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The forward scattering light (FSL) received by the detector can cause uncertainties in turbidity measurement of the
coagulation rate of colloidal dispersion, and this effect becomes more significant for large particles. In this study, the
effect of FSL is investigated on the basis of calculations using the T-matrix method, an exact technique for the
computation of nonspherical scattering. The theoretical formulation and relevant numerical implementation for
predicting the contribution of FSL in the turbidity measurement is presented. To quantitatively estimate the degree of
the influence of FSL, an influence ratio comparing the contribution of FSL to the pure transmitted light in the turbidity
measurement is introduced. The influence ratios evaluated under various parametric conditions and the relevant
analyses provide a guideline for properly choosing particle size, measuring wavelength to minimize the effect of FSL in
turbidity measurement of coagulation rate.

I. Introduction

Turbidity measurement is a very useful tool in many types of
routine chemical analyses because of its simplicity and easy
implementation. As one of its important applications, the coagu-
lation rate of suspensions can be assessed by the turbidity
measurement.1-6 Particularly, when the extinction cross section
of doublets formed during aggregation is theoretically achievable,
the absolute coagulation rate constants can be quantitatively
determined.2-4

In previous studies,4-6 we have shown that the T-matrix
method7-10 can be used to accurately calculate the extinction
cross section of the doublet without size limitation. We further
suggested that to reduce the measurement error, if possible,
choosing larger particles would be more preferable.4 That is
because, for small particles, a high number concentration of
particles is usually required in order to enhance the signal-to-
noise ratio in the measurement. As is well-known, the scattering
intensity decreases toward smaller particles approximately as the
sixth power of the radius. In this case, dispersions of smaller
particles at low number concentration become almost a trans-
parentmedium, and therefore, the change in its turbidity becomes
very difficult to detect accurately. The turbidity of smaller
particles can be increased by increasing the number concentration
of particles. However, a high number concentration of particles
will make the coagulation happen too quickly, and therefore, the

linear portion of the turbidity-time curve becomes very short
before it curves. In this case, the measurement usually needs to be
done in only several seconds.11,12 This causes large errors asso-
ciated with the data fluctuations and the insufficient data collec-
tion time. As an effort to overcome the difficulty with small
particles, Puertas et al.3 used the RGD approximation to calculate
the total light scattering cross section of the aggregate, taking into
account the contributions from pairs of particles with zero, one,
and two particles between them, and developed a technique for
getting the coagulation rate constant from turbiditymeasurement
by fitting the curve of turbidity change for longer time. In
comparison with using smaller particles, proper turbidity can be
reached for larger particles without resorting to a high number
concentration of particles. Therefore, the linear portion of the
turbidity-time curve can lastmuch longer,makingmore accurate
measurement possible. However, it does not mean that the larger
the better for particle sizes used in the turbidity measurement.
This is because, with the increase of particle size, the forward-
scattering light (FSL) intensity increases significantly and detec-
tors always have a certain acceptance angle.13 In general, accep-
tance angles for a real turbidity measurement instrument or
commercial spectrophotometers are in the range of a few degrees.
In this case, some forward-scattered light may fall with the
transmitted light onto the light detector to cause an error of the
turbidity measurements,14 and this effect becomes more serious
for larger particles. When worrying about FSL effect for larger
particles, one may hesitate to use large particles in the turbidity
measurements if they lack necessary knowledge about how to
reduce and control the FSL effect.

In this paper, we focus on assessing how the errors caused
by FSL for the turbidity measurement related to particle size
(size parameter) and acceptance angle of detector by calculating
the portion of the FSL that falls on the detector in addition to the
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transmitted light in the aggregation process. We further deduce
the allowed particle size for a given error tolerance and an
acceptance angle of detector and discuss how to properly choose
the measuring wavelength to reduce the effect of FSL on the
turbidity measurement. In addition, we also discuss how to
make a correction on the error caused by the effect of FSL when
the geometrical parameters related to the detector, such as the
acceptance angle, are available.

