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Abstract: Nanoparticle morphology is
expected to play a significant role in th
stability, aggregation behaviour an
ultimate fate of engineered nanomateric

in natural aquatic environments. Th

aggregation kinetics of ellipsoidal an _/‘

spherical titanium  dioxide (Ti .
nanoparticles NP) under different -\

y N\
- Spherical TiO2

surfactant loadings, pH values and ionic strengths are investigated in thisTtedstability resudt
reveal that alteration of surface charge is the stability determiningrfa&mong five different
surfactants investigated, sodium citrate and Suwannee river fulvic(8BBA) were the most
effective stabilizers. It was observed that both typedifwere more stable in monovalent salts
(NaCl and NaNG) as compared with divalent salts (Ca@Oand CaG)). The aggregation of

spherical TiQ NP demonstrated a strong dependency on the ionic strength regardless of the presence

of mono or divalent salts; while the ellipsoids exhibited a lower dependency onithstrength but
is more stable . This work acts as a benchmark study towards understandéaig tiestabilized\NP
in natural environments that are rich in CaglzaNaNGQ;, NaCl and CaGlalong with natural organic

matters.

Keywords: Nanopatrticle, stability, aggregation, kinetics, surfactants, stickinga€fici
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INTRODUCTION

TiO, is a multipurpose material widely used in nano-particulatg1ofi®, nanoparticlesNP) are
routinely used in products like sun creams, cosmetics, paints, self-cleaning dispdesitiles, sports
equipment, solar cells and waste water treatment ﬂ/id:e:unique properties give it an increased

demand in different industries battthe same time causes increasing environmental concerns.

It is understood that the migration behaviour, toxicity and bioavailabiliffare governed by
their physico-chemical properties such as shape, size, surface area, agglomsiatatiaeta potential
and surface chemi In the past decade, the aggregation kinetics of diffekdhthas been
extensively investiga As TiO, NP have the tendency to aggregate and coalesce into big

particles, which is undesirable for most of the applicﬂ)nbdr colloidal stability investigation

becomes importarf{ | Most of the physico-chemical propertiesN# are related to their behaviours

in dispersions including the reactions at the partiitjaid interfa

To fully evaluate the environmental implicationthe mobility and risks of suciNPs, the

knowledge regarding their interaction with different media constituents and thegatign kinetics

are essential. Several factors are responsiblBlifoaggregation as studied by different scientists

Firstly, the surface charge of thi° greatly influence their solubility and hence the stability. Surface
charge results in either attractive (positive-negative interactionyepulsive (similar charge
interactions) energies, which depend on the pH, temperature and the concentratigre asfdthe
electrolyte in the medium. The presence of electrolytes in the medium waiteitdhe stability and
agglomeration state of NP dispersions. Secondly, the concentration P theecursors, polymers,
surfactants and the temperature would alter the overall stability of disgerSMater or other
molecules could interact witNP and alter their crystal structures. Zinc sulphide (ZnS) NP is a good
example as reported by Zhang et al. (2003), where 3 nmN&h8ontaining around 700 atoms
rearranged their crystal structures after the interaction with wateorto more ordered bulk
structune”] Guzman and co-workgrsshowed a pHzpc (i.e., pH at point of zero charge) dependence

of titania NP while French et ﬂobserved the influence of ionic strengtB)(lon the aggregation
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kinetics of 50-60 nm TiQagglomerates (with 5 nm primary size ) at low IS. Similarly surface eharg
and zeta-potential has a strong correlation with the aggregation kinetics Nﬁ@n an interesting
study on the aggregation kingtigs Suwannee river fulvic acitSRFA)-stabilized TiQ NP showed
strong stability at varying IS under acidic pH, while became aggregated lmddE at neutral pH

values.

It shall be noted that many reported aggregation kinetic studies were basatbiols made from

pre-fabricated nanomaterjals| which inevitably contained many agglomeratd® due to the

difficulty in dispersing them to their primary sizes. The aggregationi&smeherefore, would be
different to those well-dispersed colloids. The aggregation kinetiddPofs controlled by the
electrostatic forces and the electrosteric interferences. The magnitude of tlostelectinterferences

depends on the concentration of the stabilizing agent, coating thickness, the caorforzmat

dimensions of the adsorbed double éﬁlé? From the environmental concern, the fateN&fin an

agueous system is dependent on both particle characteristics and the complex wétey cherh as

pH, ionic strength and dissolved organic matter contents and properties, whicktahiige or

agglomerate th&lP influencing the transport dfiP. Quite a few studigs>{have been conducted to

investigate the effect of these influential factors, but no solid conclusionreeatied and the
understanding on the fate &P under different environmental conditions is still very limited.
Although there were a few studies on the transport of, N® with particular reference to ionic
strength and surfactﬂﬂ the influence of particle morphology is essentially lacking, hence the

effects of ionic strength and surfactants on the aggregation kinetics are in-conclusive.

