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Abstract: This paper evaluates ceramic membrane performamd¢douling mechanisms in the ultrafiltration of
model oil-in-water solutions with addition of NaCFirst, the work estimated the effect of main pssce
parameters, i.e. transmembrane pressure, crossvitneity and NaCl content in the feed on oil réj@t and
permeate flux using®2xperimental design. The ultrafiltration experinsawere carried out using pilot installation
with commercial tubular ceramic 300 kDa membrankra€iltration data obtained using experimental iges
techniqgue was used to determine the regressiorficienfs of polynomial equations. These equationge g
information on non-conjugated as well as conjugaféects of two operating parameters and one fegdmeter
on ceramic membrane performance in ultrafiltratmocess of model oil-in-water-NaCl solutions. Maren
these equations can help to determine optimal tondi for ultrafiltration process from the point elew of
membrane permeability and selectivity. Next, uiln@ftion results were analyzed using resistaneesieries
model. It was found that the process is membrasistemce limited. It was also stated that, restgtazaused by
reversible fouling is greater than irreversibleliiog resistance. Finally, pore blocking models lobase modified
Hermia's equation were used to determine membmuénd mechanism responsible for permeate fluxidecl
with ultrafiltration time. In investigated systemeramic membrane fouling was caused by complete and
intermediate pore blocking mechanisms.

Keywords: ceramic membranes, fouling mechanism, ultrafitirgtoily and saline water emulsion

Introduction

Oily wastewaters as a different mixtures of oil#hricants, salt and other chemical
compounds are generated from diverse industriaicesuincluding gas and oil production.
Waste streams from onshore and offshore oil andogasations are among the largest
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sources of oily wastewaters. The oil content of¢heaste streams comes to 1000 ppm, and
causes they must be treated for both the recygimgess and the discharge into the
environment [1, 2]. Very complex composition ofyoilastewater causes the removal of oil
and other contaminants to a level compatible with requirements in a single separation
process to be insufficient [3]. Treatment techn@egemployed for such waste streams are
the multistage ones [4, 5]. In the hybrid techn@seghere were widely applied pressure
membrane processes such as MF (microfiltration),(Wafiltration) NF (nanofiltration)
and RO (reverse osmosis) that were based primamilgeramic membranes, characterized
by high chemical and thermal resistance [6, 7]. Tlaén advantage of the use of membrane
separation techniques is the ability to achievaeatéd stream (permeate) meeting the
environmental requirements and significantly rediijceompared to the waste stream
undergoing the treatment concentrated stream (eg&dnwhich must then be utilized at the
ship or on land [8, 9]. However, such membrane rsdjgan appear to have several
drawbacks in treating the feed water containindedéint chemical substances and organic
matter and to be susceptible to fouling [10].

In general, membrane fouling can be described aseduction in membrane
permeability as a result of the flow resistanceespimg due to pore blocking, concentration
polarization and cake formation [11]. Membrane pembility declines due to the
accumulation of foulants on the membrane surfacavitnin the membrane pores [12].
Moreover, it turned out that fouling mechanism defse mainly on the electrostatic
interactions between particles but also betweearticfes and the membrane. On the other
hand, the long term effects of membrane fouling nesg to irreversible blockage of the
membrane and a reduction in the membrane lifetib®. [To maintain the technical and
economic viability of a membrane process, membfaukng should be kept to a minimum
[14].

In the literature, there are many papers on thdicgipn of membrane processes and
polymeric and inorganic membranes for both oily t@amter and industrial wastewaters
treatment [15, 16]. Some of these papers deal wiémbrane production and modifications
of membrane surface [17]. Reported research aremiostly focused on treatment of
wastewater from the petrochemical and refinery sgu[18] as well as of oily streams
generated on-board, bilge water and ballast wédt®r 20]. Authors of the papers focus
primarily on the analysis of the impact of the mosportant operating parameters like
transmembrane pressure, feed velocity over theaceirdf the membrane, oil concentration
in the feed, pH [21] or other feed components afiopmance of membrane process and oil
removal efficiency. Only few papers analyzed tHfeuance of the salt content [22, 23].

