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ABSTRACT

Filtration curves of samples obtained at three different seawater pretreatment plants were
analyzed in order to identify the blocking mechanism during silt density index (SDI) mea-
surements of seawater and filtered seawater. This was done in two ways. Firstly, by direct
comparison of the measured filtration curves with the calculated curves based on different
constant-pressure dead-end filtration models, the coefficient of determination R2 was ana-
lyzed. Secondly, by changing the sample water temperature the measured SDI was com-
pared to the calculated SDI in each model. The R2 of both standard blocking models and
intermediate blocking models show higher values than those of the other models in the case
of seawater filtration curves, indicating that these fit the measured filtration curves. The R2

of the cake filtration model is clearly smaller than those of other models. The measured SDI
value of the same filtered seawater sample increases with temperature rise, this tendency
coincides with the results calculated by all the filtration models. More precise analysis
through R2 comparison of each model shows that the standard blocking model and the
complete blocking model, which indicate relatively strong dependence of water temperature
on SDI, best coincide with the measured results. The temperature dependency on SDI of the
cake filtration model shows poor correlation with test results. Consequently, blocking coeffi-
cient (ks) of the standard blocking model is the most appropriate fouling indicator. The indi-
cator ks can be the consistent fouling index, widely adaptable from seawater to filtered
seawater after pretreatment. It is also noted that the standard blocking model can be
applied for the quantitative evaluation of the effect of water temperature on SDI.
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1. Introduction

In seawater reverse osmosis (SWRO) desalination
plants it is essential to control the fouling
potential through various pretreatment technologies,

maintaining a high and stable performance of the
reverse osmosis membrane. As a characteristic indica-
tor for fouling potential, silt density index (SDI), as
defined in the Standard D4189 of American Society for
Testing and Materials (ASTM), is widely used due to
its simple measuring method [1]. However, this index
is only an empirical parameter and is not defined*Corresponding author.
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based on filtration theory. Therefore, it cannot be
ensured that SDI has the linearity with the concentra-
tion of particles in the sample water. In the case of rel-
atively high particle concentration, such as raw
seawater, the application of SDI is limited due to the
SDI’s low sensitivity of particle concentration. Stan-
dard D4189 states that plugging rate percent (%P30 in
Eq. (4)) should not exceed 75% at 207 kPa feed pres-
sure. If this occurs, a shorter time such as 5 or 10 min
should be used instead of usual 15 min elapsed flow
time. Note, %P30 = 75% corresponds to SDI15 = 5
which raw seawater exceeds in many cases, therefore
it may not be appropriate to use SDI15 for the index of
raw seawater.

On the other hand, SDI15 is commonly used for the
fouling index of filtered seawater after pretreatment as
the SDI15 is close to 4 which, in many cases, meets
membrane manufacturer’s requirements. If a consis-
tent indicator from raw seawater through filtered sea-
water after pretreatment is available, it is easy to
conduct the evaluation of the pretreatment perfor-
mance, such as the removal efficiency of particles in
water. In that case, it is highly expected that the
consistent indicator has linearity with particle
concentration.

The modified fouling index (MFI) was derived as
the indicator having linearity with particle concentra-
tion [2]. The parameter MFI specifically corresponds
to the resistance of the cake layer formed onto a
0.45 μm membrane surface during filtration under the
constant-pressure dead-end conditions. Therefore, it is
regarded that the MFI has linearity with particle con-
centration in the test water. Moreover, MFI is also
advantageous over SDI in that it takes into account
the whole filtration curve, whereas SDI is only based
on an initial and a final measurement. However, there
is little literature published on the MFI of actual sea-
water making it difficult to determine if MFI can be
applied to the fouling index of raw seawater.

Recently, Wei et al. analyzed the filtration curves
of actual seawater and compared the specific linearity
of four filtration models, finding that standard block-
ing, rather than cake filtration, is the dominant fouling
mechanism [3]. This report concluded that the stan-
dard blocking coefficient (ks) is the most appropriate
fouling index for actual seawater. In addition, analysis
of filtered seawater from pretreatment processes was
carried out in the same manner and showed that
standard blocking is also the dominant mechanism for
filtered seawater.

The main purpose of this paper is to determine the
most consistent fouling indicator from raw seawater
through filtered seawater after pretreatment and ana-
lyze its relationship to the SDI.

