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Our previous studies have shown that the determination of coagulation rate constants by turbidity measurement
becomes impossible for a certain operating wavelength (that is, its blind point) because at this wavelength the change
in the turbidity of a dispersion completely loses its response to the coagulation process. Therefore, performing the
turbidity measurement in the wavelength range near the blind point should be avoided. In this article, we demonstrate
that the turbidity measurement of the rate constant for coagulation of a binary dispersion containing particles of two
different sizes (heterocoagulation) presents special difficulties because the blind point shifts with not only particle
size but also with the component fraction. Some important aspects of the turbidity measurement for the heterocoagulation
rate constant are discussed and experimentally tested. It is emphasized that the T-matrix method can be used to correctly
evaluate extinction cross sections of doublets formed during the heterocoagulation process, which is the key data
determining the rate constant from the turbidity measurement, and choosing the appropriate operating wavelength and
component fraction are important to achieving a more accurate rate constant. Finally, a simple scheme in experimentally
determining the sensitivity of the turbidity changes with coagulation over a wavelength range is proposed.

I. Introduction to the present work can be highlighted by the following points:

The coagulation of polydisperse dispersions (heterocoagula-(a) to achigve amore accurate absolute rate constant, the use of
tion) actually occurs for a broad range of applications, although '&rger particles is preferable; (b) the degree of response of the
homocoagulation has been studied more thoroughly. This situationtUrbidity change to the coagulation varies significantly with
is associated with the fact that heterocoagulation exhibits more Particle size and operating wavelength; at a certain wavelength,
complicated behavior and is therefore more difficult to study the change in turbidity completely loses its sensitivity to the
through modeling. In this regard, as a relatively simple example, c0@gulation process (the so-called blind point), which makes the
the heterocoagulation of two differently sized colloidal particles Méasurementimpossible; and (c) the T-matrix method provides
has received significant attentiéni4 The heterocoagulationrate & robust solution to the evaluation of the extinction cross section
constant is an important parameter for characterizing the ofthe doublet, which is the key factor for achieving the coagulation
coagulation kinetics of colloidal systems. To determine its absolute '2{€ constant from the turbidity measurement. These points are
rate constant, the turbidity measurement s widely adopted becaus@!SC valid for the heterocoagulation measurement in principle.
of its simplicity and ease of implementati&nt® This study will In this article, we first present a theoretical basis for the
focus on the turbidity measurement for the heterocoagulation _connect|on of the rate _constant with the rate of turbidity change
rate constant of dispersions composed of two differently sized N the heterocoagulation process. We also analyze why the
colloidal particles. significant difference in the responses of the turbidity change to

Some of the major points presented in previous std@i&s the coagulation for differently sized colloidal particles complicates

on the turbidity measurement of homocoagulation that are relevantthe turbidity measurement. In particular, for some wavelength
zones (blind zones) turbidity does not respond or has a very low
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dNg ) Gans-Debye (RGD) theory, Mie theory with the coalescing
"t Ji=o = —KpNg (1) assumption, RGD with the coalescing assumption, and corrected
RGD theoryt”~18are valid only for rather small colloidal particles.
dN, KpNg? Although this size limitation can be relaxed to some extent when
(T)t—o = (2) the difference in the refractive indices for colloidal particles and

the surrounding medium is small, these theories are basically not
suitable for large particles. It has been estimatédt for the
measurement of heterocoagulation rate constants with static light
scattering or dynamic light scattering, RGD theory is typically
applicable to particles having a diameter from 0.1 to an2
Some of the previous theories, however, have been applied to
the turbidity measurement of heterocoagulation containing large
particles?®-22 For instance, You-Im Chang et al. studied the
heterocoagulation behavior of a binary mixture composed of
different combinations of 1.16, 3.04, and even®2polystyrene
particles. However, the calculation of the extinction cross section
i CSF + CDT =3 CS)KDNO2 3) in their study is based on the RGD theory that is incapable of
dealing with large particles.