This work aims to address these limitations by conducting a detailed study t#hitieysand
aggregation kinetics of stable TA@IP and investigate the influence of particle morphology under
environmental-like conditions. For this purpose, two different shapegchi@ids, i.e. ellipsoids and
sphericalNP, were synthesized. The aggregation kinetics of well-dispeMdvas assessed under

five different stabilizing agents and four different ionic strengths. Rbtmrpractical consideration,
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the aggregation kinetics study was conducted at neutral pH values. This dsttadleghall advance

the understanding in the ultimate fate of 7NXIP in complex environmental conditions.

MATERIALSAND METHODS

Materials preparation

All surfactants except Suwannee river fulvic a@@RFA) were purchased from Sigma Aldrich and
used without further purification. SRFA was purchased from International Humic Sulss&oaiety
(Atlanta, USA) while HCI and NaOH (0.01-0.1M) were purchased from Fisher SaefaifipH
adjustment. Two types of titankP were selected from many batches of self-fabricated lots. The only
precursor used in this research, i.e. 99% pure,lVW@s purchased from Sigma Aldrich. Briefly BiO
NP were synthesized by a modified hydrothermal methodology, similar to the one repovtiedeby
aﬂ In a typical synthesis, solution 1 was made by diluting sTi€l1mol/L with 5%HCI in an ice
bath. Solution 2 was prepared at different alcohol to water ratios (iz.Ethanol: Water, 1.2
Methanol: Water and 1:2 Acetone: Water). Both solutions 1 and 2 were toixgd 0.1mol/L final
concentration of TiGl Ice cooled temperature was maintained throughout the preparation process.
For rutile ellipsoids synthesis, the final dispersion was stirred for 30 minittesnagnetic stirrer at
45°C temperature while for spherical anatase NP, the dispersion was treatechpéture of 11C
for 40 minutes using Teflon lined vessels in a microwave oven (MARS 5). Fihadlg repetitive

washings with DI water and acetone were given to NP by centrifugation.

A 20 ml dispersion of 20 ppm spherical NP was stabilized with differenacarits including
polyethylene glycol (PEG), Polyvinylpyrrolidone (PVP), sodium dodecyl sulfate (SBxg)
Suwannee river fulvic aciflBRFA). The concentrations of all surfactants were optimized for spherical
NPs and similar concentrations were used for ellipsoids for all experiments. Whdinesiahi SRFA
and sodium citrate, rutile ellipsoids and anatase sphePal were tested for their aggregation

kinetics against different salt concentrations (NaCl, NaNEa(NQ), and Cad)).
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An advanced X-Ray diffraction spectroscopy (Bruker Ds8talled with PANalytical X’pert Pro
software), Transmission electron microscopENIT Tecnai F-20) and Malvern Zetasizer (NanoZS90
5001) were used for NP characterization. For TEM study, rutile ellipsmidsanatase spherical NP
were stabilized with 0.3% sodium citrate and SRFA100 (i.e., the concentratifti=éf is 100 ppm
Holey carbon film TEM copper grids were purchased from Agar Scientific. In a typieparation
process, the NP sample was diluted 100 times and a 10ul drop of teewditusandwiched between
two DI water drops of 50ul. The grid was dried in a clean environment vooler temperature and
rinsed with DI water to remove any dirt or excessive materials. The gridgyfpegation kinetics

were prepared without diluting the samples, by following the same grid preparation methodology.

Timeresolved aggregation kinetics

Time-resolved DLS (Dynamic Light Scattering) measurements of aggregating NIROwere
performed at 2 except for the zeta potential, which were done %€ 25 per Malvern instructions.
The scattering angle was Ofr all measurements. The concentration of the fabricated nanoarticle
dispersion was measured by an atomic absorption spectrometer (AAS, Varian AAaAGFRS)ixed
TiO, concentration of 20 ppm was used via dilution in all experiments. In the experimentsf 1
nanoparticle dispersion was mixed with different amounts of mono or divalent digysersia mixing
vial to reach desired concentration of electrolytes. The resulting disperssoshaken gently and
transferred quickly to DLS cuvettes for the measurement. Every reading was tak@rsextond
interval with the maximum of 500 readings. The effect of pH, surfactantgedadootential on the

aggregation kineticwas studied for a period of 2 weeks.

