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Abstract

The objective of this study was to optimize and to model the membrane fouling process. The
modeling was based on two approaches, dynamical and phenomenological with the
combination of surface phenomena. The established model was a transitional pore blockage
model towards cake fouling through new characteristic parameters and a modified fouling
index.

The characteristic parameters developed in this study described the effect of cake
restructuring, the shear, the mass of the cake, the filtered fluid recirculation according to the
effective thickness Z. in the membrane fouling mechanism. The Modified fouling index —
Dynamical surface phenomena (MFI- DSP) was developed by characteristics of multiple
interactions forces ratio and mechanical forces in the transition of the regime.

The membrane fouling was carried out according to the membrane compressibility factor m =
1, the cake n = [0 - 1] and the kinetics of the fouling process corresponding to the partial
orders » = [0 - 4]. The new model was validated based on experimental data in tangential and
frontal filtration, using PES-10, UE-100 and NF-270 membranes with the prediction of the
transitional blockage. Statistical analyzes at CI > 95% showed better performance and
efficiency of the new model compared to the existing models focused on the absolute relative
error, the correlation coefficient, the number of characteristic parameters in the prediction, the
characterization of the fouling process, as well as in the transition from pore blockage to cake

filtration.
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1. Introduction

Several studies focused on the understanding and the controlling of the fouling phenomenon.
The various formulations of filtration and characterization of fouling process models followed
one another since Darcy's thermal filtration law. The membrane fouling process modeling by
several authors, whose Hermia, Schippers and Verdouw, Bassirou et al. and Tien et al. have
given rise to models of filtration by pore blocking one hand and other hand the models of
filtration on cake by including the surface phenomena and the dynamic of the membrane
fouling training by the particles adsorption (Bassirou et al. 2017; Hermia 1982; Schippers and
Verdouw 1980; Tien et al. 2014). Developed models for< pore blocking showed four
characteristic areas of the fouling process in addition to various modified fouling index. In
addition, another’s studies of Bessierea et al. and Bacchin et al. (Bessierea et al. 2005;
Bacchin et al. 2011) allowed to describe accurately the type of the fouling: reversible or
irreversible, the mechanism of the membrane fouling and the nature of the fouling
compounds. The development of modified fouling index from Schippers and Verdouw
(Schippers and Verdouw 1980) the MFlg4s5; the UMFI of Hermia and the MFI-UF of Boerlag
et al., (Boerlag et al. 2000; Boerlag et al. 2002) is based on the frontal filtration which
occupies a wide place in the application of membrane filtration. These indicators do not allow
to describe or to understand effectively the obstacle posed by membrane fouling in its
variability and evolution. The assessment of fouling using these indicators has been always
limited to a single or multiple filtration cycle in the case of UMFIli50. The latter, corresponds
to the irreversible physical blockage which represents the most worrying problem in the
development and the application of membrane technologies, (Huang et al. 2009). This one
takes into account, the process of the regime transition and the surface phenomena. However,
it is essential to dispose models and modified fouling index allowed characterization several
interaction in fouling process for all practical cases for a better understanding and a
monitoring of the membrane fouling process consequences. This will take into account, the
fouling dynamics, surface phenomena and the transition from the pore blockage towards the
cake filtration, (Wang et al. 2012; Xiao et al. 2013). New trends in industrial biotechnologies
operating in membrane fermenters made some laws impractical in practice or incompatible
with the reality of the membrane system where the membrane fouling takes a large dimension
through the inclusion of the biological aspect and surface phenomena, (Albasi-Claire et al.
2007; Huang et al. 2008; Muthukumar et al. 2014).



Other models of membrane fouling process limited to frontal filtration were proposed
considering the simultaneity of fouling phenomena, the association of the fouling with
particle size, quantization of fouling by the prediction of the mass deposit, the dynamics of
the membrane system, the critical time corresponding to the jump of the transmembrane
pressure and the adsorption phenomenon, (Abdelrasoul et al. 2013; Jianrong et al. 2017;
Meijia et al. 2018). The complexity of the membrane fouling process with regard to its
mechanisms and its characterization tends to reorient the research towards dynamic filtration
models based on the analysis of transport phenomena and surface phenomena, (Bassirou et
al., 2017; Bacchin et al. 2011; Hermia 1982; Tien et al. 2014). A new modeling technique for
membrane filtration processes was proposed by Paipuri et al. (Paipuri et al. 2015). Based on
the incompressible fluid flow; it is governed by the Navier-Stokes equation and can be solved
using Lattice-Boltzmann technique. The optimization of the process can be studied by
following the incompressibility of the membrane and the compressibility of the fouling cake.
In the other hand, the low adhesion resistance, surface energies and anticorrosive properties
involved in the fouling process can be reduced by increasing the porosity of the cake layer
and decreasing the hydrophobic interaction between the membrane surface and the fouling
materials. These properties were demonstrated in the case of nanoparticles (Arukalam et al.
2016).

The development and the simulation of the models were based on the description of the
relationships between the most relevant variables of the system, such as: the transmembrane
pressure (APp), the inducing effect of the osmotic pressure and the transitional development
of the membrane fouling during the filtration, (Albasi-Claire et al. 2007; Huang et al. 2008;
Maximous et al. 2010; Wang et al. 2012). Concerning the evaluation of the development of
the filter cake, the hypotheses are based on the growth of two layers of the cake, dynamic and
static, and this according to a model of linearity “t / V” according to the volume “V”
(Schippers and Verdouw 1980; Marselina et al. 2009). In a recent study, Haigang et al.
developed a fouling process model based on surface phenomena, adsorption (Haigang et al.
2016). The model provides a transition from the adsorption regime (pore blocking) to the cake

filtration regime in frontal and in tangential filtration case.

Several authors showed that the standard blocking is in a good agreement with the original
membrane flux data as well as the modified membranes during the filtration of sodium
alginate (Meijia et al. 2018). They indicated that adsorptive fouling was the main reason for

the decline of the flux. Also, they concluded that significant repulsive energy was required to



overcome fouling process and that lower attractive energy was required for the adsorption of
sodium alginate on the surface of the modified membranes, (Jianrong et al. 2017; Li-guo et al.
2015; Li et al. 2016a; Muthukumar et al. 2014). Other authors demonstrated that the cake
resistance was the main parameter contributing to the total resistance of the membrane, (Li et
al. 2016b; Pradhan et al. 2014).

