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A mathematical model of synthesis and stabilizat@inZnS nanoparticles in aqueous
solutions of cetyltrimethylammonium bromide (CTAB) presented. ZnS nanoparticles
precipitated by the reaction of sodium sulphide aridc acetate are significantly
influenced by CTAB both in a stage of nucleationdaim a stage of growth and
stabilization. The suggested model assumes a ddmgniafluence of the nucleation stage
on future properties of emerging ZnS nanopartidBas the basis of a calculated nucleation
rate depending on a degree of the ZnS supersatnrdtie model adopts an approximate
assumption that ZnS nuclei are formed all at onener@.Mathematical formulation of the
nucleation model attempts to explain a recentlyeoled relationship between ZnS
nanoparticles radii and the CTAB concentration. Tependence of a surface tension of
zinc acetate and CTAB aqueous solutions on the CtAlcentration was measured and
further applied to obtain the relation between @BAB monomer concentration and the
CTAB total concentration. The nucleation model assd a key role of CTAB monomers,
which were considered as nucleation centres. Tleeligied radii of ZnS nanoparticles
agreed with the measured data with a relative daicey of 0.34%
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1. Introduction

A typical feature of nanomaterials is strong fefatof their physical and chemical
properties to their size. Their optical absorptimagnetization, resistivity as well as other useful
qualities can be adjusted in this way. Fabricabbmarticles of the required size and with a
narrow size distribution can be essential for teéfiective application. A large total surface area
of nanoparticles results in their high adsorptiod aatalytic activity; moreover, the stability of
the suspensions is affected by the size of thel-pblise components. Therefore, metal and
semiconductor nanoparticles are often used aystsaind photocatalysts in various reactions.

Nanoscale structures are prepared by top-dowmttorb-up methods. Precipitation is an
important bottom-up method, which enables usingaidental physical and chemical factors to
effect size of nanoparticles. In general, a rapicleation period is followed by a slow growth of
nanopatrticles called Ostwald ripening.

Nowadays, the most often used photocatalyst issised titanium dioxide, but in some
recent works preparation and photocatalytic apgbica of ZnS nanoparticles have been studied
[1-6]. For example, ZnS nanoparticles have beearteg to have better photocatalytic activity
than TiQ in case of carbon dioxide reduction [4-6]. Besiga&rse microemulsion methods [7],
the ZnS precipitation in aqueous solutions is rpgsérformed in the presence of stabilizing
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cationic surfactants, as referred in e.g. our tepapers [4,5]. Sodium sulphide was mixed with
zinc acetate in an aqueous solution of CTAB, fogrdmS nanoparticles of wurtzite structure
[4,8,9] with an average radius of about 2.0 nm. 8Tmonomers were adsorbed on ZnS
nanopatrticles surface stabilizing their colloidpgissions and influencing their size.

The aim of this paper is to derive a theoreticatleh describing the relation between the
typical radius of produced ZnS nanoparticles ardGRAB concentration, in order to clarify a
nucleation role of this cationic surfactant. By best knowledge, a similar theoretical model has
not been published in the literature yet. Formoratf such nucleation model should bring deeper
understanding an influence of cationic surfactantaucleation and size of nanoparticles.

Diffusion and nucleation models were derived agsted on experimental data adopted
from our recent papérUnlike the diffusion model, the nucleation modehsw in a good
agreement with the experimental data and, therei@® introduced in this paper.

2. Experimental

Cetytrimethylammonium bromide (Aldrich) and wategiahized by reverse osmosis (Aqua
Osmotic, Czech Republic) was used for preparatioallosolutions. Dependence of surface

tension of zinc acetate solution (2 mmd) on the CTAB concentration was determined by a
standard method of capillary elevation using thméependent glass capillaries with diameters of
0.275 mm, 0.325 mm and 0.400 mm. The preparatian8fnanoparticles was described in our
paper: 50 ml of the aqueous solution of 8a(15 mmoL™) was added drop-wise to 250 ml of

the agueous solution of zinc acetate (2 mivi§ler vigorous stirring in total concentrations of
CTAB varied from 0.1-5 mmal™.