From eq 3, the coagulation rate constant can be connected Heterocoagulation experiments with large particles are an

with the rate of turbidity change in the turbidity measurement important aspect of colloidal coagulation fields. For example,
by the following equatioH—19 studies of sedimentation phenomena showed that the presence

of large particles in a dispersion mixture will influence the whole

[d(z/zo)ldt], heterocoagulation process remarkatsiy?3
D™ m (4) To avoio_l the difficulties involved ir_l the_ calc_ulation of extincti(_)n

D 0 cross sections of doublets, a techniGuging simultaneous static
and dynamic light scattering has been developed to determine
heterocoagulation rate constants. Currently, however, this
technique can treat only the heterocoagulation process between
unlike particles, excluding the simultaneous occurrence of
homocoagulation.

The T-matrix method has shed new light on dealing with the
calculation of extinction cross sections of a doublet formed by
large particle¥ because it has great capability in accurately
&omputing electromagnetic scattering by single and compounded
particles without a size or shape limit. In this study, the T-matrix
method was used to calculate all extinction cross sections that
are needed in measuring the heterocoagulation rate constant by
the turbidity measurement.

In the T-matrix method, both incident and scattered electric

whereNsandNp are the number concentrations of single particles
and doublets, respectivelyijs time; Kp is the coagulation rate
constant, andNo = (Ns)i=o.

The turbidity can be expressedas- NsCs + NpCp, where
Cs andCp, are the extinction cross sections for single particles
and doublets, respectively, ands the turbidity. The rate of
turbidity change due to the aggregation of single particles is
written as

dr dNg dNp (CD

whereto = NoCs is the turbidity at the coagulation starting time
of t = 0. Assuming that the denominator in eq 4 can be taken
to be a constant, the coagulation rate will be proportional to the
quantityR = [d(z/70)/dt]o, the relative rate of turbidity change.
Thus |R| is usually used to represent the relative coagulation
rate. The dimensionless paramdter [(Cp/2Cs) — 1]is referred
to as the optical factoiR can be obtained from the turbidity
measurement, but the optical factor containing the extinction
cross sections for single particles and doublets has to be calculate
by means of light-scattering theory.

With a similar deduction as in eqs-B, the relationship of the
rate of turbidity change with the rate of the heterocoagulation
coagulation process of species 1 and 2 is givénas

dr 1 2, (1 2 fields are expanded in a series of vector spherical wave functions.

(&)O,HETZ (éCDl - CSl)KDlNl + (ECDZ - CSZ)KDZNZ + The scattered field coefficients are related to the incident field
1 1 1 coefficients by means of the so-called transition matrifor T

2K012N1Nz(§CD12 —5Cs1™ ECsz) (®) matrix), and the extinction cross section can be calculated from

Tof the scattering objeét:
whereN; andN; are the initial numbers of singlet species 1 and For a spherical particle, the T matrix is diagonal, and its
2, respectivelyCsi, Csy, Cpi1, andCp; are the extinction cross  elements are directly related to Mie coefficieatsandb, from
sections of a singlet and a doublet of species 1 and 2Cangd Mie scattering?® And the T matrix for an aggregate formed by
is the extinction section of a 1:2 doublélp; andKp; are the two particles (regardless of whether they are the same size) can
homocoagulation rate constants for particles 1 and 2, respectively be deduced from the T matrices of each particle, which has been
andKpi2 is the rate constant for doublets formed by two unlike discussed indetailinrefs 15and 16. Therefore, all of the extinction

particles. Apparently, eq 5, just like eqs-3, holds only fort cross sections in eq 5 can be accurately calculated by the T
— 0, namely, only atthe very beginning of the coagulation process. matrix method.
2. Calculation of Extinction Cross SectionsFor spheres, 3. Analysis. According to eq 5, we can see that the rate of

the extinction cross section can be calculated exactly from Mie turbidity change is determined by three terms and that each of
theory without a size limit. The key problem in determining a them has a form similar to eq 3. The first two terms correspond
reliable value of the absolute coagulation rate constant by theto the contributions of two like-sized spherical particles forming
turbidity experiment is to calculate the extinction cross sections a doublet, and the third term represents the contribution due to
for three kinds of doublets, namel§p;, Cpz, andCpy2. It has doublet formation between two unlike-sized spheres. As discussed
been showt~18that all previous theories, including Rayleigh

(20) Chang, Y. I.; Wang, M. CColloids Surf., A2004 251, 75.

