IKA-Werke
mechanical stirrer. The suspensions are stabilineBLMA Ultrasonic LC30
sonicator. The all glassware are dried in NUVE KD 2irying oven at 60-7C
for 24 hours. pH and conductivity measurementsparéormed with a WTW PH
330/SET-1 and WTW COND 340i /SET, respectivelyeTdried samples are
kept in a silica gel-desicator at constant low Hdityi Surface charge density of
ZnO is determined with potentiometric titration imed. Crystal Structure of ZnO
is determined with Phillips X'Pert Pro X-Ray Diftmmeter (XRD) at a scanning
rate of 4 deg/min in at2range from Bto 80, at IYTE MAM. BET surface area
of ZnO which was dried at 186 for 3h was determined with Micromeritics
Gemini V, IYTE MAM and Quantachrome-Nova2200, D. &.Department of
Material and Metallurgical Engineering. Images aied in Scanning Electron
Microscopy (SEM) were used to observe the partitiape of materials. Their
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surface concentrations (Zn, S, Na, O, N, Si) weeslenwith Energy Dispersive
Spectrometer (EDS) analyses working in coordinatothn SEM, JEOL JSM-
6060, D.E.U. The solubility measurement of ZnOi#fecent pH and zinc content
of phases is determined by VARIAN spectra atomsogftion spectrophotometer
(AAS).

3.2 Simulation and Characterization of ZnO

Prior to adsorption studies, Merck's ZnO powder vedmracterized by
several methods. Crystal structure, particle shapeface impurities, surface
charge and specific surface area of ZnO were déetedrby XRD, SEM, EDS,
potentiometric titration and BET analyses, respetyi

3.3 Charge Regulation of ZnO and Adsorption Conditions

The surface charge of ZnO is depend on pH. Thisgehia due to surface
species M-OH and M-O described in section 2.2.2. pH adjustment of the
surface species and adsorption were started at sa@egarge deviation in
adsorbed species were observed. When the surfacgecivas regulated at the
given pH and then adsorption started the results smoother. Thus, surface was
convert to stable state with this work.

For charge regulation of ZnO surfaces, 1g ZnO waighis placed into
50mL volumetric flask and 15mL water at constaht i3 poured onto ZnO
weighed. Then, this mixture is placed into sonicdty 120 min. Afterwards,
15mL SDS solution at different concentration and@istant pH is poured onto
mixture. In the initial experiments maximum adsmptwas obtained when
30 mL SDS solution was used for 1 g ZnO. This radikept constant in this
research. Finally, this mixture is placed into sraland kept for a day.
Equilibrium is reached after two days and analysfethe supernatant solutions
are made to determine the amount of SDS adsorbéthOnparticles. If the SDS
adsorption is made at a pH level different fromt thladistilled water, pH of the
SDS solutions are adjusted with HCL/NaOH before #ageriment. All
experiments were carried out at constant temperati25C.

Equilibrium is reached after two days. Then theigohs are poured into the
centrifuge tubes and placed into the centrifugeptaited at 5000 rpm for 15 min.
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After centrifugation, supernatant solutions areetakvith a pasteur pipette and
these solutions are kept in glass vessels.

Adsorbed amount of SD$() can be calculated from Eq. 3.1, the difference
in concentration before and after adsorption ofasant, AC, in a solution of
known volume, V, after adsorption equilibrium ha&eb reached, i.e.:

F*—ACXV— mol
" m  gZnO

(3.1)

where m is the mass of adsorbent.
3.4 Desorption Condition

To see if SDS was adsorbed physically or chemicatiio ZnO surfaces,
desorption was carried under the same conditioslsgrption. ZnO particles that
had adsorbed the SDS at a certain pH were usdu iexperiments to desorb into
the solution under the same conditions. SDS cormtion was 9x18M and
distilled water was used at different pH valuesisT3DS solution at 9x1IM was
adjusted to pH 4, pH 8, pH 10 and pH 12. In addjt®DS solution was used at
natural pH. All experiments were carried out at@femperature.

Before the dsorption, solid which was obtained fiSDS adsorption at the
predetermined pH value was dried af@®or 24 h. 30 mL double distilled water
was prepared at same pH as the adsorption condisnpoured onto this solid.
Then, the mixture is placed into the sonicator 20hours as in adsorption
conditions. Afterwards, this mixture was placedoishaker for a day. Finally,
desorbed amount of SDS was determined with titromat

3.5 Conductivity Measurement

The solutions that were prepared at different SDi&centrations and same
or different pH are mixed with magnetic stirrer fitd minutes. Then, conductivity
of solutions were measured with a WTW Cond 340i /S&r all operations are
finished.

The critical micelle concentration (CMC) of SDS weletermined from
conductivity measurements. CMC of SDS is obtaimechfinflection point on the
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the chart, when conductivity is drawn as a funct@inSDS concentration at
different pH values.

3.6 Potentiometric Titration

Surface charge density of ZnO with a surface afeéaly nf/g in aqueous
solution of NaCl was determined by potentiometritration. Titration is
performed with four different electrolyte concetiwas, 0.001 M, 0.01 M, 0.1 M
and 0.5 M NacCl.

Two runs were carried out:

1) 0.1 g ZnO is dispersed in 150 mL electrolyte sofu The initial pH of the
system is adjusted to ~ 11 with 0.1 M NaOH. A M%olution of HCl is used as
a titrant in the pH range from 11 to 4. A doseiwant 0.2 mL/min is added to the
system with an automatic titrator (Metrohm 785 DMHRrino). During the
titration, system is stirred with a magnetic stiremd the pH of the system is
measured with a glass pH electrode. Experimentsaareed out at 25C.

2) Blank titration (electrolyte in the absence of(@nis performed under the
conditions described above.

The difference in acid or base quantities, usedhtain the same pH in
solutions with ZnO and the blank, is taken to reprg# the association or
dissociation of Aions from ZnO surfaces.

For this end, ZnO is dispersed in the electrolyid the initial pH of the
medium is adjusted to ~11 with NaOH solution. Expents are performed by
slow addition of titrant -HCI solution- to the dexgion. In each addition of titrant,
pH of the medium is measured. Then, Titrant Volureesus pH data are drawn
on the chart.

3.7 Solubility of Merck’s ZnO

Solubility of Zn'" ions are determined as a function of pH, befoagtisg
the adsorption experiments at different pH.
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The experimental procedure is as follows: The agseswlution with pH
varying between pH=2 and pH=3 are poured on toZh@Q powder. Then, these
solutions are mixed with a mechanical stirrer fOrrhin. On completion of the
mixing, phase separation is observed below the eswlgnl solid ZnO and
supernatant solution. When separation is completese suspension are filtered
with filter paper under the vacuum in order toambtthe solution phase. Finally,
the aqueous phase is analyzed with Atomic Absand@pectrophotometer (AAS),
for the Zri™ content.

Standard solutions are prepared at different cdrmgons of ZA* from
Zinc acetate dihydrate salt for calibration of A&S.

3.8 Determination of Stable Regions

When ZnO is immersed into water, several speciesfammed on ZnO
surfaces. These species are important for thasidharge density measurement
and adsorption because, they are affected by thaatiem of pH. As a
consequence, experiments were carried out witl® &@% zinc oxide (2 g), and
agueous solution (12.5 mL) with dilute solutions WEL and NaOH used to
preset the initial pH. The initial pH was monitorasl a function of time with the
suspension mixed continuously for 4 days.