3. Nucleation model and its verification

At first we tested a commonly used diffusion mdda$ed on the hypothetic assumption that a
nucleation rate does not depend on the concemtraitiG TAB (this model is not discussed here in
detail). The active reactive surface area of grgvparticles was gradually reduced by adsorption
of CTAB and the diffusion growth terminated afteaching adsorption equilibrium. However,
obtained theoretical results disagreed with thekx@ntal data [5]. Therefore, we propose a new
nucleation model, which is described in the follogviext.

Depending on the CTAB concentration, the reactmureaus medium of ZnS precipitation
contained varying ratios of CTAB monomers and nwsel In the nucleation model, we
considered the concentrations of CTAB monomersraigdlles that were much higher than the
concentrations of natural nucleation centres, dmely tincreased a nucleation rate. This
substantially affects the size of the produced Za®particles.

The nucleation model is based on the assumptioa @éry fast nucleation process
connected with a significant decrease of supeeatarof ZnS, precipitated by zinc and sulphide
ions in the concentrations of 1.7 mrmdiand 2.5 mmolL™, respectively. First we examined if
CTAB monomers or micelles act as the nucleatiotresn

The concentration of CTAB monomexsdepending on the CTAB concentratiofollows
the relationship, [10,11] demonstrated in Fig. 1
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wherec.is the critical micellar concentration (CMC) and ffarameter characterizes the speed

of change of the functioti(c) from a linear dependence to a constant valueciitieal micellar
concentration of CTAB in water is about 1 mmdl The experimental dependence of ZnS
nanoparticles radii on the CTAB concentrat[dh demonstrated the influence of CTAB at the
CTAB concentration of about 0.5 mmot, at which the concentration of micelles is nebligi
For these reasons, we further considered only tm®mers as nucleation centres.
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Fig. 1 Concentration of monomerga) on CTAB concentration c. This curve was
constructed fos = 0.28 mmoL™, obtained by fitting experimental data (see below)

The assumption of extremely fast nucleation wapraqimated in this model by
simultaneous nucleation of all nuclei, resulting @&m instantaneous decrease of ZnS
supersaturation to values, at which productiontbémonuclei is negligible. In order to confirm
such an assumption, it was necessary to deterlmn&rS nucleation rate as a function of the
CTAB concentration.

On the basis of the standard nucleation theoryl§l2the nucleation rate, which is a
number of created nuclei per unite volume and toaa,be expressed as a funcn of the
CTAB monomer concentratiary(c) and a degree of ZnS supersaturaSon C/C, whereC and
C; are ZnS actual and saturation concentrationsectgply. In our model, the values €fc,9
are equal to the product of a monomer concentrat{ghand a probability of nucleatid?(c,S,
which is the function of a CTAB concentration andkgree of supersaturation, as follows

H(C,S>:cl(c)-P(C,S>. 2

From the nucleation theory, a final formula for girebability of homogeneous nucleation can be
expressed as

1672 3
P(c,S)zexp(—T’y C) , 3)
3(kT) (InS)
which is lower than here assumed pseudo-heterogememleation on CTAB monomer centres.
The paramete® = Mz, ozns = 39.4 16° m® is the volume of a ZnS (wurtzite) molecule in &2Zn

nanoparticle Mz,s and o-ns are the molar mass and the density of ZnS). Thetituin ){c) is the
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interfacial energy between a solid ZnS nanoparénlte the supersaturated ZnS solution with zinc
acetate< 2 mmol %) and the CTAB concentratian