(17) Lichtenbelt, J. W. Th.; Ras, H. J. M. C.; Wiersema, P.JHColloid (21) Melik, D. H.; Fogler, H. SJ. Colloid Interface Sci1984 101, 72.
Interface Scil974 46, 522. (22) Maroto, J. A.; de las Nieves, F.Golloids Surf., A1998 145, 271.
(18) Lichtenbelt, J. W. Th.; Pathmanmanoharan]JCColloid Interface Sci. (23) Sun, Z. W.; Liu, JChin. Phys. Lett2005 22, 2119.
1974 49, 281. (24) Mishchenko, M. I.; Travis, L. D.; Lacis, A. Scattering, Absorption, and

(19) Elimelech, M.; Gregory, J.; Jia, X. et dParticle Deposition and Emission of Light by Small Particle€ambridge University Press: Cambridge,
Aggregation Butterworth-Heinemann: Oxford, U.K., 1995. U.K., 2002.
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in ref 15 for the homocoagulation case, each term may vary by performing the measurements atthe same operating wavelength
dramatically with the incident light wavelength not only is because each of them may have a very different measuring
its magnitude very different at differeatbut its sign also may sensitivity at the same wavelength.

change from negative through zero to positive. When two primary  In opposition to the first method, the second one has to resort
particles are combined to form a doublet during coagulation, to attaining values of the absolute rate constafgs,andKp,

there will be a corresponding change in their extinction sections. as well as all relevant extinction cross sections. BecKgsand

If the extinction section of two singlets is less than that of one Kp, are independent of the operating wavelength for the
doublet, then we will have @ddt) > 0; otherwise, (d/dt) < 0. measurement, as long as all extinction cross sections required
And the case of (ddt) = 0 corresponds to the extinction section in eq 6 can be correctly estimated, we can choose proper
of two singlets that is equal to that of one doublet. If the wavelengths for the rate constant measureméfis éndKpy)
measurement is performed at theith (dz/dt) ~ 0, then (d/dt) that are individually suitable for species 1 and 2.

will have no response to the actual coagulation process. In this  FortheAterm, the situation becomes much more complicated.
case, the change in turbidity during coagulation completely loses First, the wavelength blind point for the mixture of species 1 and
its sensitivity to the change in particle numbéof the dispersions. 2 will shift not only with the particle sizes but also with the
Within this zone (the zero-sensitivity zone or the blind zone), fraction of two species. Let the component fractlor No/(Ng

the magnitude of the slope of the- t curve att = 0 is too small + Np) (N1 andN, are the number concentrations of two types
to distinguish. (The signal is covered by noise.) Apparently, for of particles, respectively). In the initial stage of the heteroco-
heterocoagulation, the situation becomes much more complicatedagulation, doublets in dispersion solution can be formed by two
because the summation of the three terms in eq 5 still can be zerdike particles or two unlike (dissimilar) particles. Apparently,
(they may take different signs) although each of them is nonzero. more doublets composed of two unlike particles in solution would
In this case, the value of {fit) will depend not only on the enhance the accurate determinatioKgf,. Mathematically, the
values of all extinction sections of primary particles and doublets maximum possible number of such doublets should come about
but also on the fraction of species 1 and 2. Furthermore, extinctionwhenX = 0.5 (namelyN; = N,). However,X = 0.5 may not
cross sections are related to particle size and the operatingbe a good choice for the component fraction because the intensity
wavelength. Our target is to achieve the heterocoagulation rateof light scattered on dispersion particles strongly depends on the
constant for doublets formed by unlike-sized particlés;o, particle size. According to Rayleigh’s theory, that holds for
through the turbidity measurement and theoretical values of all particles much smaller than the wavelength of light because the
relevant extinction cross sections. From el can be explicitly scattering of light by particles is proportional to particle size to

expressed by the following equation the sixth power. Therefore, wheN; = N, the turbidity
contribution from larger particles may greatly mask that from
kK. —A-B-C ©) smaller ones, resulting in large experimental errors.
p12 DN;N, Interestingly, if the wavelength of the blind point can be
somehow determined, to achieMg;, one needs to know only
where B andC in eq 6 becausé = 0.
_ (d_r) [ll. Experimental Section
dt/o,HeT Three types of negatively charged polystyrene (PS) spheres of
1 ) radii equal tea= 115, 266, and 500 nm were used in both the homo-
B= (Ecm - C31)K01N1 and heterocoagulation measurements in this work, and they are

denoted as PS115, PS266, and PS500, respectively, in the following
1 2 discussions. The initial particle number concentration of stock solution