The aggregation kinetics was derived from experimentally-measured parteckdasaz At the early
stage, the formation of doublets (i.e., usually considered at the time where idleaipifregate

hydrodynamic diameter increases by one quarter of its original size) was expresseﬂ Eq.(1)

(Aah (1)

1
At )t—>0  kq1Ny (1)
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whereay(t) is the aggregation size over tine N, is the starting number concentration P
dispersion and, is the rateof formation of doubletsThese doublets increasenumberat a faster
rate withan increasdn ion concentratiorn the dispersion du the suppression of diffused double
layer (DDL). This suppression ddDL leadsto a decreasén the van der Waal forces between
particles.At a pointwhen all the van der Waal forces are overwhelmegd,becomes equab the

diffusion limited aggregation rate, i.ekg,,, Which shows the overall aggregation rate. The

Smoluchowski aggregation rate, gf,s;, was calculated by Eq.

kfase = 8kT/3u (2)
wherek represents Boltzmann's constants the liquid's viscosity and is the temperature. The
sticking efficiency‘a * is definedasthe ratioof kg, andk;g, asin Eq.(3), whichis the averagef

the fastest pointsf aggregation staga a specific ionic strength,

kslow
= = 3
kfast ( )

and the critical coagulation concentration (CCC) is the concentratiar vdlena approaches ta

value of 1

RESULTSAND DISCUSSION

TiO, characterization

The average length of rutile ellipsoids measured by TEM was 100£20nnfrdive.randomly
selected 214 ellipsoids) with average width of 20+5nm, which gives an aspedfrétt0.3 andca
hydrodynamic diameter of 55t5. The ellipsoids used for stability experiments wereselispar a
period over 6 months with no aggregation or agglomeragmeasured by the DLS method. The
sphericalNP had a core size range between GOiﬂamd hydrodynamic diameter of 100+10nm for
both citrate andSRFALOO stabilised. Figure 1a and 1b show TEM micrograpBRFA stabilized
rutile ellipsoids and spherical anatd$l respectively, with detailed morphology shown by HRTEM

in Figure 1c and 1d. HRTEM micrograph of the rutile TiO2 (Figure 1c) shows lattice frvities-
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spacing of 0.248nm, corresponding to (101) plane, and 0.324nm, corresponding to (110) déthe ruti
phase. HRTEM micrograph of the anataseTiEigure 1d) shows lattice fringes with d-spacing of
0.189 nm, which corresponds to the (200) plane, 0.352nm corresponding to (101) plane and 0.290nm
(121) planes of the anatase phase. Figures 2a and 2b illustrate the hydrodynacie faeti

distribution of TiQ ellipsoids and spheric&lP in water respectively.

NA101)

0.352nms0

Figure 1: a) TEM micrograph of TiCellipsoids dispersed witBRFALOO; b) Spherical anatadP
stabilized withSRFAL00; c¢) HRTEM of TiQ ellipsoids with SAED pattern showing lattice fringes
(101) and (110); d) HRTEM of spherical anatase with SAED pattern showing faittiges (101),

(200) and (121)
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Figure 2: a) DLS histogram of TiCellipsoids dispersed witBRFALO0 and b) DLS histogram of
spherical anatageP stabilized withSRFALQO. (All measurements were taken at pH 6.5+£0.2 without

any electrolyte).

Impact of surface functionalization on the stability of TiO,

Spherical anatasBlPs were tested for their stability at different pH values in theepiss of
different surfactants. Results from different surfactants treatment reealeghge in size and zeta
potential over a period of 2 weeks. The dispersion without surfactants was maesieuastall pH
values except the highly acidic range (Figure 3a). Large agglomerates were obspk/édndtich is
near to the point of zero charge (gl i.e. pH=5.6. Sodium citrate showed the greatest stabilization

for almost all pH values except the highly acidic range (pH 1-3) becaygewad shifted to these
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values. No significant change was observed in the change of hydrodynamic size & @r3the
period of two weeks. The standard deviations of change in hydrodynamic diaméteedaeplicates
show that there was inconsequential change, confirming the stability at a rapbgevafues. The
control, PEG and PVP stabilized dispersion showed high aggregation rate at aiphiea to the

point of zero charge (pkb), asseen by the large aggregates neappH

The point of zero charge for sodium citrate and SRFA was 1.6 and 2.3 respecthelyeta
potential for 0.3% SDS remained on negative values from pH1 up to pH10. The size change w
fairly consistent with the positive and negative charge of the particles ftreatlurfactants ovea
period of two weeks. Generally the presence of negative charge on particles cantalst#dilising
nanoparticles but this is not true with 0.3 mass percentage of SDS. This mayblbeedtto critical

micelle concentration (CMC) of SDS which is 8.2 mM (0.00082%) in water & 2Bd above

which micelle$ form and all additional surfactants added to the system go to rﬁelles
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Figure 3: Effect of surfactants and pH on hydrodynamic diameter and zeta potential of 20ppm
spherical anatase TiCNP: a) Size at the start of experiment, b) Zeta potential at the aftart
experiment, c) Size after one week, d) Zeta potential after one week, e) Size afteretgoand)