3.9 BET-Specific Surface Area Analysis

Adsorption of SDS onto ZnO can be determined whik tmethod, also. In
this set of experiment, SDS was adsorbed onto Arfiffarent concentrations, at
natural pH and constant temperature®(@5 Concentrations of SDS solutions
were between 1x19M and 16x1C M. Equilibrium was reached after two days.
The suspension are poured into centrifuge tubdsitarentrifuged at 5000 rpm
for 15 min. After the centrifugation, supernatamtiusons were taken with
pasteur pipettes and kept in glass vessels. Twerlphase, obtained after SDS
adsorption, were dried at 8D for 24h before determination of the surface area.

BET surface area of ZnO particles are determinedNpyadsorption-
desorption isotherms. Before measurement, sampdes dried at 156C for a
day.
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The results of the BET surface area determinatwos® used to check the
fractional surface coverage of SDS on ZnO by EZ. 3.

Fractional surface coverage:

g m 2 . mol ,3 molecule
0.57x10™ ofecute T gZn0 x 6.02x10% 07 sbDS _ 1 3.2)

2 2
Specific surface area (BET) % m

where 0.57nrhis area which is coveraged by a SDS moleculerdd gurfacel”
is adsorbed amount of SDS onto 1 g ZnO.

3.10 SEM and EDS analysis

Images obtained in SEM were used to observe théclearshape of
materials. Their surface concentrations (Zn, S,®ld\, Si) were determined with
EDS (Energy Dispersive Spectrometer) analyses wgrkn coordination with
SEM. In this experiment, four samples were analyséith SEM and EDS.
6x10° M, 8.3x10° M, 10x10° M and absence of any SDS molecule in solutions
were used at adsorbed medium. After SDS adsorptioa, equilibrium was
reached after two days solutions that include Zm@igle were deposited on a
carbon band and allowing the evaporation of theewat room temperature. The
carbon bands, which are deposited with samplesc@ated with Au/Pd mixture
and are placed under vacuum for 45 minutes. Thiem, SEM analyses are
performed for different scales. For each sampkmehtal analyses are performed
with the energy dispersive spectrometer, EDS tgre of the existence of zinc
ions in the system.

3.11 XRD Analysis

The ZnO, Merck ZnO powder that was used for sinnatvas dried at 250
°C for 5 h before it was analysed with x-ray dift@oeter (XRD). To determine
crystal structure of ZnO, X-Ray Diffractometer (XRWas used at a scanning
rate of 4 deg/min in at2range from Bto 8¢.
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3.12 Determination of SDS Concentration

Anionic surfactant analysis was made as aforemeaticusing Automatic
Titrator System combined with “Surfactrode Resistaelectrode and 785DMP
Titrino (Fig. 3.1).

i

J\E@ ,

Figure 3.1 Metrohm 785 DMP titrino.

Potentiometric two-phase surfactant titrationngwn as the most accurate,
precise and quick method and also inexpensive repect to the spectroscopic
analysis methods. The basis of potentiometric stafd titration is a precipitation
titration, in which the analyte is precipitated awith the titrant. The titration
produces the optimal S-shaped titration curves. FRg).

650

550

Uu(mv)
N
a1
o

(EP)

350 1

250

0 5 v(mL) 10 15

Figure 3.2S shaped titration curve and determination of goidt (EP).

Cationic analytes are titrated with anionic titgnénionic analytes with
cationic titrants. Both titrations can be carried m the dynamic mode, in which
the added volume increments are calculated by eopriccessor according to the
change in the electrode potential and then added.



37

In addition to the automatic titrator system, TEG&nt A100 (1,3-didecyl-
2-methylimidazolium chloride), the cationic surfaat, is used as the “titrant” for
anionic surfactant analysis. This titrant possessbigh reaction speed and has a
high affinity to the analyte surfactant. The titraproduces larger potential
differences between the start of the titration #@sdend, the largest potential
changes occuring in the region of the equivaleraetdEP). In this method, the
ion associate formed by the analyte and titranextracted into the second,
organic phase in the titration with the surfactrodesistant as indicator
(see Fig. 3.3).

Figure 3.3 Detection principle of two-phase surfactant tibatusing the metrosensor Surfactrode
Resistant.

Titration can be carried out in the presence oblaent. The addition of
solvent immiscible with water is an absolute netgs3he solvent is highly
important for the detection. Methyl isobutyl ketofdMIBK) and ethanol mixture
is used as our solvent mixture in the anionic siaiat analysis.

Measurement with surfactrode resistant electrode

An example for the determination of SDS concerdratis given below:
10 mL SDS solution at 4x1 concentration, 70 mL distilled water and 0.2 mL
Tego add are put into a 150 mL glass beaker. TtienpH of the solution is
adjusted to 3.0 with HCL at 0.5 mol/L, with a 1 rayringe. Then, 20 mL solvent
mixture (MIBK and ethanol) is added to the solutiovith adjusted pH.
Afterwards, reference electrode (Fig. 3.4) is tagahof its pot.

Figure 3.4Reference electrode. Inner and outer fillingsfaliedd with 3M KCL for anionic
surfactant analysis.
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Reference electrode, surfactrode resistant (Fi§) &nd Tego trant A100
transmitter is put to the mechanism. Before digpihis mechanism into the
solution, it is mixed until turbity is observed.

. &=
Figure 3.5Surfactrode resistant electrode to analyze thenamgurfactants.

In order to start the titration, we should press'‘tbtart” key on the 785 DMP
titrino keybord (Fig. 3.1).

Concentration of SDS in solution is calculated fimmmula given below:
CTegotrant * VTegotrant (Ep) = CSample * VSample
Cregotrant= Concentration of Tegotrant, (mol/L).

Vregotrant= VOlume of Tegotrant used in experiment duringasugement, (mL).

Csample= Concentration of sample, (mol/L).

Vsample= VOlume of sample used in experiment during mesment, (mL).
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4, RESULTS AND DISCUSSION
4.1 Simulation and Characterization of Merck’s ZnO

A series of tests were conducted to see if the paf@icles produced by
Merck could be used to simulate the ZnO nanopedigroduced in the Project
104 M 382.

4.1.1 XRD analysis

Characterization of the particles were started WKRD analysis to
determine the crystal structure of ZnO (Fig. 4.1).
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Figure 4.1 Wurtzite crystal structure of Merck ZnO.

As seen Fig. 4.1, XRD analysis of Merck’s ZnO shdwsanilar result with both
ZnO produced in the Project and literature; e.gutavte crystal structure.

4.1.2 SEM and EDS analysis

As a second characterization, SEM and EDS anatydiderck’'s ZnO were
made with Scanning Electron Microscopy (SEM) andergy Dispersive
Spectrometer (EDS), respectively. As seen Fig. 9EM images of Merck’s ZnO
showed that the particles were short cylinders Witiagonal cross-sections. In
particular, shape of ZnO patrticles in circle on tight-hand of SEM Picture have
hexagonal cross sections.
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18 98 SEI

Figure 4.2 SEM images of Merck’ ZnO.

Their dimensions were in the order of nanomet8cs.we decided Merck ZnO
were similar in size in with in the same order aheénsions magnitude as the
nanoparticles produced in the Project.

In addition, surface composition of Merck’s ZnO wasalysed with EDS
analysis (Fig. 4.3).
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Figure 4.3EDS analysis of Merck’s ZnO.
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The results showed the presence of sulphur atcasfaf Merck’s ZnO, also. In
this case, there were sulphur ions and some itngsithat could not be removed
on the Merck’s ZnO surfaces during fabrication ofX

4.1.3 BET-Specific surface area analysis

BET surface areas of commercial ZnO was founds.2% nf/g. From this
data, surface area of Merck’'s ZnO was smaller thah of products produced in
the project (BET : 40.35 ffy). This was mainly because the surfaces of
commercial rods were rather smooth, where in tlogePr the rods were made up
of globuler stick together. So we decided to usamhroercial ZnO as simulation
material.