C= (Ecoz - Csz)KozNz was determined according to particle size and the dry weight of the

dispersions of a certain amount of sample solution. The estimated

error associated with the number concentration was about 5%. Two

series of binary mixtures (denoted as mix 1 and mix 2) were used

in the heterocoagulation experiments: mix 1 was composed of

compounds with PS115 and PS266, whereas mix 2 was composed

] ) of PS266 and PS500.

The numeratorA — B — C) on the right-hand side (RHS) of Transmission percentage®%) of samples versus time during

eq 6 corresponds to the rate of turbidity change caused only bythe homo- and heterocoagulation processes at different wavelengths

doublet formation between two unlike particles. The three terms, were measured by a UWis dual-beam spectrophotometer (Purkinje

A, B, andC, can be experimentally determined by turbidity TU-1901, Beijing) connected to a computer for all data collection.

measurements, bl has to be estimated theoretically. Then, the transmission percentages were transformed into turbidity

There are two approaches to obt&imandC. The first one is by the equation

based on the fact th& and C represent the rates of turbidity

change of monodisperse dispersion species 1 and 2, respectively r= _(l)(m T%) @)

(eq 3). Therefore, each of them can be directly measured by L

separate experiments. This method does not require either the ) ) )

values of the absolute rate constar€si( Kp,) or calculations ~ WhereL is the light-path length. The slope of thir, versus time

of the relevant extinction cross sections. The disadvantage ofSurve (the relative coagulationrate) was calculated by the procedure

this method is that the turbidity measurements fardtlo, and of linear regression in the early stage of the coagulation. All results

(de/dt)o 2 have to be performed with exactly the same particle g;%i?{:;i%tgelow are the values averaged over five independent

number concentrations at exactly the same operating wavelength - gefore the measurements began, the containers for the electrolyte
as those for measuringfdit)o,-et (the rate of turbidity change  and latex solution as well as the sample cells were cleaned with a
for the mixture of species 1 and 2). Apparently, it is difficult to  chromium sulfuric acid solution in order to eliminate organic

obtain (ct/dt)o neT, (de/dt)o 1, and (a/dt)o 2with sufficient accuracy materials. The use of any detergent-based cell cleaning solution was

and

D=(Cp1o—Cs1—Cs)
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Figure 1. Change in term#, B, C, and A — B — C) in eq 6 for Figure 2. Change in term#, B, C, and @ — B — C) in eq 6 for
sample mix 1 with component fractiod = 0.5 vs the operating sample mix 2 with component fractiok = 0.5 vs the operating

wavelength. wavelength.

Table 1. Number Concentrations and Volume Fractions of 55 — I————
Particles for Different Dispersion Solutions Used in This Study 50| = NN, =101 Experimental h
1:1 51 5] X Npgyi5Nogass = 511 Experimental

T o N_ N =1:1 Experimental 7]

N (104p/md) @ (105 N (104p/m¥) @ (10°9) 40| & NowiNww=51 Experimental ]

PS115 6.25 0.397 10.4 0.66 35 ]

mix1 PS266 6.25 4.92 2.08 1.64 i) 1 1
total 125 5.32 125 2.30 5 %7 ]

PS266 2.0 1.57 3.33 2.62 2 27 ]

mix2 PS500 2.0 10.0 0.67 3.48 2 204 E
total 4.0 11.6 4.0 6.1 |§ 151 ]

avoided because the coagulation rate constant is sensitive to the {
presence of trace amounts of surfactants. The water was obtained 57

from an ion-exchange apparatus, and the conductivity was lower 0 g
than 0.5uS/cm. S