Taking into consideration the results of the previ-
ous study [3], we first directly compared the measured
filtration curves of both seawater and filtered seawater
with calculated curves based on different constant-
pressure dead-end filtration models and tried to deter-
mine which blocking mechanism is dominant by
quantitative analysis of the coefficient of determina-
tion R2. Secondly, we derived the equations which
express the relationship between the blocking coeffi-
cient of four filtration models and the SDI.

According to these relationships, temperature
dependency of SDI was expected. The SDI was mea-
sured by changing the temperature of the test samples
which were obtained after pretreatment, and these
results were then compared with the calculated SDI of
each model. The best fit models were specified quanti-
tatively by comparing R2.

The dependency of water temperature on SDI was
reported by the previous study however, water sam-
ples and the comparison of test results with the pre-
diction models was limited to artificial suspension and
cake filtration models [4,5].

2. Theory and background

2.1. Filtration models

The empirical equation presented by Hermans and
Bredee expresses that infinitesimal change to the dV of
the filtration resistance dt/dV is proportional to (1/J)n

as the proportional constant K (blocking coefficient)
[6]. Hermia revealed the physical meaning of the four
filtration models that were derived from Eq. (1) [7].
The four models: complete blocking (n = 2), standard
blocking (n = 1.5), intermediate blocking (n = 1), and
cake filtration (n = 0) are currently used:

d2t

dV2
¼ K

dt

dV

� �n

¼ K
1

J

� �n

(1)

In these equations, t is the filtration time, V is the
cumulative permeate volume per membrane area,
and, J is the flux.

Table 1 shows the basic equations of the four mod-
els obtained by the integration of Eq. (1) and the defi-
nition of K for each model. The blocking coefficients
for all four filtration models (Kb, ks or Ks, Ki, Kc) is
expressed as a function of the properties of the test
water (η, Cb, Cp, np, εp, αv), the characteristics of mem-
brane (AM, RM, NT, Vm), and the operating conditions
(ΔP, Tm), considering the blocking mechanism of each
model. The blocking coefficients of these filtration
models are defined on the assumption that all
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particles are retained by the membranes. Therefore,
these coefficients are proportional to the particle con-
centration in filtered water [4–9]. Details of the deriva-
tion procedure of Eqs. (i)–(m) in Table 1 are described
in the previous studies [7,8].

In general Ks is the standard blocking coefficient in
Eq. (1). However, normalized ks, excluding J0 (initial
flux), is used instead of Ks in order to avoid the tem-
perature dependence in this work, as defined in
Table 1. The coefficient Kc/2 of Eq. (g) in Table 1 was
defined as MFI by Alhadidi et al. which expresses the
fouling index of test water [4]. The unit of (s/L2) is
commonly used for MFI and, consequently, Eq. (2) is
derived by converting the unit from Kc (sm−2) to MFI
(s/L2):

MFI ¼ Kc

2A2
M � 106 ¼

gI

2DP � A2
M � 106 ðs=L2Þ (2)

I in Eq. (2) indicates the fouling potential index. I
expresses the product of the specific resistance of the
cake accumulated on the membrane α (m/kg) and the
particle concentration in test water Cb (kg/m3), as
defined in Eq. (3):

I ¼ av ¼ aCb ðm�2Þ (3)

2.2. Calculation of SDI based on filtration model

2.2.1. Determination of SDI

The calculation of SDI is as follows:

SDITm ¼ %P30

Tm
¼ 1� Dt1

Dt2

� �
� 100

Tm
(4)

where Δt1 is the time required to collect the first
500 ml permeate and Δt2 is the time required to collect
the second 500 ml after total elapsed flow time Tm

(usually 15 min). Water is passed through a 0.45 μm
membrane filter at a constant applied pressure of
207 kPa (30 psi).

2.2.2. Calculation of Δt1 and Δt2 based on filtration
model

From the aforementioned determinations of Δt1,
Δt2 and each model filtration curve (V vs. t), Δt1 and
Δt2 are expressed as a function of K, J0, Vs, and Tm as
shown in Table 1. By inputting Δt1 and Δt2 into Eq.
(4), the corresponding SDITm of each filtration model
can be calculated. An example of the derivation
process of Δt1 and Δt2 based on a complete blocking

model is shown in Appendix 1. In the other filtration
model cases Δt1 and Δt2 are derived in the same way.

