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Concentration polarizations of PEG and silica colloids in 
ceramic nanofiltration 

Shuo Zhang a,*, Yaxin Liang a, Cai Yang b, Paul Venema b, Luuk C. Rietveld a, Sebastiaan G. 
J. Heijman a 

a Section of Sanitary Engineering, Department of Water Management, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Stevinweg 1, 2628 CN 
Delft, the Netherlands 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Flux decline caused by fouling and CP of 
colloids in ceramic NF was 
distinguished. 

• CP was measured by the osmotic pres-
sures in the feed and near the membrane 
wall. 

• CP of silica colloids can reach up to 460. 
• The high CP was the result of the slow 

back diffusion of colloids. 
• CP of colloidal particles led to a 

maximum flux loss of 95 %.  

A R T I C L E  I N F O   
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A B S T R A C T   

A large decrease in permeability is often observed during the filtration of nano-sized colloids, while fouling is 
widely regarded as the main explanation for this phenomenon. The osmotic pressure or concentration polari-
zation (CP) of colloids can also contribute to the flux decline. However, the contribution of CP to flux loss cannot 
be determined by the traditional CP model. In this study, the effect of fouling and CP/osmotic pressure on flux 
was distinguished. The CP values of polyethylene glycol (PEG) and silica-colloids were determined by the os-
motic pressures near the membrane surface and in the feed. The CP induced by colloids accounted for 43–95% of 
the flux loss in our experiments. Silica exhibited higher CP values (127–460), compared to 7–71 for PEG. This 
was attributed to the slower back diffusion caused by the larger colloids, as evidenced by the diffusion co-
efficients of 4.30 × 10− 11 m2/s for silica (10 nm) and 1.45 × 10− 10 m2/s for PEG (2.9 nm). Although the CP was 
mitigated by increasing the cross-flow velocity, CP values of 31 and 250 were observed for PEG and silica at high 
Reynolds number of 7317, respectively. The experimentally obtained CP values were also compared with those 
calculated by the film diffusion model.   

1. Introduction 

During the filtration by pressure-driven membranes, such as reverse 

osmosis (RO) and nanofiltration (NF), a transmembrane pressure as the 
driving force is applied onto the membrane, and particles and dissolved 
components will be retained on the feed side [1]. However, 
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concentration polarization (CP) inevitably occurs during this filtration 
process, leading to the accumulation of dissolved compounds and 
colloidal particles near the membrane surface. This will potentially 
result in a decrease in permeability of the membrane [2,3]. Therefore, 
understanding CP is important for the interpretation of permeability 
decrease when filtering dissolved compounds and colloids [4–6]. 

Colloidal particles are prevailing in the aquatic environment and can 
have either an organic or an inorganic composition in a size range from 1 
to 1000 nm [7]. During filtration of feedwater containing colloids, the 
membrane is prone to a considerable flux decline. Although colloidal 
fouling would not result in a high resistance increase due to the rela-
tively large size of colloids compared to the pore size of the NF mem-
brane, the CP of colloids near the membrane surface can cause a sharp 
rise in the osmotic pressure potentially affecting the permeability of the 
membrane [8–11]. Elimelech and Bhattacharjee have demonstrated that 
the CP for 2 nm-size rigid hard spherical particles in crossflow filtration 
was around 300 at a feed pressure of 4 bar [12]. It has also been revealed 
that the CP of bovine serum albumin and lysozyme in RO membrane 
could reach up to a value of 4645 and 612, respectively [9]. In addition, 
CP values of around 300 have been found for macromolecular polymers 
in polymeric NF [10], RO [13], and ultrafiltration membranes [14]. 
Although high CP values were revealed in filtration of macromolecule, 
flux decline was attributed more to fouling because the contribution of 
CP to flux decline cannot be quantified from the traditional model like 
the film diffusion model used for CP calculation. Moreover, for practical 
applications, mitigation of fouling and CP/osmotic pressure phenome-
non can be completely different. Fouling is normally removed by the 
cleaning such as forward flush, backwash, and chemical cleaning, while 
CP mitigation can be achieved by: a) increase turbulence in order to 
decrease the CP-layer near the membrane surface, b) decrease permeate 
flux, and c) decrease concentration of colloids in the feed. Hence, it is 
also important to understand the effect of fouling and CP/osmotic 
pressure on permeability decrease for practice. 

