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|Abstract

6HDZDWHU XOWUD¢, OWUDWLRQ 8) DV D SUHWUHDWPHQW RI UHYHUVH RVPRVLV 52 SURFHVV LQ D WKHUP
WKH 8) SK\VLFDO EDFNZDVK FRQGLWLRQV UHPDLQV DUELWUDU\ RU HQVXLQJ IURP D VHQVLELOLW\ VWXG\ $
VWXG\ WR DQDO\]H WKH Hu HFW RI EDFNZDVK LQWHUYDO %!, DQG FPRLRNZBURNZODYWKWARRD UDWH £:)V RQ WER!
JOX[ BHGXFWLRQ 6)5 DQG WKH 1HW :DWHU 3URGXFWLRQ 1:3 3RO\QRPLDO PRGHOV GHVFULELQJ WKH UHV!
WKH RSWLPDO FRQGLWLRQV FRUUHVSRQGLQJ WR PD[LPDO 1:3 ZKLOH DVVXULQJ ORZHVW IRXOLQJ 5HVXOW
VLIQL¢; FDQW HVSHFLDOO\ WKHLU TXDGUDWLF DQG LQWHUDFWLRQ WHUPV OD[LPDO 1:3 DQG ORZ 6Y)® FDQ EF
UHVSHFWLYHO\

< 035/ $00 ULJKWYV UHVI
1. Introduction

8OWUD, OWUDWLRQ 8) LV EHFRPLQJ PRUMK XVBH®@) XWHE IRV XYWHXHDOGBYHOQWHURGXFHG LQWR
2VPRVLYV 52 SUHWUHDWPHQW W LV HuHFWILYRHARWKYHPRPYEWQDQHX V8 H (DFHHGRWROR GNY 7KH LG
FROORLGDO PDWHULDO VFDOHV DQG PLFUR physidal@leaning/prbocgdtde UnLogér to@naWinkize nétDvatelr pioturRtibn and
KLJK SHUPHDWH A X[ DQG ORZ SUHVVXUH UHTKLEHPHE&WR XFOWLRIWWHRRK D W @QKWPW URKTVXHQW UHF
DGYDQWDJHYV 8) PXVW EH DSSOLHG ZLWK SUHHHWIDROQUBY & DIUF KW KRIURSYWUIPYLHHIRFXVHG RQ \
FRQGLWLRQV WR PLQLPL]H FORJJLQJ $V DWRBUHRAWWROYHFEORDMQIHDDRED WRVWLQLPL]JH LWV
PHPEUDQH IRXOLQJ SK\WLFDO FOHDQLQJ igpdrtedinDte NtgraxwuedbQui the Optidizafian\wfltie Gleaning procedure are

&RUUHVSRQGLQJ DXWKRU DW 3KRQH ID[
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varied and depend on the target applications. We will limit the bibliography tgood compromise between fouling reduction and permeate water
water applications andapticularly seawater UF (our case of study). consumption.

Several authorfl-9] demonstrated, by a sensitive study, the importance
of controlling the backwash operating parameters, such as BWI and BWD.
All those authors have agreed that prolonged filtration duratiomldvo 2.Material and methods
decrease the product water due to a more pronounced irreversible fodling [1
6]. On the other hand, short BWI (~20 min) can lead to frequent backwasR.1. Feed water
which decreases the net water product{dn 3]. Moreover, increasing
backwash duration can lead to iy product flow (i.e., less fouling) but The seawater was taken from the thermal plant pumping station after
higher water consumptiof8, 4, 7]. According to Ye et al[4], BWD had physical and chemical treatments. The physical treatment consists on
positive effect on clogging but beyond 30 s no obvious improvemensuccessive fitation steps through a grid for the elimination of great size
observed. Other parameters such as backwash pressure, backwash flow hodies (10 cm), a grid scraper for the retention of smaller particles (3 cm), a
badkwash strength (i.e., ratio between backwash and filtration flux) have alsmtary grid (mesh size 4 mm) and finally a debris filter (mesh size 2 mm).
been discussef@- 4, 7]. For example, Xu et aJ3] investigated the effect of Then, it undergoes 1 ppm continuous ochmation and 2 ppm shock
backwash flow during seawater UF and showed that BWF did not affect thehlorination for 15 min, each 8 hours, respectively. At the end of the
fouling reduction, significatly. Ye etal. [4] discussed the effect of backwash pretreatment chain, the seawater has the characteristics shoaimienl
strength durig sweater UF. They demonstratedtthe percentage of fouling
removed by backwash increased from 77.6% to 85.2% with the increase &f2. Pilot system
backwash strength from.®to 1.5 times of filtration lix. However, a
backwash flux higher than 1.5 times the filtration flux is unable to minimize  For the purpose of this study, a pilot system was designetkahzkd as
fouling. But it resulted in a higher fouling rate during filtration because theis shown inFigure 1 The pilot is equipped with a holloviber cross flow
backwash solution impurities can at high velocities clog the residual foulingiltrafiltration membrane (Polymem UF30M2). The membrane proprieties are
cake mentioned inTable 2

