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The mechanisms regarding the influence of dissolved organics in 
papermaking whitewater together with metal ions on the fouling of an 
ultrafiltration (UF) membrane were studied in this paper. A series of 
experiments were carried out to characterize the organic matters’ size and 
membrane flux. The associated fouling mechanism was investigated using 
the modified Hermia empirical model, resistance distribution, and specific 
resistance of the cake layer. The results indicated that the addition of metal 
ions aggravated membrane fouling. Increasing concentrations of metal 
ions resulted in the higher specific resistance of the cake layer and greater 
membrane fouling due to their chelation with dissolved organics. 
Increased pH values influenced the interaction between the metal ions and 
dissolved organics, resulting in a relatively slow membrane flux decline. 
Increasing concentrations of Na+ resulted in greater membrane fouling. 
Cake layer formation played a major role in treating the water samples 
with high-concentration metal ions, whereas intermediate blocking 
formation may be the dominant fouling mechanism when treating the 
solution without metal ions.  
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INTRODUCTION 
 

Increased closure of whitewater systems in the papermaking industry is being 

carried out progressively to reduce effluent discharge and fresh water consumption (Wu et 

al. 2014). In other words, process water in a typical paper machine system is being recycled 

multiple times for various purposes. However, the accumulation of dissolved and colloidal 

substances (DCS) in this process tends to interfere with the papermaking process (Tenno 

and Paulapuro 1999; Ashrafi et al. 2015). Meanwhile, the interaction between DCS and 

added cationic chemicals affects the product quality (Pokhrel and Viraraghavan 2004). 

Previous studies have shown that dissolved organic matter (DOM) is the main component 

in white water, and includes carbohydrates, lipophilic extractives, and other chemicals that 

contribute to their higher solubility and stability (Antony et al. 2012; Su et al. 2015). The 

removal of DOM from the solution becomes a key problem during the closure of 

whitewater circuits in the papermaking industry. 

Membrane filtration has been extensively studied for industrial effluent treatment. 

After years of development, membrane technology has developed into a promising 

technology for the removal of DOM in whitewater. Membrane filtering systems have 

several advantages over traditional disposal methods, including space and energy savings, 

better safety, and convenient operation (Kumar et al. 2015; Shamsuddin et al. 2015). 
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Nevertheless, membrane fouling is a major obstacle to the successful operation of 

membrane separation. The permeate flux is hindered because of membrane fouling, 

resulting in low processing efficiency, high operating costs, and increased cleaning 

frequency (Guo et al. 2012; Jiang et al. 2012; Karabelas and Sioutopoulos 2015). So far, 

many studies on membrane fouling have focused on operational conditions (Wang et al. 

2008), the characteristics of the membrane (Zhao et al. 2015), and solution properties such 

as the particle size of organic matters and the ionic strength of the feed water (Chen et al. 

2006; Park et al. 2006). A series of studies showed that the surrounding environment, 

especially metal ions, may be one of the main factors affecting membrane fouling. The 

solubility and form of the organic molecules can be influenced by metal ions (Kloster et 

al. 2013). Roger reports that the charge and aggregation of organic matter in solutions may 

be influenced by the monovalent ion and divalent ions (Roger et al. 2013). Yoon et al. 

(1998) suggests that inorganic ions can form chelates with organic matters, resulting in the 

adsorption of organics on the membrane surface. Some studies found that the pH values 

and metal ions could affect the characteristics of organic substances, retention in the 

membrane, and membrane permeability (Chon et al. 2013; Feng et al. 2013). However, the 

mechanism by which different organic matters combined with salt ions affect membrane 

fouling is still unclear. There is a paucity of available information on the influence of 

interactions between organic matters and metal ions on membrane fouling under different 

conditions. Therefore, the characteristics of membrane fouling under typical conditions 

remain a challenge to membrane technology. 