The film diffusion model is widely used in the rejection of molecules 
(ions etc.) to estimate the CP [2,10,15,16]. In a membrane system, the 
convective flow drives solutes towards the membrane and at the same 
time the solutes are rejected by the membrane. These solutes (ions, 
molecules, or colloids) also move away from the membrane surface 
owing to back diffusion. The phenomenon is depicted in Fig. 1a. Hence, 
when reaching equilibrium, this solute transport can be described by the 
following solute mass balance equation (Eq. (1)) [10]: 

J C = D
dC
dx

+ J Cp (1)  

where J is the flux (m/s), D is the solute diffusion coefficient in the 
solvent (m2/s), x is the distance from the membrane surface (m), C and 
Cp are concentrations of solute near the membrane surface and permeate 
side (g/L), respectively. Integrating Eq. (1) towards a boundary layer 

condition gives Eq. (2) [2]: 

β =
Cm − Cp

Cb − Cp
= exp

(
J δ
D

)

= exp
(

J
K

)

(2)  

where δ is the thickness of the boundary layer near the membrane (m), K 
is the mass transfer coefficient (m/s) in the boundary layer, β is the CP 
factor, Cm and Cb are the solute concentrations near the membrane 
surface and in bulk (g/L), respectively. If the size of the solute is larger 
than the membrane pore size, the solute is completely rejected by the 
membrane, and as a result, Cp is equal to zero. In this case, the CP factor 
can be described by Eq. (3) [16]: 

β =
Cm

Cb
= exp

(
J
K

)

(3) 

The mass transfer coefficient K in Eq. (3) is generally determined by 
the Sherwood equation (Eq. (4)) [15]: 

Sh =
K dh

D
= a Reb Scc = a

(
u dh

v

)b(v
D

)c
(4)  

where Sh is the Sherwood number, Re is the Reynolds number, Sc is the 
Schmidt number, a, b, c are empirical constants, u is the flow velocity 
(m/s), dh is the (tubular) hydraulic diameter of the membrane channel 
(m), v is the kinematic viscosity of the fluid (m2/s). However, when 
fouling deposits on the membrane surface (Fig. 1b), the solute mass 
balance described by Eq. (1) in the film diffusion model is not valid, 
because it does not involve the mass of fouling. Therefore, Eq. (1) should 
be re-formulated into Eq. (5) to include the fouling part [17]. A repre-
sents the ratio of the total mass turning into fouling, but it could be 
affected by the complex hydraulic conditions and the thermodynamics 
of the solute. Given that this phenomenon is dynamic and complicated, 
A is difficult to be measured or presumed [17]. In addition, the film 
diffusion model should also consider the effect of fouling on the CP and 
boundary layer thickness (δ) (Fig. 1a and b). The real δ* (Fig. 1b) is 
probably only equal to δ′ for a clean membrane. Also, for the solute 
concentrations near the membrane surface (Cm

′ and Cm
*), they should 

only be the same when no fouling was formed on surface. 

J C = D
dC
dx

+ J Cp + A J C (5) 

Most studies limit their focus on the influence of the caked-enhanced 
CP (CECP) which is caused by the enhanced osmotic pressure of the 
retained ions in the fouling layer [6,18]. So far, the effect of fouling itself 
on the CP has been neglected. However, a significant deviation in CP 
resulting from the film diffusion model has been found when employing 
a more accurate model like the finite element numerical model [2]. This 
deviation is particularly pronounced at low feed flow velocity and high 
flux [2,8,19–21]. In addition, a deviation between directly monitored 

Fig. 1. CP profiles without (a) and with (b) fouling formation.  
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values and modelling results has been observed with respect to the CP 
profiles and the thickness of the boundary layer [8,22]. 