The above mentioned sensibility studies have confirmed the importance During filtration, seawater is fed from the feed tank (FT) by a feed pump
of the backwash operating parameters. But this can be claimed that the@#l). It passes a 50 um cartridge filter (CF) and the -fioeter FM1. The
works did not sufficiently investigate the interaction among the proposedeed, retentate and permeate pressures are measured by the M2, M3, and M4
operating parameters. The experimedisign methodology and specifically manometers, respectively. The retentate is recycled to the feed tank and the
the response surface methodology (RSM) based on -partimeters  permeate volume is measuredthg water meter WM1 then collected in the
optimization are a useful tool to evaluate all the parameters combinations abadckwash tank BT.
their interaction effects. During backwash steps, permeate is pumped from the backwash tank by

RSM studies have been widely used in manyliébr membrane process P2 pump and enter the UF module in out/in configuration. The backwash flow
design[10-17], but few resear@s have been done in the field of physical and pressure are measured by the flow meter FM3ttandnanometer M5,
cleaning optimizatiori17-19]. For surface water ultrafiltration, Guerra et al. respectively. The water meter WM2 measures the volume of the consumed
[17] used the response surface methodology to find the optimum of Reynoldgater during backwash. The water used for backwash is discharged.
number (Re), TMP, coagulant dose, BWI and BWD (backwashing every 5 The difference between the produced water (permeate) indicated by
min for 60 s, backwashing every 15 min for 60 s, no backwash). They found/M1 and consumed water (for the bagsh) measured by WM2, is the Net
that the optimal backwash strategy for minimizing the flux decline andWater Production (NWP).
maximizing the average flux are backwashingrg 5 min for 60 s. Chen et
al. [18] also for municipal waste water UF clearly proved, by response?.3. The experimental approach
surface, that the physical cleaning under optimized procedure enhances the
permeate flux with an increase of 11% of the clean water recovery and a A preliminary study was conducted to select the appropriate experimental
decreasef the wash water usage of 16%. conditions corresponding to the maximal conversion rét(/Q,) and the

For seawater UF application, there is always a lack of the backwasmminimal permeateurbidity. Figure 2shows the evolution of the conversion
procedure optimization. In fact, to date, the recommended procedures are,rate, the feed and the permeate turbidities versus relative feed pressure. We
best, based on a sensitive or screening sf@@y and not on a response note that the permeate turbidity remained constant (i.e., 0.2 NTU) which
surface methodology. The idea of this work is to apply RSM for theconfirms the well choice of the membrane MWC@QIKDa). It is worth
optimization of the physical cleaning strategy for the seawater UF aguoting that the turbidity met the requirement standard of the RO membrane
pretreatment of a reverse osmosis unit in the thermal plant (STEG, Tunisideed (i.e., less than 0.5 or 1 NTU according to the constraint of the RO
The effect of Backwash Interval (BWI), Backwaslow (BWF) and membrane producer). Therefore, it is not useful to operate with lower
Backwash duration (BWD) were studied on the Specific Flux Reduction andholecular weightcut off as it could induce a more expensive backwashing
the Net Water Production. The ultimate goal of this work is to develop arstep.
optimized physical cleaning strategy for seawater ultrafiltration assuring a

Fig. 1. A general scheme of UF experimentalspt
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45 23 Table 3
Qu=36L min"! ‘ The factors and their levels.

