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Abstract 

Despite great effort that has been made to reduce and understand fouling, this phenomenon is 

still a major problem in membrane applications. Numerous methods, both from a chemical 

and engineering point of view, have been introduced to overcome this problem. In this 

contribution, we report on the modification of membranes with polyelectrolytes and 

polyelectrolyte multilayers utilizing two of the mentioned strategies. The effect of surface 

modification on the fouling behavior as well as on the critical flux will be discussed on two 

examples, microfiltration membranes and RO membranes. 
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1. Introduction 

Despite great effort that has been made to reduce and understand fouling, this 

phenomenon is still a major problem in membrane applications. Several factors such as 

hydrophobicity, surface charge and operating mode are effecting the deposition of feed 

components at the membrane surface and thus causing fouling. In the past, numerous methods 

based on both chemical and engineering methods, have been introduced to overcome this 

problem [1-10]. In order to illustrate the fouling problem, SEM images of polypropylene 

hollow fiber membranes before (a) and after (b) protein filtration are shown in Figure 1.  

 

Figure 1: SEM images of a PP hollow fiber a) before and b) after protein filtration 

Figure 2 outlines different strategies for the surface modification of membranes to alter 

the surface properties. In this contribution, we report on the modification of membranes with 

polyelectrolytes and polyelectrolyte multilayers utilizing two of the mentioned strategies. The 
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effect of surface modification on the fouling behavior as well as on the critical flux will be 

discussed on two examples, microfiltration membranes and RO membranes.  

 

 

Figure 2: Strategies for surface modification of membranes 

 

2. Surface modification of microfiltration membranes 

Surface modification of polypropylene (PP) microfiltration membranes was initiated by 

either plasma treatment or coating with a macro-initiator (perester containing maleic acid 

copolymer) and subsequent grafting of polyacrylic acid (PAAc) [8, 11, 12]. The effect of 

different treatment steps (plasma treatment, grafting, and polyelectrolyte layer build-up) on 

the surface and filtration properties are shown in Figure 3. The unmodified PP membrane 

shows the typical pH dependence of the -potential (Figure 3a) of a hydrophobic surface with 

no functional groups (). The negative surface charge is explained by the preferred 

adsorption of anions. On plasma treatment and grafting of the first PAAc layer, the isoelectric 

point (IEP; net charge = 0) shifts to a lower pH value (pH 3.5) and the surface charge is 

negative over a wide pH range (,). The formation of a plateau at higher pH values 

indicates the presence of carboxylic acid groups at the surface. On adsorption of a polycation 

(polydiallyldimethyl ammonium chloride (PDADMAC); ) the IEP shifts to higher pH (pH 

8) and the surface charge is positive over a wide pH range. Further adsorption of PAAC leads 

to a reversal of the surface charge (). Thus, the polyelectrolyte multilayer (PEL) build-up 

allows for the adjustment of the surface charge and for the control of electrostatic interactions 

between feed components and the membrane surface. 

The different treatment steps also affect the filtration properties. The plasma treatment 

leads () to an increase of permeate flux due to hydrophilization of the surface and partial 

destruction of the pore structure (pore opening). This effect is compensated by grafting of a 

first PAAc layer (). Now the grafted polymer chains cover the pores resulting in a pore 

blockage. Interestingly, adsorption of a layer pair consisting of a polycation (PDADMAC) 

and a polyanion (PAAc) does not cause a further decrease in flux. On the contrary the flux 

increased to the same level as observed for the unmodified membrane (), which can be 

explained by compaction of the grafted/adsorbed layers because of the polyelectrolyte 

complex formation. The adsorption of a second layer pair resulted in a higher pore blockage 
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and thus in a lower permeate flux (). However, the flux of this 5-layer membrane is in the 

same range as the flux of the single layer membrane (). 
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Figure 3: Effect of surface modification on (a) surface charge and (b) filtration properties  

of PP membranes (transmembrane pressure 3 bar) 

The “critical flux” Jcrit. is defined as the permeate flux below which no irreversible fouling 

occurs [13-15]. It is determined by flux-stepping experiments [16] and the mean value of flux 

of each transmembrane pressure (TMP) step is plotted over TMP. In the case of no fouling, a 

linear relationship between flux and TMP is obtained (Figure 4). As soon as fouling occurs, 

this relationship deviates from linearity. As a result, graft modification of PP-MF-membranes 

with PAAc results in an enhancement of the critical flux. However, due to the pore size 

restriction by the graft layer a much higher transmembrane pressure was needed to maintain 

the same permeate flux as for the unmodified membranes. Since the chain conformation of the 

grafted polyelectrolyte layers in polyelectrolyte complexes is more compact than in single 

layers larger pores can be expected. Thus, a much higher flux at similar transmembrane 

pressures compared to the single layer modified membranes was observed. Consequently, the 

PEL-modified membranes showed higher permeate flux at lower pressure as compared to the 

single layer modified membranes and a higher critical flux. However, in both cases the weak 

form of critical flux (Jwater > Jprotein) was observed. The situation changed when filtrating an 

aqueous BSA solution at pH 7.9 through the unmodified membrane. At low fluxes/TMPs (up 

to 20 L /m2h and 0.3 bars), the permeability was approximately the same as for the sodium 

bicarbonate solution. With increasing flux/TMP, the data points deviate from those of the pure 

solvent filtration experiment. For a given flux, a higher TMP was needed than in the solvent 

filtration experiment, indicating the start of the fouling process. From these results, which are 

visualized in Figure 4, a strong form of fouling during the filtration of a BSA solution through 

an unmodified PP-membrane could be deduced. It should be noted, that the protein retention 

was in the range from 93% to 98% in the experiments conducted at fluxes up to 40 L/m
2
h. 