Additionally, J0 is calculated by Eq. (5) from its
definition using membrane resistance RM, applied
pressure ΔP and viscosity of test water η:

J0 ¼ DP
gRM

ðms�1Þ (5)

2.3. Parameters for calculation

2.3.1. Viscosity

Seawater viscosity is calculated using the following
predictive equation [10]:

g ¼ gw 1 þ A
S

1000

� �
þ B

S

1000

� �2
 !

ðPasÞ (6)

gw ¼ 4:2844 � 10�5 þ 0:157 h þ 64:993ð Þ2�91:296
� ��1

A ¼ 1:541 þ 1:998 � 10�2h� 9:52 � 10�5h2

B ¼ 7:974� 7:561 � 10�2h þ 4:724 � 10�4h2

0\ h\ 180 ð�CÞ 0\ S\150 ðg/kgÞ S: Salinity

2.3.2. Filtration area and filtration resistance of
membrane

According to standard ASTM D4189, a membrane
with a 47 mm diameter is normally used. Taking into
account dead space due to the O-ring when the

1 Compressed air 6 Membrane
2 Stop valve 7 Permeate tank
3 Pressure gauge 8 Electric balance
4 Sample water vessel 9 Computer
5 Filter holder 10 Thermometer

Fig. 1. Schematic diagram of filtration system for the mea-
surements of filtration curve and SDI.
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membrane is setup to its holder, the effective surface
area of the membrane is equal to 13.8 × 10−4 m2 [4].
Using measured J0, obtained from distilled water, the
membrane resistance RM is determined from Eq. (5).

3. Materials and methods

3.1. Materials

The test water samples were obtained from three
different plants. Site A and site B are located along the
coast of the Seto Inland Sea and the coast of Nagasaki
prefecture in Japan, respectively [11], site C is located
in the Arabian Gulf coast. Both plant A and B are full-
scale plants equipped with two-stage sand filter and
one-stage dual media filter as a pretreatment process.
Plant C is a pilot-scale test unit equipped with multi-
stage sand filters. No coagulants are used at the either
plant A or C, whereas FeCl3 is added as a coagulant
at plant B in the pretreatment section.

Two kinds of microfiltration (MF) membrane with
nominal pore size 0.45 μm, Millipore HAWP04700, and
Advantec A045A47A were used. The material of the
membranes is a mixture of cellulose acetate and cellu-
lose nitrate as specified by standard ASTM D4189.

3.2. Experimental setup and methods

The apparatus similar to the previous study was
assembled as shown in Fig. 1 [3]. The filtration tests
were carried out according to the procedure standard-
ized in ASTM D4189. Using compressed air, the
sample water to be filtered is pressurized in a stainless
steel water vessel up to 207 kPa.

The residual air in the pipe is exhausted from the
gap between the filter holder and the membrane by
loosening the fastening screws of the holder prior to
starting the filtration. The permeate from the filter
holder is collected in a tank on the electronic balance
connected to the computer and the filtration curve is
obtained by recording the permeate weight at defined
intervals.

In some tests of the SDI measurement only, either
a fully automatic SDI meter (SDI-2200, Mabat Chemi-
cal Systems Ltd) or a semiautomatic SDI meter (simple
SDI, Applied Membranes Inc.) was used. When per-
forming temperature variation test, the water tempera-
ture was adjusted to a set point by a heater and kept
constant throughout the test.

4. Results and discussion

4.1. Fouling mechanism analysis of raw seawater and
filtered seawater after pretreatment

4.1.1. Raw seawater

Fig. 2 shows a typical filtration curve of raw sea-
water. The calculated curves of each filtration model
are also described in Fig. 2. The parameters (K, J0)
used for the model calculation were optimized to min-
imize the residual sum of squares (RSS) in Eq. (7) by
least-squares method:

RSS ¼
Xn
i¼1

yi � byið Þ2 (7)

where byi ¼ fðK; J0; xiÞ, (xi, yi): data point (ti, Vi), byi : cal-
culated value of Vi by model (function f) correspond-
ing to xi, n: number of data points.

By comparing the measured filtration and the cal-
culated curves in Fig. 2, it seems that the calculated
filtration curves, by both standard and intermediate
blocking, are relatively close to the measured filtration
curve, whereas alternatively, the calculated curve by
cake filtration does not fit the measured one.