This model assumed that water molecules were rednibom a volume of a future nucleus
during the nucleation, and Zrand $ ions re-configured as a result of ZnS crystallizatwhich
caused only a minimal relative change of the ngcl@mlume. This model also assumed that the
spatial area of fluctuation increase of the ZnSeawle concentratio@ was higher than the zZnS
critical nuclei size. Under these conditions, thexeno significant discontinuity of the ZnS
concentration on nuclei. In this approach, therfiatéal energy/c) in Eq. (3) represents only the
work necessary to remove water molecules from tiidens volume. In this approximation its
value equals to the surface tension of water witic acetate<{ 2 mmol ') at a CTAB
concentratiorc. The dependence of the surface tension on the Cd@gkBentration in Fig. 2,
measured by the method of capillary elevation, destnated the characteristic influence of
CTAB. Fig. 2 also shows a fitted curve derived th&oally in the following text.
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Fig. 2 Experimental dependence of surface tersfi@inc acetate (2 mmori) and CTAB on
the CTAB concentrations. Each point was measuried tisree independent capillaries with
different radii. The solid line represents thaditording to the model equation (6) below

Even at CTAB concentrations above CMC, mostly €8&B monomers bind to the ZnS
interfacial boundary. The monomer concentratign) is a crucial parameter for the calculation
of the surface tension of CTAB solutions usinglthaegmuir-Szyskowski equation [16,17]:

v(e)=~(0) = RTT In(1+ K¢ (c)), (4)

wherey(0) is the surface tension of watky,is the Langmuir constant of adsorption equilibrium
and/, is the maximal adsorption density of a surfactarthe interfacial boundary.
Combining Egs. (1), (2) and (3) we obtained theeation rate(c, forc> 0 as

0(c.5) = ¢, (c)- exp —ﬁ%h(o)—RTlen(1+KLcl(c>)]3 G

A problem of the relationship between monomer atal surfactant concentrations, gc) vs.c
in Eq.(1), have been addressed in the above meditjspers [10,11]. By substitution of Eq.(1) to
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Eq.(4) we got a theoretical function of the conagrinc as follows

v(c)=~(0)— RIT |1+ K, |c,,. — ‘ ., (6)

with the parametert,, K_ande. In Fig. 2. there ardisplayed the experimental data and their
theoretical fit curve based on the function (6w}, = 8.6610° motm?, K. = 3 Lmmol ™, ¢ =
0.28 mmolL™ andcen. = 1 mmolL™. Now the functiore,(c) and the valug/(0) could be used to
calculate the nucleation rat#c,9 according to Eq.(5) for various CTAB concentraipas
demonstrated in Fig. 3.
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Fig. 3 Dependence of nucleation raie,S) on a degree of supersaturation S for various
CTAB concentrations ¢ according to Eq. (5). Dottadres correspond to low concentrations
¢ = 0.1 mmoL?, 0.2 mmoL™* and 0.3 mmdlL™ (bottom-up). Solid curves, corresponding to
higher concentrations c, gradually increased tartheximal values.

For higher concentrations and S > 100 (in the range of 9 orders of magnitude), the
nucleation rate)(c,§ can be approximated by a constant with the ctexrsiic value of about
Omax= 107s™ M. On the basis of Eq. (5), a time dependence afidlyece of supersaturatistt)
evolution was derived/found via a simple balanéfedintial equation

dC

& N9
dt

max

N,
Nerllax

. — S(t)—S(O)—[W]t, (7)

T

whereN, is the Avogadro’s number, ahtl= 13 is an estimate of a number of ZnS molecul@s i
critical nucleus of; = 0.5 nm in aqueous media with no surfactant [18]s@bstitution of the
initial degree of supersaturati®D) = 1.262 18 and the ZnS (wurtzite) saturation concentration
Cs=1.585 16 motL™ to Eq. (7), we found th&(t) decreased to the value of 100 #n0.9 s. In
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a region of a low degree of supersaturatiengt) < 100, a number of newly formed/emerging
nuclei can be neglected in comparison with thé#l taumber. With regard to significantly longer
times of measurable diffusion growth, the shorratteristic time of nucleation (see Eq. (7)) can
be considered as a confirmation of the basic agsumgf immediate formation of all nuclei. At
the residual supersaturation, a relatively slowteiél growth occurred at every concentration of
CTAB.