To explore the nature of membrane fouling during the ultrafiltration of wastewater, 

the mechanism of fouling was considered in the light of Hermia’s model. Moreover, the 

specific resistance of a cake layer was suggested to measure the degree of cake formation 

on the membrane surface, evaluating the impact of different metal ions’ concentration on 

membrane fouling (Tang et al. 2014). In this work, the aim was to study the effects of 

various ions (Na+, Ca2+, and Fe3+) on the membrane fouling behavior of DOM in 

whitewater. The fouling mechanisms were analyzed using Hermia’s model, the resistance 

distribution of the membrane, and the specific resistance of the cake layer. This study lays 

a primary investigation for the formation of membrane fouling filtering whitewater with 

various metal ions, and gives theoretical support to interactions between various metal ions 

and DOM in papermaking whitewater. 

 
 
EXPERIMENTAL 
 

Materials 
Commercial polyethersulfone (PES) membranes were purchased from Mosu 

Scientific Equipment Company, Shanghai, China. The PES membrane has a molecular 

weight cut-off (MWCO) of 10 kDa and an effective surface area of 3.32×10−3m2. The 

water used was high-quality deionized water (> 15 MΩ cm−1). 

 

Model Foulants 
Low molecular weight (MW) sodium polyacrylate (PAAS) accounts for a great 

proportion of solubilized polymer content in papermaking whitewater according to a 

previous study (Chai et al. 2006; Su et al. 2015). Thus, in the present work PAAS (MW 

3000 Da) was chosen as a model fouling agent. The stock solution of PAAS (0.25 g/L) was 

prepared by dissolving the liquid form of PAAS into deionized water. The chemical 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Su et al. (2016). “Whitewater ultrafilter fouling,” BioResources 11(1), 1108-1124.  1110 

environment (pH values, ionic strength, high valence metal ion concentration) of feed 

waters were adjusted with NaOH (0.1 M), HCl (0.1 M), NaCl (10 mM), CaCl2 (3 mM), 

and FeCl3 (3 mM). The temperature of samples during the fouling indices experiments was 

maintained at 25 °C. 

 
Membrane Filtration of DOM Solutions and Characterization 
pH values, concentration of metal ions  

Analytical grade CaCl2 and FeCl3 were used as the metal ion sources. The 

concentrations of metal ions in PAAS solutions were 5, 10, 15, 20, and 40 mM, 

respectively. CaCl2 or FeCl3 was first dissolved in deionized water to obtain a given 

concentration of metal ions. Then, a small volume of these samples was added to the PAAS 

solutions to obtain the desired concentrations of metal ions. The water sample with a Ca2+ 

or Fe3+ concentration of 5 mM and an Na+ concentration of 0.1 M was used to study the 

role of pH on membrane fouling. The pH value was adjusted to 6, 7, and 9 by the addition 

of 0.1 M HCl. Meanwhile, the water sample with a calcium ion or ferric ion concentration 

of 5 mM and a pH value of 7 was used to investigate the role of Na+ concentration on 

membrane fouling. The Na+ concentration was adjusted to 0.01 M, 0.05 M, and 0.1 M by 

the addition 0.1 M NaCl. All these water samples were stirred for 2 h at 25 °C to obtain a 

homogeneous solution. A laser particle size analyzer was used to determine the size of 

PAAS. 

 

Membrane fouling experiments  

A 300-mL stirred dead-end ultrafiltration (UF) module was used to evaluate the 

membranes’ fouling properties (Fig. 1). The experimental apparatus was equipped with a 

stirrer that operated at a constant rate (250 rpm). The operating pressure was supplied by 

pure nitrogen at a constant 0.1 MPa. The filtrate was collected in a glass container. The 

accumulative permeate volume was automatically recorded by a data acquisition system. 

The membrane flux was calculated from this data. 

 

 
Fig. 1. Schematic of an experimental procedure 

 

In addition, the relative flux (J/J0) was used to reduce experimental error, where J 

(L/m2·h) was the permeate flux and J0 (L/m2·h) was the pure water flux. The PAAS 

rejection, R, was defined as follows,  

 

𝑅 =
1−𝐶𝑝

𝐶0−𝐶𝑝
× 100[%]                                                                                    (1) 
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where 𝐶𝑝is the PAAS concentration in the permeate, 𝐶0 is the PAAS concentration in the 

initial feed solution. The concentration of PAAS was determined using a Shimadzu TOC-

5000A.  