4.1.4 Surface Charge Density Measurement

Surface charge density of Merck’'s ZnO was obtaibgdpotentiometric
titration method at different electrolyte (NaCL)noentration (Fig. 4.4).
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Figure 4.4 Surface charge density measurement of Merck’s ZnO.

As seen Fig. 4.4, surface charge density increaghsncreasing electrolyte
concentration of dispersion solution. Due to amehot properties of ZnO,
surface charge density of ZnO between pH 6.8 a@dntreases perceptibly. In
this region, neutralization takes place by titnatmf the base with acid. Surface
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charge transforms to pozitive values completely hadomes stable. The most
time is spent in here during potentiometric timatiexperiment by device. At
lefthand and righthand of this S-shape, surfacegehdensity changes easly, but
variation of surface charge density is little. Beém pH 8 and pH 11, surface is
covered with OHions and at pH<6.8, surface covered withiéhs. The slope of
S-shape becomes a most horizontal with decreasedtrolyte concentration.

In addition, point of zero charge (pzc) of mercKisO was affected by the
concentration of electrolyte. As given in Fig. 40&¢ value of ZnO decreases with
increase of electrolyte concentration.
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Figure 4.5Variation of pzc with concentration of electrolyte.

To adjust the pH of electrolyte solution during esmenal, 1 mL, 1.5 mL
and 3mL NaOH solutions were used to fix the pH €0Q@ M, 0.1 M and 0.5 M
electrolyte concentration, respectively. So, pz&o® decreases with increasing

concentration of OHions in solution, because ZnO surface is coverigd @H

and some species are formed suc?Zna(sOH)g(aq) and Zn(OH)ﬁ‘(aq) (Fig. 2.16)

(Eq. 2.6 — Eq. 2.11). The increasing of these gsdower the pH of zero charge
from pH =11 and pH = 8.76.

Different values are given in the literature foe ttange of pH in which pzc
is observed that confirm with our results by shgkimat the pzc is observed in the
interval 6.9 < pH < 9.8, that change as a functibthe electrolyte concentration
(Sedlak and Janusz).
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4.1.5 Solubility of Merck’s ZnO

The solubility in terms of mol percent Znthat passes into the solvent
phase is given in Fig. 4.6 as a function of pH (&pgix A, Table A.1). The
solubility of Zn"* remains approximately constant in the range Tx2ax10°® for
the interval 4 < pH < 11.
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Figure 4.6 Solubility diagram for ZnO.

Solubility percentage of Zh decreases for pH > 9.5 and reaches a
minumum at pH 12. The solubility of Zh increases again for pH > 12.
Accordring to Sedlak and Janusz (2008), the minunaatubility of ZnO is
observed in the interval pH = 9.9 < pH < 12.3, lbweaZnO dissolution takes
place according to Eq. 2.6 - 2.16 in agueous swiuti

4.1.6 Determination of Stable Region

In the literature ( Degen and Kosec, 2000) it wgmorted that the pH of the
suspension can not be set of certain value, andhbareset value decreased as a
function of time due to formation of zinc specias 6nO surfaces. A set of
experiments were carried out to see the extenhsthbility in our system. The
experiment was carried out with a 2.9 vol% zincdex(2 g) agueous suspension
(12.5 mL) with dilute solutions of HCL and NaOH ds® preset the initial pH.
The preset values of pH was in the range from $0122.3 (Table 4.1). The
variation of the preset pH values with time areegivin Fig.4.7. Two stable
regions were observed where the difference betwikeninitial and final pH:
pH < 7.75 and pH > 12.
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Table 4.1Variation of pH with time.

I:)HPRESET I:>HFINAL

1.day 2.day 3.day 4.day
5.12 5.23 5.23 5.26 5.26
6.00 5.96 6.06 6.06 6.04
6.99 6.91 6.89 6.88 6.89
8.01 7.99 7.98 7.91 7.87
9.00 8.51 8.50 8.47 8.46
10.00 9.67 9.34 9.19 9.10
11.01 10.43 10.34 10.23 10.14
12.03 11.98 11.99 11.98 11.96
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Figure 4.7 Variation of pH with time.

Between these two stable regions, there is a uespadb region with the greatest
variation observed at an initial pH = 10. All exipeents carried out in this region
showed a decrease of final pH with time. Fig. ©d@ves that the inherent pH of
the zinc oxide suspension at pH = 7.75 is verylstghppendix B, Table B.1).

The decrease of the final pH with time can be erplh by a small
dissolution of the zinc oxide or surface hydroxt€ OH), and the formation of
different zinc species i.e., Zn(Okf)q and Zn(OH§'4(aq),The preset pH =10 of the
suspension decreased to 9.1 after 4 days. Wherzitize oxide powder was
immersed in the water, the surface of the oxidéigdas was hydrolized because
of the physically and chemically adsorbed polarewvaholecules and a layer of
zinc hydroxide is formed. By the addition of thedson hydroxide solution we
preset the pH of the suspension to 10 and the caurfeydroxide Zn(ORy)s
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(Eq. 2.8) to the additionally hydrated particlesZoi{ OH)aq, Which is the most
stable species at this pH. Colloidal particles o{@H).q) leave the metal oxide
surface. Zinc oxide surface is hydrolized agairthie reaction of the OHons
with the surface zinc atoms. Because of this theceotration of OH ions
decrease until the final pH = 9.1 is reached aftdays.

As seen Fig. 2.16, Zhions concentration were decreased with an increase
of pH and it was minimum at pH 10. This result $amito Fig. 4.7 which is in
agreement with the literature results ( Degen aade, 2000). From figure 4.7 it
can be seen that the minimum solubilization of*Zs occured between pH 9.8
and pH 12.

We can conclude that the pH of the suspension dsesein the pH region
where the Zn(OHy),q) particles are present the solution.

4.2 Adsorption

In the Introduction part of this thesis, solventsrevfound to be unable to
dissolve the adsorbed SDS, as given in Table 1hls $uggested that other
interactions were found to strongly affected thesamgtion of SDS on the
surfaces. These interactions were explained taueda positive surface charge of
ZnO below the point of zero charge, and to be dusutface composition of ZnO
corresponding to the pH of the solution determibgdsolution of ZnO through
the reactions given in section 2.2.2.

This adsorption experiments were made in two stage

1. In the first stage, the ZnO particles were imradrsito the SDS solution
without any adjustment of pH, and the adsorbed aneas determined as
a function of SDS concentration.

2. In the second stage, the pH of the solution wifigssged to the preset value,
after which it was divided into two portions. Zn@svimmersed into one of
the portions for preconditioning of the surfacedl &f the SDS was
dissolved in the second portion, and the two postianixed after the
surfaces were equilibrated with the blanc solution.
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4.2.1 Adsorption without surface conconditioning

4.2.1.1 Determination of adsorbed amount of SDS attural pH

Initially the weight of solution to ZnO was detemad to determine the
optimum ratio at which adsorption would be maximizeThe maximum
adsorption of SDS onto ZnO was obtained for 30 nEllSSsolution as given in
Fig. 4.8, corresponding to a solution ZnO weighibraf approximately 30.
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Figure 4.8 Determination of the optimum SDS solution voluraised in the experiments.

According to our experimental results, the isoelegtoint of ZnO used in
this study changes in the range 8.7 and 11 as atidan of electrolyte
concentration. At pH 6 (natural), ZnO is positivelyarged.
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Figure 4.9 Adsorbed amount of SDS, (mol/g ZnO).
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Anionic sodium dodecyl sulfate (SDS) by itself catsorb on ZnO due to
electrostatic interaction. At lower surfactant cemications, SDS adsorption takes
place mainly due to electrostatic attraction betweabe negatively charged
dodecyl sulfate and positively charged ZnO (Fi§)4.