Fouling will not contribute to the osmotic pressure, hence the CP 
value can be predicted from the osmotic pressures near the membrane 
surface and in the feed. According to Van’t Hoff’s theory, osmotic 
pressure has a linear relation with the concentration for an ideal solution 
[23,24]. When all solutes are retained by the membrane, the permeate- 
side osmotic pressure is equal to zero. Therefore, CP can be expressed in 
Eq. (6): 

β =
Cm

Cb
=

πm

πb
=

Δπ
πb

(6)  

where Δπ (Pa) is the osmotic pressure difference across the membrane, 
πm and πb are the osmosis pressures (Pa) on the membrane surface and in 
the bulk solution, respectively. 

For a nonideal solution, the relation between osmotic pressure and 
concentration is nonlinear. However this nonlinear relationship is easily 
overlooked when the osmotic pressure is used in the prediction of CP by 
the traditional model [25–28]. To address this challenge, the above 
equation (Eq. (6)) is rewritten as shown in Eq. (7). 

β =
Cm

Cb
=

f (Δπ)
f (πb)

(7)  

where f(Δπ) and f(πb) means that Cm and Cb are the functions of Δπ and 
πb, respectively. 

In order to contribute to the understanding of the role of CP 
enhanced osmotic pressure of colloids on the permeability of mem-
branes, we developed a strategy to evaluate the CP generated by colloids 
and the flux loss only caused by CP in ceramic NF, while the effect of 
fouling on CP prediction was eliminated. To distinguish between the flux 
declines caused by fouling and CP, pure water flux was measured before 
and after filtration of colloids. The osmotic pressure generated near the 
membrane was also obtained via the above-mentioned method. After-
wards, the CP of two model colloids, polyethylene glycol (PEG) with a 
molecular weight of 6000 Da, and silica with a diameter of 10 nm, were 
obtained. A short-cycle filtration of colloids was also conducted to un-
derstand the effect of CP and fouling on flux decline, compared with a 

long-cycle test. Given that the Sherwood equation is widely used in the 
film diffusion model for CP prediction, the theoretical results were 
compared with our experimental CP values. CP of colloids under various 
crossflows was also examined in this work. 

2. Materials and methods 

2.1. Filtration set-up and materials 

Ceramic NF experiments were carried out in a crossflow setup, as 
shown in Fig. 2. Tanks 1 and 2 contained feed solutions of demineralized 
water and targeted solution, respectively, where a three-way valve was 
used to change the feed solutions. Two solutes of PEG (Sigma-Aldrich, 
Germany) with a molecular weight of 6000 Da, corresponding to 2.9 nm 
(Eq. (S1)), and silica (LUDOX® SM colloidal silica, Sigma-Aldrich, 
Germany) with an average particle diameter of 10 nm [29,30] were 
used. The commercial TiO2 NF membrane (Inopor GmbH, Germany) had 
one channel of 7 mm internal diameter, 100 mm in length, and a 
porosity in the range of 30–40 %. The effective filtration area of the 
membrane was 0.000163 m2. The ceramic NF had a measured molecular 
weight cut-off (MWCO) of 1623 Da (Fig. S1), corresponding to a pore 
size of 1.66 nm (Text S1), suggesting that both PEG and silica will be 
completely rejected. 

2.2. Permeability declines caused by CP and fouling 

CP is regarded as reversible phenomenon by removing colloids from 
the feed, while fouling, in the absence of cleaning (either hydraulic or 
chemical), is not, which can be observed through the flux decline 
[31,32]. Therefore, our experiments were divided into three parts 
(Fig. 3) to distinguish between the effect of fouling and CP on the 
permeability decrease of the membrane. 