The coefficient of determination R2 is calculated by
Eq. (8) in order to quantitatively determine the good-
ness of fit between the calculated curve by models. A
higher R2 signifies a good fit between the model calcu-
lation curve and the measured one.

R2 ¼ 1�
Pn

i¼1 yi � byið Þ2Pn
i¼1 yi � �yið Þ2 ¼ 1� residual sum of squares

total sum of squares

(8)

Fig. 2. Typical comparative example of the measured
filtration curve and the calculated filtration curves by each
filtration model (raw seawater at site A).
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where �y: average of yi, other symbols: same as in
Eq. (7).

As described in Fig. 2, the R2 of the standard
blocking and the intermediate blocking is larger than
others, indicating a better fit of these two models. The
R2 of the cake filtration model is clearly smaller than
others, showing that the cake filtration cannot explain
the measured filtration curve.

Fig. 3 shows the average values of R2 which were
calculated using all data obtained at site A and site C.
The R2 of the standard blocking and the intermediate
blocking are larger than that of cake filtration at both
sites. The total numbers of water samples (ns) were 6
and 22, respectively.

From the above results, it is concluded that the
fouling mechanism of the MF membrane during SDI

measurement of seawater is dominated by the stan-
dard blocking or intermediate blocking rather than
cake filtration. Wei et al. noted that the reason a cake
layer is not formed during SDI measurement is due to
the very low suspended particle concentration in raw
seawater [3]. Other studies also confirm that the sea-
water filtration mechanism is dominated by standard
blocking [3,9].

4.1.2. Filtered seawater after pretreatment

Fig. 4 shows a typical example of the measured fil-
tration curve at site C and the calculated curves of
each model. The parameters (K, J0) used for the model
calculation were optimized as in the case of seawater
in the previous section.

In appearance, it would seem that the measured
filtration curve is very close to any curves by each
model calculation. To make a quantitative comparison,
as in the case of raw seawater, the average of R2 at
site A, B, and C were calculated as shown in Fig. 5.
The ns was 6, 6, and 14 at site A, B, and C,
respectively.

There is no significant difference in the R2

between the four models. Extremely low particle
concentration in the filtered seawater may cause
very small changes to the filtration resistance. This
is presumably the reason why the measured filtra-
tion curve coincides with those calculated by all the
models.

Previous studies reported that the standard block-
ing model dominates the fouling mechanism for the
filtered seawater as well as seawater [3]. A longer fil-
tration could possibly bring a clearer difference
between the four models.

Fig. 3. Comparison of the goodness of fit between the measured filtration curves and calculated filtration curves by the
coefficient of determination R2 (raw seawater at site A and site C).

Fig. 4. Typical comparative example of measured filtration
curve and calculated filtration curves by each filtration
model (filtered seawater after pretreatment at site C).
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4.2. Effect of temperature on SDI measurement and its
analysis based on filtration models

4.2.1. SDI measurements at different temperature

Fig. 6 presents the SDI of the filtered seawater after
pretreatment which were measured under the condi-
tion of temperature variation at site A and B. Again,
Fig. 6 also shows the measured SDI cited from the
previous study by Kunisada [9]. From these test
results, it is evident that measured SDI of the same
sample increases with the water temperature, irrespec-
tive of the membrane type (Millipore/Advantec) and
methods of measurement (ASTM/full-automatic/
semiautomatic).

4.2.2. Analysis of the temperature effect on SDI based
on filtration models

In order to clarify the water temperature depen-
dency of measured SDI, theoretical analysis by filtra-
tion models was carried out as follows.

4.2.2.1. Evaluation of temperature dependency of SDI based
on filtration models. Fig. 7 demonstrates the theoreti-
cally calculated SDI lines of each model as a function
of water temperature. In this calculation, the blocking
coefficient K of each model at the reference tempera-
ture 20˚C is determined to match the SDI of 1, 2, 3, 4,
5 as shown in Table 2.

The values of SDI at a given temperature are calcu-
lated by considering the temperature dependency of J0
and K. The detailed procedure for calculation is
shown in Table 3.

It can be seen in Fig. 7 that all calculated SDI values
increase with temperature rise. However, the sensitivity
of the temperature to SDI differs depending on each
fouling model. The sensitivity of the complete blocking
model is the highest, followed in order by standard
blocking, intermediate blocking, and cake filtration. In
addition, it is confirmed that the calculated lines by
cake filtration are consistent with those in the literature
under the same model parameters (RM = 1.29 × 1010

(m−1), S = 0 (g/kg), others are same as Table 2) [4].