As can be seen Fig. 4.9, maximum adsorption ocs@ar€MC (8.3x18M)
value of SDS aqueous solution. Adsorbed amount@® $an be assumed as
constant at 6xItM < Csps < 10x10°M. The decrease in the adsorbed amount
after 10x10°M can be explained by some impurities on surface @odecanol
formation.

According to Levchenko et al., (2002), sodium dgdiesclfate is known to
hydrolize over time to form dodecanol, which entemthe adsorption of SDS
below the critical micelle concentration (cmc) (BM) and decreases the
adsorbed amount above the cmc. The dodecanol itypwan exist in
commercially available SDS if used as receivedaddition to this a maximum in
the surface excess at a bulk surfactant concemtréelow the cmc results from
the presence of dodecanol in the adsorbed SDS. chedse in the adsorbed
amount of surfactant above the cmc can be assdciaith solubilization of
dodecanol in SDS micelles in the bulk.

The explanation given above seemed logical becpake head group of
SDS molecules can be associated with polar molecsieh as dodecanol. In
addition to the van der Waals forces among thedoatbon chains.

As seen Fig. 4.10, At lower concentrations (conéx10°M), both SDS
and dodecanol adsorb on the solid surface by tHegassdue to either electrostatic
interaction or hydrogen bonding. At still higherncentrations, intermediate
conc., interactions between hydrophobic chains haf $urfactants take place
leading to a rapid rise in adsorption (4%1Bl< conc. < 8x1GM). The mixed
aggregates start to form at solid/liquid interfaehigh concentration, the most
amount of dodecanol molecules can be joined to lfeistructure. So, adsorbed
amount of SDS can be decreased becasue of reputsgyaction between polar
head groups of SDS adsorbed molecules onto ZnO.
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Low Conc. Intermediate Conc. cMc High Conc.

e Dodecanol ew  Sodium dodecyl sulfate

Figure 4.10Adsorption model for dodecanol/SDS mixtures ongbsitively charged ZnO.

The zri™ ions in the supernatant solution after the adswrptvere
determined by atomic adsorption spectrometer.” Zoncentration arises steeply
at very low concentrations and remains constantoupbout 10x18 M after
which it increases slowly (Fig. 4.11). Zeng et(@007) showed ZH ions were
adsorbed by micelles, also. This is in confirmatwath the adsorption results in
Fig. 4.9, coupled with the model sketched in Fig.04 That the initial and final
adsorbed amounts in Fig. 4.9 (the dotted line) approximately the same
confirms the model.
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Figure 4.11Adsorption of Zii" ions by micelles.
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The SDS micelles which have negative surface chadgerbed ZH ions as seen
Fig. 4.12.

EI].H

7 g?%
o .~
7o e/ég@ Zn

Figure 4.12Adsorption view of Zii" by micelles.

4.2.1.2 SEM and EDS analysis

From SEM images, SDS adsorption at different cotmagon was not seen
clearly. All images were similar to each other (Eig3).

d)

Figure 4.13SEM images: a) ZnO without SDS, b) 6% SDS, c) 8.3x13M SDS (cmc),
d) 10x10°M SDS.
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From EDS analysis results, SDS adsorption can lerrdaed clearly
because of amount of sulphur (S) ions on ZnO sesfac
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Figure 4.14EDS analysis: a) ZnO without SDS, b) 6X¥M SDS, c) 8.3x18M SDS (cmc),
d) 10x10°M SDS.

A summary of Fig. 4.14 is given in Table 4.2 imterof the amount of sulphur
and other materials on the surface of ZnO particles

Table 4.2Surface composition of ZnO particles as determime&DS.

Conc. of 3DS (m) S %aW Ma%W | Zn%W | O%W Ca%w | Cu%w
without SDS 0.165 0 83.674 13.256 0.111 2.794

6 0.175 0 88.684 8.489 0.299 2.374

8.3 0.259 0 90.896 6.563 0.159 2,123

10 0.171 0 90.517 6.926 0.09 2.296

As seen Fig. 4.14 and Table 4.1, the maximum amolusalfur ions were found
at 8.3x10°M , that is, cmc point of SDS molecules. Unfort@hatS is present in
ZnO particles remaining after production. So, thkigs in Table 4. 2 are relatived
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guantities. Even the relative quantities are inficoration with the adsorption
results.

4.2.1.3 BET analysis

It could be interesting to see the variation oface area (BET) determined
by N, adsorption with the adsorbed amount of SDS.

6 2,5E-5
—6—Surface area

Lo

—&— Adsorbed amount. 5 0E-5
of SDS ’
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- 1,0E-5
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w
Adsorbed mol of SDS (mol/gZn0O)

- 0,0E+0

O T T T T T T T T _S,OE_6
0 2 4 6 8 10 12 14 16 18

SDS Conc. (mM)

Figure 4.15BET analysis of ZnO after adsorption.

As given in Fig. 4.15, the surface areas are imhgrproportional with
adsorbed amount of SDBideed, specific surface area of ZnO has decreaised w
the increase in the adsorbed amount of SDS onta Zh® maximum surface area
value was obtained for ZnO without SDS adsorptiankig. 4.15, two value, of
Surface area (BET) results, 1mM SDS and 16 mM SB&wot right, it can be
the experimental error during measurement.
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Figure 4.16Normalized plots of surface area and adsorption.

Fig. 4.15 is replotted in Fig. 4.16 in terms of matized values where
normalized adsorption is defined as the ratio ef dmount of SDS adsorbed at
any concentration to the SDS adsorbed at CMC, l@dormalized surface area
as the Surface area of ZnO after adsorption of 8D®e Surface area of ZnO
without SDS adsorption.

4.2.2 Adsorption after conditioning of ZnO surfaces

In this case ZnO particles were kept in a solutdrgiven pH, for
surface species to form before adsorption.

4.2.2.1 Determination of SDS adsorbed amount at dérent pH

The amount of SDS adsorbed at different pH is giveRig. 4. 17, and the
section below an SDS concentration of 4%Mis enlarged in Fig. 4.18.
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Figure 4.17The adsorbed amount of SDS at different pH.

As can be observed in Fig. 4.18, the adsorbed ah@fuSDS is found to
decrease with an increase in pH, except for pHAb2ve this concentration SDS
adsorption showed flucluations. These results cbaldbtained only lack of with
device sensitivity or surface hydroxyl goups on ZAnfich were formed by acid
or base solution.

Furthermore, formation of the surface species 0@ £an be other effect of

pH to SDS adsorption condition. At high pH valuetface of ZnO was covered

with Zn(OH)g(aq) andZn(OH)i‘(aq) according to Eq. 2.10 — 2.11. So, surface of

ZnO is negatively charged. According to our expental results, the isoelectric
point of ZnO used in this study is between 8.7 add At high pH, ZnO is
negatively charged, anionic sodium dodecyl sultatie not be adsorbed due to its
anionic nature and adsorption of negatively chaigb® on the similarly charged
ZnO is very low. Between 6xTOM and 8x10* M SDS adsorbed amount was
increased with increase of SDS concentration, maybean be interactions
between hydrophobic chains of the surfactants pdé&ee leading to a rapid rise in
adsorption (4x18 M< conc. < 8x1G M). Above the cmc, the adsorption rate
decreased with SDS concentration.