Zeta potential after two weeks (All measurements were taken at pH 6.5+0.2 without any ed@ctrolyt

A comparison of the zeta potential for 2 weeks (figure 3 b, d asldiofived no significant difference
for all surfactants at all pH values except sodium citrate, which showed aistigfdse in value at
pH 4-7 (figure 3f). Consistency in zeta potential after 2 weeks shows Ltisitesl on the particle

surfaces are occupied by relevant charges which stabilized the hydrodynamic diameter and zeta
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potential. This is also true for SRFA10 (i.e. 10 ppm SRFA) which was not able to pemadgh

negative charges to cover all particles and their surfaces. In comparison, SRFA1Q0Qippm

SRFA) provided enough concentration of charges to stabilize the dispersion. Sddaten(ce. 0.3

weight percentage) and SRFA100 were used for below studies.
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Figure 4: Effect of (a) Caglon sodium citrate stabilized ellipsoids; (b) Ca@h SRFA stabilized
ellipsoids; (c) NaCl on sodium citrate stabilized ellipsoiddNdL| on SRFA stabilized ellipsoidée)
NaCl on sodium citrate stabilized spheridé? and (f) NaCl on SRFA stabilized spheridéP (NP

concentration of 20ppm, SRFA concentration of 100 ppm and pH=6.5+0.2)

Impact of ionic strength on the aggregation of TiO2 NP

The aggregation of nanoparticles showed a strong dependency on the ionic strength of the
electrolyte dispersion. It was noted that with the addition of elgt#lthere was very slight change
in pH values, i.e. £ 0.2, and the variation pH of the final dispersionevasinmed in the range of 6.5-

7.0.
Impact on rutile ellipsoids

When treated with different salts, the rutile ellipsoids readily énfraggregates within 10 seconds
of salt addition. During the first 10 seconds CagNQyave an average aggregate diameter of
585.4+22.9 nm and 530.3+ 31.7 nm for sodium citrate and SRFA stabilized rutile ellipsoids
respectively. Whereas the aggregates were slightly smaller in the case of.€&831.945.1 nm and
366.1+4.9 nm for sodium citrate and SRFA stabilized ones respectively. For the sodatm citr
stabilized ellipsoids treated with NaCl and Naj\tbere was a very slight change in the initial
hydrodynamic diameter with average diameter of 65.3+2.1nm and 59.8+0.2nm respectively. SRFA
stabilized aggregates showed an average diameter of 247.7+20.2 nm and 190.8£2.9 nm for NaCl and
NaNGsrespectively (Figure 4). Clearly the initial aggregate sizes in divaldtg (Figure 4 a and b)
were larger than monovalent salts (Figure 4 ¢ an&allium citrate stabilizeMP aggregation was
entirely different than SRFA stabilized as CCC point reached quickijewn case of SRFA
stabilized the CCC point reached slowly with addition of salts. Moreowers#ift concentration
variation range was much larger in case of sodium citrate stabiNBds compared to SRFA
stabilized (Figure 4). This is consistent with some previous reports showing quickitorraf NP
aggregates for diﬁeremﬂjj For example French etlﬂreported that 45 nm TiO, NP quickly

formed stable aggregates afydrodynamic diameter of 50—60 nm in presence of 0.0045 M NaCl at
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pH of 4.5. At same pH value and 0.0165 M NacCl ionic strength, micron-sized aggregates were formed
within 15 minutes. This time was decreased to 5 minutes at pH values 5.8—8.2 even at low NaCl ionic

strength of 0.0084—0.0099 M. This aggregation time was 10 fold greater in an aqueous dispersion of

0.0128 M CaGland pH of 4.8. In another study Chen ﬁatudied that the divalent salts Ca&hd

MgCl, gave much higher aggregate growth rate of alginate-coated herN&itdan that of
monovalent NaCl. This process of aggregation was controlled by the thermodynamiesNK
reduced their energies to form large aggregates. Figure 5 shows selected TEM microgathsastof

used, which illustrates that there is an aggregate size and structurandiéfén the presence of

monovalent (Figure 5 a&b) and divalent (Figure5 c&d) salts.
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Figure 5: TEM images of aggregate formation behaviour and fractal dimensioay N&CI
(1380mM) b) NaN@ (238mM) c¢) Ca(NG@), (16mM) d) Cad (10.7mM) on 20ppm sodium citrate
stabilized TiQ ellipsoids (IS for these images corresponds to the CCC values represented it; Table

pH=6.520.2).
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Figure 6: Sticking efficiency of sodium citrate and SRFA stabilized ellipsaladsa (20ppm) against

a) NaCl b) NaN@c) Ca(NQ), d) CaC} (pH=6.5+0.2).