The fouling mechanism can be assessed by Hermia’s semi-empirical model under 

the condition of dead-end filtration. Four basic fouling types of this model were expressed 

by Eqs. 2 through 5, respectively (Baguena et al. 2015): 
 

Complete blocking model:   LnJ = Ln𝐽0 − 𝑘1𝑡        (2) 

Standard blocking model:    1/𝐽0.5=1/𝐽0
0.5+k2t                    (3) 

Intermediate blocking model:   1/J=1/J0+k3t                                       (4) 

and 

the cake layer blocking model:  1/𝐽2=1/𝐽0
2 +k4t                   (5) 

 

where J (L/m2·h) is the permeate flux, J0 (L/m2·h) is the pure water flux, t is the filtration 

time (min), and k1, k2, k3, and k4 are constants of the model. The main fouling mechanism 

can be confirmed according to the relevant correlation coefficients (R2) by calculating the 

experimental data into these formulas. A larger R2 value indicates a better fitting model.  

 

Fouling resistance determination  

The membrane fouling was influenced by several factors, including the formation 

of a cake layer, the concentration polarization on the membrane surface, and pore blocking. 

The distribution of different filtration resistances can be used to analyze the types of 

membrane fouling. In this study, the filtration resistances Rm (the intrinsic membrane 

resistance), Ra (the adsorption resistance), Rg (the pore blocking resistance), Rc (the cake 

resistance), and Rcp (the concentration polarization resistance) were measured. The 

filtration resistances were calculated using Eqs. 6 through 10 (Listiarini et al. 2009; Rajabi 

et al. 2015): 
 

Rm=∆P/𝜇Ji                              (6) 

Ra=∆P/𝜇Ja−Rm                                                                                  (7) 

Rg=∆P/𝜇Jf−Rm−Ra                                                                            (8) 

Rc=∆P/𝜇Jv−Rm−Ra−Rg                                                                      (9) 
 

and 
 

            Rcp=∆P/𝜇Jl−Rm−Rc−Rg−Ra                                                                (10) 
 

where Ji is the pure water flux through a new membrane (L/m2·h); Ja is the pure water flux 

through the membrane after the static adsorption of organics from the processing water 

(L/m2·h); Jf is the pure water flux through the membrane, where surface contamination of 

the membrane adsorbed from the process water was eliminated beforehand (L/m2·h); Jv is 

the flux achieved at the end of ultrafiltration (L/m2·h); Jl is the raw water flux through the 

membrane after the static adsorption of organics from the process water (L/m2·h); ΔP is 

the applied trans-membrane pressure (Pa); and μ is the viscosity of fresh water (Pa·s). 
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Scanning electron microscopy (SEM) and SEM-EDS analysis of membranes 
The detailed structural information regarding the membranes was examined with 

scanning electron microscopy, using a filament voltage of 20 keV. Dry membrane samples 

were dispersed on a graphite ribbon fixed on an aluminum sample holder. The powders 

were sputter-coated with gold in a modular high-vacuum coating system Q150R ES 

(Quorum Technologies, Japan). The EDS was used to determine the elemental composition 

of foulants present on the membrane’s surface. 

 

The surface charge of PES membranes 

To evaluate the surface charge of the PES membrane at different pH values, the 

surface zeta potentials of the membranes were measured with a SurPASS electrokinetic 

analyzer (Antor-Paar Gmbh) in the pH range 5 to 9. The surface zeta potential (𝛿) of the 

membranes was calculated using the Helmholtz-Smoluchowski equation, 
 

δ =
∆𝐸𝑠𝑝

∆𝑃′ ×
ηκ

𝜀0𝜀𝑟
                                                                                               (11) 

 

where ∆𝐸𝑠𝑝/∆𝑃′is the change in streaming potential with pressure, η is the viscosity of the 

electrolyte, κ is the conductivity of the electrolyte, and 휀𝑟 and 휀0 are the permittivity of the 

electrolyte and free space, respectively. 