4.2.2.2. Comparison between measured SDI and calculated
SDI of each model. Fig. 8 represents a typical example
of a comparison of measured SDI with calculated SDI
of each mode. The parameter (K) used for the model
calculation is optimized to minimize the RSS of that
noted in Eq. (7), by least-square method.

Fig. 5. Comparison of the goodness of fit between the measured filtration curves and calculated filtration curves by the
coefficient of determination R2 (filtered seawater after pretreatment at site A, B, and C).

Fig. 6. Results of SDI measurements at different sample
temperature (symbols tied with the line represent the same
sample).
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Fig. 7. Theoretical evaluation of the temperature effect on SDI by each filtration model.

Table 2
Parameters of the model calculation used in Fig. 7

SDI15 at 20˚C Complete blocking Standard blocking Intermediate blocking
Cake filtration

Kb (s–1) ks (m
–1) Ki (m

–1) Kc (sm
–2) MFI (s/L2)

1 1.80 × 10–4 6.79 × 10–3 1.42 × 10–2 1.12 × 100 2.91 × 10–1

2 3.94 × 10–4 1.56 × 10–2 3.44 × 10–2 3.05 × 100 8.00 × 10–1

3 6.56 × 10–4 2.78 × 10–2 6.57 × 10–2 6.84 × 100 1.80 × 100

4 9.96 × 10–4 4.61 × 10–2 1.20 × 10–1 1.61 × 101 4.24 × 100

5 1.48 × 10–3 7.80 × 10–2 2.41 × 10–1 5.33 × 101 1.40 × 101

Common RM = 1.39 × 1010 (m–1), S = 35 (g/kg), AM = 13.8 × 10–4 (m2), Vs = 0.362 (m), Tm = 15 (min),
ΔP = 207 × 103 (Pa)
The values of blocking coefficient are those at 20˚C

Table 3
Calculation procedure of SDI at a given temperature

Step Description

1 Calculation of J0 at the reference temperature (e.g. 20˚C) using ΔP, θ, S, RM, Eqs. (5) and (6)
Calculation of K at the reference temperature

2 J0 (step 1) and K (assumed) → Δt1, Δt2 (Table 1) → SDI (Eq. (4)) until it matches a given SDI at the reference
temperature by changing the assumed K

3 Calculation of J0 and K at a given temperature
J0 is calculated in the same way as step 1. K is calculated using Eqs. (i)–(m) in Table 1 under the condition of the
same property values* at the reference temperature. (*np/NT for complete blocking, Cp/Vm(1 – εp) for standard
blocking, np/NT for intermediate blocking, αv for cake filtration)

4 Calculation of SDI at a given temperature
J0 and K (step 3) → Δt1, Δt2 (Table 1) → SDI (Eq. (4))

K. Takeuchi et al. / Desalination and Water Treatment 57 (2016) 21364–21376 21371



In Eq. (7), byi and yi means as follows.byi ¼ gðK; J0; xiÞ, (xi, yi): data point (θi, SDIi), byi :
calculated value of SDI by model (function g)
corresponding to xi.

As previously described, the values of RM, mea-
sured by the permeation of distilled water, were used
for this calculation. The values of RM are 1.39 × 1010

(m−1) for Millipore and 1.48 × 1010 (m−1) for
Advantech, respectively. Water viscosity was calcu-
lated by inputting the salinity at each site into Eq. (6).
The salinities for site A, B, and C were 28, 35, and 45
(g/kg), respectively. In the literature cited [9], the
salinity is assumed to be 35 (g/kg) taking into consid-
eration the average salinity of seawater surrounding
Japan. The calculation parameters of RM and salinity
are used in the model calculations hereafter.

By comparing the measured SDI and the calculated
SDI in Fig. 8, it seems that the calculated SDI lines of
both the standard blocking and the complete blocking
are relatively close to the measured SDI line, whereas
the SDI line by cake filtration is far from the measured
one due to low temperature dependency.

Fig. 8. Typical comparative example of measured SDI and
calculated SDI of each model at different temperature (fil-
tered seawater after pretreatment at site A).