A critical nucleus with radiug,(c) formed at time = O subsequently grows for a period
to reach the radiugc,t). Experimental determination of the ZnS nanopadisize [5] after 24 h
confirmed a multiplicative character of an addigibdiffusion growth as

r(et) = Ay (1) 1y (c0). (®)

The multiplicative factorAp(t) with a relative uncertainty of 2 % is independehthe CTAB
concentrationc, and converges to a constant value for> . According to the standard
nucleation theory, a critical nucleus radius igpprtional to the interfacial energgc)

ranle) = |- | 7 ®

In a simple model approximatior,(< ¢, = < C'), we assume that the change of the Gibbs

energy AG, in ZnS nucleation is independent of the monomarcentrationc,. Thus a
nanopatrticle radius can be expressed using th@huative factorA(t) as follows

r(c,t) = A(t)-vco. (10)

The factorA is a simple product of a time dependent diffudaxior Ap(t) and a constant ZnS
nucleation factor\y = — 2AG,. The fit to the experimental data [5] based @nrtiation (10) is
shown in Fig. 4. The theoretical model (10) fo= 65.5 M¥N™ exhibited an optimal agreement
with the experimental data, expressed by a relatieertainty of 0.37 %.

¢[mmol L"]

Fig. 4 Experimental data of ZnS nanoparticle raatiidifferent CTAB concentrations fitted
with the function r(c,t) at t = 180 s after predgtion
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4. Conclusions

In our previous study [5] we found that the CTA@centration significantly influenced
the radii of synthetized ZnS nanoparticles. In ¥inisk, the mathematical model of nucleation and
growth of CTAB-stabilized ZnS nanoparticles was aleped to verify and interpret the
previously obtained experimental data. The domigainfluence of a nucleation phase on
properties of formed ZnS nanoparticles was assuimdze a basic characteristic of the ZnS
nanoparticle synthesis. Finding decisive parameli&es the CTAB concentration enables
preparation of nanoparticles size on demand faowsrapplications. This assumption, based on
the simplifying condition that nuclei were formdtat one time, was verified by the formulated
dependence of a ZnS nucleation rate on a degsegefsaturation.

Nucleation in the presence of surfactants wasirooed to be more intensive than without
them. The nucleation rate was assumed to increaseadi) the increase of the density of
nucleation centres — CTABonomers and ii) the decrease of a surface tep$itre surrounding
liquid phase. To verify this, a surface tensioragieous solutions of zinc acetate (2 mmd) L
and CTAB depending on the CTAB concentration waasmed, and the relationship between
the CTAB monomer and the total CTAB concentratisas obtained. Finally, the mathematical
dependence of the ZnS nanoparticle radius on thA&BCdoncentration was derived. An
agreement of this theoretical model with the expental data was expressed by a relative
uncertainty of 0.34 %.

To summarize, the theoretical model derivation based on the assumptions that that the
nucleation rate depends on the concentration of ECimanomers and leads to a supersaturation
drop in a very short time. The CTAB concentratiofiuences surface tension and thus radii of
critical nuclei and resultant nanoparticles. Thigditg of these assumptions was confirmed by a
good agreement of this model with the experimestallts [5].

To the best of our knowledge, a similar physicatlet which could explain the observed
dependence of ZnS nanoparticles radii on the CTéientration has not been published yet.
Till this time, the published papers devoted t@ tiopic [19-21] mostly focused on laboratory
experiments and already known models [22,23] amd hat explained the discussed relationship.

The practical meaning of the presented model easebn in possibility to control the size
of synthetized nanoparticles by surfactant conagatrs. Preparation of nanoparticles in the
presence of surfactants and some additives foifisggmt modification of their critical micellar
concentrations [24] will be investigated in theufiet
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