As shown in Figure 6, there is a general trend of destabili®iRgwith the increase of salt
concentration. For mono valence salts, the sodium citrate stabilized ellipsoids shaeedtaleiity
with a critical coagulation concentration of 1380 =+ 10 mM NaCl (Figure \®hjle for SRFA, the
CCC was reduced to 790 mM NaCl (figure 6a). Similarly NaNfave the CCC of 238 mM for

sodium citrate stabilizetlP, which was much higher than SRFA stabili2¢id with the CCC of 72

mM (Figure 6D.
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The divalent ion behaved quite different from the monovalent salts. In the ggedfe@a(NQ),, the
CCCwas 16mM (Figure 6¢) for sodium citrate stabilized ellipsoids, which was reduc8®tmM

for SRFA stabilizedNP. In the presence of Ca{the CCC was observed as 10.7 mM and 4.2 mM for
sodium citrate stabilized ellipsoids (figure)6ahd SRFA stabilizedNP. While these results were
similar in the general trend with the monovalent salts, the CCC vakrmesmuch smaller, indicating
that TiO, NP were more prone to be destabilized by the presence of divalent salts. Thaysticki
efficiencies in the presence of monovalent salts showed a minimal rise as cotopdivadent salts

It might be due to the degree of Debye-Hiickel charge screening in morisadtens relatively less
than divalent salts. This difference in CCCs is mainly becauseG#dtions have high efficiency to
form complexes with citrate and fulvic ﬁlt was noted that the CCCs of both SRFA and sodium
citrate stabilized ellipsoids in the presence of divalent ions are much lowerhi#a@CCs of
monovalent salts. It is well documented that the dominant interacting mechanisrinteraction of

Ca'? ions with carboxyl groups in citrate, and the bridging complex with fulvid acid humics

characteristics are important from complex formﬁ(f‘f"“’ Both of these reactions basically

neutralized the stabilization effect hence causing quick destabilizathdB. dfloreover this inequality
of CCCs is most likely due to the lower tendency of monovalent cations to dommplexes as

compared to higher propensity of divalent cations, hence having higher CCC values.

When concentration of mono or divalent salt is increased gradually, the amount ef straening
increases, allowing an increase in aggregation kinetics. This type of aggregatailed reaction-
limited aggregation. When the concentration of mono or divalent salts is verytlighharge of
stabilizedNP is fully screened eliminating the energy barrier betw&n Such an aggregation is
called diffusion-limited aggregation where the aggregation kinetics approtxiieel maximum and
is independent of the salt concentration. The CCC is actually the iniensetcthe cross-over point
between both reaction and diffusion limited aggregation points. At high concemdrafi mono and
divalent salts, the overall charge of TiNP is totally screened and the energy barrier betvideis

eliminated.



272 Impact on anatase spherical NP

273 The overall roundness &P can be determined with a parameter called shape factor (o) which is
274  defined as “the ratio of the surface area of a nonspherical nanoparticle (S°) to that of a spherical
275  nanoparticle (S), where both of the nanoparticle have identical volume, i.e. a = S% Due to many
276  fluctuations in the aggregation behaviour of rutile ellips@dslescribed above, round anatase
277  with a shape factor of 0.9 or above were selected. The aggregation behaviour of rtoled peas

278  different from the ellipsoids (Figure 5 and 7).

279

281  Figure 7: TEM images of aggregate formation behaviour and fractal dimesiahsNaCl (900mM)

282  b) NaNQG (90mM) c) Ca(N@). (9.8mM) d) Cad (10.2mM) on 20ppm sodium citrate stabilized



283  spherical TiQ NP. (IS for these images corresponds to the CCC values represented in table 1,

284  pH=6.510.2).
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285
286  Figure 8: Sticking efficiency of sodium citrate and SRFA stabilized spiesinatasé&\P (20 ppm)

287  against a) NaCl b) NaN) Ca(NQ), d) CaC} (pH=6.5+0.2)

288 For spherical Ti@ NP, the results obtained from three measurements were more consistent, as
289  shown by the small standard deviation values in Figure 8. In the presence oftdsedtienthe

290  agglomeration results were similar between spherical and ellipsoid Wi@re the CCC values were

291  consistently lower for SRFA stabilized dispersions. However for monovalent lalCE@C has

292  shown smaller values for sodium citrate stabilized dispersions. For inda@m€&Cs were 900 mM

293 and 1025 mM respectively for sodium citrate and SRFA stabilidBdn the presence of NacCl

294  Similarly in the presence of NaNOthe CCC values were 90 mM and 115 mM respectively for

295  sodium citrate and SRFA stabilizélP. A summary of the CCC values is provided in Table 1.