Fig. 9. Comparison of the goodness of fit between measured SDI and calculated SDI in different sample temperatures by
the coefficient of determination R2 (filtered seawater after pretreatment).
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In order to quantitatively determine the goodness
of fit between the calculated SDI by models and the
measured SDI, R2 is also calculated by Eq. (8). As
shown in Fig. 8, the R2 of standard blocking model
demonstrates the highest value (0.9843), whereas the
cake filtration model exhibits the lowest value
(0.7966).

For further quantitative comparison, all the SDI
data obtained from site A and B, together with the
data cited from the literature, were compared with the
corresponding calculated SDI, and R2 was calculated
as shown in Fig. 9.

According to Fig. 9, the average R2 of the standard
blocking and the complete blocking model are rela-
tively large, indicating the calculated SDI is close to
the measured SDI. The R2 of the intermediate blocking
model is rather high, while the cake filtration model
shows the lowest R2.

Fig. 10 shows the calculated SDI of the standard
blocking as a function of water temperature with mea-
sured SDI of site A and B and those also cited from
identified literature. From the results of this figure,
temperature dependency of SDI can almost be
explained by standard blocking model.

4.2.2.3. SDI value at reference temperature. According to
standard ASTM D4189, the water temperature must
remain constant (±1˚C) throughout the SDI test. How-
ever, through our investigation, SDI is found to be
affected not only by temperature variation during the
test but also by the test temperature itself. Conse-
quently, we believe that it is reasonable to convert the
measured SDI value to the value at the reference tem-
perature (for example 20˚C) by the calculation using
the standard blocking model or to measure the SDI at

the reference temperature. Concerning the latter, the
test conditions must be examined elsewhere as the
change of water quality might occur during tempera-
ture adjustment.

4.3. Relationship between ks and SDI, the applicability of ks

From the analysis of the filtration curve and the
temperature dependency on SDI, standard blocking
coefficient ks could be the most appropriate fouling
index from raw seawater to filtered seawater after pre-
treatment. The reasons for this assumption are as fol-
lows:

(a) It appears that the fouling mechanism of the
MF membrane for seawater and filtered seawa-
ter is dominated by standard blocking.

(b) Assuming that the membrane retains all parti-
cles, the blocking coefficient ks is defined as a
parameter proportional to the particle volume
(Cp) in the test water as described in Table 1.
Therefore, ks could be used as the fouling
index having good linearity with the particle
concentration.

(c) Blocking coefficient ks is very useful for practi-
cal use as it can be easily calculated from the
measured data obtained by plotting t/V vs. t.
The ks corresponds to the gradient of the line
of t/V vs. t as described by Eq. (c) in Table 1.
In addition, the advantage of the ks over SDI is
its reproducibility and accuracy, taking into
account the evolution of membrane fouling
throughout a filtration test, whereas SDI is only
based on an initial and a final measurement.

Fig. 10. Comparison between measured SDI and calculated
SDI (solid lines represent the calculated lines by standard
blocking model).

Fig. 11. Relationship between ks and SDI (filtered seawater
after pretreatment at site C).
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(d) The ks is temperature independent in theory,
based on the assumption of Cp, Vm, and εp are
constant values, as indicated in Table 1.

(e) The relationship between ks and SDI can be
obtained theoretically based on standard
blocking model.

In particular, the items of (b) and (c) bring very
effective advantages for the actual use of ks which is
valid in a wide range, from raw seawater to filtered
seawater after pretreatment.

As for item (e), it becomes possible to obtain the
relationship between ks and SDI more clearly by stan-
dard blocking model. Examples that demonstrate the
relationship between measured SDI15 and measured ks
at site C are shown in Fig. 11. In this figure, the mea-
sured SDI15 values are converted to those at 20˚C from
measured temperature by standard blocking model in
the same manner as shown in Table 3.

Fig. 11 also shows SDI15 calculated by standard
blocking model as a function of ks. The value 0.047
(m−1) of ks corresponds to 4 of SDI at 20˚C as shown
in Fig. 11. The calculation parameters of RM and S are
1.39 × 1010 (m−1) and 45 (g/kg), respectively.

From the calculated line in this figure, SDI15 (<4)
shows a relatively good linearity with the ks of the
low range, whereas SDI15 (>4) does not increase in
proportion to ks in the high range. The data and the
empirical equation by Wei et al. are also shown in
Fig. 11, indicating a good linearity of SDI15 (<5) with
ks [3]. From our study, the linearity appears to be lost
in the relatively lower range of ks.

