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Abgract

Desalination using a reverse osmosis (RO) memisaneomplex process that requires preventive emgnte to control the
fouling potential of feed water for long-term swssfal operation. Fouling is caused by scaling, doattgrowth, or the
deposition of suspended or dissolved substanceswitiely accepted measure of the fouling poteistidde silt density index
(SDI). We conducted filtering experiments undeedie conditions to gain new insight into the peréorce and deficiencies of
the SDI from a statistical point of view. Basedtmaresults, we developed a new fouling indexishrabre reliable and feasible
than the SDI.
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1. Introduction

The reverse osmosis (RO) membrane is becomingudapapstrument to desalinate seawater as a wdsudiv developments
in membrane technology. Since RO desalinatiorhigtdy complex physicochemical process, an effice accurate control
system is required to maintain optimum operatimgltions. Corrective action and preventive maimeadased on key factor
measurements form an essential part of the prooassl for long-term successful operation of R@atieation plants. Most of
these measurements, such as pH, temperature afieviurbidityetc., are obtained on-line at equal intervals and hggex
database. The detailed analysis to estimate tegf@otential of the water is performed off-limedentral laboratories following
standard methods. Fouling is caused by scalingerzdarowth, or the deposition of suspended ssalived substances.
Accurate estimates of the fouling potential of featier are the most important factor for ensutiegsuiccessful operation of an
RO membrane [1]. The most common and widely aateptsasure is the silt density index (SDI), whictidtermined based
on the filtration of feed water through a 08-membrane under a constant pressure [2]. Bedsusgidlity of the water is
affected by external disturbances, such as pH.eietiope, pressure, and flow rate, the SDI is meds@veral times a day to
detect any trends in fouling and ensure that optipreventive measures or corrective actions aeat&0 desalination plants
operate with a number of units, and the SDI is taed for each unit. We conducted filtering experita under diverse
conditions and statistically analyzed the relatigpssbetween the amount of filtered water, elatisegl and environmental
factors. The objective of the experiment was ta gaiv insight into the performance and deficienaiassing the SDI from a
statistical point of view. Based on our results,dseeloped a new fouling index that is more feaslsl well as more reliable
than the SDI.

2. Filtration Experiment for the SDI
SDI is defined by
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whereT is the total elapsed test time, normally 15 matites the time required to collect the initial 500 affiltrate, and; is

the time required to collect the final 500 ml tifdie [3]. Some RO membrane manufacturers spaepl; s operating range,
such asDly5< 4 orDly5< 5, for water to be supplied to the RO membrhigwidely accepted that DI 45 value depends
little on the environmental or experimental coodii, and a number of studies in the literature #tatl 5 is not sufficiently
accurate to predict the fouling ability of water Fistance, the deterioration of RO has beenaibeven whefDls< 1 [4],

and no clear correlation between the performanB&oéind the level @Dl ;s has been found in an experiment using water with
fouling matter added [5]. These study results lesih examine the performancesbh ;s under a variety of conditions to create
a more reliable and feasible index of the foulingeptial of water. We examined 187 samples of seateken under various
environmental conditions and conducted filtrati@pegiments. Of these, 72 samples were raw watesaBples were dual
media filtration seawater, 52 samples were mittration (MF) seawater, and 33 samples were cyditteted seawater. The
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temperature'C), electric conductivity (EC), pH, ultraviolet alpstion at 260 nm (E260), turbidity, and volume aktev treated
were measured every 5 seconds. Iblgs was obtained for each sample after the experimiratcapacity of the experimental
apparatus allowed for a maximum of 12,000 ml oewtat be measured. A summary of our experimethtoigrs in Table 1,
whereV;s denotes the total amount of water filttered (mSminutes. The apparatus capacity preveviiesheasurements of
39 samples. Figure 1 shows a scatter pl8Dbf; versusvis. If Dlys reflects precisely the trend in permeability duéotiling
from the beginning to the end of the experim@Dt;s andV;s should be closely related to each otlgyvaried considerably,
even wherfDl 5 < 4; V5 varied from 6,000 ml to over 12,000 ml wHelI ;5 < 5. The results suggest tt88l,5 does not
necessarily represent the fouling condition of vyateen whei®DI 5 is within a limit normally required by RO manufaets.