In addition, the dodecanol can be affected the ratism conditions,
because SDS adsorbed amount was decreased witatiimnnof micelles because
of the dodecanol was joined in micelle structuneleled, joining of the dodecanol
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in micelle was accelerated by decreasing of CMQue/alSo, surface charge
regulation was decreased to effect of dodecanatisorption. The dodecanol was
decreased to SDS adsorption amount after cmc pothbut charge regulation,
but here, adsorbed amount was increased withadeitrg of SDS concentration.

If values of SDS adsorbed amounts are taken ux164M, these values
will be showed as Fig. 4.18.
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Figure 4.18Surface concentration of ZnO after adsorption.

In addition, adsorbed amount of SDS was increastdimcreased of SDS
concentration at different pH. As seen Fig.4.1% adsorption shape have same
behaviour.
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Figure 4.19Variation of SDS adsorbed amount with pH.
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As seen Fig. 4.18, adsorption amount of SDS wasedsed with increasing of
pH, except pH 12. This assumed Fig. 4.18 coincidéh woth surface
concentration (Fig. 4.20) and surface charge denssult (Fig. 4.21).
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Figure 4.20Variation of surface concentration of ZnO with pd{0*M) .
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Figure 4.21The relation between surface charge density of Zn@surface concentration

Consequently, SDS adsorption onto ZnO can be afflewith pH because of
forming of surface species on ZnO at different pH.
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4.2.3 Determination of pH and Conductivity

In here, experiments made can be shown at two partsefore adsorption
and after adsorption. The “before adsorption” nter can be explained as
conditions of SDS aqueous solutions before adsmrpdf SDS onto ZnO. The
“after adsorption” term can be explained as caiotis of SDS aqueous solutions
after adsorption of SDS onto ZnO, that is, thepesuatant solutions.

4.2.3.1 Before adsorption

Variation of pH of SDS solutions

Firstly, SDS solutions at different concentratidtvagl nearly same pH value
in water.
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Figure 4.22pH of SDS solutions at different concentrations.

As seen Fig. 4.22, initial pH value of water wasia@qto 5.6, than it was
increased with added SDS in solution which waslypdixed to pH 5.9. Indeed, at
environment OHions concentration was increased slightly. Theselts can be
occurred from decomposition of SDS in water as4&f.(Wang et al., 2005).

RSO4Na + H,0 - ROH + SO%™ + Na* + H* .

In aqueous solution, as seen Eq. 4.1jdAs can be associated with R group, so
solutions pH were increased slightly.
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After SDS solutions pH was set to different pH eslunew pH values of SDS
solution before adsorption were nearly constamfiven in Fig. 4.23.
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Figure 4.23pH of SDS solutions after set.

Variation of the conductivity of SDS solutions

According to Fig. 4.24, the CMC value was deterrdibg the intersection
of two linear segments on a plot of conductivitysies surfactant concentration.
The CMC value of SDS solutions at natural pH, apnately pH 6 were obtained
as 8.3x10M at 25C compare with literature (Stokes and Evans, 1996ng
and Lee, 2000). Before absence of any SDS moledulester, conductivity of
water was equal to 1.aS/cm. The conductivity of water was increased with
added SDS molecules in water, that is, ion effest be seen from Fig. 4.24
clearly.
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Figure 4.24Conductivity measurement of SDS solutions.
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After the pH of SDS solutions was set to predeteedi pH values, new
conductivity values of SDS solution before adsanmptiere obtained as given in
Fig. 4.25.
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Figure 4.25Conductivities of SDS solutions after pH set.

As given in Fig. 4.25, conductivities of SDS satums were affected from
adjustment of pH, so the conductivity were changgdOH ions easily. It was
maximum at pH 12 because of maximum @ihs concentration.

Before SDS was added to water, several aqueousasawat different pH
was prepared initially. These solution pH and catidity values were given in

Table 4.3.

Table 4.3Conductivities of water at different pH values.

Water, pH Conductivity pS/cm
4 B2.5
Matural, é ]
g 14.4
10 253
12 3440

As seen Table 4.3, conductivities values of watediferent pH were
arranged between pH natural as bottom limit andLRts upper limit. After SDS
solutions pH set to different values, this ordgrmiidn’t change as seen Fig. 4.25.
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4.2.3.2 After adsorption

Variation of the pH of SDS solutions

After adsorption of SDS onto ZnO surface, pH & fupernatant solutions
were measured as given in Fig. 4.26.
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Figure 4.26pH of supernatant solutions after adsorption.

As can be observed in Figure 4.26, after the adisorpf SDS, pH values of the
supernatant solutions were constant between pHa®®pH 8.3 and these pH
values increased linearly with an increase in $fi8&5 concentration as lineer,
except in the case of pH 12.
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Figure 4.27Variation of pH with concentration of SDS solution

The minimum variation of pH has occurred at pH =Tl2ese results can be
interpreted better if they are plotted as the wama of pH with the SDS
concentration in supernatant solution as givenign &.27. The variation of pH
(ApH) was obtained as difference in pH of the solutafter adsorption and the
pH of the solution after being set to constant &alihat is, it is the difference
between initial and final value. ThuspH value of SDS solutions at pH 4 and
pH natural (6) were negative with increasing SD3icemtration (Fig.4.27).
Although ApH value of pH 4 and pH 6 were increased with arease in SDS
concentration, it was decreased with increasin§@& concentration at pH = 8
and pH = 10.
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Figure 4.28Variation of pH with variation of SDS concentratio
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Similar results can be observed Fig. 4.28, dioe, the relation between
variation of the pH and SDS concentrations of thlat®ns can be observed more
clearly. The variation of SDS concentratidhCsps is the difference between
concentration of SDS solution before and after gasm. For pH = 4 and pH
natural (pH = 6)ApH has increased with an increasé@sps, unlike pH = 8 and
pH = 10.

Variation of the conductivity of SDS solutions

In this set of experiments, conductivities of suagant solutions were
obtained after adsorption of SDS onto ZnO surfacgieen in Fig. 4.29.
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Figure 4.29 Conductivities of SDS solutions after adsorption.

The conductivity values were arranged between pHafural) and pH 12.
In addition to this results same to Fig. 4.24. Thkies were again minimum at
pH 6 and pH 12. As seen Fig. 4.2Z%;onductivity was increased linearly until
4x10°M SDS concentration, then it can be fixed betwesnpH 6 — 8, 200 and
for pH 4 — 10, 300. The maximum variation A€onductivity was occured at both
pH 4 and pH 10 unlike pH 6 and pH 8.

Because pH and conductivity of SDS solutions wexedf between pH 7
and pH 8 and between conductivity 0 and 1000, sy after adsorption, the
maximum variation values of conductivities wererspkl 4 and pH 10.
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Figure 4.30Variation of conductivity with concentration of S¥olution after adsorption.

As can be observed in Fig. 4.30, the valueAaainductivities for pH 12 were
minimum in particular after 4x1IM SDS concentration.
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Figure 4.31Variation of conductivity with variation of conceeation of SDS solution after
adsorption.

The same results can be seen from Fig. 4.31. Hie, values of
Aconductivities were increased with increasing &€sps The values of
Aconductivities for pH 12 were again minimum.
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Consequently, after adsorption of SDS onto Zn@Ha# and pH 6, pH of
supernatant SDS solution was increased to levpHo7 - 8. As opposed to pH 4
and pH 6, pH of supernatant SDS solution was dsetkdo level of pH 7.2 - 8.4
for pH 8 and pH 10. These results can be attribtdethe formation of surface
species on ZnO in aqueous solution. The surfacargehZnO was found as not
stable 8< pH< 12. In this range, Zn(QHEyparticles are present in the solution.