In Fig. 11, taking into account the difference in the
definition of ks, we plotted as ks the values of one half
of the original values by Wei et al. [3].

5. Conclusions

During SDI measurement, the filtration curves of
seawater and filtered seawater after granular media
filtration were obtained at three sites and directly
compared with the calculated filtration curves of four
models: complete blocking, standard blocking, inter-
mediate blocking, and cake filtration. The experimen-
tal values of SDI obtained by changing the water
temperature were also compared with the calculated
values based on the four models and the temperature
dependency of SDI was analyzed. The experimental
results were compared with calculated values by four
models using the coefficient of determination R2.

As a result, the following was concluded:

(1) For seawater, the calculated filtration curves, of
both standard blocking and intermediate

blocking models, fit the measured filtration
curve relatively well, whereas the calculated
filtration curve by cake filtration model does
not coincide with the measured curve.

(2) For the filtered seawater after pretreatment, the
calculated filtration curves of all models could
explain the measured filtration curve presum-
ably due to both extremely low particle con-
centration in the filtered seawater and
relatively short filtration time.

(3) Measured SDI values of the same water increased
with the water temperature. All four filtration
models explain this tendency. Especially the cal-
culation results of the standard blocking model
and complete blocking model, which have rela-
tively stronger temperature dependencies and
could explain the measured curve very well.

(4) We identified the relationship between ks and
SDI based on the standard blocking model theo-
retically, this relationship explains the range of ks
having linearity with the value of SDI15 (<4).

On the basis of aforementioned test results and the
analysis of filtration curve and the temperature depen-
dency of SDI, we consider that standard blocking coef-
ficient ks is the most consistent fouling index. The
value of ks is defined as a parameter proportional to
the particle concentration in test water. Therefore, ks
can be utilized for a wide range of water, such as raw
seawater through filtered seawater. The performance
of seawater pretreatment, e.g. removal efficiency of
particles, can be easily evaluated using ks.

The blocking coefficients of filtration models are
promising as fouling indices which other researchers
have also pointed out [2–5,8,9]. However, these coeffi-
cients could be affected by factors such as particle dis-
tribution, membrane properties, and applied pressure
[12]. Further research on these factors is needed.

Nomenclature
AM — membrane area (m2)
Cb — particles concentration in test water

(kg/m3)
Cp — particles volume in test water (m3/m3)
I — fouling potential index (m–2)
J — flux (ms–1)
J0 — initial flux (ms–1)
K — coefficient of blocking in Eq. (1) (mn–2 s1–n)
Kb, Ks,

Ki, Kc

— coefficients of complete blocking (s–1),
standard blocking ((ms)–1/2), intermediate
blocking (m–1), and cake filtration (sm–2)

ks — normalized coefficient of standard blocking
model (m–1)

NT — number of pores per unit membrane area
(m–2)

21374 K. Takeuchi et al. / Desalination and Water Treatment 57 (2016) 21364–21376



References

[1] ASTM Standard D4189-07, Standard Test Method for
Silt Density Index (SDI) of Water, D19.08 on mem-
brane and Ion Exchange Materials, 2007.

[2] S. Boerlage, Understanding SDI and modified fouling
indices, Desalin. Water Reuse 18(1) (2008) 12–21

[3] C.-H. Wei, S. Laborie, R.B. Aim, G. Amy, Full utiliza-
tion of silt density index (SDI) measurements for sea-
water pre-treatment, J. Membr. Sci. 405–406 (2012)
212–218.

[4] A. Alhadidi, A.J.B. Kemperman, B. Blankert, J.C.
Schippers, M. Wessling, W.G.J. van der Meer, Silt den-
sity index and modified fouling index relation, and
effect of pressure, temperature and membrane resis-
tance, Desalination 273 (2011) 48–56.

[5] A. Alhadidi, A.J.B. Kemperman, J.C. Schippers, B.
Blankert, M. Wessling, W.G.J. van der Meer, SDI nor-
malization and alternatives, Desalination 279 (2011)
390–403.

[6] P.H. Hermans, H.L. Bredee, Principles of mathematical
treatment of constant-pressure filtration, J. Soc. Chem.
Ind. 55 (1936) 1–4.