1 Q=18L.min"!

35 Sz s Variable Factor Unit Levels
_ Qu=29L.min"  Qy=33L min-" - 22
2 B 215 X1 Backwash Interval  BWI min 30, 60, 90
Z 25 TR
E. ) —a— Turbidity (feed) Lo S X2 Backwash Duration BWD s 15, 30, 45
= 2 > -
B s —=—Turbidity (permeate) 205 X3 Backwash Flowrate BWF L.min 10, 22, 34
& * ——Y 5
i i 20
0,5 19,5
o i 2.4. Experimental design
02 04 0.6 08 1 12 14 1.6 . .
Relative feed pressure (bar) A surface respuse methodology was adopted to establish a relation
between the studied responses (e.g. the Specific Flux Reduction, SFR defined
Fig. 2. Conversion rate Y and turbidity versus feed pressure.f¢@d flow). in Eq.2 and the Net Water Production, defined in section 2.2) and three

selected experimental parameters (e.g. backwash ihtBi, backwash

duration BWD and backwash flevate BWF). Those parameters were
Table 1 selected on the basis of a screening study which demonstrated their significant
Feed water characteristics. effect on NWP. Each factor has three levels which are summariZedbia 3

Property Value
pH 8.3 _ 0 SFf .
Turbidity*  (NTU) 4.4 SFR (%) = T = 100 @)
Total hardness (°F) 640 e
Conductivity** (mS) 535

Indices 0 and f correspond to the beginning and the end of the operating
*Turbidity is measured by HACH210QBrbidimeter. experiments duration, respectively
**Conductivity is measured by WTWonductimeter e ! i D . - .
with the 325WTW LF597 electrode. For predicting the optimal conditions ensuring the minimum of fouling
with the maximum of water production, a secamder polynomial function
was fitted tocorrelate the relationship between variables and responses. This

Table 2 function can be written as follows:
Membrane specifications.
Membrane UF30M2 (polymem) ¥y =by+byX; +b,X; +by; + hl—lxi +by, X% + ha—axa2 +hy_ K% ®)

Membrane material Polysulfone +b1_3X1X3 + bz—axzxa
Membrane configuration In/Out
Molecular weight cut off (kDa) 100 . X
Area () 4.2 wherey is the predicted response, the fact¥is X, and X; are backwash
Module length (mm) 1.100 interval, backwash duration and baclshdlow, respectivelyb, is a constant
Module diameter (mm) 90 coefficient;
Fiber external diameter (mm) 0.85 by, b, andbs are the coefficients corresponding to the relative effects of
Pure water permeability (h/n?.bar) 565.5 the linear variableX;, X,, andXs, respectively on the responde;, by, bss

are respectively the coefficients corresgioig to the relative effects of the
guadratic variables of;, X,, or X; on the response;
190 - bio, bis, bps are respectively the coefficients corresponding to the
relative effects of the interactions between two varialfleX;, Xi-Xs, andXa,
X3 on the reponse.

Central composite design, consisting of 24 experiments {ab& 9,
was generated usingxperimental design softwareNémrodw version
2007_3).The experimental data of the desigrre fittedwith polynomial
model in order to estimate thecoeffidents and to study the combined effects
of the three variables. The signifi
test at 95% confidence level-(Rlue must be less than 5%). Only factors and
the interactions with significant effects are retaimethe model.

The adequacy of the model is evaluated by both the coefficient of
determinationR? and the adjusted coefficier®,q (quality is better as
coefficientsare closer to 1) and the modeivalue. The response surfaces
were then drawn using the Sign-Experf10 software.

Specific F'ux (L. .m2Zbar!)

150 T T

0 60 120 180 240 300 360
Time (min)

Fig. 3. The specific flux variation versus time. BWI = 60 min, BWD =,30s . .
BWF = 22 L.mirt. 2. Results and discussion

2.1. The Specific flux reduction
The highest conversion rat®)(is observed at a feed pressure ranging
between 1 and 1.2 bar. As the quality of permeate and the maximal The analysis of the polynomial model coefficients (5able § indicated
conwersion rate are assured in this range, a feed pressure of 1.1 béat SFR mainly depend on the BWI as its positive linear effect is high and
corresponding to a feed flow 30 L.rlinwas chosen for the further significant. Moeover, theb,., coefficient corresponding to the interactio-(
experiments. X2) between the factors BWI and BWD is insignificaRt\@lue > 5%) and
All experiments consist on a successive filtratinackwash phases therefore can be eliminated from the model. Considering only the statistically
carried out during 360 min (6 hours) by &ppg backwash at regular significant coefficients, the empiricalodel with coded values for the SFR is:
intervals.Figure 3shows an example of the evolution of Specific Flux (SF,
Eq. 1) for an experiment carried out at 60 min filtration cycle. SFR=17.06+5.39X, —1.5X, —2.64X,+0.95X? +1.12X 7 +1.85X (4)
—0.76X, X, —0.93X, X,
J