II. Theory

The absolute coagulation rate for colloidal suspension is
defined by:

dN1

dt

�����
t¼0

¼ -k11N
2
1 ð1Þ

Theoretically, the turbidity τ is related to the extinction cross
sections of dispersed particles, and can be expressed as

τ ¼ N1C1 þN2C2 þ 3 3 3 þNiCi þ 3 3 3 ð2Þ
whereNi and Ci are the number concentration and the extinction
cross sections, respectively, for the aggregates of i particles. At the
initial stage of aggregation, there exist only single particles and the
aggregates formed by two particles. Therefore,

dτ

dt
¼ C1

dN1

dt
þC2

dN2

dt
ð3Þ

In combination with eq 1 and noting that dN1/dt=-2dN2/dt
at the initial stage of aggregation, eq 3 can be rewritten as
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where τ0 =N1C1|t=0 is the turbidity of the initial monodispersed
colloidal suspension. Therefore, the coagulation rate k11 can be
determined when the left-hand side of eq 4 and the number
concentration N1|t=0 are measured, and the so-called optical
factor Fo = C2/2C1 - 1, which is the key factor for achieving
the coagulation rate constant from the turbidity measurement,
and has tobe theoretically calculated. TheT-matrixmethod7-10 is
an exact technique for the computation of nonspherical scattering
based on a direct solution of Maxwell’s equations, and therefore,
it can be used to accurately evaluate the optical factor.4,5 How-
ever, when the detector of turbidimeters or spectrophotometers
receives not only the transmitted light, but also a portion of
the forward-scattering light, the problem becomes not so straight-
forward.

In the turbidity measurement, the turbidity τ is related to the
transmission intensity of light as

I ¼ I0 expð-τLÞ ð5Þ
where I is the transmission intensity of light, I0 is the intensity of
the incident light, andL is the length that the light passed through
the colloidal suspension. Upon measuring the transmission rate
I/I0 and the length L, the turbidity τ can be measured. The left-
hand side of eq 4 can then be evaluated after the turbidities at
different time are measured in the initial stage of aggregation.

Equation 5 works only for the ideal condition that no forward
light scattering would be received by the detector. When the
detector accepts the light intensity I containing some contribution

from the forward scattering light (the so-called apparent trans-
mitted light intensity), eq 5 shouldbemodified. Todo so, similarly
to ref 14, eq 5 can be rewritten as

I ¼ I0 expð-τRLÞ ð6Þ
where R is the factor for correction to τ. In eq 6, τ is also the real
turbidity that can be expressed by eq 2, while τR is the actually
measured turbidity that contains the contribution of FSL.

In this case, the left-hand side of eq 4 can be modified to

1

τ0R0

dðτRÞ
dt

�����
t¼0

¼ 1

τ0

dτ

dt

�����
t¼0

þ 1

R0

dR

dt

�����
t¼0

ð7Þ

dr/dt can be written as
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Combining eqs 7, 8, and 4, we can get
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This equation is quite similar as eq 4 except subtracting a term
(N1/R0)(dR/dN1)|t=0 from the optical factor. The difference is
that the optical factor in eq 4 needs a correction as shown in eq 9
after taking into account FSL. In order to assess the degree of the
influence degree of FSL, the magnitude of the correction factor
Fc= (N1/R0)(dR/dN1)|t=0needs tobe comparedwith the value of
the optical factor Fo.

Wind and Szymanski14 have deduced the expression of R,
which can be written as

R ¼ -
1

τL
lnðIr þ expð-τLÞÞ ð10Þ

where Ir=Is/I0 (Is is the FSL that can be receivedby the detector).
Ir was deduced by ref 14 to be

Ir ¼ τsca
2

Z L

z¼0

Z ψðzÞ

θ¼0

pðθÞ sin θ exp -τext
L

cos θ

� �

exp -τextz 1-
1

cos θ

� � !
dθ dz ð11Þ

where τsca and τext can be expressed as

τsca ¼
X

NiCsca, i ð12Þ

τext ¼
X

NiCext, i ð13Þ

where Csca,i and Cext,i are the scattering and extinction cross
sections of aggregates of i single particles. Two primary particles
(singlets) aggregating to form one doublet is the only process
involved at the very beginning of aggregation. Therefore, the
values for i in eqs 12 and 13 that need to be considered are only 1
and 2. p(θ) in eq 11 is equal to 4πτ(θ)/τsca, where τ(θ) is the
differential scattering efficiency at angle θ.14