In addition, pH of the supernatant solution coulel &ffected with the
adsorption of SDS onto ZnO. It is possible tha) exchange has occured
between SDS molecules and ZnO hydroxyl groups.

Since the surface charge of ZnO is nearly zeroratqaH=12, there was no
change in the pH of the supernatant solution dutimggadsorption process. The
specific adsorption (mol/g) at pH=12 is much lartfean that at other pH values.
This excess in adsorption was attributed to a chamghe adsorption mechanism.
As can be observed in the pH and conductivity ggurvariation of pH and
conductivity were very stable at pH 12 after adsom It is probable that SDS
molecules were adsorbed at a neutral surface;ofhahO surface near the point
of zero charge. In this case, the adsorption wdnddphysical through van der
Waals forces instead of through charge neutratinati

4.3 Desorption

The desorbed amount of SDS from ZnO surfaces isngin Fig. 4.32. As
can be observed from the figure, the desorbed amoiuSDS confirmes with
adsorbed amount of SDS. Minimum in both adsorpdiod desorption is observed
at pH = 10, or around the isoelectric point.
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Figure 4.32Sorption of SDS.
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Percent desorption of SDS é%;ﬂxmo) is given in Fig. 4.33 as a function of
ads.

pH of the solution at which adsorption and almodinaar as observed in the
% desorption with pH.
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Figure 4.33a) % SDS desorbed. b) % remaining adsorbed afishing.

The strongest interaction between SDS and ZnOusdat pH = 4 because
of charge regulation. The least interaction betw8&8S and ZnO is found at
pH = 12 (Fig. 4.33 a), where the adsorption is hyathrough van der Waals
forces. The line through 47.81 % gives the perdesbrption obtained in washing
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the ZnO nanoparticles with water, after the reactio the autoclave. The
difference in the percent desorption found in thwsrk and that in ZnO
nanoparticle production probably arises from theSSEhemisorbed into the
O-vacancies in the crystal structure during theméttion of the nanoparticles.
Formation of ZnO took place at around pH = 13 aadhing was done with water
at the natural pH (pH = 6 ). Thus, the desorptiercentage ranges between 65
and 70 in this interval, corresponding to approxaha50 % more desorption.
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5. CONCLUSION

Adsorption of SDS on ZnO surfaces is important frima standpoint of
surface purity of ZnO.

Many metal oxides will hydrolize in the presence whter to form
hydroxide layers at the surface (M-OH). Water molecules may be both
physically and chemically adsorbed onto the surfatehe dispersed oxide
particles. The polar hydroxyl (-OH) groups may @tise surface to attract and
physically adsorb a single or several additiongeta of polar water molecules.
An oxide or hydroxide surface=(M-OH) can become charged by reacting with
H* or OH ions due to surface amphoteric reactions. Therptlen of SDS onto
ZnO can be considered as solid — liquid processisbrption, so the properties of
agueous SDS (as adsorbate) solution conditiontlamgbroperties of solid ZnO
(as adsorbent) surface in aqueous solution arertanigparameters.

In this study, experimental measurements wereezhout in the light of the
information. In all the experimentals, distilled teaat pH 5.58 and conductivity
1.7 uS/cm that contained no additives was used medimpédeature, 2.

When the anionic surfactant, sodium dodecyl sul{&®S) was added to
water, the pH of the solutions were slightly iraged to pH 5.9. This result could
be due to the solubilization of SDS in water andmfation of dodecanol
(C12H250H) in the aqueous solution. Dodecanol interachwit ions, decreasing
the H' concentration in the medium.

The specific surface area (BET) of ZnO was foun8.48 nf/g. The crystal
structure of ZnO was found with XRD analysis asuwatwite crystal and the peak
of ZnO was the same as the literature results. paeicle shape and size of ZnO
was obtained with SEM analysis as a short cylindeith hexagonal cross
sections and their dimensions were in the ordenafiometers. So, it was decided
that commercial ZnO could be used to simulate th® groduced in the project.

When the ZnO particles were immersed in water, pMater increased to
pH 7.75 due to formation of surface hydroxyl grgupgh a resultant decrease in
H" ions in solution. In the range 7.75 < pH < 12.8 pi changed as a function of
time due to formation of unstable colloidal pagg&lof Zn(OH)ag During
Zn(OH) g transformation, consumption of hydroxyl ions frone tsolution takes
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place and lowers the final equilibrium pH of thenzioxide suspension. The
results confirm with literature (Degen, A. and kosM., 2000).

At pH < 5.5, solubility of ZnO was increased witldecrease of pH value,
that is, concentration of Zhions was increased and was maximum at pH 2. The
minimum solubility of ZnO occurrs in the range <PpH < 12. The concentration
of Zn™" ions increases again after pH > 12. This resigb @onfirms with
literature results (Sedlak, A. and Janusz, W., 2008

The surface charge density of the zinc oxide pagievas examined at
different electrolyte concentrations. The surfaderge density of ZnO was
affected by both pH and electrolyte concentratiime point of zero charge (pzc)
values of ZnO was determined as 8.76, 10.7 ancdd 0.6M, 0.1M and 0.001M
electrolyte solution, respectively. This resulinsagreement with literature values
(Sedlak, A. and Janusz, W., 2008).

Initially SDS adsorption onto ZnO at natural pHH( 5.9) were done
without surface charge conditioning. In these expents, the maximum
adsorption was found around the CMC. At highercemtrations, adsorption of
SDS decreased rapidly. This result could be dwsshabilization of dodecanol in
micelles. The dodecanol contributed to SDS adsamptn ZnO, so decreasing of
dodecanol amount in solution decreased the ad$amb®unt of SDS. These
results were supported with BET and EDS analysie. BET analysis was found
to be inversely proportional with the adsorbed amioof SDS. In the EDS
measurements, concentration of sulphur ions on Xe@e increased with in
increase in the adsorbed amount of SDS.

In the second set of experiments of SDS adsormido ZnO at different
pH value were performed with surface charge comwiitig. Here, the adsorbed
amount of SDS was found to decrease with an inergathe pH value, except in
the case of pH 12. The maximum adsorption was faimH 4 and the minimum
adsorption amount of SDS was determined at pH A€k in the case of pH 12.
The surface charge of ZnO was affected from pHatslow pH, adsorption was
maximum because of positive surface charge of Zn® at high pH values,
adsorption was minimum because of negative surdheege of ZnO. In case of
pH 12, adsorption of SDS was increased with anemse in pH. Surface charge
reversal could lead to an increase in the adsocabealint of SDS. This pH value
is near the point of zero charge of ZnO, so thatstirfaces charge of ZnO can be
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electrostatically neuter. Adsorption of SDS ontocQZwould then increase with
increasing concentration of SDS due to physicabgd®n.

After adsorption, pH and conductivities of SDS s$ols reached
equilibrium 7 < pH < 8 and conductivity 1.6 — 10@8/cm, respectively. In case
of pH 12, variation of pH and conductivity were wéow. However, at pH 4 and
6, pH of supernatant solutions were increased intheasing the amount of SDS
adsorbed and at pH 8 and 10, pH of supernatanticmuwere decreased with an
increase in the amount of SDS adsorbed. Theseseshdw that, the Hand OH
ions are exchanged between ZnO surface and agpbass.