SF= TMP @ The empirical model is statistically significant in the studied range with
P-value < 0.01. The determination coefficigRt = 0.93 and the adjusted
J and TMP are the permeate volumetric flux and the transmembraneoefficientR%q = 0.89 show the vality of this model to explain the variation

pressure, respévely. of the specific flux reduction.
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Table 4

The Uncoded design table: factors and responses.
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NWP=269908-7.52X, —9.79X, —9.16X, —3335X? —2322X 7 —2219X 2 + (5)

2652X, X, + 46.44X, X, —34.83X,X
. (‘ra'nvivnl) B\(/;/)D (L?n\{l\i/rllz‘l) N(\I/_\;P SO/FOR 1 X5 1 X5 2 X3
1 30 15.00 10 2691 16.97 In the studied range, the model is statistically significant Witralue <
90 15.00 10 2530 30.48 0.01.R? (=0.93) andR%q; (= 0.89) indicated that the model is valid to explain
3 30 45.00 10 2694 16.97 the NWP variation.
4 90 45.00 10 2634 27.74 The effect of BWI, BWD and BWIen the NWP are given iRigure 5
5 30 15.00 34 2646 17.23 The maximal NWP is obtained for BWI = 30 min and 60 min. For BWI = 90
6 90 15.00 34 2666 2404 min, the maxima decreases and is obtained in a very narrow area of BWD and
7 30 45.00 34 2505 10.15 BWF (seeFigure 5c).
8 90 45.00 34 2634 21.32
9 30 30.00 22 2643 13.99
10 90 30.00 22 2649 25.34
11 60 15.00 22 2670 21.32
12 60 45.00 22 2646 17.71
13 60 30.00 10 2655 24.24
14 60 30.00 34 2661 16.13 Actusl Factor
15 60 30.00 22 2709 16.52 pEneE
16 60 30.00 22 2710 16.13
17 60 30.00 22 2711 16.26
18 60 30.00 22 2713 15.87
19 60 30.00 22 2712 16.52
20 60 30.00 22 2710 15.87
21 47.75 26.46 20 2720 14.13
22 72.25 26.46 20 2680 18.97
23 60 37.07 20 2682 18.52
24 60 30.00 28 2690 17.45
Table 5
The polynomial model coefficients for the SFR
response
Coefficient Value P-value %
bo 17.06 <0.01%*
by 5.39 <0.01*
b, -15 <0.01%
bs -2.64 <0.01%
b1 0.95 0.286**
b2 1.12 0.137*
bss 1.85 0.0125**
b1 0.173 15.6
[ -0.76 0.0719%**
b2 -0.93 0.0279%%*
*5% significance level
The model was used to study the sensitivity of SFR response surfaces on 1018
the studied variables and to deduce the optempkrimental conditions. The (b)

effects of BWI, BWD and BWF on the SFR are givenFigure 4 Not
surprisingly, increasing BWI from 30 min to 90 min ($égure 4a-c) results
in the increase of fouling (as the SFR increases) at fixed BWF and BWD. For
filtration cycles of 90 min (seEigure 4c), increasing the BWF and BWD to
their maximal values (34 L.mihand 45 s, respectively) did not allow to
reduce clogging to its minimum since the SFR remains higher than 20%. As
concluded by Ye et al. [4], when thétfation duration is extended, more
irreversible cake layer could be formed and thus, higher SFR is achieved.
Figure 4aindicates that the lowest SFR is obtained at a BWI =30 min,
BWF > 20 L.min* and BWD > 30 s. In this optimal area, the BWD and BWF
have no effect on the SFR as the response surface is quasi plane. Thus, it can
be recommended that to maintain the BWF and BWD at the lower limit of
this area since the increase of those two parameters would lead to a decrease
in net water production witheumproving the unclogging. The effects of the
BWI, BWF and BWD on the NWP will therefore be studied.