 

 
RESULTS AND DISCUSSION 
 

Influence of Metal Ions on Membrane Fouling at Different pH Values 
The particle size of PAAS is an important parameter in membrane fouling since it 

can affect the membrane fouling type, and thereby influence membrane filtration. Figure 2 
shows the particle size of PAAS with metal ions (Ca2+ or Fe3+) at different pH values. 
 

 
Fig. 2. Effect of pH value on the particle size 
of organic matter  

Fig. 3. Effect of Na+ concentration on the 
particle size of organic matter 

 

Because of the effects of pH values on the aggregation between PAAS and metal 

ions, the PAAS size was larger at high pH values than that in the acidic environment. At 

low pH values, high concentrations of H+ in the solution competed with metal ions for the 

active sites of PAAS, reducing the complexation between PAAS and metal ions. Therefore, 
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the PAAS size at acidic pH values was small. In contrast, PAAS may offer more binding 

sites to metal ions to bridge adjacent PAAS molecules in an alkaline solution (Garcia et al. 

2014). The complexation between PAAS and metal ions neutralize the negative charge of 

PAAS, which results in high levels of aggregation, increasing the particle size of PAAS. 

In addition, differences between the particle size of PAAS-Ca and PAAS-Fe at the same 

pH values may relate to the complex strength between PAAS and metal ions. This 

complexation was affected by several factors such as ionic radii, hydrolysis constant, 

electronegativity, and electron-shell structure of the metal. What’s more, the complexation 

process may be affected by the density of the ion charge and by the orbital energy valence. 

(Heidari et al. 2013). 

The membrane surface properties at different pH values were investigated by zeta 

potential measurements as presented in Fig. 4. The PES membrane mainly exhibited 

negative surface charged property over pH ranges from 5 to 9. The PES membrane showed 

a reduced surface zeta potential within a range from -12.55 mV at pH 5 to -39.28 mV at 

pH 9.  

 

 
Fig. 4. Surface zeta potential for PES membrane with 200mg/L PAAS loading over pH range of 
5-9 using 1mM KCl aqueous solution as electrolyte 

 

A more negatively charged membrane surface could be obtained at higher pH 

values. Previous studies suggested that high concentrations of H+ in the solution at acidic 

pH values could increase the hydrophobicity of the membrane for the neutralization of 

negative charges on the membrane surface, aggravating membrane fouling (Chen et al. 

2015; Lin et al. 2015). Low pH values tend to cause severe membrane fouling (Fig.5 (a)). 

High concentrations of H+ in the solution may weaken the electrostatic repulsion 

between the membrane surface and PAAS (Ang et al. 2006). At low pH values, mass PAAS 

particles attached to the membrane surface for weak electrostatic repulsion, reducing the 

membrane flux.  

The amount of PAAS particles adsorbed on the membrane surface decreased at high 

pH values, tending to mitigate membrane fouling. However, more binding sites were 

offered at high pH values for the complexation between PAAS and metal ions, increasing 

the metal ions bridging between PAAS in the solution and in the deposited layer, tending 

to aggravate membrane fouling (Nguyen et al. 2013). As an integrated effect, membrane 

fouling tended to be aggravated at low pH values. 
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The filtration resistance distributions of membranes at different pH values are 

summarized in Table 1. The results indicate that weak electrostatic repulsion between 

PAAS and the membrane surface at low pH values resulted in higher Ra (adsorption 

resistance) and Rc (cake resistance). The PAAS particles may be quickly adsorbed on the 

membrane surface during the initial period of filtration. The cake layer formed at low pH 

values was more compact than that formed at higher pH values, aggravating membrane 

fouling. 
 