In the first step, demineralized water was filtrated over the pristine 
membrane. In this way, flux of the clean membrane can be expressed by 
Eq. (10): 

Jw =
ΔP

μw Rm
(10) 

Fig. 2. Cross-flow filtration setup.  
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where Jw is the permeate flux of demineralized water (m/s), μw is the 
dynamic viscosity of demineralized water (Pa s), Rm is the membrane 
resistance (1/m), and ΔP is the applied pressure (Pa). The permeability 
of the clean membrane during pure water filtration (Lw in m) is defined 
as the inverse of hydraulic membrane resistance, as shown in Eq. (11) 
[33]: 

Lw =
1

Rm
=

Jw μw

ΔP
(11) 

In the second step, the solution, containing colloids, was filtrated at 
the same applied pressure, and therefore an extra osmotic pressure 
difference (Δπ) occurred. Permeability (L in m) is the result of membrane 
resistance and fouling resistance (Rf in 1/m). In addition, the L can be 
described by flux (J in m/s), the dynamic viscosity of permeate-side 
solution (μ), and the effective transmembrane pressure (ΔP − Δπ). 
Hence, L is described by Eq. (12): 

L =
1

Rm + Rf
=

J μ
ΔP − Δπ (12) 

In the final step, demineralized water was used again to measure the 
permeability of the fouled membrane (Lr in m) through the measured 
flux (Jr in m/s), as presented in Eq. (13). During this step, the concen-
tration gradient on the membrane surface will be eliminated which 
means that the osmotic pressure disappeared, but membrane fouling still 
existed. 

Lr =
1

Rm + Rf
=

Jr μw

ΔP
(13) 

During steps 2 and 3, the total resistances were caused by the 
membrane itself and fouling resistance, which means that L was equal to 
Lr [33]. Therefore, when Eq. (12) and 13 are combined, Δπ will be 
determined. Since the rejection by the NF membrane was complete, the 
values of Δπ and πm were equal, and also the viscosities were equal: μ =

μw [34]. Hence Δπ can be obtained through Eq. (14): 

Δπ = πm = ΔP
(

1 −
J

Jr

)

(14)  

2.3. Osmotic pressure 

The relations between osmotic pressure and concentration of PEG 
and silica were shown in Fig. S2. The osmotic pressure equation 

(Fig. S2a) for the PEG (Mw = 6000) was obtained from literature 
[35,36]. However, there is no proper relation between concentration 
and osmotic pressure of charged hard colloids like silica. This is because 
the counter ions in the diffuse double layer of the charged colloids also 
contribute to the osmotic pressure. The calculated osmotic pressure for 
uncharged hard spheres via Eq. (S3), described in Text S2, therefore 
always underestimates the osmotic pressure of charged hard spheres 
(Fig. S2b). Hence osmotic pressure of silica in this study was based on 
the virial expansion equation (Eq. (S2)) fitted with osmotic pressures 
measured by Osmomat 090 osmometer (Gonotec, Berlin, German), as 
described in Text S2 and shown in Fig. S2b. 

3. Results and discussions 

3.1. Effect of CP and fouling on flux decline 

To distinguish between CP and fouling caused by colloidal particles, 
experiments were conducted with PEG and silica colloids, as described 
in the section of Materials and Methods. Detailed results of the con-
ducted filtration experiments are given in Table 1. Prediction of CP via 
the film diffusion model (Eq. (3)) is normally based on the constant mass 
transfer coefficient of K calculated from Sherwood equation (Eq. (4)) 
[37]. However, various K values were found in our runs. Sutzkover et al. 
developed a method to evaluate K via the permeate flux before and after 
adding the trace salt [38]. However, their results gave a scattered image 
of the K values (e.g., 102 % error), even when the Re numbers and 
equipment geometries were similar. It was argued that K can be affected 
by the factors such as hydraulic conditions, viscosity, the concentration 
gradient, the suction effect, and solute-membrane interaction 
[20,34,38–42]. Hence, employing a constant K in the film diffusion 
model may limit the acquirement of an accurate CP. In addition, our 
results indicate that the osmotic pressure difference (Δπ) between 
membrane surface and permeate side cannot be ignored, e.g., in the case 
of 10 g/L PEG, the induced Δπ was 2.80 bar accounting for 56 % of the 
applied pressure of 5.02 bar. 