Only at a flux of 80 L/m
2
h, the retention was lowered to 60%. 
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Figure 4: Flux-pressure relationship for sodium bicarbonate solution (pH 7.9) and a BSA solution at 

pH 7.9 derived from flux-stepping experiments for unmodified and modified PP-membranes. 

3. Surface modification of thin film composite (TFC) reverse osmosis membranes 

Reverse osmosis or nanofiltration membranes consist of three distinctive layers, namely a 

polyester (PET) non-woven, a PES layer and an aromatic polyamide (PA) layer. The structure 

of such thin film composite membranes is shown in Figure 5. The thicknesses of the 

individual layers are ~100 µm for PET layer and the PES layer and ~ 100 nm for PA layer. 

The non-woven and the PES layer act only as support for the PA layer, which is responsible 

for the separation. The process for preparation of TFC RO membranes is schematically 

outlined in (Figure 6a). For the modification of reverse osmosis (RO) membranes two 

different approaches were applied. On one hand carbonyl chloride groups remained at the 

surface after the formation of the polyamide layer by interfacial polycondensation were used 

for grafting of amine groups containing hyperbranched polymer (Figure 6b) [17]. In the 

second approach, monomers containing ethinyl groups were incorporated into the polyamide 

layer. These groups were reacted with azide-groups containing hydrophilic polymers by 

copper catalyzed azide alkyne cycloaddition (Figure 6b).  

a)  b)  c)  

Figure 5: SEM images of a thin film composite membrane: a) surface, b) cross section, c) bottom of 

PA layer 

On modification of RO membranes with a polycation (hyperbranched PAMAM) during 

the preparation of the active PA layer, the formation of a distinct but highly permeable second 

layer, mainly consisting of PAMAM was observed. The modification led to a more 

hydrophilic (lower water contact angle) and less negatively charged surface as compared to 

the unmodified RO membrane. The grafting of neutral hydrophilic polymers resulted again in 
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a more hydrophilic surface, but the surface charge was not influenced compared to the 

unmodified membrane. 

 

a)  b)  

Figure 6: Preparation towards surface modified RO membranes: a) formation of polyamide layer by 

interfacial polycondensation; b) surface modification by grafting of hydrophilic polymers 

The filtration properties like permeate flux and salt rejection were not influenced by the 

modification step as outlined in Figure 7a. However, distinct differences with protein (bovine 

serum albumin; BSA) were detected during filtration experiments Figure 7b. For the 

unmodified membrane, a steep drop in flux (6%/h) by during protein filtration was observed 

(Figure 7b). After rinsing with clean water, only 90% of the original flux was reached, 

showing a relatively high irreversible protein fouling. The modified membranes showed again 

a flux decline during protein filtration. Yet, this effect was less pronounced as for the 

unmodified membrane (~ 1.5%/h). The ability to clean the modified membranes with pure 

water is much better than of the unmodified membrane. However, some differences were 

observed between the different membranes. While the flux of the PAMAM modified 

membrane could only be recovered by 90%, the flux recovery of the PEG or PMeOx modified 

membranes was almost 100%. This result can be attributed to ionic interaction or hydrogen 

bonding between the amino groups of PAMAM and BSA molecules, while the PEG or 

PMeOx chains have no or much weaker interactions with BSA.  
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Figure 7: Filtration and fouling properties of TFC RO membranes; effect of modification on a) 

permeate flux and salt rejection and b) fouling and cleanability 

Another problem that occurs in application of polyamide based membranes is the 

sensitivity towards chlorine, which is frequently used in the form of hypochlorite for 

disinfection. The free chlorine reacts with the polyamide leading to chlorinated polyamide (N-

14 16 18
0,5

0,6

0,7

0,8

0,9

1,0

1,1

BSA

1g/L pH 7

3500 ppm NaCl

before BSA

 TFC unmod.

 PMeOx 9000

 PAMAM

 PEG 1100

re
l.
 p

e
rm

e
a

b
ili

ty
 (

a
. 

u
.)

time (h)

3500 ppm NaCl

after BSA

and rinsing with water

0 2 4 0 2 4 6



J. Meier-Haack et al. / Copernican Letters vol. 6 (2015) 59 - 65 

 

64 
 

chlorination as well as C-chlorination (Orthon rearrangement)) and degradation of the PA 

layer, as can show in Figure 8a. The lifetime of RO membranes regarding degradation by 

chlorine treatment can be significantly improved by surface modification. However, not all 

polymers used for surface modification are suitable to protect the PA layer from degradation. 

The PAMAM modified membrane shows the best chlorine stability followed by the PMeOx-

grafted membrane. The PEG modification has no effect on chlorine stability (Figure 8b). 

Especially the high chlorine stability of the PAMAM modified membrane, which is almost 

double that of the unmodified membrane, is on one hand attribute to the high coverage of the 

surface with PAMAM. On the other hand, the amide and amino groups might act as chlorine 

scavenger and as sacrificial layer, which is degraded first.  
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Figure 8: Effect of chlorine treatment on a) the membrane performance (permeate flux) and b) the 

morphology of RO membranes (severe corrosion (degradation) are indicated by white circles) 
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