The industrial wastewater containing oil may alsclude a large amount of different
salts, up to 300 000 ppm [24]. The main problenorega by the authors is that high salt
concentration causes a significant decrease in velmaf the other pollutants. However,
some researchers are focused on the rejection fn@stewater. Despite the high
concentration of salts, the oil rejection coeffitieanges from 98 to 99 % [24].

The salinity impact on membrane fouling using Biofmembrane bioreactors (MBR)
in treatment of oily wastewater is often examineg rlesearchers. According to this
research, the increasing salt concentration mighé llominant factor causing membrane
fouling due to the surface charge effect on pasi@nd the surface of the membrane [25].
Other authors dealt with the influence of saliniyp different factors [26]. In the
conclusions the authors state that salt conceottratifects the biodegradation of dissolved
organic matters significantly.
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The ultrafiltration process of model oil-water-Na@iulsion using ceramic tubular
membrane was investigated from the point of viewhefhighest permeate flux and high oil
rejection. For this purpose the ultrafiltrationttessere carried out in accordance with the
procedure of experimental design dftgpe. Experiments were performed under different
ultrafiltration operating parameters at two differelevels, i.e.: cross-flow velocity,
transmembrane pressure and NaCl concentration énfebd. The scope of the study
included: 1. analysis of effect of main ultrafilicn process parameters on the membrane
permeability and selectivity; 2. transport resisg@n analysis with applying
resistance-in-series model; 3. identification ofilfieg mechanism using pore blocking
models.

Theoretical background

Experimental design 2

The experimental design can be successfully usestudies related to wastewater
treatment using membrane techniques [27].

Based on two-level experimental design, the noalirabject can be approximated by
nonlinear regression function:

Vi =[x, Xp) 1)
wherex;...X, are independent variables an@re responses.

For the analyzed membrane system, three independeiaibles,x;, X,, X3 and two
levels, +1, —1 are presented in Table 1. The totahber of experiments results from
applied plan of 2= 8. The cross-flow velocity (CFV), transmembramessure (TMP) and
salt content in the feed solutioGy\c) were chosen as independent varialgles,, Xs.

Table 1
2° experimental design matrix with standardized aad values of independent variables
Independent variables, Level ‘
standardized (real) -1 0 +1 Interval, 1;
X1- CFV [m/s] 4.0 0.10 1.00 0.50
X2- TMP [MPa] 4.5 0.15 2.25 0.50
X3 - NaCl concentration in the feed [%)] 5.0 0.20 3.50 1.25

In order to find the effect of independent variagblen response, the polynomial
equations can be used [27, 28]. In this work stestdie permeate fludss[m*/(m*-s)] and
rejection of oilr [-] are responses to process variables.

To be able to describe and compare responsesastioh of process variables it is
necessary to normalize them according to equation:

== n) @
J
where X, is the standardized value of independent variaklghe real value of inlet
variablex, the value at level 0, aridthe variation interval.
The final equations using standardized of indepehdariables representinlgsandr
are presented by polynomial (3) and (4) which aseally used in to 2plan of
experiments;
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Jss = fi(X12, X2, X3,) = bg + b1 X1, + byXp, + b3xs, A3)
+b12X1,X2; + b13X17X3, + bp3Xp, X3, + D123Xe,X0,X3,

T = f1(X12, X2, X35) = Qo + A1X1; + X5, + A3X3, (4)
ta12X12X27 + A13X12X37 + A23X2,X37 + A123X1,X2,X3,
The regression coefficients of Eqgs. (3) and (4) ewealculated by means of
experimental data.