The major forces contributing to attachment are dispersion interaction force and polar
interactions force. These forces apply to material entities at different scales. The resultant
force of surface interactions causing fouling can be introduced into the Bassirou et al. logistic
cake growth model either as a set of forces acting between three objects or as a pressure
reflecting a collective objects behaviour between which interactions exist and the effective
osmotic pressure effect mechanism (Bassirou et al. 2017). Jianrong et al. found that
membrane surface was randomly rough with obvious fractal characteristics (Jianrong et al.
2017). Quantification of interfacial interaction with randomly rough surface is the prerequisite
to quantitatively understand and control the ‘interface behaviours such as adhesion,
flocculation and membrane fouling. A novel method, which combines surface element
integration method, differential geometry and composite Simpson’s rule was developed to
quantify the interfacial interactions between the modeled rough floc surface and membrane
surface (Xiang et al. 2017). The simulation of the rough membrane surface showed high
similarity in terms of statistical roughness and height distribution between the simulated
surface and the real membrane surface, indicating feasibility of the new method developed by
Xiaolu et al. (Xiaolu et al. 2018). Following the surface interaction force, the thermodynamic
analyses released by Li-guo et al. showed that adhesion of sludge flocs on membrane surface
needs to ‘overcome a repulsive energy barrier (Li-guo et al. 2015). Under the conditions in
their study Xiang et al. assessed, according to thermodynamic methods, interaction energies

in three possible interaction scenarios regarding different morphologies (Xiang et al. 2018).

The objective of this study was to propose a new optimized model, based on the approach of
the dynamics of membrane fouling and its phenomenology. It was characterized by the
blocking of the pores, by the transition of the regime towards the filtration on cake and by an
adaptation as well in tangential mode as in frontal mode, using new parameters of fouling
process dynamics with a kinetic monitoring and a modified fouling index allowing a better
understanding of the various mechanisms. This study allowed to elucidate the involvement of
physical parameters such as: the restructuring of the pseudo-membrane, the compressibility of

the cake, the recirculation of the fluid and the shear and also that of the physicochemical



parameters such as the evolution of the fouling material and its dynamics, multiple
interactions, the transitional stabilization factor and the characterization of the membrane
fouling by the modified fouling index - dynamical surface phenomena MFI - DSP. The model
and the MFI - DSP were validated on experimental data by ANOVA analysis, statistical
correlation analysis, relative errors and the comparative test of Akaike's Information Criterion
(AIC) models.

2. Materials and Methods

For the validation of the proposed model as well as the characteristic parameters of the
membrane fouling and the membrane filtration, the data processed in this work were obtained
from the work of Bouchard and Tamas 2004. The statistical processing of the data was carried
out on the Origin Pro ver 8 software and all the calculations were done on Excel 2016. The
validation tests of the model were carried out according to the point distribution function F-
value, the probability of the error on the function Pro> F, the accuracy of the model, the
reduction of the absolute relative error, the correlation coefficient R-square and Adj.R-square
and the AIC test to compare the performance of the new proposed model with those existing

in the literature, (Bassirou et al. 2017).

The membrane NF-270 was of ‘composite type, the active layer was made of polyamide /
polysulfone with a cut-off and a permeability of 300 Da and of k, = 3.54x10™ (m/Pa.s)
respectively. The loss area of the permeability for this membrane is k, = [3.14 - 3.97] x10™
(m/Pa.s), with the maximum operating pressure and the temperature were 21%, 41.0 bar and
40°C respectively, the interval of pH ranging from 2 to 11 and that of washing varying from 1
to 12.

The membrane PES-10 was a polyethersulfone membrane with a cut-off and a permeability of
10 kDa and k, = 1.92x10™ (m / Pa.s) respectively. For this membrane, the loss area of
permeability is kp, = [1.63 - 2.15] x10™® (m / Pa.s), with the maximum operating pressure and
the temperature were 24%, 13.8 bar and 60 °C, respectively. The operating pHs ranging from

2 to 11 and those of washing from 1 to 13.

The frontal ultrafiltration membrane UE-50 was made of polyethersulfone with a cut-off and
a permeability of 100 kDa and of k, = 3.64x10™° (m/Pa.s) respectively. The loss area of
permeability was maintained between 40 - 60% in the area k, = [3.09 - 4.19] x10™% (m/Pa.s).



The maximum operating pressure and the temperature were 13.8 bar and 45°C respectively.
The operating pHs ranging from 2 to 11 and those of washing from 1 to 13.

In addition, the experimental conditions were fixed as follows: the transmembrane pressure,
APy, = 2x10° Pa, the maximum volume filtered from the tank, V = 20 L, the temperature, T =
25 °C, the water conductivity, k varying between 29 and 584 uS/cm and the pH in the range
of = [6.20; 7.71]. Otherwise, the ionic composition of the water was [0.23; 3.07] mg/L, [1.16;
44.63] mg/L and [0.62; 16.14] mg/L, for Iron, Calcium and Magnesium respectively:.

2.1. Pore blocking model

The new proposed membrane fouling model is based on assumptions describing: pore
blocking models, Hermia 1982, equation (1), the model proposed by Jaffrin et al. 1997
equation (2), and the model of Tien et al. 2014 equation (3). The proposed kinetic equation of
the filtration follows the structure of the models described by these authors which shows the
four characteristic mechanisms of membrane pore blockage fouling such as: standard,

intermediate, complete blockage and the cake formation on the surface of the membrane.
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2.2. New transitional blocking pores model formulation

The formulation of the new model focused on the characterization of the hydrodynamics and
the phenomenology of membrane fouling process through the transport phenomena. The
latter, combining the multiple interactions in the system (particles / particles and particles /
walls) contribute to membrane fouling, (Jianrong et al. 2017; Tien et al. 2013; Xiang et al.
2017). The objective was to lead to a formulation based on the two approaches in order to
optimize the filtration process, to define the different phases of fouling process and the
transition regime from the pore blocking towards the cake filtration, (Muthukumar et al. 2014;
Xiao et al. 2013).