[7] J. Hermia, Constant pressure blocking filtration laws—
Application to power-law non-Newtonian Fluids,
Trans. Inst. Chem. Eng. 60 (1982) 183–187.

[8] M. Furuichi, Research on Evaluation Method for Quality
of Feed Water to Membrane System (in Japanese), Doc-
toral thesis, Graduate School of Engineering Yokohama
National University, 2009, Yokohama National Univer-
sity Repository. Available from: <http://kamome.lib.
ynu.ac.jp/dspace/handle/10131/6645>.

[9] Y. Kunisada, Measurement of suspended solid in the
sea water (in Japanese), Nihon Kaisui Gakkaishi (Bull.
Soc. Sea Water Sci., Jpn.) 36 (1983) 324–331.

[10] M.H. Sharqawy, J.H. Lienhard, V.S.M. Zubair,
Thermophysical properties of seawater: A review of
existing correlations and data, Desalin. Water Treat.
16 (2010) 354–380.

[11] K. Takeuchi, Y. Ito, K. Tokunaga, M. Nagai, H. Iwahashi,
The study of environmentally friendly pretreatment sys-
tem, Desalin. Water Treat. 51 (2013) 1874–1880.

[12] R.M. Rachman, N. Ghaffour, F. Wali, G.L. Amy, Assess-
ment of silt density index (SDI) as fouling propensity
parameter in reverse osmosis (RO) desalination sys-
tems, Desalin. Water Treat. 51 (2013) 1091–1103.

Appendix 1

An example of Δt1 and Δt2 derivation process based on
complete blocking model

The equation representing the filtration curve is
derived from Eq. (a) in Table 1 as follows:

V ¼ J0
Kb

1� expð�KbtÞð Þ ðmÞ (A1)

or

t ¼ �1

Kb
ln 1� KbV

J0

� �
ðsÞ (A2)

From the definition of Δt1 and Eq. (A2), Δt1 is expressed
by Eq. (A3):

Dt1 ¼ �1

60Kb
ln 1� KbVs

J0

� �
ðminÞ (A3)

where Vs is collected permeate volume (usually 500 ml)
per membrane area in initial and after Tm for SDI
measurement:

Vs ¼ 5 � 10�4

AM
ðmÞ (A4)

Then, from Eq. (A1), cumulative permeate volume per
membrane area at filtration time at 60Tm and 60(Tm + Δt2)
are represented by the following:

V60Tm ¼ J0
Kb

ð1� expð�Kb � 60TmÞÞ ðmÞ (A5)

np — number of particles in test water (m–3)
n — exponent in Eq. (1) (–) or number of data

points in Eqs. (7) and (8) (–)
ns — number of samples (–)
ΔP — applied pressure (Pa)
R2 — the coefficient of determination (–)
RM — membrane resistance (m–1)
S — salinity (g/kg)
Tm — elapsed filtration time (usually 15 min)

after the start of collecting permeate (min)
Δt1 — initial time required to collect 500 mL of

permeate for SDI measurement (min)
Δt2 — time required to collect 500 mL of

permeate after time Tm for SDI
measurement (min)

t — filtration time (s)
V — cumulative permeate volume per

membrane area (m)
Vs — corrected permeate volume per membrane

area (i.e. Vs = 5 × 10–4 (m3)/AM (m2)) (m)
Vm — pore volume per unit membrane area

(m3/m2)
θ — temperature of water (˚C)
α — specific cake resistance (m/kg)
αv — specific cake resistance based on permeate

(m–2)
εp — porosity of the particles layer captured in

pore of membrane (–)
η — water viscosity (Pas)
%P30 — plugging rate percent at 207 kPa (30 psi)

feed pressure (%)
SDI — silt density index (%/min)
MFI — modified fouling index (s/L2)
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V60 Tm þDt2ð Þ ¼ J0
Kb

f1� expð�Kb � 60ðTm þ Dt2ÞÞg ðmÞ (A6)

From the definition of Vs, the following is obtained:

V60ðTm þDt2Þ � V60Tm ¼ Vs ðmÞ (A7)

By substituting Eqs. (A5) and (A6) to Eq. (A7), Δt2 is
expressed by Eq. (A8):

Dt2 ¼ �1

60Kb
ln 1� KbVs

J0
expð60KbTmÞ

� �
ðminÞ (A8)

SDITm is calculated by substituting Eqs. (A3) and (A8) to
Eq. (4).
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