Resistance-in-series model

The resistance-in-series model has been commordy &3 relate transmembrane
pressure and permeation flux in the membrane sépagaocess e.g. [29]:

_ TMP 5)
KRy

where:Jss- steady state permeate flux*}m? s)], Ry - total resistance [ff, i - permeate
viscosity [Pa - s].
Total resistanc®; is the sum of membrane resistaie and fouling resistande:
TMP
Jss L(Ry + Rp)
whereRy, is a membrane resistance JhandR:is a resistance caused by fouling fm

Resistance of fouling can be presented as the dutheoresistance of reversible
fouling Rrr and the resistance of irreversible resistdRee

Jos = TMP @
58 U(Ry + Rrp + Rip)
The sum of membrane resistance and resistanceestisible fouling Ry + Rig) is

possible to calculate when after oil emulation atire water UF the membrane is tested
again with water only:

]SS

(6)

Jw2 = & (8)
U(Ry + Rip)
Irreversible resistand&g can be obtained:
Rip = % —Ry 9
ulw

wheredyis water flux before UF process ffm?- s)].

Finally, the reversible resistanBgar can be calculated:

Rrr = Rr — Ry — Ry (10)

Before each process of ultrafiltration, pure wdtax through clean membran&,
[m*(m?s)] can be measured with distilled water. Direetfier each ultrafiltration test, the
value of distilled water fluxJy, [m%(m?s)] can be determined in order to estimate
irreversible foulingRr (Eqg. (9)). Then the UF membrane module and theliaion can
be chemically cleaned up, following the proced@®ommended by the manufacturer.

Membrane fouling models

During the process of ultrafiltration of oil-in-wet emulsions the particles of oil and
salt carried by the liquid towards the membrane thed deposit on the membrane surface
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(cake formation mechanism) or block the pores o tmembrane (pore blocking

mechanism). As a result the filtration resistarcéncreasing while the filtration stream is
decreasing during time. To describe the blockingnamena in the investigated system,
four models of membrane fouling have been used (Fig

1 N
ﬂﬂ m

Fig. 1. Graphic presentation of pore blocking medea) complete blocking; b) internal pore blocking;
c) intermediate pore blocking; d) cake formatioaséd on [30]

a)

Table 2 shortly describes all considered pore btacknechanisms [31, 32].

Table 2
Membrane fouling models description for cross-fiatvafiltration

Membrane fouling —
mechanism n Description

Blocking the entrances of membrane pores by pasticl

Complete pore blocking 2 the filtration resistance increasing with the daseeof number of
membrane pores

Deposition or adsorption of microsolutes on thespaalls;

Internal pore blocking 15 the decrease in pore volume
Interbnlﬁéecdklie;tg pore 1 Occlusion of pores by particles with particle stumposition

Deposition of particles larger than the membrarre gize onto
Cake formation 0 the membrane surface. Cake resistance is propaktiorthe
cumulative filtered volume

To identify the fouling mechanism during the uliftaétion process of model
oil-in-water solutions, the mathematical model whaescribes flux decline with time can

be used [33, 34]:
d?t dey\"
11
av? =k (dv) )
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where: t - time [s], v - permeate volume per membrane surface ar€} kmandn -
phenomenological coefficient and general indexpeetvely, both depending on the
fouling mechanism.

This Hermia’s model based on constant-pressure-eeddiltration can be modified
for cross-flow filtration as follows [31]:

d
=k~ Jso™ (12

In equation (12), the terms and Jssmean permeate flux and steady-state permeate
flux, respectively.

Moreover, this equation can be transformed intanfordescribing four different
membrane fouling mechanisms (Eqgs. (13)-(16), Tajle Equation (13) describes the
complete pore blocking mechanism £ 2), in which particles deposit on the membrane
surface and block the membrane pores [31]:

J=Jss + (o — Jss)eThD (13)

where:J, - initial permeate flux at time= 0, k; - kinetic coefficient [1/s].