Table 1. Membrane Resistance Distribution with Simulated Solutions at Different 
pH Values 

Concentration of Ca2+ pH Rm (m-1) Ra (m-1) Rc (m-1) Rg (m-1) Rcp (m-1) 

 
5 mM 

6 1.73E+13 4.75E+12 3.19E+12 1.33E+11 7.44E+11 

7 1.73E+13 4.04E+12 1.93E+12 6.21E+11 6.18E+11 

9 1.73E+13 3.32E+12 1.26E+12 3.03E+11 1.04E+12 

 

Influence of Metal Ions on Membrane Fouling at Different Na+ Concentrations 
 Figure 5 reports the results of the test related to sodium ion concentrations and also 

at different pH values.  As shown in Fig. 5, higher rates of flux decrease were observed at 

lower pH and with higher NaCl concentration values. As can be seen from Fig. 5(b), PAAS 

solutions with low Na+ concentrations did not exhibit an obvious decline in relative flux 

during filtration. As the Na+ concentration increased, the decline of filtration flux became 

more marked. The relative flux at 30 min when filtering PAAS solutions with 0.1 M Na+ 

was 0.19, whereas the values for PAAS solution with 0.01 M Na+ was 0.68. In general, 

PAAS tended to be less charged at increased salt concentrations, which can be explained 

by the double layer compression effect. This phenomenon is similar to that reported by 

Wang et al. (2013) Thus, the repulsive forces between the PAAS and the membrane surface 

decreased at high Na+ concentrations. Mass organic matters adsorbed on the membrane 

surface, aggravating the membrane fouling. 

 

 
Fig. 5. Effect of pH values and Na+ concentration on membrane flux: (a) effect of pH values on 
membrane flux; (b) Effect of Na+ concentration on membrane flux. Concentration of PAAS is 

200mg/L, other experimental conditions: 10KDa membrane, ∆P=0.1MPa, ionic strength 5mM 
Fe3+. 
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Influence of Metal Ion Concentration on Membrane Fouling 
Figure 6 shows the particle size of PAAS with metal ions (Ca2+ or Fe3+) at different 

Na+ concentrations. The Na+ concentration had an obvious impact on the particle size of 

PAAS. As can be seen in Fig. 6, the particle size of PAAS decreased with increasing Na+ 

concentration. The observed results demonstrate that the particle size of PAAS with 5 mM 

Fe3+ and 0.1 M Na+ was 4.83 μm, smaller than that of PAAS with 5 mM Fe3+ and 0.01 M 

Na+ (6.02 μm). This indicates that the concentration of Na+ had a negative effect on the 

aggregation of PAAS molecules. High Na+ concentration in the solution competed with 

metal ions for the active sites of PAAS, reducing the complexation efficiency between the 

PAAS and metal ions (Zhang et al. 2015).  

To study the influence of metal ions on membrane fouling, a series of filtration 

experiments using model PAAS solutions with various concentrations of metal ions were 

carried out. The pH values of PAAS solutions were adjusted to 7, and the Na+ concentration 

was 0.1 M. The particle size of PAAS in different PAAS-metal ion systems is provided in 

Fig. 6. The evolution of the ultrafiltration membrane relative flux (J/J0) is shown in Figs. 

7 and 8. As can be seen in Fig. 6, the particle size of PAAS was clearly influenced by the 

concentration of metal ions (Ca2+ and Fe3+). A smaller particle size was seen in the 

membrane-PAAS system without metal ions. There were repulsive forces between PAAS 

molecules due to the negative charges of PAAS in water, which resulted in good dispersion 

of PAAS (Hao et al. 2013). The size of organic matter increased with the addition of metal 

ions. PAAS matter contains carboxylic groups, which bind with metal ions to form large 

particulates. As shown in Figs. 7 and 8, the addition of metal ions seemed to increase PES 

membrane fouling.  
 

 
Fig. 6. Effect of Ca2+(Fe3+) 
concentration on particle size 
of organic matter 

Fig. 7. Effect of Ca2+ 
concentration on membrane 
flux 

Fig. 8. Effect of Fe3+ 
concentration on membrane 
flux 

 

The reasons are as follows: firstly, the complexation between PAAS and metal ions 

became more obvious at high ion concentrations, increasing the metal ions bridging 

between PAAS in the solution and in the deposited layer. Large organic particles were 

fixed on the membrane surface. The cake layer that formed in this case was thick and 

compact, aggravating membrane fouling. Secondly, the addition of metal ions may 
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neutralize the negative charges on the membrane surface, reducing the electrostatic 

repulsion between the membrane surface and organic matters, and larger particle foulants 

may easily attach onto the membrane surface, causing membrane fouling during the early 

stage of filtration (Habib et al. 2013; Zhang et al. 2013). The membrane flux decline caused 

by model PAAS solutions with various concentrations of metal ions was further studied 

through fouling resistances. 