In addition, Fig. 4 shows the flux declined with time for (a) PEG, and 
(b) silica with different concentrations. The filtration was performed 
with pure water, colloidal solution, and pure water in sequence. Fig. 4a 
and b indicate that the initial flux declined with an increase in PEG or 
silica concentration, afterwards the flux tended to reach a plateau in all 
runs. The flux recovered rapidly when the feed was switched from a 
colloidal solution to pure water at the last step. The rapid, initial flux 
declines were probably attributed to the immediately generated osmotic 
pressure and adsorption of pollutants [43–49]. Wang and Song found 
that an equilibrium exists in membrane separation to reach a steady- 
state flux, and such flux will attain a lower plateau for the concen-
trated solution, which is in agreement with our finding [50]. The flux 
loss during moderate fouling would mainly be related to the gradual 
build-up and compression of the cake layer. At the last step where water 
was filtered over fouled membrane, colloids that raised the trans-
membrane osmotic pressure were flushed away with clean water, and 
therefore, the permeability was restored rapidly. However, the retained 
foulants on the membrane inhibited the flux to regain its initial 
performance. 

Based on the effect of fouling and osmotic pressure on flux, the 
recovered part of the flux can be considered as the attribution of osmotic 
pressure, and the irreversible flux decline is the result of fouling, as 
explained in Fig. 3. In all series of operations, it is observed that the CP 
had a prominent impact on the flux loss, as shown in Fig. 4. The 
contribution of CP to the flux decline can be described by (Jr − J)/(Jw −

J) × 100 %. 95 % of flux loss due to CP was found in filtering 5 g/L PEG 
at 3 bar. Due to the high back diffusion of ions, CP of ions typically 
ranges from 1 to 2 in spiral-wound RO or NF treatment [51,52]. 
Consequently, these low CP values of ions have a limited effect on flux 
decline. However, as shown in Table 1, CP of 7–71 and 127–460 was 
found in filtration of PEG ad silica, respectively. The relatively high CP 

Fig. 3. Schematic diagram to separate the effect of fouling and osmotic pres-
sure Δπ on flux, where step 1, 2, and 3 means the consecutive filtration of 
demineralized water with virgin membrane, targeted colloidal solution, and 
demineralized water in sequence. 
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of colloids compared to ions thus exerted a more pronounced effect on 
flux decline. This finding suggests that in the NF of colloids, more 
attention should be paid to the CP and its potential effect on water 
production and fouling. 

To further explore the impact of fouling and CP on flux decline, an 
additional short fouling cycle was employed before the long fouling 
cycle (Fig. 5a and b). During this experiment, demineralized water was 
filtered over a clean membrane for a few minutes, then the feed was 
adjusted to the colloidal solution for a short time (short fouling cycle), 
demineralized water, the colloidal solution for a longer time (long 
fouling cycle), and demineralized water, respectively. Here it is 
observed (Fig. 5) that the flux recovery of both PEG and silica during the 
first, short fouling cycle, was similar to that after the second, much 
longer, fouling cycle. This illustrates that colloidal fouling mainly 
formed at the beginning of the filtration. Moreover, a sharp flux loss also 
existed in this short-time fouling cycle, indicating that the effect of CP 
and fouling on flux behaviour occurred rapidly and simultaneously at 
the initial stage, with less dependence on filtration duration. The rapid 
formation of the CP layer in the initial phase of filtration has been 
directly monitored [53–55]. In addition, Hoek et al. [56] reported that 
in RO and NF, the increased osmotic pressure (i.e. enhanced by CP) was 
more significant compared to the negligible drop of hydraulic pressure 
across the fouling layer, thus dramatically reducing the driving force for 
flux. 

3.2. Effect of applied pressure on CP 

CP values of PEG (Mw = 6000) and silica were depicted in Figs. 6 and 
7. Based on Eq. (14), the Δπ was obtained, afterwards the solute con-
centration near the membrane surface was determined by the relation-
ship between osmotic pressure and concentration (Fig. S2a and b). Then, 
the CP values were calculated by the colloid concentrations near the 
membrane interface and in the feed. 