When during the process of ultrafiltration, the em&tl is absorbed on pore wall, the
membrane fouling is caused by internal pore blagkirechanismn(= 1.5) and equation
takes the form [32]:

1 1
]17 ]1/2 + kl St (14)
0
wherek, s - kinetic coefficient [m/(m®s’?)].

Intermediate pore blocking mechanism £ 1), where particles settle on another

arrived previously can be described as [21]:

k=L (1 Uo - 155>)
] 0 (] ]SS)
wherek, - kinetic coefficient [/m”].
As the cake formation mechanism € 0) is taking into account, some pores are

blocking and there is no space for direct hinderiihng membrane area [31]. Then the
equation takes the form:

kot = 7 [l (]0 Uo— ]SS))] ]55 1) (16)
sS

(15)

J U =Jss) ] o

wherek, - kinetic coefficient [(rim®)? s].

Experimental
Materials and methods

Ultrafiltration tests were performed with a use pifot installation equipped with
commercial 23-channel ceramic membrane with a #uB@0 kDa under defined process
conditions (temperature 20 °C, oil concentratiothia feed 500 ppm). Some characteristic
features of the membrane used for experimentshensrsin Table 3.
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Model solutions in an amount of 10 dwere prepared as an oil in water solution with
NaCl, at a concentration of 1 and 3.5 %. An oilevaemulsion was prepared using
ultrasonic processor VCX-500 (Sonics) at the follmywperating parameters: frequency of
20 kHz, the vibration amplitude of peak-to-peakorestor: 124 pm, resonator diameter
13 mm, temperature 22 °C, scattering time 5 sjnj@ction directly into the resonator -
a distance approx. 5 mm, power density in the tigaczone of about 20 W/cmHydraulic
oil HYDROL L-HL 46 (Orlen) was used in the homogeation process, at a concentration
of 500 ppm employing also a pipette HTL V3 possepsiolume of 1 crh and
interchangeable tips. The oil HYDROL L-HL 46 used fow and medium-loaded systems
of power transmission for hydraulic control of dms with hydrostatic drive and was
chosen as an oil for different purposes. After clatipn of the emulsion, in each case
immediately proceeded to run the ultrafiltratiostten order to maintain the structure of
prepared solutions. The installation worked in adeavith recirculation of retentate and
permeate, sampling was carried out only for measents. Moreover, before starting the
ultrafiltration tests a calibration curve for tudity was performed.

Table 3
Characteristics of ceramic membrane used for ittetfon experiments (Source: info TAMI)
Cut-off [kDa] 300
Material TIQ/ZrO,
Number of channels 23
Hydraulic diameter of membrane channel [m] 35710
Length [m] 1.178
Filtration area [ 0.35
Bursting pressure [MPa] >9.0
Operating pressure [MPa] max. 1.0
Chemical resistance pH 0-14
Permeability for water [dif(h n?) -10° Pa] 450-500
Process temperature <350 °C
Steam sterilization 121 °C - 30 min
Oxidative sterilization yes

At a course of each ultrafiltration run sampledesfd (F), permeate (P) and retentate
(R) were collected at specified time intervals. Tdheration of each experiment was
60 minutes. In each sample, the value of turbiditys determined (TN-100, Eutech
Instruments). Based on turbidity measurements theetention coefficient,r [-] was
calculated:

_1-Cr (17)
r= CR

whereCr andCx, - the oil concentration [ppm] in permeate andnigtee respectively.

The permeate fluxJ [m*(m?s)] was calculated using the volume of permeate per

membrane ared/, [m?] collected during the time[s]:
Vp
— 18
J =775 (18)
whereS - membrane filtration area fin
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Results and discussion

Effect of operating parameters using 2factorial experimental design

The detailed analysis for the experimental reshiésed on 2factorial experimental
design matrix is shown in Table 4.

Using experimental data presented in Table 4, ¢égeession coefficients; and g; of
the polynomial equations (3), (4) are evaluated@medented in Table 5.