In the case of the incompressible cake filtration, Darcy's law showed a linear relationship

between “t/V versus V. When the cake becomes compressible, “t/\V”’ is independent of “V”



and the relation is no longer linear. This loss of linearity is a characteristic of the jump of
transmembrane pressure. The work conducted by Robles et al. and Zhang et al. (Robles et al.
2013; Zhang et al. 2015) showed that the development of the cake layer is limited by the ratio
between the shear forces and the adhesion/deposition mechanisms of the materials to the
membrane (Han et al. 2017; Jianrong et al. 2017, Xiang et al. 2018; Xiaolu et al. 2018).
Equations (4) and (5) represent the relationship between the filtered volume and the filtration

time.
aV?+bV —t=0 4)

Equation Eq.4 is the model formulated by Schippers and Verdouw 1980 from the Darcy and
Schirato model on thermal ultrafiltration. The major difference in this study is the
presentation of the architecture of this model without defining the parameters characterizing
the clogging in order to have the possibility of using the model in the rest of our formulation
with a, b: are the intrinsic parameters of the filtration process defining the characteristics of
the fouling nature.

t _ UaMES RmMu (5)
vV 2S2APm SAPM

By considering the expression of the pressure loss formulated by Ergun 1952, on a system
animated with an initial velocity according to the thickness of the developed wall, it has been
demonstrated that the dissipation of the kinetic energy is due to the flow of the fluid through
the porous medium (cake - membrane) resulting from the applied pressure drop, which
represents the flow rate of the fluid according to the volume of the suspension passing
through the membrane. The law related to the loss of the load of Ergun 1952 is given by
equation (6).

AU+ BU +-=0 (6)
The speed of the flux passing through the medium is given by equation (7)
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*

(")

vk
- <

The thickness Z of the membrane combined with that of the fouling deposit can be expressed
according to the integral below equation (8), according to the Bassirou et al. logistic cake
growth model of tangential filtration on cake proposed in last study (Bassirou et al. 2017).

The thickness of the cake Z. was obtained by combining equations of Lodge et al. 2004 and



Marselina et al. 2009, equations (18) and (19), and then substitution in the expressions (20)
and (21); the results were expressed according to the flow rate of permeation following the
transition process of the hydrodynamic regime. The corresponding expression (22) defining
Zc (Cake thickness) was compared with the integral equation (8) and the result was correlated
between equation (8) and (22).

Z=Zp+ [, Z.(Ddt (8)

The combination of equations (4) and (7) and the substitution of the pressure gradient in
equation (4) allow to establish the relationship between the volume, the pressure drop, the
filtration time and the thickness (equation (9)).
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Equation (9) can be expressed in the form of “1/V versus 1/t” describing the kinetics of pore-
blocking filtration, according to the similar assumptions of Hermia. Equation (10) constitutes

the basis of the new model following the twao approaches of this modelization.
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2.3. Dynamical approach of the fouling process

The dynamic approach of the membrane fouling process modeling is based on both
optimization of the pore-blocking filtration, and transition process of the regime through the
two compressibility factors of the membrane “m” and the cake “n” (Muthukumar et al. 2014;
Xiao et al. 2013). These values are predicted by maintaining the dimensional homogeneity of
equation (10) on the one hand and to obtain a related description of the cake filtration
phenomenon on the other hand. Thus, the mean values of “n” and “m” are determined for
each filtration case and then for all the processed data in order to generalize them, equation
(12).

() =5-20) (&
2.4. Parametric studies

The parameters that allow to optimize the process and to obtain the transitional

characterization of the model are determined using Kozeny-Carman expression and the



general expression of Ergun (Ergun 1952). From the equation (12) of Kozeny-Carman, (o),
represents the hydraulic resistance of the cake according to the properties of the matrix such
as the compressibility, the chemical composition, the particle size and the transmembrane
pressure, (Lodge et al. 2004). The general expression of Ergun is given by equation (13).

180(1- ¢)
o4 =—-

ppdpZe? (12)
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The combination of equations (12) and (13) allows to rearrange the expression (11) in order to
obtain the expression (14) which is a characteristic of the membrane filtration process
according to the combinatorial hypotheses of the transport phenomena and the multiple
interactions involved in the process of fouling inside the pores and on the surface of the
membrane, (Jianrong et al. 2017, Tien et al. 2013, Xiang et al. 2017).

(1)m _(pz 1,75 dp(1-¢) (1)" n a MES (e2d3APy,) (14)
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By studying the hydrodynamics. of the fouling process according to the time and the

monitoring of the forces ratio considered in the new formulation of the proposed model, a
dimensionless factor ¥ given hy equation (15) has been defined in the range of [0-1]. It
characterizes the restructuring of the physicochemical properties of the pseudo-membrane
(fouling cake) and the surface properties of the membrane. Its role is to take into account the
variations of the overall properties of the filter matrix, (Mondal et al. 2010; Xiao et al. 2013;
Zhao et al. 2013). During the filtration process, W characterizes the phenomenological
changes that condition the evolution of the fouling cake with an additional total resistance (Rt
= Rm +R.), (Pradhan et al. 2014; Robles et al. 2013).

_ 1,75 dp(1—¢)
150(1-¢)? Z— Rypd3 €3

(15)

Equation (16) was obtained by combining equations (14) and (15); it represents the Kinetics of

the filtration.
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2.5. Phenomenological approach of fouling




The phenomenological approach in this modeling follows the basic assumptions of the first
dynamic approach. A shear factor B has been defined, characterizing the ratio of the shear
forces due on the one hand to the movement of the particles in the vicinity of the membrane
surface and on the other hand to all the external forces involved in the membrane fouling as
function of the variations of the transmembrane pressure and following the formation of the
fouling cake, equation (17), (Zhang et al. 2015).

It characterizes the different mechanisms of membrane fouling process ‘according to the
kinetics of partial order o described by the new model. This model was established by
applying the pressure drop equations of Ergun, the resistance of the cake of Lodge et al., the
hydraulic resistance of Marselina et al. and that of Kozeny-Carman. The reorganization of
equation (16) leads to the equation (18) followed by the equation (19).

e2dj APy Z

’B - 300(1—5)22Apms—2Rmd§,g3 (17)
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The restructuring factors of the pseudo-membrane W and the shear B are determined from
equations (20) and (21).