296
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Table 1 Comparison of Tilellipsoids and spherical TKONP CCC values (20 ppm NP concentration)

Salt Stabilizing agent CCC (mM) CCC (mM)
ellipsoids sphericaNP

NacCl 0.01% SRFA 790 1000

NacCl 0.3% Sod. citrate 1380 900

NaNG; 0.01% SRFA 72 110

NaNG; 0.3% Sod. citrate 238 90

Ca(NGy), 0.01% SRFA 8.9 6.2

Ca(NQ)2 0.3% Sod. citrate 16 9.8

CaCl 0.01% SRFA 4.2 3.9

CaCl 0.3% Sod. citrate 10.7 10.2
DISCUSSIONS

Aggregation of TiO, nanomaterialsin the presence of Sodium Chloride
The aggregation kinetics of TIOIP in NaCl varied with the type of stabilizing agents. Results for

sodium citrate stabilized titania ellipsoids reproduced in Fig 6a were in accordance with DLYO theo
and gave a CCC of 1380 mM NaCl. This result was beyond the expectations but soditen cit
stabilized spheres also resulted in a CCC vatug®6mM (Fig 6a & Table 1). However, the CCC for

SRFA stabilized spheric&lP was a bit higher than the CCC values ellipsoids (Fig 6a, 8a & Table 1).

There was an obvious difference in sticking efficiencies and the initiétlpasize of both types of
SRFA stabilized nanomaterials. A change in NaCl concentration sheowa@avious difference in the
aggregates structure withchange of particle morphology (fig 6a, 8a & table 1). This observation is
consistent with the observation made by Huynh et. al (2011) while treating spherical cittateAgpa
NP with NaCl concentratioﬁ The current results show that sodium citrate stabilized ellipsoids have
more stability against NaCl as compared to SRFA, while sodium citrate stalsjuredical NP

showed lower CCC values compared to SRFA.



313 The stability and aggregation differences for two different shapes, i.e. splartellipsoids are
314  mainly because of arrangement of stabilizing ions and polymer chains. These packing arrangements in
315 reaction and diffusion limited regimes for ellipsoids and spheN@&aturvatures are shape specific

316  and give distinctiveness to each [yjpe

317 In current research, the spherical TXIP have higher curvature as compared to the, Blipsoids.
318  This detailed surface information alter the physical packing of theigbafpingent resulting a more
319 compact layer of stabilizing agent for spheridd? as compared to more extended layer for the
320 ellipsoids. This arrangement of the stabilizing agent resulted in highenstedt interactions on the
321  curvatures of ellipsoids, giving them enhanced stability at reactioretimitgime. While at diffusion
322 limited regime, the ellipsoids gave more stabilization because of higher physiciagpadtk larger

323 amounts of cations.

324 Nanorods are proved to have higher physical packing hindrances as compared to snmajl packi
325 density in nanospheﬁs Thus electrosteric interactions at reaction limited regime and physical
326  hindrances arrangements of the stabilizing agent in diffusion limited regienecasidered as

327  proposed mechanism for the morphological effect of nanoparticles on aggregationis Seeit

328 understood that this behaviour of ellipsoids is due to steric interactions for theepartiging larger

329  aspect ratio. In one study on colloidal haematite, Boxalﬁd&iﬁtinguished that dicarboxylic organic

330 acids provided steric effects and promoted aggregation.

331 It is well documented in the literature that the nanoparticles stabilizbdcasiboxylic acids were

332 more homogenized and possess more negative surface charge as compared to those synthesized i
333  water alo So sodium citrate could influence more on the electrosteric effect in caiipsdids

334  with higher aspect ratios than spheriddP. In both cases of SRFA and sodium citrate, N

335 contaired net negative charges which are being repelled by the negative counter iohe on t
336  nanoparticles surface. This repulsion is more in case of ellipsoids due to incsaesed area as