Mie theory is applicable to precise evaluation of the distribu-
tion of scattering intensity of a spherical particle (or singlet) to get
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the values of p(θ) for a monodispersed colloidal suspension.
However, in order to calculate the correction factor Fc, the
distribution of scattering intensity from doublets should also be
calculated, because the number concentration of doublets will
increase with the decrease of N1 during aggregation. Mie theory
cannot handle the problem dealing with nonspherical particles.
In this study, we use the T-matrix method to calculate the
distribution of scattering of both single and doublet as well as
the values of p(θ) for different N1 and N2.

In the T-matrix method,4,5,7-10 both incident and scattered
electric fields are expanded in a series of vector spherical wave
functions as follows:

EincðrÞ ¼
X¥
n¼1

Xn
m¼-n

½amnRgMmnðkrÞþ bmnRgNmnðkrÞ� ð14Þ

EscaðrÞ ¼
X¥
n¼1

Xn
m¼-n

½pmnMmnðkrÞþ qmnNmnðkrÞ� ð15Þ

where k = 2π/λ, and λ is the wavelength in the surrounding
medium. The harmonics RgMmn and RgNmn have a Bessel-
function radial dependence and are regular (finite) at the origin,
whereas the functions Mmn and Nmn have a Hankel-function
radial dependence and vanish at infinity. Due to the linearity of
Maxwell’s equations, the scattered field coefficients p=[pmn, qmn]
are related to the incident field coefficients a = [amn, bmn] by
means of the so-called transition matrix (or T matrix)

pmn ¼
X¥
n0 ¼1

Xn0
m0 ¼-n0

½T11
mnm0n0am0n0 þT12

mnm0n0bm0n0 � ð16Þ

qmn ¼
X¥
n0 ¼1

Xn0
m0 ¼-n0

½T21
mnm0n0am0n0 þT22

mnm0n0bm0n0 � ð17Þ

In compact matrix notation, eqs 16 and 17 can be rewritten as

p
q

" #
¼ T a

b

" #
¼ T11 T12

T21 T22

" #
a
b

" #
ð18Þ

The Tmatrix for a cluster consisting of i spheres (i= 1 or 2 in
this study) can be computed. The explicit expressions and
calculations for the T matrix can be found in ref 7. From the T
matrix, we can then calculate the extinction cross sections and the
Stokes scattering matrix,7 in which the scattering intensity at
different scattering angle can be obtained. Thus, the values of p(θ)
for different N1 and N2 can be calculated.

The scheme visualizing some geometric parameters used in eq
11 is shown in Figure.1. For the measurement of coagulation rate
of colloidal suspension, the sample is at some distance away from
the detector. Therefore, some parameters are not the same as in
ref 14, where an aerosol system was discussed.

InFigure.1, the distance from z= 0 to z=L is the optical path
length of the sample cell of colloidal suspension. Before the
transmitted and scattered light reaches the detector, they will be
refracted at the interface between the wall of the sample cell and
air or liquid phase so that the incident angle in the suspension is
not the same as in the air, as is shown in Figure 1. Here, the
interface at z=L is considered tobe between colloidal suspension
and the air, and the refraction at the interface of glass wall of the

sample cell is ignored. This simplification is appropriate because
the refraction at two parallel glass interfaces has no influence on
the light beam direction, and the thin glass wall could make little
deviation of the beam.

As shown in Figure.1, suppose ψ(z) is the largest angle (in the
colloidal suspension) of forward scattering light from point z that
can be received by the detector. Then, the integration range of the
polar angle at the point z in eq 11 is from 0 to ψ(z).

As introduced in ref 14, there are two kinds of configurations
for the detector: “open detector system” and “lp detector system”,
which can be schematically shown inFigures 2 and 3, respectively.
Similar toFigure 1, z= 0 and z=L represent the positions of two
walls of the sample cell, and the refraction of light at z = L is
considered.