Me = (355) ~ () () @0

2.6.  Prediction and fouling mechanism characterization

The new proposed model describes the phenomenon of the membrane fouling process
according to four successive phases (Fig. 1):
1. the fouling is carried out by blocking the pores under the action of the mechanical

forces which entrains the particles inside the pores,



2. the intermediate pore blocking, characterized by multiple interaction forces between
the particles that condition the adsorption phenomenon of the particles inside the pores
and on the membrane wall, (Bacchin et al. 2011),
3. the fouling occurs by a complete blocking pores,
4. the formation of an incompressible cake on the surface of the membrane.
This, results in an accumulation of material on the membrane surface, a decrease in the flux of
permeation, causing a jump in the transmembrane pressure, (Bassirou et al. 2017; Haigang et
al. 2016; Jaffrin et al. 1997; Muthukumar et al. 2014; Pradhan et al. 2014). Depending on the
evolution of the membrane fouling process, the result is an effect of the association of the
physicochemical properties of the cake with those of the membrane.” This generates a cake
resistance R, a specific hydraulic resistance o and a variation of the overall thickness of the
pseudo-membrane and the particle adhesion to the wall, (Han et al. 2017; Jianrong et al. 2017,
Xiang et al. 2018; Xiaolu et al. 2018).
By combining equations of Lodge et al. and Marselina et al. equations (18) and (19), it is
possible to express the mass of the cake M. according to the flow rate of permeation
following the transition process of the hydrodynamic regime expressed by equation (20), (
Lodge et al. 2004 and Marselina et al. 2009). The thickness of the cake Z. is given by
equation (22):

Z, = (p‘;—fp (1 - Masp)d)(:) (22)

In order to follow the evolution of the thickness Z. of the cake, fouling the membrane against
the mass M. and the shear factor B, the equation (22) is affected by a fluid recirculation factor

® characterizing the level of the settlement of the cake, (Comiti and Renaud 1989).



Figure 1: Prediction of the fouling mechanism by the new block pore model. (1) porous membrane ; (2) pores

blocks ; (3) intermediate pores blocks ; (4) Internal pores adsorption ; (5) completes pores blocks ; (6)
incompressible cake training ; (7) cake compressing ; (8) particles accumulate by surface membrane interaction.

2.7. Modified fouling index development (MFI - DSP)

Since the development of the modified fouling index (MFlg4s) by Schippers and Verdouw
according to the SDI method, several authors proposed various modified fouling index for
pore blocking and for cake filtration in frontal mode, Hermia (UMFIT), Boerlag et al. (MFI-
UF), Huang et al. (UMFI), Sergio et al. (MFI-UF constant-flow), (Boerlag et al., 2000 and
2002; Hermia 1982; Huang et al. 2008; Schippers and Verdouw 1980 and Salinas-Rodriguez
et al. 2015).

Other indicators, (CFS-MFI) of Javeed et al. correlated with MFlg 45 by Koo et al. (CFI) of
Yongxun et al. (multiple MFI) Younggil et al. and its application by Yongxun et al. allowed
to describe the characteristics and the nature of fouling without taking into account the
transitional phenomenon of the regime and the surface phenomena in the membrane filtration.
Bassirou et al. and Ki et al. and reported in their studies, the effect of the dynamics of the
surface phenomena on the membrane fouling process (Bassirou et al. 2017; Koo et al. 2014;
Javeed et al. 2009; Jee et al. 2016; Yongxun et al. 2015; Younggil et al. 2015; Yongxun et al.
2017).



According to the principle described by Bassirou et al. and Wang et al. a new indicator, called
modified fouling index dynamical surface phenomena (MFI-DSP) was proposed in this study
in order to take in consideration the problem of the regime transition at all scales of filtration
and the importance of surface phenomena in the case of inorganic and organo-mineral
membranes (Bassirou et al. 2017; Wang et al. 2012). It allowed to characterize the fouling
according to the dynamics of the surface phenomena of the membranes PES combined with
the transport phenomena following the hypothesis of the transient regime of the permeation
flux. The global flow is the result of three distinct and interactive flows characterized by the
capillarity, the solubilization and the diffusion (Fig.2), (Bassirou et al. 2017; Zhao et al.
2013).

It defines the membrane fouling by blocking the membrane pores according to the four main
phases, followed by the fouling by formation of the incompressible cake and finally the
fouling by compressible cake. Considering, the laws established by Bassirou et al. (equations
(23) and (24)) and by substituting the flow of the equation (20) in the equation (23), equations
(25 and 26) are obtained which characterized the stabilization of the cake during the
transitional process of the regime according to the ratio of the shear forces, the mechanical

and gravitational forces and the forces of the preponderant interactions of the surface.
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The studies conducted by Wang et al. and Xiao et al. showed that the MFI-DSP is
proportional to the surface energy effect, to the cleavage effect, the fouling power, the mass of
the pore blockage and is inversely proportional to the restructuring of the pseudo—membrane
(Wang et al. 2012 and Xiao et al. 2013). The MFI-DSP can be determined experimentally by
the fitting of the cumulative permeate volume against the inverse of the permeation rate. It
allows to predict the reversible or the irreversible nature of the membrane fouling represent in

Fig. 2 as well as the fouling power of the membrane and the fluid. Thus, the damage on the



membrane and the loss of permeability can be better controlled to increase the membrane life
and the process efficiency, (Wang et al. 2012).

Figure 2: Mechanism of reversible and irreversible fouling process by cake formation in the membrane filtration
surface predicted by MFI — DSP. (1) Porous membrane, (2) Incompressible cake; (3) Compressible cake and

membrane pore blockage by obstruction and (4) Similarity of particle diameter and membrane pore diameter.

2.8.  Statistical analysis

The validation of the new model constitutes the determining step in the modeling process.
The procedure consists to plot the graph 1/V according to 1/t in order to present the evolution
of the filtration process in the case of the pore blocking model obtained by the dynamic and
phenomenological approach. Therefore, the optimization factors m and n are calculated
according to the best correlation, the lowest error probability on the distribution function F
and the lowest absolute relative error on the value calculated by the model below 5 %.

The phenomenological approach of the membrane fouling consists in the characterization of
the various mechanisms predicted in the formulation of the model. Both approaches are
combined - in _order to obtain a better optimization of the process and a better
phenomenological description of the fouling process. The application of the new model and
the MFI-DSP proposed in this study was performed on experimental data provided by
Bouchard and Tamas 2004. Finally, the validation of the transitional model and of the MFI-
DSP focused on the analysis of the variance (ANOVA), the test of the critical information of
Akaike AIC, the evaluation of the absolute relative errors and the probability of error on the
distribution function, (Bassirou et al. 2017).