337 compared to counter ion effect of rouN®.
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Ellipsoids stabilized with SRFA exhibited aggregation behaviour quite sinoiléinat for SRFA
stabilized sphericallP (Figure 6a, 8a & Table 1). There was no obvious increase in the CC@both
ellipsoids and sphericP stabilized with SRFA. SRFA may enhance particle stability by promoting
electrosteric repulsiof he initial particle size of nanomaterial did not increase urgilconcentration
of NaCl reached 500 mM for SRFA and 1250 mM for sodium citrate stabilized ellipSaigse 4 ¢
and d). In comparison, this growth started from 500 mM of NaCl for sodium citrate and SRFA
stabilized sphericaNP (Figure 4 e&f). These results clearly suggest the influence of aspiaxt
which enhanced stability 8P under same dispersion conditions. It is well documented that synthetic

or natural stabilizing agents restrain electron transfer reactions because theycedasibility of the

available surface area to stop reactions and increase ﬁ?ﬁ i

Another reason for the stability of SRFA stabilizéd is the hydrophobicity of FEI As per IHSS
proton-binding study of the functional group charge densities, the phenol-céch@tid of FA is
0.25 with a molecular weight of 500-2000 g/ﬁrln this studyNP stabilized with SRFA due to its
greater hydrophobicity”| and stronger steric repulsiﬂ resisted more to the addition of salts
irrespective of the shape. TiCllipsoids with SRFA provided greater stability as compared to

sphericalNP under similar conditions.

Erhayem and Safinstudied that adsorption of SRFA to the nano-I$0rface was dependent on
ionic strength regardless of the pH of media. With an increase in ionngtstréahe SRFA would
become more twisted and compact. This twisting might give some more nanopauitides area to
be occupied by the SRFA giving a secondary stability. Therefore the amount qitiatisof SRFA
on the surface of TiONP is highly dependent on the ionic strength. This twisting of the SRFA
explains the higher stability of ellipsoids as compared to sph&iftakecause of more surface area of
ellipsoids. At acidic pH, the TiDsurface has positive charges so cations give a bridging effect
between positively-charged TiGurface and negatively-charged SRFA, again imparting a secondary
stability. Although this imparted stability loses its magnitude with inamgasnic strength, it might

be a factor for the increased stability of ellipsoids due to increased surface area.



364 Aggregation of TiO, nanomaterialsin the presence of Sodium Nitrate

365 The sodium citrate and SRFA stabilized titania nanomaterials behaved like Na€tjadmggr when
366 treated with NaN@ The CCC for citrate-coated nanoparticles in NgM@s 72 mM (Figure 6b &
367 Table 1) for SRFA stabilized ellipsoids which increased to 110mM for sh&iP (Figure 6b &
368 Table 1). There was a drop in CCC, from a value of 238mM for titaniaatgp$éFigure 6b & Table
369 1) to 90mM NaNQ@ (Figure 8b & Table 1) which was similar to the value measured in case of NaCl.
370 These CCC values are far less than NaCl CCC values although it was thought lthsalisotre
371 mono-valent. As compared to NaCl, sodium citrate provided a degree of steric stabilitg t
372  ellipsoids. The starting hydrodynamic size of the sodium citrate stabilizednaterials in NaNg)

373  just like in NaCl, followed a decreasing trend with increasing electrolyte concentratialtyi (fig 6b

374 & 8b). It was noted that the aggregate sizes were higher in high concentrations of tRah@

375  similar concentrations of NaCl, suggesting the effect of stabilizing agents was enhrahzdO;

376  than in NaCl. Moreover, in the presence of NN@n open fractal structure was observed for the
377  aggregatedP (Figure 7 b&d); howeve€l gave closed fractal structures (Figure 7 a&c), which are
378  the characteristics of aggregation under unfavorable circumstances. ;SalW4ys gave larger and

379  open structures in all the cases andg@le smaller aggregate structures (Figure 5).

380 It was observed that CCC was different for differently stabilldBdand for NaCl or NaNg) which

381  obviously suggests that the electrolyte anion have somehow very importaaindiée was not a

382 ligand only. The role of anion was further confirmed by obvious differences iagidpegation of

383  sodium citrate stabilizedNP in NaCl and NaN@ The difference in the CCC and aggregation
384  behaviour was not dependent on ion size, because the hydrated radiusio8GR A and NO at

385  3.35 K'lare quite close and might not be able to give much difference in behdwviight be NO*

386  which made the gel like complexes with SRFA and sodium citrate. CCC values of two types of anions
387 reveal that anion effect depends on the type of electrolyte. StabilityOafellipsoids and spherical

388 NPis affected at very low concentrations of @d NG for divalent salts while huge amount of Cl

389  was required to destabilize both types M in case of NaCl. As Caalways form a gel-like

390 aggregateﬂ and NQ forms open fractal branched structures, Calbl@ake larger aggregates as
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compared to monovalent salts or divalent @ith CI. This is well confirmed while observing the
sticking efficiencies where monovalent electrolytes gave more stabittiyhigher CCC values. The
combined effect of the gel-like aggregates effect of With the open fractal structures of BN@ the

possible reason of larger aggregate size and lower CCC values for {La{M© aggregation state in
all cases is related to the overall surface area, adsorption of anion and the sofhageexposure.
CCC results showed that the greater the attraction of anions bysiiface, the lower is the stability

and vice versa.

