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Abstract 
Increasingly stringent regulations for drinking water quality have stimulated the application of 
ultrafiltration to water treatment. In addition to removing particulate materials from water 
(including microorganisms, bacteria and viruses), the use of membrane treatment also meets 
purification requirements. However, irreversible fouling curtails the economic viability of such a 
process. 
Experiments in stirred-cells were conducted to evaluate the effects of surface water composition on 
rejection and fouling of two ultrafiltration membranes with different molecular weight cut-offs 
(10kDa and 100kDa). Experimental solutions consisted of natural organic matter or humic 
substances in a background electrolyte.  
The effect of calcium concentration decreased rejection of humic acid under certain circumstances. 
This is believed due to reduced molecular size with an initial increase in calcium concentration. 
However, at about 2.5mM CaCl2, IHSS humic acid aggregates. This aggregation increased 
rejection, and also caused irreversible fouling of the 100kDa membrane, presumably as a result of 
pore size reduction due to internal deposition of aggregates. This was confirmed by blocking law 
analysis. The variation of transmembrane pressure indicated the importance of a ‘critical flux’ 
effect.  
The organics and their various fractions showed differences both in rejection and flux decline. The 
larger and more UV-absorbing fraction of humic acid was shown to be responsible for irreversible 
pore adsorption and plugging. The fulvic acid and the hydrophilic fraction showed a smaller and 
mostly reversible flux decline.  
 

Keywords:  Aggregation, Fouling, Humic Substances, Natural Organic Matter (NOM), 
Ultrafiltration.  
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Nomenclature 
A Membrane area (m2) 
CF Feed concentration (mgL-1) 
CB Bulk concentration (concentration in the batch cell) (mgL-1) 
CP Permeate concentration (mgL-1) 
CR Concentration in the cell at the end of the experiment (mgL-1) 
dparticle Particle diameter (µm) 
dpore Pore diameter (µm) 
J Flux (Lm-2h-1) 
J0 Initial feed flux (Lm-2h-1) 
kCB Complete blocking filtration constant (-) 
kCF Cake filtration filtration constant (-) 
kIB Intermediate blocking filtration constant (-) 
kSB Standard blocking filtration constant (-) 
PWF Pure water flux (Lm-2h-1) 
Rej Rejection (%) 
t Time (h) 
V Total filtrate volume (L) 
VF Volume of feed (mL) 
VPi Volume of permeate (sample i) (mL) 
VR Volume left in the cell at the end of the experiment (mL) 
M   Mass of solute or colloid deposited (mg) 
D  Percentage of solute or colloid deposited (%) 
�P  Transmembrane pressure (kPa) 
 
 

1.  Introduction 
Natural organic matter (NOM) is a complex matrix of organic compounds present in natural surface 
water sources. Not only does it affect the odour, colour and taste of water, it forms complexes with 
heavy metals and pesticides, and also reacts with chlorine, the most widely used oxidant for water 
desinfection, to form chlorinated disinfection by-products (DBPs). The latter, such as 
trihalomethanes (THMs) and haloacetic acids (HAAs), have been recently recognised to be human 
carcinogens. Alternative disinfectants, such as chloramines, chlorine dioxide or ozone are available, 
but are generally more expensive, less effective and also lead to the formation of DBPs [1]. 
Recognising that chlorination will continue to be the most common disinfection process, removal of 
DBP precursors present in raw-water sources is a necessity for reducing the potential for chlorinated 
DBPs formation. 
Several treatment processes or their combinations are capable of removing NOM from water. 
Although UF has proved to be a valuable and effective technique in terms of removal efficiency, 
process complexity and cost, flux decline due to the adsorption and deposition of foulants is 
normally experienced. The nature of the fouling may be classified as either reversible or 
irreversible. Reversible fouling, caused by solid accumulation on the membrane surface, is typically 
remedied by intermittent hydraulic backwashes. In comparison, irreversible fouling requires a 
chemical cleaning of the membrane and limits the viability of UF as a water treatment process. 
The objective of this study is to understand the impact of different parameters on ultrafiltration of 
NOM under conditions typical of surface water. In particular, the influence of solution conditions 
including pH, calcium concentration and type of organic are investigated, as well as operational 
parameters such as flux and membrane pore size. 
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2.  Background 