The desorption of SDS from ZnO surface was condudig aqueous
solutions at the same pH as in the adsorption tondi The strongest interaction
between SDS and ZnO was found to be at pH = 4,rebdeas a minimum in the
desorbed percentage of SDS. The least interaceétween SDS and ZnO was
found at pH = 12, as evidenced by the maximum sod®ed percentage of SDS.
So, interaction between SDS and ZnO declined witinarease in the pH. In this
study, desorbed amount of SDS was found to be highan desorption
percentage in the washing step of the nanopamicdduction. The difference in
the desorbed amounts could be due to the SDS chliyntmonded with ZnO
surfaces, at the —O— vacancies during the formati@nystals.
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APPENDICES

APPENDIX A. SOLUBILITY OF ZnO

Table A.1Determination of solubility of ZnO by variation pH.

pH Solubility Perc.of Zn™ (mol/mol ZnO) (%)
First Repetition
2.0 1.197 1.1973
3.0 0.075 0.0752
35 0.022 0.0218
4.0 0.010 0.0100
4.5 0.009 0.0090
5.0 0.007 0.0066
5.67 0.005 0.0046
6.0 0.008 0.0080
6.5 0.005 0.0046
7.0 0.005 0.0047
7.5 0.005 0.0055
8.0 0.006 0.0063
8.5 0.005 0.0047
9.0 0.005 0.0052
9.5 0.003 0.0034
10.0 0.003 0.0031
11.0 0.001 0.0018
12.0 0.001 0.0003
13.0 0.075 0.0751
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APPENDIX B. STABILITY OF pH

Table B.1Determination of the stable region by variatiorpbf.

PHPRESET I:>HFIN/-\L
4 4 l.day | 2.day| 3.day| 4.day Concentration of Zfi (mg/L)
5 5
5.12 512 | 523 | 523 5.26 5.26) 48500
6 6 596 | 6.06 6.06 6.04 7500
6.99 6.99 | 691 | 6.89 6.88 6.89 1000
8.01 801 | 799 | 7.98 7.91 7.87 13.3
9 9 8.51 8.5 8.47 8.46 55
10 10 9.67 | 9.34 9.19 9.1 1.5
11.01 11.01 | 10.43| 10.34] 10.23] 10.14 2.3
12.03 12.03 | 11.98 | 11.99] 11.98 11.9p 2
12.5 12.5
12.8 12.8
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APPENDIX C. SURFACE CHARGE DENSITY OF ZnO

Table C.1Determination of surface charge density of ZnO,0f@01 M NaCl.

ZnO 0.001M NacCl
pH V (mL) pH V (mL) AV Surface Charge density (C/rf)
10.91 1.8 10.91 1.4 0.4 0.7
10.88 2.4 10.88 2.0 0.4 0.8
10.71 5.5 10.71 4.4 11 2.1
10.32 10.2 10.32 8.3 1.9 3.5
9.33 14.5 9.33 11.9 2.6 4.9
7.74 17.9 7.74 12.8 5.0 9.4
7.43 24.0 7.43 13.2 10.9 20.3
7.27 33.8 7.27 13.3 20.4 38.1
7.11 56.7 7.11 13.5 43.2 80.6
6.96 115.5 6.96 13.7 101.7 189.9

Table C.2Determination of surface charge density of ZnO,0f@1 M NacCl.

Zn0O 0.01M NaCl
pH V (mL) pH V (mL) AV Surface Charge density (C/rf)
10.85 1.5 10.85 2.2 -0.7 -1.2
10.81 21 10.81 2.8 -0.7 -1.3
10.6 4.4 10.6 5.8 -1.4 -2.6
8.01 14.5 8.01 15.2 -0.7 -1.4
7.83 15.2 7.83 15.4 -0.1 -0.2
7.51 19.0 7.51 15.7 33 6.2
7.34 26.5 7.34 15.9 10.6 19.8
7.18 42.1 7.18 16.1 26.0 48.6
7.05 65.2 7.05 16.3 48.9 91.2
6.94 102.9 6.94 16.5 86.4 161.2
6.81 181.4 6.81 16.8 164.6 307.1
6.69 226.4 6.69 17.1 209.3 390.6
6.37 243.6 6.37 18.2 2254 420.8
6.29 245.5 6.29 18.5 227.0 423.7
6.06 251.4 6.06 19.4 232.0 433.1
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Table C.3Determination of surface charge density of ZnO,0fdrM NaCl.

ZnO 0.1M NacCl
pH V (mL) pH V (mL) AV | Surface Charge density (C/rf)
10.95 0.9 10.95 1.0 -0.04 -0.08
10.7 4.6 10.7 5.4 -0.80 -1.50
10.66 5.2 10.66 6.0 -0.82 -1.52
10.52 6.9 10.52 7.7 -0.83 -1.55
10.47 7.5 10.47 8.3 -0.83 -1.55
8.74 20.4 8.74 15.3 5.17 9.66
7.44 31.6 7.44 16.0 15.69 29.29
7.12 79.0 7.12 16.3 62.75 117.13
6.97 130.5 6.97 16.4 114.08 212.94
6.78 227.4 6.78 16.6 210.74 393.35
6.68 241.0 6.68 16.8 224.24 418.55
6.53 247.9 6.53 17.0 |230.82 430.83

Table C.4Determination of surface charge density of Zn®@,0& M NaCl.

ZnO 0.5M NacCl

pH V (mL) pH V (mL) AV Surface Charge density (C/rf)
10.81 3.6 10.81 4.2 -0.60 -1.11
10.77 4.2 10.77 4.8 -0.63 -1.17
10.63 5.9 10.63 7.3 -1.35 -2.51
10.42 8.2 10.42 10.3 -2.07 -3.86
10.37 9.3 10.37 10.9 -1.55 -2.89
10.01 12.0 10.1 13.7 -1.66 -3.11
9.73 14.8 9.73 16.9 -2.15 -4.01
9.45 17.5 9.45 19.0 -1.43 -2.67
9.2 19.7 9.2 20.4 -0.71 -1.32
8.89 21.7 8.89 21.7 0.03 0.05
8.48 234 8.48 22.6 0.76 1.42
7.59 30.2 7.59 23.6 6.62 12.35
7.44 37.8 7.44 23.8 13.98 26.10
7.3 53.432 7.3 24.006 29.43 54.92
7.17 81.682 7.17 24.24 57.44 107.22
7.03 131.186 7.03 24.496 106.69 199.14
6.95 220.26 6.95 24.758 195.50 364.91
6.82 269.782 6.82 25.126 244.66 456.66
6.74 276.136 6.74 25.464 250.67 467.89
5.8 290.178 5.8 31.15 259.03 483.49




73

Table C.5Determination of the surface concentration of Zf@raadsorption by variation of pH.

pH Surface Concentration (mol/nf)
4 3.23E-06

6 2.54E-06

8 2.52E-06

10 1.61E-06

12 5.57E-06
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APPENDIX D. BET ANALYSIS

Table D.1Determination of BET area of ZnO variation of SOfs@rbed amount.

SDS Conc. Surface Area Adsorbed mol of SDS | Surface Concentration,

(mM) (mlg) (mol/gZn0O) (mol/n¥)

0.00 5.17 0 0

1.02 4.17 3.39E-07 8.14125E-08
4.05 4,53 5.92E-06 1.30634E-06
6.12 4.06 1.98E-05 4.88194E-06
8.37 3.30 2.13E-05 6.4567E-06
10.37 3.16 2.16E-05 6.84935E-06
12.14 3.65 4.40E-06 1.20506E-06
15.94 2.74 2.19E-06 8.00116E-07

Table D.2Determination of surface coverage of ZnO by SDS.

SDS Conc. (mM) Fractional (?;Jr:;a)\ce Coverage
0.00 0.00
1.02 0.01
4.05 0.10
6.12 0.41
8.37 0.67
10.37 0.74
12.15 0.11
15.94 0.10

Table D.3 Amount of Zii" ions in supernatant solutions.