The experiments were performed at a temperatufie-ef25 °C, 200 300 400 500 600 700 800
and for each sample, the fast coagulation was initiated by mixing Wavelength (nm)

1 mL of 1 M NaCl solution with 1 mL of latex solution in the sample . L L .

cell (the length that light passed through the dispersion was 10 mm) Figure 3. Turbidity vs wavelength of the incident light beam for

for all of the experiments. The critical coagulation concentrations diSPersions composed of PS115, PS266, and PS500, respectively.
for particles PS115, PS266, and PS500 are 0.3, 0.34, and 0.32 M,In all th(;ge/er;:gses, the same number concentration of particles is used
respectively; therefore, the electrolyte concentration used here is(2 x 10%crr).

sufficiently higher than the required critical coagulation concentration. o o

The final total number particle concentrations in the cell after being @ll termsA, B, C, and @& — B — C) have their blind points in
mixed with electrolyte solution for mix 1 and mix 2 were 1.25  the range of wavelength between 300 and 700 nm.

10%and 4x 10*/ms3, respectively. More detailed information about 2. Turbidity Contribution of Differently Sized Particles.

the number concentratidd and volume fractiord of three kinds  As discussed above, the turbidity of a dispersion drops violently

of particles in different mixtures is shown in Table 1. with a decrease in the size of particles in the dispersion.
. . Figure 3 contains the plot of the wavelength-dependent turbidity
IV. Results and Discussion ratios of a dispersion of PS266 to that of PS1#&4sdtpsii

1.A, B,C (A — B — C) in Equation 6 versus Wavelength  for their number concentration ratMpszeéNps115= 1:1 and 1:5,
and Their Blind Points. Figure 1 shows the change of the terms  respectively, and also the plot for the ratios of PS500 to PS266
A B, Cand @A — B — C) in eq 6 for sample mix 1 with the  (trssodTrs269 fOr NpssodNes266= 1:1 and 1:5, respectively.
component fractiorX = 0.5 versus the operating wavelength. We can see that the turbidity of a dispersion composed of
To achieve the values &andC according to eq 3{p1 andKp, larger particles has a much greater value than that of a dispersion
were determined through separate turbidity measurementscomposed of smaller particles. This implies that if the same
performed at appropriate operating wavelengths by the procedurenumber concentrations of larger and smaller particles (namely,
described inref 15. We can see that with the wavelength increaseX = 0.5) in the turbidity measurement of heterocoagulation are
from 300 to 700 nm alA, C, and A — B — C) experience a used the contribution of larger particles would greatly mask that
negative-to-positive sign change. For each term, its blind point of smaller ones, resulting in large experimental errors. Figure 3
corresponds to its value of zero. Because the blind point for term also shows that a useful remedy to this situation is to increase
B is at a wavelength of less than 300 nm, we cannot see its signthe content of smaller particles.
change in Figure 1. Figure 3 does not seem to show that the turbidity of the

Figure 2 presents similar behavior for the sample of mix 2 dispersion is proportional to particle size to the sixth power, as
(also with the component fractiofi= 0.5). Now we can see that  discussed above; this is because the sizes of particles here are
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Figure 4. Wavelength-dependentturbidity ratios of PS266 to PS115 _. . .
(tps26dTps11d With the number concentration rathdps:1¢Nps266= Figure 5. Values ofD in eq 6 calculated from the T-maitrix methqd
1:1 and 5:1 and wavelength-dependent turbidity ratios of PS500 to &t different wavelengths. Note that doubled scales were used: the
PS266 tpssodrs2ed for number concentration rathbs26éNpssoo= left ordinate axis is for mix 2, and the right axis is for mix 1.
1:1 and 5:1.
15 T T T T T T T T T T
too large (compared to the wavelength) to meet the condition of @ . =1
. . € o NPS115'NP8266 1
Rayleigh theory. We still can see, however, the tendency that the," 44 X Nog, N, =5 i
turbidity ratio of larger particles to smaller ones increases with 2
the increase in wavelength because a larger wavelength makes:
the particle sizes move toward the Rayleigh condition. S R Sty R T -atet

e constal

Figure 3 also shows that the disparity in turbidity contributions
from large and small particles becomes greater when the studied
particle sizes are small. The turbidity ratios of the dispersion of
PS266 to that of PS115Hs2sétpsi19 is greater than 40 at a
wavelength ofl = 700 nm. But this ratio for PS500 to PS266
(‘L’ps5od1’pszeé is only about 10 af = 700 nm.