Table 4
Experimental results of steady-state permeateJigand oil rejectiorr with independent standardized variables
X1z, Xz, Xaz, @nd real variables CFV, TMEyaci

CFV TMP Chaci J
BXp- | ] X1z [MPa Xo: [%)] X | nosmimesy | 0
1. 4 -1 0.1 -1 1 -1 7.55 0.974
2. 5 +1 0.1 -1 1 -1 7.09 0.980
3. 4 -1 0.2 +1 1 -1 14.0 0.978
4. 5 +1 0.2 +1 1 -1 135 0.988
5. 4 -1 0.1 -1 3.5 +1 6.7 0.982
6. 5 +1 0.1 -1 3.5 +1 6.5 0.986
7. 4 -1 0.2 +1 35 +1 12.8 0.991
8. 5 +1 0.2 +1 35 +1 12.4 0.996
Table 5
Evaluated coefficientls anda;, according to equations (3), (4)
Coefficient bo b;[ bz b3 b12 b13 bz; b125
Jse. 107 10.07 -0.19 3.11 -0.47 -0.03 0.05 —-0.11 -0.p2
do A a ag Az Az Aoz Az
r 0.984 0.003 0.004 0.0044 0.000638 —0.0009 0.0009 006a.

The developed polynomial equations with calculatedression coefficients gives
an essential information on conjugated and nonwgaigd effects of three independent
variablesx; (CFV), x, (TMP), xs (NaCl concentration in the feed) on investigated system
responses]ss I:

- the influence of CFV on steady-state permeate Jigis presented by coefficieht,
b, bz and by, comparison of values of these coefficients inttisa that
non-conjugated coefficieftt, characterizing influence on permeate flux is pesiand
decisive; positive value of coefficient means théh increasing operating parameter
associated with this coefficient permeate flux @ages; effect of the other two
operating parameters, CFW,;} and NaCl concentratiofnd) is less significant,

- the effect of the tested operating parametersibnejection coefficient is irrelevant
due to the very high values in the range of 0.9298.

The impact of independent variables on investigatestem response (permeate flux
J,) are presented graphically Figures 2a,b.

The data presented in Figure 2a and 2b confirmctrelusions of the analysis of
significance of regression coefficients of polynahg@quation. The experimental results of
Jssobtained for experiments No. 3, 4, 7 and 8 for T®.2 MPa are about two fold higher
than steady-state permeate fluxes for experimeitis WP = 0.1 MPa.
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Fig. 2. Experimentalflux versus time for ceramic membrane 300 kDa imafiltration of model oil-in
water solution

Resistance-in-series analysis

Using the resistance-in-series model and equat{6j$10) the values of transport
resistances were obtained (Table 6). That woulg belidentify whether the process is
membrane resistance-limited or fouling limited. Mover, that would help to find which
kind of fouling, reversible or irreversible is resgsible for permeate flux decline with
ultrafiltration time.

Table 6
Experimental and calculated results of transpaittances for investigated system: 300 kDa ceramimbrane -
oil-water-NaCl solutions; oil content in the fee@05pm

Exp CFV TMP Chnaci Rt | Re | Ree | Re | Ru Jss | Jwi | Jwe
" | [mis] | [MPa] | [%] [10"(1/m)] [10°(m3(m? - s)]

1. 4 0.1 1 1.32 0.41 0.34 0.07% 0.91L 7.85 10|95 10.5
2. 5 0.1 1 1.41 0.50 0.35 0.14 0.91 7.09 10|95 9/45
3. 4 0.2 1 1.43 0.29 0.2 0.04 1.14 14|0 17.4 16.0
4. 5 0.2 1 1.48 0.34 0.27 0.07% 1.14 13(5 16.4 15.4
5. 4 0.1 3.5 1.49 0.58 0.49 0.09 0.91 6.[7 10|95 9.9
6. 5 0.1 3.5 1.54 0.63 0.49 0.14 0.91 6.p 10/95 9.4
7. 4 0.2 3.5 1.56 0.42 0.37 0.1 1.14 12,8 17.4 18.9
8. 5 0.2 3.5 1.61 0.47 0.39 0.08 1.14 1214 16.4 6 1B.
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Graphical presentation of the effect of procesaup@ters on transport resistances are
given in Figure 3a and 3b.