SDS Conc. (mM) Concentration of Zn"*(mg/L)
0.00 1.85
1.02 16.6
4.05 22.00
6.12 19.40
8.37 27.20
10.37 21.60
12.14 36.40
15.94 52.00
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APPENDIX E. ADSORPTION OF SDS AT NATURAL pH

Table E.1Adsorbed amount of SDS onto ZnO at constant pH.

Sample Conc.(M) Adsorbed mol of SDS onto ZnO
(mol/g)
1.06E-03 1.65E-06
2.06E-03 2.61E-06
3.99E-03 4.08E-06
5.99E-03 1.58E-05
8.21E-03 1.64E-05
1.02E-02 1.60E-05
1.24E-02 5.31E-06
1.62E-02 2.67E-06
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APPENDIX F. ADSORPTION OF SDS AT DIFFERENT pH

Table F.1Adsorption at pH 4.

pH=4
AFTER ADSORPTION
Adsorbed
Sample Conc.(M) pH | Conductivity pS/cm | Amount of SDS
(mol/g)
3.86E-04 6.95 110 03.74E-6
8.34E-04 7.03 132 05.29E-6
1.71E-03 7.00 214 09.39E-6
3.63E-03 7.30 324 16.68E-6
4.41E-03 7.37 376 23.26E-6
5.51E-03 7.12 433 16.96E-6
6.35E-03 7.5] 494 17.16E-6
6.99E-03 7.47 550 29.45E-6
7.90E-03 7.76 600 42.47E-6
9.17E-03 8.23 630 33.00E-6
9.85E-03 7.56 657 41.01E-6
1.10E-02 7.69 685 31.53E-6
pH=4
After set , pH=4
ACgqps Conductivity puS/cm ApH
1.2E-4 208 -2.95
1.8E-4 254 -3.03
3.1E-4 380 -3.0
5.6E-4 625 -3.3
7.8E-4 683 -3.37
57E-4 713 -3.12
5.7E-4 771 -3.51
9.8E-4 836 -3.47
1.4E-3 908 -3.76
1.1E-3 932 -4.23
1.4E-3 979 -3.56
1.1E-3 1023 -3.69
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Table F.2 Adsorption at pH 6 (Natural).

pH=Natural
AFTER ADSORPTION
ADSORBED
Sample Conc.(M) pH  Conductivity pS/cm AMOUNT OF SDS
(mol/g)
3.68E-04 7.13 61.1 04.26E-6
8.98E-04 7.11 89.4 03.37E-6
1.77E-03 7.12 151.3 07.77E-6
3.75E-03 7.33 299 13.11E-6
4.65E-03 7.31 348 16.18E-6
4.63E-03 7.4 354 43.18E-6
6.50E-03 7.5 478 12.66E-6
7.79E-03 7.75 526 05.57E-6
8.24E-03 7.98 565 32.33E-6
9.53E-03 7.8 603 22.17E-6
1.09E-02 8.21 629 09.39E-6
1.09E-02 8.17 657 35.22E-6
pH=Natural
Initial pH
ACepe pH Conductivity pS/cm ApH
1.4E-04 5.9 78.2 -1.2
1.1E-04 5.9 142.8 -1.2
2.6E-04 5.9 276 -1.2
4.4E-04 6.0 541 -14
5.4E-04 5.7 596 -1.6
1.4E-03 6.0 645 -1.4
4.2E-04 6.1 691 -14
1.9E-04 5.8 743 -2.0
1.1E-03 5.9 796 2.1
7.4E-04 6.0 843 -1.8
3.1E-04 5.9 899 -2.3
1.2E-03 5.9 942 -2.3
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Table F.3Adsorption at pH 8.

pH=8
AFTER
ADSORPTION
ADSORBED
Sample Conc.(M) pH| Conductivity uS/cm AMOUNT OF SDS
(mol/g)
3.95E-04 7.45 173.8 03.45E-6
8.62E-04 7.44 192.4 04.45E-6
1.64E-03 7.57 266 11.55E-6
3.75E-03 7.71 400 13.05E-6
4.69E-03 7.56 448 15.01E-6
5.45E-03 7.64 510 18.67E-6
6.34E-03 7.71 552 17.52E-6
7.01E-03 7.72 603 28.85E-6
8.16E-03 7.93 641 34.61E-6
9.02E-03 7.86 708 37.50E-6
1.03E-02 8.26 746 27.96E-6
1.11E-02 8.27 803 27.33E-6
pH=8
After set, pH=8
ACgsps Conductivity uS/cm ApH
115.E-6 167.2 0.55
148.E-6 217 0.54
385.E-6 350 0.43
435.E-6 602 0.29
500.E-6 660 0.44
622.E-6 700 0.36
584.E-6 755 0.29
962.E-6 824 0.28
1.E-3 858 0.07
1.E-3 891 0.14
932.E-6 962 -0.26
911.E-6 1011 -0.27
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Table F.4 Adsorption at pH 10.

pH=10
AFTER ADSORPTION
Sample Conc.(M) pH Conductivity uS/cm ADSgFRSgg fr‘nlv(l)%;NT
4.16E-04 7.27 109 02.82E-6
8.38E-04 7.52 193.8 05.17E-6
1.80E-03 7.34 194.4 06.63E-6
3.91E-03 7.43 353 08.34E-6
4.48E-03 7.28 425 21.22E-6
5.62E-03 7.43 442 13.51E-6
6.34E-03 7.61 576 17.46E-6
7.49E-03 7.77 568 14.57E-6
8.37E-03 7.8 602 28.25E-6
9.51E-03 8.07 632 22.74E-6
9.88E-03 8.04 663 40.05E-6
1.19E-02 8.38 686 05.37E-6
pH=10
After set , pH=10

ACsps pH Conductivity uS/cm ApH
94.E-6 10.02 167.7 2.75
172.E-6 10.3 348 2.78
221.E-6 10.04 362 2.7
278.E-6 10.04 644 2.61
707.E-6 10.02 705 2.74
450.E-6 10.02 703 2.59
582.E-6 10.04 880 2.43
486.E-6 10.02 841 2.25
942 .E-6 10.02 865 2.22
758.E-6 10.02 918 1.95

1.E-3 10.12 987 2.08
179.E-6 10.03 1003 1.65
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Table F.5Adsorption at pH 12.

pH=12
AFTER
ADSORPTION
Sample Conc.(M) pH | Conductivity pS/cm ADS(?I?SBE? én'\:l)(l?g;;NT
4.13E-04 11.99 3250 02.91E-6
9.03E-04 11.99 3300 03.22E-6
1.63E-03 11.99 3400 11.76E-6
3.23E-03 12.03 3840 28.80E-6
3.77E-03 12.01 3810 42 .46E-6
4.74E-03 11.94 3600 40.09E-6
5.50E-03 11.97% 3500 42 .66E-6
6.32E-03 11.99 3520 49.55E-6
6.75E-03 11.96 3500 76.91E-6
8.57E-03 11.99 3750 51.09E-6
1.09E-02 11.99 3600 10.47E-6
1.13E-02 12 3750 21.93E-6
pH=12
After set , pH=12

ACqps pH Conductivity uS/cm ApH
97.2E-6 12 3150 0.02
1.1E-4 12 3370 0.02
3.9E-4 12 3480 0.01
9.6E-4 12.06 4370 0.03
14.2E-4 12.06 4280 0.05
13.4E-4 12.01 3760 0.02
14.2E-4 12.01 3610 0.04
16.5E-4 12.01 3580 0.03
25.6E-4 12 3640 0.04
17.0E-4 12.02 4050 0.04
3.5E-4 12 3790 0.02
7.3E-4 12 4020 0.00
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