Actually, Figure 3 also demonstrates the advantage of using
larger particles in turbidity measuremént. 10 N —

3. Wavelength of the Blind Point versus Component 200 300 400 500 600 700 800
Fraction for Heterocoagulation. It is important to know the Wavelength (nm)
position (wavelength) of the blind point in the turbidity Figure 6. Absolute heterocoagulation rate constants of mix 1
measurement of the rate constéhEor homocoagulation, the obtained from the turbidity measurement at different operating
position of the blind point is definite, but for the heterocoagulation, wavelengths.
the blind point shifts with the component fraction. For mono- - .
disperse dispersions of PS115, PS266, and PS500, their inno(A — B — C)/D should be pnchanged, within the error bar, with
points are 310, 464, and 770 nm, respectively. Figure 4 showsthe wavelength. Comparing the curvesl:of_n eq 7 with those
how the position of the blind point shifts with component fraction of (A—B —C), we can see that _they are basically complgment_ary
for mix 1 and mix 2. For mix 1, when the component fraction except for some Igck of .experlmental data near the blind points
of smaller particles PS266 increases frin+ O to 1, its blind (values f_o_r the blind point). ) )
point shifts from 464 nm (the value for the blind point of PS115) In addition, the correctness of the relevant cross sections in
to 310 nm (the value for the blind point of PS266). For mix 2, €46 evaluated by the T-matrix method can be essentially verified
when the component fraction of PS500 increases om0 to by the final results of absolute heterocoagulation rate constants
1, this shiftis from 770 to 464 nm. We can see that for both cases, feported in the next part.
with an increase in the portion of smaller particles, the blind 5. Absolute Heterocoagulation Rate Constant#s discussed
point first moves toward a short wavelength (approaching the in ref 15 for the same sample of dispersions, the coagulation rate
blind point of smaller particles) at a fast pace and then slows constants evaluated by eq 6 in turbidity measurement performed
down. This fact implies that the larger particles play a leading at different wavelengths have to be unaltered and unique. We
role. Apparently, this trend is displayed more significantly for can still use this criterion to evaluate our experimental results
mix 1 because its particles are smaller and fit the Rayleigh obtained by different implementation methods.
scattering better. The absolute heterocoagulation rate constants of the mix 1

4. Extinction Cross SectionsFigure 5 presents the values of and mix 2 mixture obtained from the turbidity measurement at
D in eq 6 calculated from the T-matrix method at different different operating wavelengths are presented in Figures 6 and
wavelengths. Because the heterocoagulation rate constant i, respectively. For both cases, two kinds of component fractions
independent of the measuring wavelength, the numerater ( were used:Ni/N, = 1:1 andNi/N, = 5:1. Figure 6 shows the
B — C) and the denominator db on the RHS of eq 6 have to  data points for mix 1. We can see that when 550 nm the data
be complementary to each other to ensure that the rate constanof the rate constants witkes:1¢Nps266= 5:1 measured at different
is constant over the whole operating wavelength range. That is,wavelengths are consistent and also compatible with the

=

c

54 4

Heterocoagulation ra
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Figure 7. Absolute heterocoagulation rate constants of mix 2 N X10™ (p/m®)
obtained from the turbidity measurement at different operating _. L )
wavelengths. Figure 8. Plots of the turbidityr vs number concentratiod and
volume fraction® for the largest particles (PS500, rad#$.5.m)
Table 2. Homo- and Heterocoagulation Rate Constants of and the highest volume fraction (1:010) used in this study at
Different Dispersions differentwavelengths. The bottom abscissa axis designates the particle
- - number concentration, and the top axis designates the volume fraction.
sample PS115 PS266 PS500 mix 1 mix 2