The filtration resistance distributions of membranes at different Na+ concentrations 

are summarized in Table 2. The results indicate that weak electrostatic repulsion between 

PAAS and the membrane surface at high Na+ concentrations resulted in higher Ra and Rc. 

Mass PAAS particles adsorbed on the membrane surface during the initial period of 

filtration. The cake layers that formed at high Na+ concentrations were more compact, 

aggravating membrane fouling. 

 

Table 2. Membrane Resistance Distribution with Simulated Solutions at Different 
Na+ Concentrations 

Concentration 
of Ca2+ 

Concentration 
of Na+ (M) 

Rm  
(m-1) 

Ra  
(m-1) 

Rc  
(m-1) 

Rg  
(m-1) 

Rcp  
(m-1) 

 
5 mM 

0.01 1.73E+13 2.07E+12 1.81E+12 8.15E+11 7.36 E+11 

0.05 1.73E+13 3.45E+12 1.88E+12 6.03E+11 6.00E+11 

0.10 1.73E+13 4.38E+12 2.83E+12 7.62E+11 6.29E+11 

 

As shown in Fig. 9, at different ion concentrations, a close relationship was found 

between the membrane fouling and the filtration resistances. For the PAAS solution with 

40 mM Fe3+, the membrane resistance of Rm comprised a small proportion of the overall 

resistance (18.17%), but a much higher resistance of cake layer formation was observed 

(38.94%). High concentrations of metal ions yielded a larger particle size of PAAS and 

filter cake pollution, which contributes to lower pore-blocking resistance and larger cake 

resistance. In this case, the membrane flux declined rapidly. In contrast, the model PAAS 

without metal ions yielded lower cake resistance and less membrane fouling. 

 

 
 
Fig. 9. Membrane resistances when filtering 
PAAS solutions 

Fig. 10. The rejection of PAAS during 
ultrafiltration. Concentration of PAAS is      
200 mg/L, other experimental conditions: 10 
kDa membrane, ∆P= 0.1 MPa 
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Fouling Mechanism of PAAS on Membrane Fouling at Different Metal Ion 
Concentrations 

The PAAS rejection (R) during filtration was studied relative to the fouling 

mechanism of PAAS at different metal ion concentrations (Fig. 10). The low rejection 

(~10%) of PAAS showed that the intrinsic pore size of the membrane was large enough to 

allow most PAAS molecules to pass through. The addition of metal ions (Ca2+, Fe3+) to the 

feed PAAS solution clearly increased the PAAS rejection. The high rejection of PAAS 

(~85%) might have been caused by the formation of larger aggregates of PAAS molecules 

via the creation of Ca2+ (Fe3+) bridges the PAAS molecules, and by Ca2+ (Fe3+) bridges 

between the PAAS in solution. Ca2+ (Fe3+) might also have formed bridges between the 

PES membrane and the PAAS molecules.  

SEM imaging (Fig. 11(a–d) was used to observe the membrane surfaces fouled with 

PAAS at different metal ion concentrations. The virgin PES membrane exhibited a smooth 

surface (Fig. 11(a). After filtration of the PAAS solution without metal ions, a small 

amount of foulants appeared on the membrane surface (Fig. 11(b)).  