For the two different configurations of detectors, the determi-
nation of ψ(z) is a little different. As shown in Figure.2, geome-
trically we can get the formula

ðL-zÞ tan ψðzÞ ¼ ad -la tan j ð19Þ
For commonly used spectroscopy, the angleψ(z) is small, sowe

can use the approximation that sin ψ(z) = tan ψ(z) = ψ(z). This
approximation does not cause much error even though the angle
is exaggerated as larger as 15� (about 0.26 rad), which should be
much larger than the common reception angle for a turbidity
measurement system discussed in this study. Considering the
refraction rule j = nwψ(z), we can get

ψðzÞ ¼ ad

L-zþ lanw
ð20Þ

Figure 1. Scheme visualizing some geometric parameters in eq 11
for turbidity measurement.

Figure 2. Schematic diagram for open detector system.

Figure 3. Schematic diagram for lp detector system.
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where nw is the refractive index of water, and the refractive index
of air is approximated as 1 in this study.

For lp detector configuration as shown inFigure 3,ψ(z) should
be a constant value fov/2nw if z g L þ lanw - nwad/(fov/2).
Otherwise, it is the same as for the open detector system.Here, fov
is the aperture angle of the pinhole from the center of lens, as
shown in Figure3.

R at different N1 for the above-mentioned two detector con-
figurations is calculated with some typical parameters of N1|t=0,
particle diameter d, and wavelength of incident light in the air λ.
The results are shown in Figure 4. We can see that the R - N1

curve can be linearly fitted perfectly at the initial stage of
aggregation, that is, R proportional to N1 at the beginning of
aggregation (our calculation showed, however, that this linear
relationship no longer exists for a longer period). Therefore, we
can even use two different pairs of N1 and R at the beginning of
aggregation to get the correction factor Fc. By comparing the
magnitudes of Fc and corresponding optical factors Fo, relative
errors caused by FLS in measuring the coagulation rate for
different parameters can be evaluated quantitatively.

III. Results and Discussion

A. Influence of Particle Size and IncidentWavelength.As
a sample case, the influences of FSL for the colloidal suspension

of polystyrene particles dispersed in water in a variety of condi-
tions are calculated in this study.Our previous studies have shown
that the refractive indices of the particle and medium should be
corrected for different incident wavelengths when solving light
scattering problems, especially when particles are large. An
inverse method for determining the refractive indices of medium
and dispersed particles simultaneously by turbidity measurement
has been described.15 However, for simplicity, the refractive
indices of water and polystyrene particle and their values at
different incident wavelengths are corrected according to the
empirical formula16-18 used in our previous studies.4,5

Figure 5 shows the comparison of optical factors Fo and the
correction factors Fc for different-sized particles (diameters d =
0.5, 0.6, 0.8, 1, 1.5, and 2 μm, respectively) and incident wave-
lengths. Figure 5a is for the open detector system, while Figure 5b
is for the lp (lens and pinhole) detector system.

The relative refractive index np/nw (np and nw are the refractive
indices of polystyrene and water, respectively) and the size

Figure 4. Values of R for different N1 during aggregation: (a) open detector system, (b) lp detector system.

(15) Xu, S. H.; Liu, J.; Sun, Z. W.; Zhang, P. J. Colloid Interface Sci. 2008, 326,
110.

(16) Quan, X.; Fry, E. S. Appl. Opt. 1995, 34, 3477.
(17) Ma, X.; Lu, J. Q.; Brock, R. S.; Jacobs, K. M.; Yang, P.; Hu, X. H. Phys.

Med. Biol. 2003, 48, 4165.
(18) Nikolov, I. D.; Ivanov, C. D. Appl. Opt. 2000, 39, 2067.



6912 DOI: 10.1021/la904155y Langmuir 2010, 26(10), 6908–6918

Article Xu and Sun

parameter πd/λw (λw is the wavelength in water) are the two
determinant parameters in the calculation of the optical factor.
Therefore, the size parameter becomes the only determinant
parameter for the optical factor if the refractive indices are
independent of wavelength, as was commonly assumed in most
literature (where only small particles are discussed). When the
particles under consideration are smaller (as the size parameter
R<3), the refractive indices have ignorable dependence on the
wavelength. Only, in this situation, the same size parameter can
give the same optical factor no matter what the particle size is.
However, this is not the case when particles are large, as discussed
in our previous study,4 and the refractive indices have to be
corrected for different wavelengths, as shown in Figure 5.