It can be observed from Fig. 6a that CP increased with pressure for 
both PEG and silica. The driving force (ΔP − Δπ), increasing with the 
applied pressure, resulted in a higher flux. This will, in turn, lead to a 
higher CP, according to Eq. (2). Fig. 6a also shows that at a lower PEG 
concentration, pressure played a more important role in the CP increase, 
compared to the higher PEG concentration, e.g., the CP of 1 g/L PEG 
grew to 65.5 at 5.4 bar, 5.3 times higher than CP (i.e., 12.3) at 1.58 bar, 
while for 10 g/L PEG, the CP only increased 2.5 times when the applied 
pressures raised from 1.65 to 5.02 bar. In addition, Fig. 6a and b shows 
that the CP of silica (in the range of 127–460) was larger than when 

filtering PEG (in the CP range of 7–71). Based on the Stokes-Einstein 
equation, larger particles have a smaller diffusion coefficient [57]. 
Compared with the high diffusion coefficient of ions (in the order of 
magnitude of 10− 9 m2/s), the diffusion coefficients of PEG and silica 
were calculated at 1.45 × 10− 10 and 4.30 × 10− 11 m2/s, respectively. As 
a result, larger-size silica (10 nm, diameter) was prone to accumulation 
at the membrane surface on account of its low back diffusion, thus 
generating a higher CP than small-size PEG (2.9 nm, diameter). Simi-
larly, such high CP indexes generated by macromolecules have been also 
discovered by groups of Elimelech [9,12], Ulbricht [10,13], and Tang 
[58]. 

3.3. Experimental and theoretical CP 

Fig. 7 shows how flux correlated with the CP during membrane 
filtration. It indicates that for both PEG and silica, at a given flux, CP 
values were similar, e.g., the CP of 246 for 3 g/L silica at the flux of 1.13 
× 10− 5 m/s was comparable to 250 for 6 g/L silica at the flux of 1.13 ×
10− 5 m/s. This implies that CP was more affiliated with flux than bulk 
concentration, which has also been confirmed by literature [59]. 
Moreover, an increase in CP with flux was observed. For instance, CP 
increased 5 times, rising from 13 at 9.37 × 10− 5 m/s to 71 at 2.72 ×
10− 5 m/s, in the case of 1 g/L PEG. This was because that the larger 
driving force due to the higher flux can lead to more accumulation of 
colloids near the membrane surface. 

Evaluation of CP by the film diffusion model is also depicted in Fig. 7. 
The assessment was realized by employing various Sherwood equations 
from literature in the film diffusion model (dash lines in Fig. 7) 
[38,60–63]. The solid lines for both PEG and silica in Fig. 7 were based 
on our calibrated Sherwood equation (Sh = 0.027 Re0.868 Sc0.25). The 
calibration was achieved by employing our experimental CP values in 
Eq. (3) to get the values of K (Table 1), then various values of K were 
used in Eq. (4) to calibrate the Sherwood equation. The calibrated 
Sherwood equation (Sh = 0.027 Re0.868 Sc0.25) was comparable to the 
ones used in literature [38,60–63]. However, the deviation between 
experimental and theoretical CP values was observed. The CP deviation 
caused by the film model was also found when comparing to CP values 
which was obtained from the finite element numerical model [2]. As 
discussed in Introduction, the effect of fouling has not be considered in 
the film model, which can lead to the CP deviation. Besides, the constant 
K employed in the film diffusion model will also impact the acquirement 
of an accurate CP. As shown in Table 1, the K varied under different 
filtration conditions, which is consistent with the previous finding [38]. 

Table 1 
Experimental conditions and results of filtering PEG and silica in ceramic NF.  