3.2. Net water production C: BWF (L/min)

The values of coefficients and their significances are showiraiiie 6
The analysis of the polynomial model indicated thiatfactors and their
interactions have statistically significant effects on the NWP. It should be
noted that the linear effects of BWI, BWD and BWF are less dominant than ~ Fig. 4.3D surfaceresponsef SFR at constant BWI. (a) 30 min, (b) 60 min,
their quadratic and interaction effects. The empirical model with coded values and (c) 90 min.
for the NWP is as follow:

10 15

©
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Table 6
The polynomial coefficients for the NWP response

« Design points above predicted value

Coefficient Value P- value%
bo 2699.08 <0.01% 150
by -7.52 <0.01%+ 2700
b, -9.79 <0.01%+ . 850
=
bs -9.16 <0.01% Py
bia -33.35 <0.01%* =
b2 -23.22 <0.01%+
ba -22.19 <0.01%**
b1z 26.52 <0.01%**
bis 46.44 <0.01%
b2 -34.83 <0.01%**
22
*5% significance level C: BWF (L/min)
To assure a maximal net water production at a BWI of 30 min, weal 5 BUD
BWF (< 14 L.minY) is recommended in order to economite water 1015 ()
consumption during backwash (segure 5a). Increasing BWF from 14 to (a)

21 L.min? requires decreasing the BWD under 30s. Over 21 Lmihe
NWP declines even at low BWD.

For a BWI = 60 min (se€igure 5b), the surface corresponding to the » Design points sbove radicted value
optimal NWP is more extended. In others words, the maximum of product .
water is reached in BWF and BWD ranges larger than those observed at IWS
filtration cycles of 30 min. In this case, high BWF > 21 L.thican be -
sustained by low backwash duration < 29 s, wéeeteégh BWD is required to
sustain a weak BWF. The NWP decrease is observed when the BWF and the ... reer
BWD are higher than 27 L.ninand 36 s, respectively, or lower than 14 ATBW =20
L.min? and 18s. For the first case, the NWP decreases because of a high
water consumjxn during backwash. For the second case, the NWP decline is
caused by the excessive fouling accumulation; operating under low BWF and
BWD conditions doesn’t allow to effi
on the membrane during filtration phases.

NWP (L)

3.3 Optimal conditions

There is contradictory relation between physical unclogging and net
water prodetion since more backwash fbetter unclogging is accompanied
by less NWP. Thus, for a 60 min operation cycle, the NWP is maximal in a
wide BWF and BWD ograting range despite greater clogging. Even if the
observed clogging at 60 min BWI does . . ... __. I
would reduce the membrane performances during longer operating times. (b)
Thus, it’s important f o rgood eodhpramise i a 1 applications to find a
among the operating parameters that assure the right balance between water
consumption and deposited particles removal. It can therefore be concluded
that BWI 30 min, BWF [120 L.mirt}] and BWD [1530 s] are the optimum
backwash strategyiree it ensures maximal net water production and SFR is
reduced to acceptable values.

« Des ign points above predicted valus

4, Conclusiors

NWP (L)

This work deals with the use of Ultrafiltration as seawater pretreatment
prior to RO. In the aim to control and eventually regulate clogging during
seavater UF it appeared necessary to optimize the backwash parameters
(backwash interval, backwash duration, and backwashtio@). A surface
response study was conducted on the Specific Flux Reduction SFR and Net
Water Production NWP in order to find thetiopal conditions ensuring the
maximum of net water production with the minimum of fouling.

It was found that BWI has the most significant effect on the specific flux
reduction and net water production. The effects of BWD and BWF are more
important on NetWater Production. The minimal SFR is reached when

C: BWF (L/min)

27

2

operating at 30 min filtration cycle and its variation observed in this case is P B: BWD (s)
not important as the effects of the backwash flow and duration is not ©
significant. Operating at 30 min of filtration duratiatiows also reaching the
maximal NWP. Generally speaking, the optimal conditions of BWI 30min, Fig.5. 3D surface response MWP at constant BWI: () 30 min, (b) 60 min,
BWF interval [1620 L.min"] and low BWD [1530s] were obtained from and (c) 90 min.
compromise between both specific flux reduction and net water production
responses.
It would be interesting, as aepspective, to studythe backwash 5 Acknowledgements
parametereffect on the energyconsumption andhus developan optimal
backwashing strategy that would maximite net water production while The authors would like to thank Mr. Mondher Haddaji, the plant
minimizing the cost of production. operators and M Amira Cherni for their help, the STEG and LAMSIN for

the financial support.



68

6. Nomenclatures

N Permeate flux, Initial permeate flux (L)
Qo @  Feed flow, Permeate flow (L.m)

R? Coefficient of determination

R2.i Adjusted coefficient of determination
SF Specific flux (L.m2ht.bar?)

SFR Specific flux reduction (%)

t Filtration time (s)

TMP Transmembrane pressure (bar)

Y Conversion raté%)

BWD Backwash duration (s)

BWF Backwash flow (L.mirt)

BWI Backwash interval (min)

NWP Net water production (L)

RSM Response surface methodology

UF Ultrafiltration
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