3. Results and Discussion

3.1. Application of the new model and optimized filtration process

A major limitation in using membrane industrial separation process is the loss of performance

due to membrane fouling. According to the new proposed model, equation (18) appears to be



the most appropriate to identify the membrane fouling mechanisms. Fig. 3 shows the filtration
kinetics in five stages characteristic of the fouling process that allow to identify the pore
blocking, the intermediate pore blocking, the complete pore blocking, the formation of the
incompressible cake and the fouling compressible cake. Tables 1 and 2 indicate that the test
results are statistically significant for the test of the fitting of the new model in a confidence
interval CI of 95% with statistically insignificant distribution function error probabilities.

In addition, the optimization of the process by following the effect of the cake compress
inside the pores and on the membrane surface shows that this compression is significant in the
membrane fouling as demonstrated by the reduction of absolute relative error (RAE) and by
the increase of the coefficient of the determination R?.

For all filtration modes, the membrane remains incompressible with regard to the
compression of the cake under the action of the polarization of the gel layer, the mechanical
forces, the surface forces, the decrease of the shear and the function of the cycles, in
agreement with the related literature, (Bugge et al. 2012).

In the light of the obtained results, the comparative study of the new transitional proposed
model with those of Hermia and Tien et al. showed a greater performance in the description
of the dynamics and the phenomenology of the fouling process in terms of the number of
characteristic parameters of the fouling and according to the regime transition against existing
models that are limited to the description of the pore blocking (Hermia 1980; Tien et al.
2014). In the case of the filtration on cake, the values calculated from the new model are in
close connection with those obtained by Schippers and Verdouw 1980. The results of the

comparison test by the AIC index (Table 2) show that equation (18) is the most appropriate.
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Figure 3: Experimental modeling values (A) all assay of UFT, (B) all assay of UFF, (C) all assay of NFT in
polyethersulfone membrane of surface water filtration and (D) Evaluation of R-Square according Adj.R-Square
from UFT, UFF and NFT. (T = 25°C; Ry, = 8.140x102 m™; 4P, = 2x10° Pa; Uys =0.111 m.s?; Jp = 3.5.10° m.s"

Lk, = 1.92x10™ m/s.Pa; Q = 0.5 L/min).

The results depicted in Fig. 3 (A, B and C) show that the standard pore blocking can be
distinguished not only according to the configuration of the membrane module (frontal and
tangential) but also according to the roughness, characterizing by the cut-off threshold of the
membrane. The standard blocking in UFF-is-more persistent than in UFT and in NFT. It is a
characteristic of adsorption inside pores as shown in Fig 3. Contrary to the work of Schippers
and Verdouw; Hermia and Tien et al. (Schippers and Verdouw 1980, Hermia 1982 and Tien
et al. 2014) the pore blocking is not fast with the membrane NF-270. It is particularly related
to the nature of its porosity and also to the stability of its permeability compared to
membranes PES-10 and UE-50.

As described by Tien et al. with the exception of the standard blocking, the intermediate
blocking, the complete blocking and the cake formation are similarly characterized by a
process of adsorption for the both modes and for all membranes types, (Tien et al. 2014). In
spite of the perpendicular flow in UFF, the dynamic transition in cake formation follows the
same mechanism as in the UFT and the NFT (Fig. 3).

The filtration on cake is much more intense in frontal mode where the accumulation and the
polarization of the surface concentration of the fouling material are not subjected to the effect
of the shear and / or to the roughness of the membrane. This favours more the membrane
fouling by packing inside the pores and on the surface of the membrane. From fig. 3, in UFT
and in NFT, the results show that the recirculation of the fluid has an effect of discontinuity
on the mechanisms of the pore blocking contrarily to the frontal mode, (Haigang et al. 2016).

The characterization of the membrane fouling by the effect of the configuration is totally in



adequacy with the work of Hermia; Jaffrin et al. and Tien et al. (Hermia 1982, Jaffrin et al.
1997 and Tien et al. 2014).

It was demonstrated that the proposed model is effective in the prediction and the

characterization of the membrane fouling process by blocking of pores with a very strong

correlation of the predictive data, Fig. 3D. The new model globally characterizes the blocking

of pores and the filtration on cake as described by Abdelrasoul et al. by considering the

simultaneity of fouling phenomena, the association of fouling with particle size (cut of

threshold) and the dynamics of the transmembrane flux (Abdelrasoul et al. 2013). The critical

time corresponding to the jump of the transmembrane pressure is similar whatever the mode,

the cut-off threshold and the nature of the filtration. The jump of the transmembrane pressure

is characteristic of the incompressible and the compressible cake formation as described by Li

et al. Haigang et al. Muthukumar et al. and Pradhan et al. (Haigang et al. 2016; Li et al.
2016a; Muthukumar et al. 2014, Pradhan et al. 2014).

The capacity of the new model to describe the transitional phenomenon in both tangential and

frontal mode meets the objective of this modeling in the monitoring and the continuity of the

process in order to predict the critical time corresponding to the complete blocking. The

purpose of this prediction is to prevent the change of the permeate quality by infiltration

through saturated membrane pores.

Table 1: Statistical analysis for the proposed model applied in UFT, UFF and NFT (T = 25°C; R, = 8.140x10"
m™; AP, = 2x10°Pa; Uys = 0.111 m.s™; Jo = 3.5.10° m.s™; k, = 1.92x10™"° m/s.Pa; Q = 0.5 L/min).

ANOVA STATISTICS
Model of Hermia and/or Tien et al

GLOBAL ASSAY DF Sum of Squares  Mean Square F Value Prob>F  R-Square Adj. R-Square Relative Error

UFT 1/V Model 1 965.5009 965.5009 28605.01986 0 0.9962  0.9962 0.0682
1V Error 108  3.64531 0.03375

UFF 1/V -Model 1 277227.2124 277227.2124  14986.0852 O 0.9906  0.9905 0.1022
1/V' Error 133  2460.3636 18.4989

NFT 1/V  Model 1 1318.8496 1318.8496 12136.1479 O 0.9888  0.9887 0.0623
1/ Error 130 14.1272 0.1087

New proposed model

UFT 1/V. Model 3 1250.4425 416.8142 12548.6475 0 0.9963  0.9963 0.0474
1V Error 107 3.5541 0.0332

UFF 1/V. Model 3 400994.6356 133664.8785  7172.8557 0 0.9912  0.9911 0.0682
1/V  Error 132 2459.7963 18.6348

NFT 1/V. Model 3 1439.1750 479.7252 3912.6543 0 0.9884  0.9882 0.0348
1V Error 107 13.1191 0.1226

Table 2: Statistical analysis of comparative model test UFT, UFF and NFT
(T = 25°C; Ryy = 8.140x10"° m™; 4P, = 2x10° Pa; Uy = 0.111 m.s™; J = 3.5.10° m.s™; k, = 1.92x10™° m/s.Pa; Q

= 0.5 L/min).