In Figure 5, the x-axis is Rf, which is equal to πd/(0.75λ),
representing the size parameter if the refractive index of water is
taken to be a constant 1.33. Figure 5 shows the change tendencies of
the Fo and Fc with Rf and these tendencies are similar for different-
sized particles. Here, we can see that, after the corrections of the
refractive indices at different incident wavelengths are made, the
optical factors are actually changing with particle size for a fixedRf.

In Figure 5, the number concentration of the monodispersed
particles before aggregation is set to 1� 1013 m-3 and L to 1 cm.
For the open detector system, the results with la = 6 cm and the
results for radii of aperture of detector ad of 1, 2, 3, and 4 mm are

compared. For lp detector system, la satisfies the condition L þ
lanw- nwad/(fov/2)e 0 so thatψ(z) is fov/2nw for z from 0 toL. In
addition, the results for forward angle in water fov/2nw of 0.01,
0.02, 0.03, and 0.04 rad are compared. Since commonly used light
beam in turbidity measurements are visible, the wavelengths of
the incident light in Figure 5 are in the range from 400 nm to
800 nm. We can see that these tendencies for both the open
detector system and lp detector system are actually quite similar.

In previous studies,4 we have pointed out that, at a certain
wavelength, the change in turbidity completely loses its sensitivity
to the coagulation process (the so-called blind point, where Fo are
actually equal to zero), which makes the measurement impossible.
Therefore,we should avoid conducting turbiditymeasurement in the
zone near the “blind point”, or the so-called “blind zone”. Figure 5
clearly shows that, with the increase of Rf, the optical factors change
frompositive values to thenegative values, crossing the “blind zone”.

On the other hand, Fc is always positive and increases with
Rf. A positive Fc means that R decreases during aggregation
because N1 decreases. From eq 6, it can be expected that smaller
R corresponds to more scattering light accepted by the detector.
Comparatively, according to the definition ofFo, a negative value
of Fo means that the extinction cross section for a doublet is
smaller than for two single particles. The smaller extinction cross
section means that the light being scattered and absorbed is

Figure 5. Optical factorsFo and the correction factorsFc for differentRf. The particle diameters are 0.5, 0.6, 0.8, 1, 1.5, and 2μm, respectively.
The other parameters areN1|t=0= 1� 1013 m-3, L= 1 cm, la = 6 cm: (a) open detector system with ad = 1, 2, 3, and 4 mm, respectively;
(b) lp detector system with fov/2nw = 0.01, 0.02, 0.03, and 0.04 rad, respectively.
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weaker. If there is no absorption, the above result means that the
total scattering intensity is smaller for a doublet than that for two
single particles.

Combining the above two consequences, it can be inferred that
the scattering light distributed more in the low-angle region for a
doublet than that for two single particles. For large Rf, although
the total scattering intensity is smaller, the scattering intensity
accepted in the low-angle region is still larger for a doublet,
becausemore scattering light is distributed in low-angle region for
doublet. This is the reasonwhyR is positive and the optical factor
is negative for large Rf.

For the convenience of discussion of the influence of FSL, we
define the FSL influence ratio as

rinf ¼
����� N1

R0

dR

dN1

� �
t¼0

=
C2

2C1
-1

� ������ ¼ jFc=Foj ð21Þ

which is the absolute value of the ratio of the correction factor to
the optical factor. The larger rinfmeans that the forward scattering
has stronger influence on the turbidity measurement of coagula-
tion rate and causes a larger error for k11 evaluated according to
eq 4.

The influence ratio rinf can be reduced by properly choosing
measuring parameters to make the magnitude of Fc (the numer-
ator) smaller and the magnitude of Fo (the denominator) larger.
Apparently, the “blind zone” (where approximately 4< Rf < 7;
see Figure 5) should be avoided for turbidity measurements
because the optical factor is close to zero there. Therefore, we
only need to consider two ranges: either where Rf < 4 or where
Rf > 7. In the first range (Rf < 4), the optical factors are positive
and degressive function of Rf;, while the correction factor is
positive and increases with Rf. Obviously, in this region choosing
smallerRf (namely, smaller particles and larger light wavelengths)

Figure 6. Values of rinf for different Rf. The particle diameters are 1, 1.5, and 2 μm, respectively. The other parameters are N1|t=0 = 1 �
1013m-3,L=1cm, la=6 cm. (a) Open detector systemwith ad=1, 2, 3, and 4mm, respectively. (b) lp detector systemwith fov/2nw=0.01,
0.02, 0.03, and 0.04 rad, respectively.