It is visible from Table 6 and Figure 3a and 3btthar investigated system
ultrafiltration process is membrane resistancetéohi The highest value of total resistance,
Rr was obtained for higher transmembrane pressureP(EMO0.2 MPa) and highest
cross-flow velocity (CFV = 5 m/s). At higher tranembrane pressure (0.2 MPa), the
increase of CFV from 4 to 5 m/s lowers tiiy value slightly. Increasing NaCl
concentration in the feed from 1 to 3.5 % has mieffect on transport resistance.
The Table 6 and Figure 3a and 3b also show thath®mmost investigated experiments,
reversible fouling resistance is bigger than irrsil@e one.

a) 1.8
1.6

0.0- - T T T T
MP 0.1 MPa TMP 0.1 MPa TMP 0.2 MPa TMP 0.2 MPa
FV4m/s CFV 5 m/s CFV 4 m/s CFV5m/s

EZR R, EJR, EER)

T
TMP 0.1 MPa TMP 0.1 MPa TMP 0.2 MPa TMP 0.2 MPa
CFV 4 m/s CFV5m/s CFV 4 m/s CFV 5m/s

R, IR, E=R EER,

Fig. 3. Comparison of transport and membrane teegies for UF of oil emulsion: a) 500 ppm of oil
concentration and 1 % NaCl and b) 500 ppm of gilcemtration and 3.5 % NacCl

Fouling mechanism analysis

To identify the fouling mechanism during the ulitaétion process of model
oil-in-water solutions with addition of NaCl, thagameterk,, k; s K o Ko Were estimated
according to nonlinear approximation procedure giditathcad 15.0 (PTC software). Each



Pilot tests and fouling identification in the ufitmation of model oily and saline wastewaters 507%

of the 8 experimental test runs were performedefich set by attachingn & 0,n = 1.0,

n = 1.5,n = 2.0), matching to the steady-state vallde measured experimentally (the
obtained last three approximate valuesh9f Moreover in each experiment, valuesSip
were calculated:

2
Z(yiexp - Yical) (19)
-1
where:SD - standard deviatigr - total number of time interval§i., - experimental data,
Vical - Calculated data.
The data obtained as a result of the analysis @i pare blocking mechanism for the

ultrafiltration of oil-in-water solutions with aditbtn of NaCl by ceramic 300 kDa
membrane are presented in Table 7.

SD =

Table 7
The values okand values of standard deviation, estimated usjogtéeons (13-16) and (19)
Internal pore Intermediate .
CFV | TMP | Cnaci | Complete pore - - Cake formation,
BXP- | mis] |MPa] | [%] | blocking,n=2| Plocking, pore blocking, n=0
n=15 n=1
aos | O | | 2| o | S ge |
(1/3)] [10 ] (m15505)] [10 ] [m /m3] [10 ] (mZImS)ZS] [10 7]
1. 4 0.1 1 1.8 2.78 0.18 2.48 18.0 2.83 18.0 4.70
2. 5 0.1 1 4.0 5.87 0.5 7.52 40.0 6.24 40.0 4.Y6
3. 4 0.2 1 8.0 8.97 0.08 4.10 8.0 4.50 5.0 3.88
4. 5 0.2 1 1.3 4.07 0.13 4.96 11.0 4.90 11. 7.82
5. 4 0.1 3.5 1.5 4.70 0.15 3.70 15.¢ 5.42 18.( 8.43
6. 5 0.1 3.5 1.2 5.33 0.12 3.6[L 12.¢ 6.54 14.7 9.04
7. 4 0.2 35 14 5.92 0.12 5.8 12.( 6.54 10.¢ 7.07
8. 5 0.2 3.5 1.8 5.92 0.18 6.9p 18.(¢ 8.20 13.( 7.40
a) 8.0
1 n=0
78] (n=9)
= 7.6 - 4 -
mg 7.4+
E
%y 7.2+
i 4
X 7.0
Z |
6.8 -
6.6-- O ExperimentNo.1 - ' -
{ @ ExperimentNo.5
6.4 - - 1T r 1 1 7
0 600 1200 1800 2400 3000 3600