Akaike's Information Criterion Test (AIC) and Fitting test results

Assay RSS N Params  AIC Akaike Weight
UFT Model * 3.6453 110 2 -368.5479 0.4191
Model 3.5535 110 3 -369.2006 0.5809
UFF Model * 2619.1982 135 2 406.3221 0.0421
Model 2458.2851 135 3 400.0702 0.9579
NFT Model * 14.9574 132 2 -281.4425 0.0023
Model 13.4029 132 3 -293.6123 0.9977
Assay F (IC=0.05) Numer.DF Denom.DF Prob > F
UFT 8.6404 1 132 0.0039
UFF 2.7658 1 107 0.0992
NFT 14.9614 1 129 1.7322E-4

Model * = model of Hermia equations (1), Tien et al. equation (3), Schippers et Verdouw equation (5) and
Jaffrin et al. equation (2)
Model = new model proposed equation (18)

From Table 1, it is noted that the performance and the accuracy of the new model are
characterized by the mean value of the compressibility factor and by the reduction of the
absolute relative error. In UFT, n = 0.96, REA = [6.82% - 4, 74%]. In UFF, n = 0.95, REA =
[10.22% - 6.82%]. In NFT, n = 0.97, REA = [6.23% - 3.48%]. From Fig.4D, it is noticed that
whatever the mode, UFF, UFT or NFT, the optimization of the process according to the
individual tests gives the following values for the reduction of the absolute relative error and
the coefficient of determination;.in UFF, REAurs = [10.22% - 2.42%)] and R? = 0.999 for n-
factor values between [0.90 <1.00]; in, UFT, REAyrr = [6.82% - 2.43%] and R? = [0.999 - 1]
for n-factor values between [0.81 - 0.99]; and in NFT, REAner = [10.22% - 1.86%] and R* =
[0.999 - 1].

In short, the results of the monitoring of the effect of the cake compressibility and those of the
optimized values of the permeation volume presented in Fig. 4 (A, B and C) indicate that an
identification, essay by essay of the filtration, without distinction of the mode and the nature
of the membrane, describes with more performance and efficiency the process of the regime

transition. This is in perfect adequacy with the work of Bugge et al. (Bugge et al. 2012).
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Figure 4: (A) 1/V calculated values (all Assay, m =n =1), (B) 1/V calculated values (all Assay, m=1; n=
Naverage = 0,96), (C) 1/V calculated values (all Assay, m=1; n #1) (UFT, UFFE and NFT) according 1/V
experimental values and (D) REA from UFF, UFT and NFT according “n” factor of cake compressibility in
surface water filtration in polyethersulfone membrane. (T = 25°C; Ry, = 8.140x10"® m™; AP,, = 2x10° Pa; Uy; =
0.111 m.s™; Jy = 3.5.10° m.s™; k, = 1.92x10™ m/s.Pa; Q = 0.5 L/min).

3.2. Prediction of the Fouling and its characterization
3.2.1. Fouling kinetics

The results of the characterization of the membrane fouling kinetics showed partial orders
between on the set of three types of filtration and on all the processed data, (Fig. 5),
(Bessierea et al. 2005; Hermia 1982). The partial orders, experimentally determined show that
membrane fouling is not homogeneous and follow a phenomenology of ascent of the fouling
process according to its characteristic step until the jump of the critical transmembrane
pressure, determining the regime transition towards the filtration on cake (Table 3 and Fig. 5).
It is characterized by the attachment of the surface particles, by the adsorption inside the pores
and on the surface of the membrane.

According to Daniel et al. and Tien et al., in a continuous system for n = [0-2], the cake
fouling cannot be assimilated to a partial order of zero because it is tantamount to imposing a
total cessation of filtration (Daniel et al. 2011 and Tien et al. 2014). However, the new
proposed model allows a continuous filtration monitoring by regime transition. The Kinetics
of the predicted fouling process by the new model is similar to the results obtained by Daniel
et al. and Tien et al. by admitting the continuity of the regime (Daniel et al. 2011 and Tien et
al. 2014). The models proposed by these authors do not represent a continuous filtration, but
only a discontinuous characterization of the filtration system (case of frontal mode);
consequently, they do not allow to characterize a transitional system as shown in Table 3. The

limit of the equation (27) when “o” tends towards 4, characterizes the appearance of the



formation of the compressible cake, the nature and the level of the reversible or irreversible

membrane fouling.

The establishment of the intermediate blocking, the complete blocking and the cake formation

results from the accumulation of the material in the vicinity of the upper diameter of the pores

(complete filling of the pores), as well as the accumulation in the vicinity of the filtering

surface by interactions particles / particles and particles / membrane wall, according to

Jianrong et al. and Xiang et al. (Jianrong et al. 2017 and Xiang et al. 2017). Indeed, the results

represented in Table 3 corroborate the assumptions of the prediction and the characterization

of the membrane fouling.
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Table 3: Kinetic partial orders of fouling mechanical characterization, (T = 25°C; Ry, = 8.140x10"m™; AP, =
2x10°Pa; Uy = 0.111 m.s™; Jp = 3.5.10° m.s™; k, = 1.92x10"° m/s.Pa; Q = 0.5 L/min).
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Figure 5: Experimental results of the new model application in the fouling process stage characterization. (A)
Pores standard blocking, (B) Intermediate Pores blocking, (C) Complete Pores blocking and (D) Cake filtration
(incompressible and compressible cake) for all assay. (T = 25°C; Ry, = 8.140x10" m™; 4P, = 2x10° Pa; Uy; =
0.111 m.s™; Jp = 3.5.10° m.s™; k, = 1.92x10™° m/s.Pa; Q = 0.5 L/min).
3.2.2. Prediction of the mass of the cake

The results of the predictive study of the accumulation of the fouling material (Fig. 6) indicate
that the irreversible fouling caused by the loss of the permeability, can be determined
according to the shear factor f and the mass of the cake M. using equation (20). The
experiments conducted by Bouchard and Tamas 2004, whose data were used in this study,
provided a loss of permeability of 24% for the membrane PES-10, 21% for the membrane
NF-270 and 40 - 60% for the membrane EU-50.