6914 DOI: 10.1021/la904155y Langmuir 2010, 26(10), 6908–6918

Article Xu and Sun

for turbidity measurements will be preferable if we do not
consider the difficulty in measuring the change in the turbidity
as mentioned in the Introduction. In the second region, the
problem is not straightforward, because the absolute value of
optical factor increases first and then decreases with Rf, although
the magnitude of the correction factor keeps increasing. How to
choose the values of Rf to reduce the influence ratio will be
discussed in detail later.

As a predictable results shown inFigure 5,Fc increases with the
increase of aperture of detector for open detector configurations
(or acceptance angle for lp detector configurations). When ad =
1mmor fov/2nw=0.01 rad, the correction factors are close to 0 in
both (the first and second) regions of Rf up to 20, so that the
influence of FSL on the measurement of coagulation rate con-
stant is ignorable.

Now, we are focusing on the effect of FSL in the second region
in Figure 5. The curves of rinf vs Rf for “open detector configura-
tion” and “lp detector configuration” are shown in Figure 6.
Because there are minimum values for the optical factors around
Rf = 10, we can expect the minimum for rinf to appear around
Rf a little smaller than 10, considering thatFc is increasingwithRf.
From Figure 6, we can see that for ad = 2mm or fov/2nw = 0.02
rad, without considering the correction of FSL effect only when
7.3 < Rf < 12.4, rinf is less than 10%, which might be acceptable
for some experiments. When ad g 3 mm or fov/2nw g 0.03 rad,
the results of turbiditymeasurement without necessary correction
for FSL effect would be beyond the acceptable range because rinf
> 10%.
B. Influence of Aperture of Detector or Acceptance

angle. For open detector configuration, the FSL received by

Figure 7. Values of rinf for different ad or fov/2nw. The particle diameter is 1.5 μm.N1|t=0 = 1 � 1013 m-3, L= 1 cm, la = 6 cm. (a) Open
detector system. (b) lp detector system.
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Figure 8. Correction factors for different number concentrations for open detector system with ad = 4mm. The particle diameters are 0.5,
0.6, and 0.8 μm.

Figure 9. Correction factors vs number concentrations for particle diameter 1.5 μm. The wavelengths are 400, 500, 600, 700, and 800 nm,
respectively. (a) Open detector system with ad = 4 mm. (b) lp detector system with fov/2nw = 0.04 rad.
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the detector is related to ad, while for lp detector configuration, it
is related to fov/2nw. Figures 5 and 6 clearly show that the
correction factors and rinf increases with the increase of forward
scattering angle accepted by the detector.

Taking particles of diameter of 1.5 μm as a sample, Figure 7
shows how rinf changes with ad at three different measuring
wavelengths.

Three curves show that the effect of FLS increases rapidly with
the accepted angle (ad or fov/2nw). For ad>2.3 mm or fov/2nw>
0.027 rad, all rinf will be larger than 10% for the three wavelengths
shown in Figure.7. In these cases, to ensure that the relative error
is not too large the correction of effect of FLS has to be made,
namely, using eq 9 instead of eq 4 for coagulation rate evalua-
tions. Otherwise, to ensure rinf < 10% while using eq 4 for three
wavelengths, we have to choose measuring parameters to have
ad < 1.5 mm or fov/2nw < 0.017 rad.

C. Influence of Number Concentration. In previous dis-
cussions, the number concentrations for different-sized particles
are considered all the same as 1 � 1013 m-3. At this number
concentration, the transmission rate I/I0 may be too large for
small particles. To adjust the measured turbidity, we need to
change the number concentration. Therefore, it would be neces-
sary to study the influence of number concentration on the effect
of FSL. By comparing the results of different number concentra-
tions for ad = 4mm for open detector configuration as shown in
Figure 8, we can see that, when the number concentration
increases, the correction factor decreases. However, this decreas-
ing tendency is insignificant. The results for number concentra-
tion 1 � 1015 m-3 for particles of d = 0.6 and 0.8 μm are not
presented here, because their transmission rates for such number
concentrations are too small (high turbidity), making the turbid-
ity measurement difficult.