Time [s]
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b) 8.0
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7.84-- -
@7'6_ - a -
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0 ]
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Fig. 4. Experimental and approximated values ofmgette flux the experiments No. 1 (upper lines) and
No. 5 (lower lines) for analyzed pore blocking metisms: a) cake formation, b) intermediate
pore blocking, c) internal pore blocking, d) contglpore blocking

Figure 4a-d shows the results of nonlinear regoeskir each pore blocking model for
experiments no 1 and 5. As shown in this figurenadithematical models well describe
experimental data, because calculated from equdtie}y standard deviation, represents
very small values of the order of 70It means that in investigated system more than on
fouling mechanism is involved.



Pilot tests and fouling identification in the ufitmation of model oily and saline wastewaters 50&

However, Table 7 shows that the lowest value afddad deviation were obtained for
fouling model withn = 1.5. Due to the internal pore blocking model vwihe best
representation for the experiments 1, 5, 6, 7.Heunhore, the cake formation model was
the farthest away from experimental data, partityléor experiments with higher salt
concentration in the feed (Table 7).

Figure 4a-d demonstrates that the differences lestwige experimental data and pore
blocking models are quite small for all presentedpeziments. However for the
ultrafiltration process of model oil-in-water-Na@mulsion, the internal pore blocking
model has a slight advantage (Fig. 4c). Considerihg evaluated coefficient¥ the
complete pore blocking model is closer to the expental data (Fig. 4d).

Conclusions

The paper presents a comprehensive analysis dbehaviour of 300 kDa ceramic
membrane in the process of ultrafiltration of aidsion in saline water. On the basis of
the obtained experimental results and theoreticalyais the following conclusions can be
made:

- The application of the *2experimental design method to perform ultrafiloat
experiments and analysis of the effect of operatpayameters on membrane
permeability and selectivity showed that transmembrpressure, TMP is a decisive
operating parametetdss increases approximately two-fold with increaseOof to
0.2 MPa; at the same time it was observed thaefgttion practically does not depend
on the tested operating parameters in the studiedes; ceramic 300 kDa membrane
reject oil emulsions in saline water on the le\mdze 0.98.

- The resistance-in-series analysis showed thatfilttation process of oil emulsion in
saline water is membrane resistance-limited withtemal reversible fouling
responsible to a large extent for flux decline ksafiltration time.

- The analysis of results of experimental permeate fis time in the light of fouling
mechanism models indicated that for 300 kDa cerand@mbrane no single behavior
was representative; within the investigated rangésthree main ultrafiltration
parameters, there are 3 models with good reprdgamtaf fouling mechanism,
i.e.: complete rf = 2), internal i = 1.5) and intermediaten(= 1.0) pore blocking
mechanism (Table 7).

- It means that ceramic membrane fouling by oil emuks in saline water followed
a sequence of mechanisms with an initial flux decldue to internal pore blocking
mechanism, followed by complete pore blocking wsthbsequent intermediate pore
blocking finally it should be pointed out that bathalysis, resistance-in-series analysis
as well as fouling mechanism identification, lead donsistent conclusions; first
analysis demonstrated th@g- > R, what means that membrane fouling is external
type; two identified pore blocking mechanisms (ctetg and intermediate) are also
external types.
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