Feed Cb, g/L ΔP, bar Flux, L/(m2 h) πb, 
bar 

Δπ, 
bar 

Cm, 
g/L 

K, 
×10− 6 

CP 

Pure water (Jw) Silica/PEG (J) Pure water (Jr) 

PEG  1  1.58  36.5  33.7  35.2  4.2 × 10− 3  0.065  13.1  3.64  13.1  
3.05  68.1  61.2  65.7  0.211  32.8  4.87  32.8  
4.10  91.2  80.6  88.2  0.352  46.6  5.83  46.6  
5.40  125.3  97.9  112.1  0.684  70.5  6.39  70.5  

5  1.67  43.1  34.7  42.6  2.3 × 10− 2  0.311  42.9  4.48  8.6  
3.00  73.2  49.5  71.9  0.936  84.5  4.86  16.9  
4.00  94.1  53.5  82.5  1.404  105.5  4.88  21.1  
4.94  112.6  65.0  107.2  1.946  125.1  5.60  25.0  

10  1.65  42.2  24.6  39.1  5.0 × 10− 2  0.613  66.0  3.62  6.6  
3.00  72.8  36.7  69.2  1.410  105.7  4.32  10.6  
3.96  97.2  45.6  83.8  1.806  120.4  5.09  12.0  
5.02  120.6  45.8  103.7  2.804  150.2  4.69  15.0 

Silica  3  1.52  45.0  35.3  40.2  4.5 × 10− 5  0.187  563.8  1.87  187.9  
2.27  65.2  47.4  55.1  0.316  736.8  2.39  245.6  
3.00  84.0  55.5  69.2  0.595  1015.7  2.65  338.6  
4.00  109.2  66.0  90.8  1.093  1380.0  2.99  460.0  

6  1.61  55.4  34.9  44.3  1.0 × 10− 4  0.340  764.2  2.00  127.4  
2.15  69.2  44.4  55.9  0.442  874.0  2.48  145.7  
3.17  99.9  47.6  80.0  1.286  1498.3  2.39  249.7  
4.10  125.1  50.4  102.5  2.083  1909.9  2.43  318.3  
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CPmax values in Fig. 7 referred to the theory of close-packing density 
[45]. Taking silica as an example, the maximal possible silica concen-
tration should be 1961 g/L, when the close-packed volume fraction (74 
%) was taken into account with an assumed silica density equal to 2650 
g/L [45,64]. Therefore, the CPmax of 654 and 327 were obtained for 3 
and 6 g/L silica, respectively. When the steady-state flux is reached, the 
CP layer will become constant. Once the colloidal concentration is 
higher than the CPmax [45,50,65], the extra colloids will be flushed away 
from the CP boundary layer or converted to fouling [47,51,53,66]. 
However, CPmax is not taken into consideration in the film diffusion 
model, thus leading to the high CP, e.g., 1694 for 3 g/L silica at the flux 
of 1.8 × 10− 5 m/s, which was 3.7 times higher than the experimental CP 
(i.e., 460), and beyond CPmax (i.e., 654). 

Our findings demonstrated that a high osmotic pressure near the 
membrane wall can be caused by colloids due to the high CP. The CP 
values given here were based on the fitted virial expansion equations 
used for the relation between osmotic pressure and concentration of the 
colloids (Text S2, Fig. S2a and b). However, for silica, when the osmotic 
pressure equation (Eq. (S3)) based on Carnahan-Stirling theory for hard- 
sphere particles was employed [67], completely different silica CP 

values were given (Fig. S3a and b). As shown in Fig. S2, the calculated 
osmotic pressures of silica via Eq. (S3) were underestimated, because the 
contribution of counter ions to osmotic pressures was not considered in 
Carnahan-Stirling theory [68]. Consequently, the concentration of silica 
near the membrane wall will be overestimated when using Eq. (S3). As a 
result, it led to an overestimation of silica CP values, as shown in Fig. S3. 
This suggests that more attention should be paid to the relation between 
colloidal concentration and osmotic pressure, especially when colloids 
are with charges. 