Figure 10. Values Rf and ad or fov/2nw that make rinf 3%, 5%, 8%, and 10%, respectively. The particle diameters are d=0.2, 0.3, 0.5, and
0.8 μm. (a) Open detector system. (b) lp detector system.
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Figure 8 shows that the increase of number concentration can
help to decrease the correction factor to some extent, but not
much. Comparatively, Figure 9 shows the correction factors for
N1|t=0 from 0.5 � 1013 m-3 to 5 � 1013 m-3 with ad = 4 mm or
fov/2nw = 0.04 rad, in which d = 1.5 μm particle is used as an
example of large particles in the turbidity measurement. The
number concentration, N1|t=0, in this range makes the transmis-
sion rate I/I0 in the range from10% to 90% that is suitable for the
turbiditymeasurement. Combining Figure 8 and Figure 9, we can
infer that the number concentration has little influence on the
correction factor and rinf, although the increase of number
concentration can decrease Fc to some extent.
D. How to Choose rf in Turbidity Measurement. When

rinf is larger than a certain error tolerance, we have to make the
correction for the effect of FSL and use eq 9 instead of eq 4 to
evaluate coagulation rate. However, to calculate the correction
factor Fc = (N1/R0)(dR/dN1)|t=0 we need to know some relevant
geometrical parameters that are usually difficult to measure with
necessary accuracy. To still use eq 4, we should discuss how to
properly choose particle size and incident wavelengths to mini-
mize rinf.

Figures 10 and 11 show for different ad or fov/2nw how to
choose Rf to make rinf smaller than 3%, 5%, 8%, and 10%,
respectively. Figure 10 is for the first region (where Fo > 0) and
particle diameters for the curves are d=0.2, 0.3, 0.5, and 0.8 μm,
while Figure 11 is for the second region (where Fo < 0) and
particle diameters for the curves are d = 1, 1.5, and 2 μm. Since
the number concentration has a rather limited effect, N1|t=0 is
kept to a value of 1� 1013 m-3. All the rest of the parameters are
the same as in previous sections.

In Figure 10, associated with the situation of the first region
(Fo>0), the values ofRf and ad (or fov/2nw) for points below each
curve can make the corresponding rinf smaller than the values
indicated on the curve.WhenRf<2.5, we can have the rinf< 3%
even when ad is as large as 4.5 mm (or fov/2nw is as large as
0.05 rad).WhenRf<4, the rinf can be smaller than 5%whenad<
3 mm (or fov/2nw < 0.035 rad) and it can be smaller than 10%
when ad<4mm (or fov/2nw< 0.05 rad). Therefore, the effect of
FSL is negligibly small for Rf <4 if the allowanced error is 10%.
Furthermore, in the first region, shown in Figure 10, the particles
with diameter d > 800 nm should not be used for measuring
coagulation rate because Rfwould be larger than 4 for measuring
wavelengths available in the range of visible light.

Apparently, the plots in Figure 10 show that smaller Rf is
preferred to reduce trim down the effect of FSL. However, to
produce moderate turbidity for an efficient measurement, parti-
cles should not be too small.4 Therefore, the choice of particle size
and wavelength should make Rf smaller than 4, yet not too small
in this region.

Comparatively, Figure 11 shows the results of the second
region (Fo < 0). The curves have the same meanings as in
Figure 10. However, in this figure, only the values of Rf and
ad (or fov/2nw) for points between the top and the bottom curves
canmake rinf smaller than the values indicated on curves. For each
value of rinf, the top curves are calculated by using d = 1.5 and
2 μmparticles, while the bottom curve are calculated by using d=
1 μm particles. We can see that when ad = 2.3 mm or fov/2nw =
0.027 rad the range of Rf for rinf < 10% is already limited. When
ad = 2 mm or fov/2nw = 0.024 rad, there exists a range of
Rf making rinf < 8%, but no Rf can make rinf < 5%. For ad <
1.6mmor fov/2nw<0.014 rad, there exists a range ofRf for rinf<
5%, while for ad <1.2 mm or fov/2nw< 0.014 rad, there exists a
range of Rf for rinf < 3%. Therefore, the requirement of smaller
ad or fov/2nw in the second region is much stricter than in the first

region. For ad>2.3mmor fov/2nw>0.027 rad, rinf will be larger
than 10% for most Rf so that Fc for the effect of FSL have to be
made in the calculations of k11.