 

 
 

 
 

 
 

Fig. 11. SEM and EDS analyses of the membrane surface. The surface of the membrane before 
use (a) Original membrane; (b) Fouled by a 250-mg/L PAAS solution; (c) Fouled by a 250-mg/L 
PAAS with 5 mM FeCl3; (d) Fouled by a 250-mg/L PAAS with 40 mM FeCl3; (e) EDS spectra of 
membrane surface fouled by a 5-mM FeCl3 solution; (f) EDS spectra of membrane surface by a 
250-mg/L PAAS with 5 mM FeCl3 

a b 

c d 

e f 
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Interestingly, large amounts of foulants were observed on the membrane surface 

after the filtration of PAAS with metal ions. For the filtration of PAAS with higher metal 

ion concentrations, the whole membrane surface was covered by foulants. The cake layer 

seemed to be more compact and thicker than in other cases. An EDS analysis was 

performed to determine the elements present on the fouled membrane surfaces. The 

analysis revealed the presence of Fe on the membrane surface (Fig. 11(e–f)). Compared 

with the content of Fe on the membrane surface fouled by the 5 mM FeCl3 solutions, the 

content of Fe was lower on the membrane surface fouled by the PAAS/Fe solutions. This 

may imply that PAAS molecules surrounded the Fe in the solution, then the PAAS/iron 

complexes were deposited on the surface of membrane (Hao et al. 2013). 
To better understand the fouling mechanism of the membrane filtering PAAS 

solutions with various metal ion concentrations, the membrane flux curves were fitted 

using Hermia’s semi-empirical model. According to the Hermia model, four possible 

fouling mechanisms need to be considered: complete blocking; intermediate blocking; 

standard blocking; and gel layer formation (Abdelrasoul et al. 2013; Aslam et al. 2015). 

The fouling mechanism can be assessed using Hermia’s model under the condition of dead-

end filtration (Su et al. 2015). The fitted situations (R2) of the models found by studying 

the effect of metal ions concentration are shown in Table 3. Intermediate blocking was 

well-fitted to the experimental results for the PAAS solution without metal ions. In this 

case, the particle size of PAAS was observed to be low. The membrane pore size was large 

enough to allow PAAS molecules to enter membrane pores and precipitate onto the pore, 

causing pore blockage. On the other hand, the highest value of R2 was obtained for gel 

layer formation models when the PAAS solution contained a high ion concentration. With 

increasing concentrations of metal ions, the average particle size of PAAS molecules 

increased due to the complexation between PAAS and metal ions. Most of the molecules 

were larger than the membrane pores. The gel-cake formation played a significant role 

during filtration. Meanwhile, the addition of metal ions may neutralize the negative charge 

of organic matters, reducing the electrostatic repulsion between PAAS and the membrane 

surface. Large amounts of complexes were adsorbed on the membrane surface, resulting 

in severe membrane fouling during the early stage of filtration. Hence, gel layer formation 

was the dominant mechanism for PAAS solution with high ion concentrations, and 

intermediate blocking fouling was the major mechanism for the PAAS solution without 

metal ions. 

 

Table 3. Correlation Coefficient (R2) for Four Blocking Models Fitting Under 
Constant Pressure (0.1 MPa) 

Metal Ions Concentration of 
Metal Ions (mM) 

Correlation Coefficient (R2) of Hermia’s Model 

Complete Standard Intermediate Cake 

 
 

Ca2+ 

0 0.9326 0.9330 0.9932 0.9428 

10 0.9882 0.9864 0.9844 0.9899 

20 0.9831 0.9827 0.9822 0.9909 

40 0.9651 0.9731 0.9792 0.9865 

 
 

Fe3+ 

0 0.9326 0.9330 0.9932 0.9428 

5 0.8277 0.8541 0.8778 0.9162 

10 0.9660 0.9802 0.9879 0.9837 

20 0.9114 0.9499 0.9760 0.9915 
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Particle in 
solution  

 
 
Particle on 
membrane  

 
 
View of 
membrane 

   
 

Fig. 12. Schematic illustration of interaction between ions and PAAS 

 

After observing the membrane fouling type of different PAAS solutions, the 

specific resistance of cake was performed to further study the fouling degree and 

mechanism of PAAS solutions with different metal ion concentrations. From filtration 

theory based on Darcy’s law, considering resistances in series, one obtains for the liquid 

flux,  
 

𝐽 =
1

𝐴

𝑑𝑉

𝑑𝑡
=

∆𝑃

𝜇(𝑅𝑚+𝑅𝑐)
                                                                                  (12) 

 

where A is the membrane area, 𝜇  is the dynamic viscosity of water samples (Pa ∙s). 