The monitoring of the evolution of the shear factor f and the mass of the cake M. correlates
well with the experimental results on the loss of permeability and confirms the predictive
description of the transitional fouling process by the new model. The frontal filtration
generates an important mass of the cake compared to the tangential filtration, due respectively
to a unidirectional permeation flow and a very weak shearing effect on the accumulation of
the material forming the cake. This-massive deposit of particles results from the absence of
recirculation and from the effect of the settlement of the mass on the membrane surface. A
linear balance, characteristic of the transition phenomenon in the fouling process is then
established, in which the process of pores blocking according to the restructuring of the
pseudo-membrane factor by the action of settlement favours an important adsorption inside
the pores.

From fig. 6, the results showed that the membrane fouling dynamics in frontal mode is
reduced only to the effect of the settlement of the cake mass contrarily to the tangential mode
in which the fouling process is subjected to the dynamics of the pore blockage and to the
transition process towards the filtration on cake. The predictive evolution of the cake mass
and the thickness is in perfect correlation with the prediction of the membrane fouling by MFI
- DSP. It is characterized by the multiple interaction forces with respect to the mechanical
forces and depending on the mode of filtration. Fig. 6 (A, B, C and D) shows that the amount
of the fouling material describes a transitional fouling process by pores blocking,
incompressible cake and compressible cake according to the rate of permeation with a
progressive loss of the permeability with time.

These three characteristic phases of the fouling coupled with the evolution of the shear factor

(Figs. 6A and 6C) allowed to identify the critical mass of the irreversible membrane fouling.



Moreover, the increase of the mass results from the effect of the cut-off threshold of the
membrane, namely 300Da, 10 kDa and 100 kDa for NFT, UFT and UFF respectively. Indeed,
as it was observed by He et al. and Jianrong et al. more the cut-off threshold is important
more the roughness of the membrane is important, (He et al. 2005; Jianrong et al. 2017). This
rough morphology allows the attachment of the materials responsible of the membrane
fouling (Xiang et al. 2018).

Fig. 6A indicates that the compression of the cake mass described by the new model is due to
the effect of the shear and the recirculation factor under the action of the mechanical forces
according to the time of permeation; it considerably affects the fouling dynamics and
subsequently the phenomenology of the process. The results of the fig. 6 (B and C) show that
according to the mass of the cake, the transition of the fouling is due to a resistance induced
by the effect of the osmotic pressure and by the resistance of the incompressible cake; this
leads to an irreversible fouling mainly in the case of the membrane EU-50 (Li-guo et al.
2015). This is in good agreement with the prediction of the transitional fouling by the new
proposed model and the new modified fouling index (MFI — DSP).
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Figure 6: Cake matter, Cake thickness and Shear factor in polyethersulfone membrane in surface water
filtration. (A) M, = f(1/t), p = f(1/t), (B) M, =f(V), p =f(V), (C) M =f(V/t), p = f(V/t) and Z, = f(1/t),



(T = 25°C; Ry = 8.140x10"* m™; 4P,, = 2x10° Pa; Uys = 0.111 m.s™; J = 3.5.10° m.s™; k, = 1.92x10™° m/s.Pa; Q
= 0.5 L/min; a = 2.5x10"? m/kg, Z, = 200 um).

3.3. Modified fouling index - Dynamical surface phenomena (MFI - DSP)

The membrane fouling in tangential mode is characterized by a break of the force balance
during the passage of the blocking of the pores towards the cake filtration by incompressible
cake process. This effect favours an important permeation (Fig. 7A and 7C) compared to the
frontal mode (Fig. 7B) where the shear is practically insignificant. The membrane UE-50 in
UFF presents a level of fouling characteristic of a perpendicular flow exhibiting non-dynamic
fouling with three levels of rupture of the linear balance of the force ratios.

Fig. 7B shows that the effect of compaction of the cake without shear is the consequence of
low permeation volumes where the transition of the fouling is static. At this level, the MFI -
DSP (R? = 0.99) reveals that the loss of linearity of the force ratios is a function of the effect
of settlement. The compressible cake is limited according to the permeation volume. The
incompressible cake is again setup characterizing an irreversible fouling of the membrane by
an induced resistance, (Bassirou et al. 2017; Bacchin et al. 2011; Tien et al. 2014; Pradhan et
al. 2014). This irreversible fouling-is correlated by the results of the study of the kinetics of
the fouling and those of the wvalidation of the new transitional model. The second
incompressible cake provoked a loss of permeability of the membrane UE - 50 of 40 - 60%
during the tests, (Bouchard and Tamas 2004).

The application of the MFI-DSP in tangential mode shows that the transition of the fouling
for the membrane NF-270 (Fig. 7C, R® = 0.991) is fast and the balance of the incompressible
cake is maintained at the maximum permeation. Furthermore, it is stabilized by the balance of
the ratios between the multiple interaction forces and the mechanical forces according to the
shear and the recirculation factor. According to the nature of the membrane NF - 270, the MFI
- DSP reveals that the smoothing of this membrane and the effect of the nominal diameter of
its pores are the main characteristic factors of the fast blocking of pores and the persistence of
the incompressible cake, (Bacchin et al. 2011; Tien et al. 2014).

Experimental tests revealed that the characterization of the nature of the fouling for this type
of membrane is in perfect adequacy with the level of loss of permeability of 21% maximum,
(Bouchard and Tamas 2004). In addition, the MFI - DSP shows that the effect of the induction
of the osmotic pressure is greater in nanofiltration than in the other cases by the stabilization

of the incompressible cake. The latter took place under the influence of the shear and the



delay in the implementation of the compressible cake for a maximum permeation volume, V
= 8L, (Fig. 7C) as described in the work of Bassirou et al. and Haigang et al. (Bassirou et al.
2017; Haigang et al. 2016).

The results of the MFI - DSP on the membrane PES - 10 indicate that the blocking of pores.is
a characteristic fouling of this membrane for a permeation volume, V =~ 6 L. The mechanism
of the transitional dynamic fouling identified by the MFI - DSP on the membrane PES-10 is
mainly influenced by the effect of the adsorption process inside the pores and also by the
sequestration of the fouling particles under the effects of the surface energy and the balance of
power ratios as described by Wu et al.,; Robles et al., and Zhang and Ding (Robles et al.
2013; Zhang and Ding 2015; Wu et al. 2011).