Besides, Figure 11 shows that Rf in the range from 9 to 10
corresponds to a minimum valley of rinf no matter what the value
of ad is, which provides a clue on how to choose the particle size
and wavelength to reduce rinf in the second region.

IV. Conclusion

In this study, the effect of FSL on measuring the coagulation
rate by turbidity measurement, especially for larger particles, was
investigated based on calculations using the T-matrix method.
The relevant modified formula including the contribution of FSL
in the turbidity measurement was deduced. To evaluate the effect
of FSL, the errors contributed by FSL were calculated and
compared with the pure transmitted light in the turbidity mea-
surement of the coagulation rate for two different detector
configurations under various conditions. To quantitatively esti-
mate the degree of the influence of FSL, we defined a FSL
influence ratio, and its valuewas computed in different situations.
The main results of this study can be summarized as follows:

(1) Characteristics and performance of the turbidity measure-
ment depends on the wavelength used and the magnitude of

Figure 11. Values Rf and ad or fov/2nw that make rinf 3%, 5%,
8%,and 10%, respectively. The diameters are d=1, 1.5, and 2μm.
(a) Open detector system (b) lp detector system.
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optical factor Fo to a great extent. According to the value of
Fo and the measuring wavelength, the measurement range can
be divided into three regions: Fo > 0, Fo ∼ 0, and Fo < 0,
corresponding to the above-named “first region”, “blind zone”,
and “second region”, respectively.

(2) Turbidity measurement should not be conducted near the
“blind zone”.

(3) In the first region, reducing the effect of FSL is very
straightforward: choosing particle size andmeasuring wavelength
to make Rf small, namely, smaller particles and large wavelength.
However, since moderate turbidity would be more appropriate
for the turbidity measurement, we need to properly increase the
particle size used.

(4) In the second region, there is a minimum valley of rinf for Rf

in the range from 9 to 10, so around the value we can have a
relatively small effect of FSL, as long as ad or fov/2nw is not large.

(5) To remove the error caused by FSL in the coagulation rate
evaluation, themodified eq 9 should replace the original eq 4 if the
relevant parameters are available.

(6) The particle number concentration has only a weak
influence on the effect of FSL, implying that we do not need to
worry much about whether adjusting the number concentration

would worsen the effect of FSL. However, too large a number
concentration will cause remarkable multiple scattering, which
will also affect the accuracy of turbidity measurement. In our
previous study,19 we have evaluated the influence of multiple
scattering and showed how to choose volume fractions or number
concentrations to avoid the possible effect of multiple scattering.
Therefore, for Rf corresponding to a small FSL effect, the number
concentration should also be appropriately restricted. It should also
be pointed out here that the forward scattering intensity is affected
by the interparticle interactions through the structure factor. How-
ever, the volume fractions used in the turbidity measurement are
mostly very low (less than 10-4) in order to ensure a moderate
turbidity. Therefore, the effects of the structure factor are ignorable.

(7) The most important measure to reduce the error caused by
FSL should be making the acceptance angle small in the experi-
mental setup of the turbidity measurement, although this issue is
beyond the scope of this paper. Special efforts have been made20

towards this target, and for the best result, the acceptance angle
can be reduced to close to 0.

Acknowledgment.Thiswork is supportedby grants 10672173,
10972217, and 10932012 from the National Natural Science
Foundation of China and the Knowledge Innovation Program
of the Chinese Academy of Sciences (including Grant No.
KJCX2-YW-L08).

(19) Xu, S. H.; Sun, Z. W. Chin. Phys. Lett. 2007, 24, 1763.
(20) Bryant, F. D.; Seiber, B. A.; Latimer, P.Arch. Biochem. Biophys. 1969, 135,

97.