Kp (10718 md/s) 6.26-0.6) 3.04-0.4) 3.4¢40.4) 5.2¢-0.6) 2.06:0.2 L . . . . . .
o( ms) €06) €04) €04) €06 €0.2) transmission is primarily associated with multiple scattering, the

experimental results would be greatly distorted. In this regard,
we have carefully evaluated the possibility of the effect of multiple
scattering on the measurement in this work and confirm that this
effect should be negligible for the following reasons:

(a) The quasi-crystalline approximation has been used by

heterocoagulation rate constants reported by other reseatcHers.
Figure 6 also shows that a larger deviation of data points occurs
in the Nps114dNps266= 1:1 case. The blind point is around 440
nm for Np311¥,Np5255= 1:1 and around 400 nm fd)l‘psj_lf,Npszse

= 5:1. Therefore, there is an uncertain zone for turbidity - . . : .
measurement from 300 nm to 500 nm. We can see the data¥lad'm'rto estimate the effect of multiple scattering on turbidfty.

) he result shows that the turbidities calculated with the single
returned again to the average value at the wavelength aroundscatterin approximation and with multiple scattering have a
250 nm. Some data points in a rather wide range around blind relative d?ffefepnce smallerthan 0.7% atth:volume congentration
points are not given in Figures 6 and 7 because they could not L

0 : . .
be determined with an acceptable accuracy there (the values on 0.1% for particles .“ke those used in our study. The volume

- . concentrations used in our study (Table 1) is much smaller than
dr/dt near blind points are too small to measure).

. . ) . . 0.1%.
l_:|?ure 7 zre%esnts thfeNdata F:\?'nts ffrlml'x 2 S%\ggg thef blind (b) In experimental practice, we also have a criterion to define
’p\)lom ;\:oun _5.1nvnv1e garﬁsszeGi tF\ZStO?h; détaaanre cons?sTen?:/vith whether the effect of multiple scattering on the turbidity
ps266Npss00= 9:1. O S -
the range from 250 to 500 nm fdlbssedNpssos= 1:1 and from measurements is important. The turbidity of a stabilized

suspension without the effect of multiple scattering can be
2_52.t10 450 nm plus that from 700 to 750 nm f¥s26dNessoo expressed by= NC, whereNis the particle number concentration

. . - ) and C is the extinction cross section of a single particle. By
Comparing Figure 6 with Figure 7, we can see that the influence varying N, apparently, ifr is linearly related to\, the effect of

of differently sized particles on the turbidity measurement for n jiple scattering should be negligible. Figure 8 plots turbidity
mix 1 is more serious than that for mix 2. This should be associated ;. \,orsus number concentratibhand volume fractiom for the
with the fact that the particle sizes of mix 1 are smaller than those largest particles (PS500, radka®.5.m) with the highest volume
of mix 2. We can also see that the increase in the portion of ¢4 ion (1.0x 10-%) used in this study at different wavelengths.
smaller particles for improving the measuring accuracy 100ks acyyally, all data presented in this article were experimentally
more effective for mix 1 than for mix 2. . . obtained in the linear region efversusN. Therefore, low light

As mentioned above, if the wavelength of the blind point can  ransmissions are primarily due to the much higher scattering

be determined, we need to know oiifandCin eq 6 to achieve  ntensity for large particles, which is not associated with the
Kpiz. However, it is difficult to experimentally determine the  muyltiple scattering.

wavelength of the blind point to high accuracy because of the
low signal-to-noise ratio near the blind point. V. Simple Scheme to Obtain the Turbidity Change
The measured home-coagulation rate constants of PS115, Rate versus Wavelength
PS266, and PS500 and heterocoagulation rate constants of mix gy yerimentally determining turbidity derivatives with respect
1 and mix 2 are all given in Table 2. The relevant values of the 15 time (q/dt) (that is proportional to the relative coagulation
home-coagulation rate constant estimated by Smoluchowski ate) ver a range of operating wavelengths is very helpful for
theory, in which hydrodynamic interactions and inter-particle mqre accurately and effectively evaluating the coagulation rate
forces are totally disregarded, is 12310*® m¥s (at 25°C). by turbidity measurement. When we have a rough-and-ready
6. Effect of Multiple Scattering on the Turbidity Measure- curve of (d/dt) versusi beforehand, we can easily select an

ment.When large particles are used in the turbidity measurement, gppropriate wavelength to use in performing the turbidity
the light transmission becomes rather low, as for the case of PS

spheres with a radius of 500 nm used in this study. If low light  (25) Viadimir, P. D.Appl. Opt.1998 37, 4998.
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Figure 9. Curves ofr vs 1 and the associated curve for(dt) vs Figure 10. Curves ofr vs 4 and the associated curve forr(dr)
2 for PS266. vs A for mix 1 with PS115/PS266- 1:1.