Assumptions usually made are a) that the cake resistance is proportional to the solid mass 

deposited on the membrane surface, and b) that the cake filtration performance under 

constant pressure is characterized by an average specific resistance α (Aslam et al. 2015), 

so that, 
 

              𝑅𝑐 =
𝛼𝑐𝑏𝑉

𝐴
                                                                                                 (13)   

 

where 𝑐𝑏is the bulk concentration of particles (kg/m3); Substituting Eq. 14 in Eq. 13 and 

integrating one obtains, 
 

          
𝑡

𝑉
=

𝜇𝛼𝐶

2∆𝑃𝐴2 𝑉 +
𝜇𝑅𝑚

∆𝑃𝐴
                                                   (14) 

 

where t is the filtration time (s), and V is the filtrate volume (mL). By plotting the data as 

V against t/V, 𝛼 can be obtained from the slope of the linear relationship. To ensure that 

the linear regression results in R2 values larger than 0.9, only the straight portion of the plot 

was included in the regression (Sioutopoulos et al. 2010).  

Listiarini et al. (2009) proposed the use of this quantity ( 𝛼), termed modified fouling 

index (MFI), as a measure of the fouling propensity of filtered water. The quantity 
 

𝐼 = 𝛼𝑐𝑏                                                                                                          (15) 
 

called “fouling index” is considered a measure of the water fouling potential.   

Figure 13 shows the values for the fouling index according to various ion 

concentrations. The values of 𝐼  increased as the ion concentration increased. This 

conclusion corresponds to the results that the addition of metal ions causes severe fouling. 
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Figure 12 shows a sketch of membrane fouling at various ion concentrations. The 

complexation between PAAS and metal ions became obvious with the addition of metal 

ions, leading to larger organic aggregates rapidly adsorbing on the membrane surface 

(Khan et al. 2009; Jin et al. 2015). These results can be attributed to three reasons: firstly, 

the metal ions may bind with –COOH in the PAAS molecules and bridge PAAS molecules 

to form a cross-linked chelate cake layer, aggravating membrane fouling (Lin et al. 2001). 

Secondly, the addition of metal ions may neutralize the negative charge of organic matters, 

reducing the electrostatic repulsion between PAAS and the membrane surface. Mass PAAS 

matter became attached on the membrane surface during the early stage of filtration. 

Thirdly, increasing metal ion concentration and salting out may reduce the solubility of 

PAAS, increasing the hydrophobic effect of organic matter (Al-Degs et al. 2008). In this 

case, there is obvious attractive interaction between PAAS and the membrane surface, 

aggravating membrane fouling. Hence, cake layer formed at high ion concentrations and 

tended to be dense. This result suggests that the concentration of metal ions played a 

significant role in cake formation. The membrane fouling was aggravated with increasing 

metal ion concentration. 

 

 

 
Fig. 13. Ratio of filtration time and filtration volume as a function of the total filtrate volume of the 
investigated systems: (1); PAAS+10 mM Ca(II); (2) PAAS+40 mM Ca(II); (3) PAAS+10 mM Fe(III); 
and (4) PAAS+30 mM Fe(III) 

 

 

CONCLUSIONS 
 

This paper put forward the mechanisms regarding the influence of dissolved organics 

in papermaking whitewater together with metal ions on the ultrafiltration (UF) membrane 

fouling and provided theoretical support to interactions between various metal ions and 

DOM in papermaking whitewater.  
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1. Increased pH values influenced the interaction between metal ions and dissolved 

organics, resulting in a slow membrane flux decline. The increase of Na+ concentration 

reduced the particle size of organics and increased the membrane fouling to some 

extent. 

2. Increasing concentrations of metal ions resulted in greater membrane fouling due to 

their chelation with dissolved organics. 

3. For water samples with a high concentration of metal ions, gel layer formation played 

a major role in membrane fouling, whereas for solutions without metal ions, 

intermediate blocking formation was the major fouling mechanism. 

4. The concentration of metal ions played a significant role in cake formation. Membrane 

fouling was aggravated with increasing metal ion concentrations for the higher values 

of the specific resistance of cake. 
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