Table 1: Summary of the experiment

Sample| Avg| Max Min| SD
D5 187 474| 651 | 1.83| 1.24
EC 150 |50.06| 58.30| 43.00| 1.89
pH 153 8.08| 8.70 | 6.19 | 0.47
E260 157 0.33 45.50| 0.00 | 3.63
Turbidity 161 0.44| 11.60| 0.01 | 1.04
Temperature 146 | 20.54| 29.00| 9.70 | 4.82
Vis 148 6582 11728 1143 | 2594
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Figure 1: Scatter plot &l 5 versusvis

3. Satigtical Analyssand New Fouling I ndex

Ideally, no RO membrane deterioration occurs whemwater contains no foulant. Therefdfeshould be proportional to the
elapsed time, that i¥,=aT, wherea is determined by the experimental and environrheottalitions. Taking the logarithm, we
have loy = loga + logT. This indicates that when the water contains altaffy, log/ and lod should have a linear relationship
with a slope of 1. Before proceeding to a statiktinalysis of the samples, four of them were teeleandomly and investigated
in detail for specific phenomena associated witlirfg. Figure 2 (left) shows relationships betw&emdT, and Figure 2 (right)
shows their log-log relationships.

10000
9000 r
8000
7000
6000
5000 r
4000
3000
2000
1000

0

o

logV

-

0 500 1000 1500 2000 2500 3000
T Gec)

N W A O N ©
>
Ry

logT

Figure 2: Elapsed timé@)(vs cumulative filtrate\() for four samples (left), and log-log relationsbipthe four samples (right)
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In Figure 2 (right), the difference W5 between samples was small up to abot fod.1, or 60 seconds, and then expanded
drastically. These findings prompted us to divigdedata into Phase 1 for the first 60 secondegdrd 4.1, and Phase 2 for the
rest of the test period. We then applied a pieedimisar regression model [6]:
logV =a + flogT +y < logT -4.1> +& (%)
where < lo§—4.1 > = Max{0, lo§J —4.1} is a piecewise linear function with one chapgmt at loJ = 4.1, ance represents
random variables that independently follow a nomiigtiibutionN(0,o2). The results are shown in Table 2. Frealues fory
were all highly significant, indicating that dividj the time into two phases was more efficient tismg one linear regression
model for the whole period. We considered Phaseshdw the permeate flow rate in a state wheréotlieag effects were
relatively negligible; the approximately linearagght lines indicated that the water velocity defeehupon the environmental
and experimental conditions. Phase 2 showed theepie flow rates after 1 minute had elapsed, whereffects of the foulant
dominated. Thus, we applied the linear regressumiein
logV =a + SlogT 3)
to Phase 2 and defined the regression coeffiiastthe “permeation coefficieny? € 1). Note thatx depends on the results of
Phase 1, or more exactly, the value oVlagjT = 60, bufs does not. Furthermore, we assumed the effect efidgronmental
factor was multiplicative by a factérthrough the study period. Thits= €T° was modified td&/ = Ae“T?, or
logV =logA+a + 3 logT 4
That is, the factor affectedbut nots in (3).

Table 2: Results of piecewise linear regressiolysiaa

B (P-value) y (P-value)
Samplel  1.10(<0.0001) -0.55 (<0.0001
SampleZ  1.11(<0.0001) -0.54 (<0.0001
Sample3  1.07 (<0.0001) -0.69 (<0.0001
Sample4  1.10(<0.0001) -0.60 (<0.0001

4. Device Dependency of Fouling I ndex

It is preferable that the fouling index is notuethced by the measurement devices. However, sparsrehow thafDl 5 is
significantly influenced by measurement devicesh s filter holders, when the experimental waterearly purified [7, 8].
Thus, we also conducted an experiment to exanenefficts of the filter holders &fis, Dl 5, £, anda in (3). Three different
holders (0: Advantec KS-47; 1: Millipore XX43047@0;Millipore XX4404700) and three different sansp{®: raw water; 1.
MF filtered water; 2: MF filtered water on the ndaly) were used. The results are tabulated in BaBIBIOVA was applied to
the data to obtain the results shown in Table 4.