Aggregation of TiO, nanomaterialsin the presence of Calcium Nitrate
Ca(NQ), showed aggregation behaviour which was quite in line with Na@ble 1). N

changes were observed between CCC values of both typé¢B lofit these CCC values are far less
than NaNQ CCC value, which was attributed to*€hecause of its quick screen of surface charge by
divalent ions. This enhancement in aggregation might be due to the compression of tivalelect
diffused double layer on TiONP surface as a result of chelation betwéhsurface and G4 The
results show that the CCC for the SRFA stabilized, N® (either ellipsoids or spherical) was at least

an order of magnitude higher than sodium citrate cdsdied

Both type of TiQ NP either coated with SRFA or sodium citrate had negative zeta potential.values
With the addition of divalent calcium cations, the zeta potential of stabiEedecreased. It is well
documented in literature that £dorms a complex with organic matter stabilized hematPewhich
neutralized the negative surface charge of tkﬁl‘{lﬁ’the presence of divalent Casame mechanism
governs the destabilization of both typed\N®&f. SRFA imparted the negative charge on the surface of
both types of Ti@ NP. These imparted negative charges made complex witht€alestabilize the

NP dispersion even with little amounts of the divalent salt.

Aggregation of TiO, nanomaterialsin the presence of Calcium Chloride

The aggregation behaviour observed in Gafzs similar to that observed in NaCl but B
started to aggregate at a lower concentration of Lalllie stability of the SRFA stabilized

nanomaterials in CagWwas obviously different from that in NaCl, as divalent cations quickly changed



417  the aggregation stage. The ellipsoids either stabilized by sodium citrate or SRR&d a better

418  magnitude of stability as compared to sphetaimainly due to the greater surface area. This clearly
419 illustrates the effect of shape on the stabilit\\e The high charge screening efficiency of Tians

420 for the nanomaterials could be the possible aggregation mechanisms along with tlie speci

421 interaction of nanomaterials, Gaons and stabilizing ag

422 Huynh and Chconsidered the interparticle bridgingM® by interaction of humic acid and €a

423  ions as the main reason of aggregation. They emphasized that polymerN®dtad more stability
424  as compared to citrate coatd® in the presence of monovalent and divalent ions. This is more likely
425  because of the electrosteric stability induced by large chain polymers. iThimgstof SRFA

426  molecules imparted additional stability to tR® in the presence of low concentrations of ions. But
427  when the concentration was high, the intermolecular bridging induced by $B¥A enhanced

428  aggregation.

229 CONCLUSIONS

430 This study showed that the surfactant, ionic strength and morphology efNRGiffected the
431  aggregation kinetics significantly. Five surfactants were investigaifgencing the aggregation
432  process but sodium citrate and SRFA were the most effective stabilizing agem&rpiidlogy has
433 influenced the sticking efficiency and crystal structure, which alteredggregation kinetics TiO
434  ellipsoids proved more resistant to aggregation than sphaiitabainst different C4 and N4 salts
435  atsimilar concentrations. Salt concentrations changed the sticking effidietagen individuaNP
436  and NP-substrate surfacéisis considered that the aggregation kinetics is due toaba N4 cations

437  but CQ and Clanions may also have their impacts, which will be studied in future work.

133 ENVIRONMENTAL IMPLICATIONS

439 SRFA stabilized\P are relatively more stable than sodium citrate stabilldBdmainly due to the
440  electrosteric repulsion by the SRFA molecules. Since the CCC values for both ty{fearef greater

441  than typical environmental related concentrations of mono and divalent salt commestretis
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presumed that thed¢P are highly mobile in natural environments. Moreover natural environments
have fulvic and humic acids in abundance which naturally increase the stability oNihdsnce
increasing their mobility. This work acts as a benchmark study to uaddrgte ultimate fate of
engineered nanoparticles in the environment. Clearly due to the complexities goitaahtrix,

which would have different complex nature of ions and natural organic matters, understanding the real
time fate of engineered nanoparticles is still a big challenge. Clearlyithetd a strong need of
further studies to establish the influence of other environmental congtitliemtnatural organic
matters, humic acids and different metals on the aggregation kinetics of Maraaddition, further
research work is needed to assess the effect of different sizes and pheants aor\P stability,

aggregation kinetics and mobility.
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