3.4. Effect of cross-flow velocity on CP mitigation 

CP of both colloids were also evaluated via our method under various 
cross flow velocities (i.e., Re numbers), as shown in Fig. 8. CP values of 
both PEG and silica decreased as Re numbers increased from 3532 to 
7317 (Fig. 8a). It is reported that CP can be mitigated at a high cross flow 
due to the promoted back diffusion process of solutes and the elevated 
shear forces [51,52,56]. However, compared to the Re, it was found that 
colloidal size played a more crucial role in CP. The CP value of silica, for 
example, was still as high as 250 under a high cross flow with Re number 
of 7317, which was higher than CP (48) of PEG at a small Re of 3532. 
Fig. 8b and c shows that as Re increased from 3532 to 7317, the 
contribution of CP to flux decline was reduced from 71 % to 50 % for 
PEG and from 48 % to 35 % for silica, suggesting that increasing the 

Fig. 4. Flux decline with the time of (a) PEG, and (b) silica-colloids with 
different concentrations for the distinction of the impact of fouling and osmotic 
pressure/CP on flux. The ceramic NF membrane was performed with water, 
colloidal solution, and water in sequence. All of the continuous operations were 
at a constant pressure of 4 bar, and a crossflow velocity of 0.5 m/s. 

Fig. 5. Flux decline with (open symbols) and without (closed symbols) addi-
tional short-time fouling cycle for (a) 5 g/L PEG, and (b) 6 g/L silica. 
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cross-flow velocity can effectively mitigate the CP effect on flux. 
Although CP values (Fig. 8a) and CP contributions to flux decline 
(Fig. 8b and c), for the smaller-size colloids of PEG, were much smaller 
than that of silica, the normalized flux (Fig. S4) shows that the higher CP 
found in silica led to a more significant flux drop during the filtration of 
colloids. The prominent flux drop was probably attributed to the syn-
ergetic effect of CP and fouling because high CP caused by the larger-size 
colloids can facilitate fouling formation. 

4. Conclusion 

In this study, we proposed a new strategy to determine the contri-
bution of fouling and CP to flux decline by comparing the pure water 
flux before and after filtering colloidal solutions with a ceramic NF 
membrane. CP values of PEG and silica colloids were evaluated via the 
osmotic pressures in the feed and near the membrane surface. The main 
conclusions were:  

1) Flux loss of 43–95 % during filtration of colloids was caused by CP- 
enhanced osmotic pressure near the membrane wall.  

2) Silica colloids with a diameter of 10 nm, 3 times larger than PEG (2.9 
nm), resulted in the largest CP due to the slow back diffusion from 
the membrane surface towards the bulk.  

3) CP values evaluated from the film diffusion model gave a deviation 
because the inaccurate K values calculated from the Sherwood 
equation were used in the model. In addition, CP values beyond the 
CPmax were calculated from the film diffusion model.  

4) CP of uncharged colloids like PEG was evaluated through the 
established relation between its high concentrations and osmotic 
pressures. However, CP prediction of hard spherical charged colloids 
like silica can be subject to the potential contribution of counter ions 
to osmotic pressure.  

5) As Re number increased at higher cross-flow velocities, the CP of the 
two colloids (PEG and silica) was decreased but remained at a high 
level, especially for the larger colloidal particles of silica.  

6) Contribution of CP to flux loss for silica can be reduced at a higher Re 
number. However, the effect of the higher CP resulting from larger- 
size colloids on fouling formation should be taken into account. 

Fig. 6. CP was calculated from measurements at different transmembrane 
pressures for (a) PEG, and (b) silica with various concentrations at a constant 
cross flow velocity of 0.5 m/s. 

Fig. 7. Theoretical and experimental CP vs. flux for (a) 1, 5, and 10 g/L PEG, 
and (b) 3 and 6 g/L silica at a cross-flow velocity of 0.5 m/s. The solid curves in 
both (a) and (b) on behalf of the predicted CP profile were obtained through the 
film diffusion model by using the same calibrated Sherwood equation with 
calibrated constants of a=0.027, b=0.868, and c=0.25, while dashed lines 
represented the theoretical CP with flux via the film diffusion model through 
employing different Sherwood equations from literature [38,60–63]. 
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