Table 3: Results for each combination of holdetssamples

No Sample Holder Vis D5 1) o

1 1 0 4093 6.46 044 5.44
2 1 1 4547 6.48 0.45 5.45
3 1 2 3380 6.42 0.43 5.28
4 2 0 9593 4,65 0.74 4.15
5 2 1 10585 447 0.76 4.11
6 2 2 8537 441 0.77 3.85
7 3 0 11011 3.96 0.80 3.86
8 3 1 12385 3.92 0.81 3.97
9 3 2 10044 3.96 0.80 3.78

Table 4:P-values by ANOVA

Samples Holders

Vig <0.0001 0.006

Dlys <0.0001 0.342

B <0.0001 0421

a <0.0001 0.023

Different samples had significantly different eféeon all items. As the difference in holders hgdificant effects orv;s anda,
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V15 anda are not appropriate for a fouling index. The rethdt«, but nots, depended on the holders can be explained by
considering (4) in Section 3.

5. Optimum choiceof T for g

As the permeation coefficigfitmay be defined for a filtering experiment lastegs than 15 minutes, we reanalyzed the data to
determine the optimum choice Bffor gy, that is, to obtain the smalléswithout sacrificing accuracy. We applied the Inea
regression model (2) to the data censoréda@tT = 2, 3, ..., 15. The results are tabulated in Table

Table 5: Results of linear regression analysisgimum choice gf;

B Bs Ba Ps Pe B Pe
R 0.74 0.77 0.79 0.81 0.82 0.83 0.83
SE 1313 1236 1177 1134 1103 1083 1071
Po P Pu Pz Pis Pa Pis
R 0.83 0.83 0.83 0.83 0.83 0.82 0.82
SE 1065 1064 1068 1074 1083 1094 1106

The value of that maximized the coefficient of determinafi®rand minimized the standard error (SE) was 9 dB&€ause a
smallerT is preferable, we regard@d= 9 as the optimum choic&.= 9 is approximately half the time required tced®ine
S:)|15.

6. Comparison of fig and SDI 15

The same experimental apparatus was used for7aia@ples described in Section 2, and thereformayeassume that the
largerVys is, the smaller the fouling potential of the wdiecomes. We obtained a scatter plojsoriversusVs (Figure 3
(right)) and forSDI,s versusV;s (Figure 3 (left)) to assess the degree of asimtifoth the coefficient of determinatiBhand
the standard error of the residuals indicategsthais superior t8D1,5 when predictindy/ss.
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Figure 3: Scatter plot f@DI 5[] versusvys (left) andsly versusv;s (right)

Finally, we need to determine a reference valy® obrresponding t&8DI;5 < 4 orDl;5 < 5 in view of the fact th&Dl,s is
currently the most widely used fouling index. F&& shows that/;s was greater than 8,000 ml whébl 5 < 4 and was
approximately greater than 6,000 ml wisEr;s < 5. The range ¢k that almost filledDl 5 < 4 orDl 5 < 5 washy > 0.83 0,
> 0.75, respectively.

7.Condusion

A number of studies have investigated the influesfcthe physicochemical aspects of foulant on tlaeg of the SDI in
well-controlled experiments, but only a few studiese describe the performance of the SDI underatanvironmental
conditions from a statistical point of view [9]. \&enducted two experiments to statistically exarthieg@yerformance of the SDI
and defined a new fouling indgxermed a “permeation coefficient.” The resultstmaisummarized as follows.

1. Vs the amount of filtrate sampled in 15 minutes,dainificant dependence on the experimental afpjsar
2. The relationship between [6@nd lody was approximately linear in water with less fotulan
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Dividing the time interval into two phases, Phasfpoefore 60 seconds) and Phase 2 (after 60 secsigisficantly
improved our ability to fit a linear model to Mgersus log.

The permeation coefficiefitwas defined as the regression coefficient ofeatimegression model applied to the Phase 2
data.

Neitherp nor Dl ;s significantly depended on the experimental appsrat

St denoted the permeation coefficient obtained frensaring the data aft€minutes.

The optimum choice of wasT = 9 in our experiment. The time required to deitgen, was approximately half that
required to determir@Dl s,

Sswas a more reliable and feasible measure of fptienDI 1,

o> 0.83 angdy > 0.75 corresponded 815 < 4 andDl 5 < 5, respectively, in our experiment.

As the desalination industry is highly conservatagoption of a new fouling index would requirdtir field-testing, as well as
experiments or theory to confirm our findings bameghysical or chemical points of view.
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