measurement not only apart from the blind point but also with at zero seconds (the very beginning of the coagulation process),
enough sensitivity to the coagulation. Here we present a simplethen the first value of at A, will be measured at the end of four
scheme to produce such a curve by means of the spectrophoseconds. Apparently, this time delay will deteriorate the accuracy

tometer. of the obtained values of {ttt) unless there is a perfectly linear
Now we user(t = 0) andz(t = At) to denote the values of  relationship between the turbidity and time. To improve this

the turbidity of the dispersion at timgés= 0 andt = At at a situation, we can either lengthen the coagulation time by reducing
wavelength ofl = 1, respectively, in the turbidity measurement.  the concentration of the dispersion or shorenby such by
The turbidity derivatives with respect to timer{dt) can be narrowing the wavelength range or lessening the wavelength
evaluated by finite differences: points to be scanned.

dr [rt=A0 —7(t=0)] . _ A, ®) VI. Conclusions

dt At Through a theoretical analysis and experimental tests, this

article explores a number of important aspects for dealing with

the turbidity measurement in determining the absolute hetero-
coagulation rate constant. The main points can be summarized
as below.

The turbidity measurement of the coagulation rate relies on
the change in turbidity with the coagulation process. Therefore,
it should be performed at a wavelength away from the blind

(i — 1At ' point (zero sensitivity) with sufficient sensitivity to detect the
T = ‘L’(t = T) ati; (i=1,2.n) (9) coagulation rate. However, for heterocoagulation the blind point
shifts with the component fraction, although for homocoagulation

After the second scan finishes, the turbidity derivatives with it is definite. i ) L
respect to time at the wavelength can be achieved by the Because turbidity increases radically with particle size, larger
following approximation particles may significantly dominate the turbidity behavior of

the binary dispersion, resulting in a large measurement error.

Suppose at timé = 0 that the spectrophotometer starts the
turbidity scan oven wavelength points fromi; to 1, and after
the time period\t the first scan finishes and then the second scan
immediately follows. After the first scan ends, the turbidity at
theith wavelength poini; can be expressed by the following
equation:

(i — DAt (i — 1At This tendency becomes stronger when constituent particles of
dr - TAY —ft= n the dispersion are smaller. Increasing the component fraction of
(a)i ~ At small particles properly is favorable for improving this situation.

(i=1,2.n) (10) Similarly with homocoagulation, to achieve a more accurate
T rate constant of heterocoagulation by turbidity measurement,

We are concerned here with only the initial stage of the Using larger particle is more preferable. The T-matrix method
coagulation process. As long as at this stage the turbidity is €an be used to correctly evaluate the relevant extinction cross
linearly related to time, then eq 10 should hold well. Actually, Sections of doublets formed during heterocoagulation without
we can perform the th"'d, fourth, and h|gher scans to get atime the limitation on partiC|e Size, but all pl’eviOUS theories are
series of values of derivatives for each wavelength point. applicable only to small particles.

One of the advantages of this scheme is that all derivatives ~Finally, we described a simple scheme to obtain a rough-
derived from this approach over different wavelengths are basedand-ready curve of the rate of turbidity change versus wavelength
onthe same sample and the same experiment condition. Thereforehat is helpful in selecting an appropriate wavelength for
the errors due to changes in the sample or experimental conditiong?erforming the turbidity measurement.
are excluded to a great extent. Figure 9 gives the plowvefsus
A and the associated curve for(dt) versust, respectively, for
PS266. Figure 10 presents similar plots for the mix 1 case.

A problem with this scheme is that all turbidities at different
wavelength points are measured at different time points. In other
words, supposingt=4s, ifthe first value of at4, is measured LA701426U
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