Fig. 7A shows that from the rupture of the forces balance, expressed by the ratio between the
fouling power and the restructuring factor of the pseudo-membrane, there is the formation of
a very ephemeral incompressible cake. This is due to the effect of the shear and the
recirculation factor which strongly affect the stability of the cake, leading to the transition of
the regime towards a compressible cake.

This transition confirmed by Fig. 7C (R® = 0.992) is the consequence of the roughness (Xiang
et al. 2018), the nominal diameter of the membrane PES-10 and the inductive effect of the
osmotic pressure during the fouling, having provoked a permeability loss of 24% maximum,
Bouchard and Tamas 2004. Indeed, the results of the evaluation of the MFI - DSP showed
that the new modified fouling index is an efficient and effective parameter in the
identification and the characterization of the mechanisms of the membrane fouling process in

tangential and in frontal filtration mode.
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Figure 7: MFI — DSP evaluation according to the permute volume, (A) in UFT, (B) in'UFF and (C) in NFT, in
polyethersulfone membrane of surface water filtration. (T = 25°C; Ry, = 8.140x10"* m*; 4P,, = 2x10° Pa; Uy; =
0.111 m.s™; Jp = 3.5.10° m.s™; k, = 1.92x10™"° m/s.Pa; Q = 0.5 L/min).

4. Conclusions

In membrane filtration, flux decline is a result of the increase in the membrane resistance by
the membrane pore blockage and the formation of a cake layer on the membrane surface. The
pore blocking increases the membrane resistance while the cake formation creates an
additional layer of resistance to the permeate flow. Pore blocking and cake formation can be
considered as two essential mechanisms for membrane fouling. The study of the modeling of
the process of transitional membranes fouling using two coupled approaches, allowed to
formulate a new optimized model by taking into consideration the significant effect of the
compressibility of the cake fouling in the continuous systems. The results obtained allowed to
identify the nature and the type of the fouling using new parameters. The new modified
fouling index MFI-DSP and the study of kinetics engendered a significant contribution in the
elucidation of the complexity of the mechanisms of membrane fouling in order to determine
the best solutions for the antifouling of membranes. In the aim to generalize the laws resulting
from this study, the new optimized model was validated on experimental data in frontal and in

tangential filtration.

From now, it will be possible to elucidate the nature and the type of the membrane fouling
occurring during the filtration cycles by the new proposed model and the news parameters
characterizing membrane fouling. Indeed, the mechanism of the membrane pressure jump
under the action of the ratio of the mechanical forces, the multiple interaction forces, the
pseudo-membrane restructuring factor and the effect of the shearing factor allowed to
characterize the irreversible membrane fouling by a critical flux of permeation above of
which, no volume of permeate can be observed; consequently, it affects negatively the

performance of the filtration process. The results of the assessment of transitional blockage by



MFI - DSP demonstrated with accuracy the nature and the level of the fouling for each type of
membrane. The identification of the transitional process of the fouling by MFI-DSP is related
to the balance of the multiple interaction forces represented by the fouling power, the surface
energy, the mechanical forces representing the effect of the jump of the transmembrane
pressure and by the inductive effect of the osmotic pressure. Indeed, the established fouling
process model effectively explains the various stages of transitional fouling which remains
not understood in the process of the modeling of the fouling in membrane filtration.
According to the result obtained, the chemical particle attachment mechanisms are based on
the heterogeneous properties of the interacting surfaces, and thus can be characterized using
some global parameters, such as: surface energy, fouling power and restructuration factor of
pseudo-membrane. At last, different parts of the surface have different affinities to the
membrane. The membrane surface, especially that modified, also likely has heterogeneous
surface properties relevant to foulant attachment. This heterogeneity can be attributed to
different physical and/or chemical origins.
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Nomenclature

dp, (m) pore diameter,

I, (m?).a Schippers modified fouling index,
Jpo, (MV/s) initial flow,

Joe, (M/s) permeate flow,

k, constant of Hermia equation (1),

ko, membrane permeability (m/Pa.s)

K, (m™) fouling characterize constant,
MES, (kg/m®) suspension matter,

M (kg/m?) cake mass,

m (-) factor of membrane incompressibility,
n, constant of Hermia equation (1),

n (-) factor cake compressibility,

N (m2) pore number of surface membrane unit,
Q, (L/min) fluid flow supply,



Q, (m¥s) filtered volume flow,

Qpo (M?/s) initial filtered volume flow,
R, (m'l) membrane resistance,

R (M) cake resistance,

S, (m?) membrane surface,

t, (s) filtered time,

U, (m.s™) tangential velocity,

U, (m/s) crossflow velocity,

V, (m®) cumulative filtered volume,
Vs (m®.m?) specific Volume,

vi, (m®) elementary filtered volume,
Z. (m) cake thickness,

Zy, (m) effective membrane thickness,
Z, (m) global thickness,

Greck Letters

o (m/kg) hydraulic cake resistance,

S (-) dimensionless shear factor equation,

£ (-) dimensionless parameter of filtered fluid,
S (-) constant of Chi Tien and al., (2014),
APy, (Pa),, transmembrane pressure,

Az, (KPa) osmotic pressure,

v (N/m), surface global energy,

pi (J.mol %), chemical potential,

u (Pa.s), dynamical fluid viscosity,

¥ (-) pseudo-membrane restructuring factor,
¢, (-) fouling power,

@ (-) fluid recirculation factor,

¢ (-), membrane porosity,

p (kg/m?) fluid density,

(=), crookedness factor.

Acronyms

AIC, Akaike's Information Criterion Test

CFS — MFI, crossflow sampler modified fouling index,

MFlq 45, modified fouling index for membrane diameter 0,45 um,
MFI — UF, modified fouling index - tangential ultrafiltration,

MFI — DSP, modified fouling index — dynamical surface phenomena,
NFT, tangential nanofiltration,

R.E.A, Absolute Relative Error,

UFT, tangential ultrafiltration,

UFF frontal ultrafiltration,
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Highligts

e Transitional models for prediction of various membranes fouling have been developed.
e The membrane filtration parameters were characterized by a new approach of fouling.
e The dynamical surface phenomenon described well the kinetic of the fouling process.

e The experimental data of the validated model were submitted to rigorous statistical tests.

Accuracy and efficiency of the models proposed in this study were tested and validated.
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