2.1.  Characteristics of NOM 
NOM is the main component of organic carbon in aquatic systems. It is a complex, difficult to 
separate mixture of similar macro-organic molecules, derived from the degradation and 
decomposition of biological organisms, with a broad spectrum of functional groups, sub-structures 
and molecular weight distribution, strongly depending on its origin and genesis [2]. 
Fractions isolated from water by sorption on weak-base ion exchange (XAD) resins showed an 
average NOM composition of 10 % humic acid (HA), 40% fulvic acid (FA) and 30% hydrophilic 
acid (Hyd) [3]. These fractions were characterised on the basis of their water solubility at a given 
pH; FA remains in solution at low pH (<2), while HA is insoluble at this pH, due to the small 
proportion of hydrophilic groups in these molecules [3,4]. 
Some authors have characterised NOM in terms of molecular weight with results depending on 
NOM source and method. Apparent molecular weights (AMW) have been determined using UF 
fractionation. The separation of such macromolecules is based on their different molecular size and 
shape, allowing discrimination on appropriate UF membranes [5]. It appears that both FA and HA 
are relatively polydispersed mixtures, according to the results of Averret et al. [6] and Thurman et 
al. [7]. HS have a structure that varies with salt content, pH and concentration. At low HS 
concentrations with low concentration of salt, their structure is rather linear at pH values from 6.5 to 
9.5. At high HS concentrations and with salt added, these natural materials form spherocolloidal 
structures [8]. Jucker and Clark [5] also showed that the AMW distributions determined at low ionic 
strength are shifted towards higher AMW compared to results obtained at high ionic strengths. This 
phenomenon is probably due to the fact that humic substances (HS) are more compact at high ionic 
strength, as a result of a contraction of the molecule, which is caused by diminution of 
intramolecular electrostatic repulsion as the charged groups are neutralised  [9]. Aster et al. [10] 
showed that at pH 7, the AMW distributions are shifted towards smaller molecules, as compared to 
pH of 4 to 6. 
It is possible that the effect of fractionation, pressure and stirring on the molecular size distribution 
may lead to the separation of structural sub-units of NOM believed to be joined by H-bonds [11]. 
However, results show that the molecular weight of FA is lower than that of HA, and FA has a 
lower carbon content [9]. In general, the more hydrophilic the NOM, the lower is its AMW [12]. 
HS are known to be the most aromatic NOM fraction. HA and FA are anionic polyelectrolytes with 
carboxyl functional groups and phenolic groups. Titration depends on concentration, but results 
showed a greater phenolic content for HA than for FA [1, 5, 6]. 
Tipping and Ohnstad [13] have studied the removal of HS from solution. The degree of 
complexation was found to increase with CaCl2 concentration, and above a concentration of 2.5mM 
of CaCl2, substantial aggregation occurred, at neutral or alkaline pH. The explanation given is that 
the hydration of the molecule is diminished when its ionised functional groups are neutralised by 
complexation with Ca2+. When the degree of neutralisation is sufficiently high, the solubility is 
exceeded and the HS precipitates. According to these authors, the differences in extents of removal 
among the different fractions of HS are due to differences in their solubilities: presumably, the 
higher molecular weight HS have a greater content of complexing polar groups. 
These different characteristics of the NOM and organic fractions were found to be relevant in UF 
membrane fouling. 

2.2.  Rejection of NOM by UF membranes 
Retention by UF membranes depends on the molecular volume (and only indirectly on mass) and 
the physico-chemical characteristics of the organics [14]. 
Küchler and Miekeley [15] studied UF of humic compounds through 1kDa membranes. It was 
observed that HA retention (80-90%) was greater than that of FA (60-70%). They also observed 
that, since HA has a higher molecular mass and a smaller proportion of hydrophilic groups, it 
aggregates and precipitates, especially under high ionic strength and low pH conditions.  
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The results from Maartens et al. [16] showed that the NOM concentration in the permeate solutions 
decreased throughout the filtration period. This presumably occurred because of gradual pore 
closure throughout the filtration period. UV ratios showed that towards the end of the filtration 
period, only the smaller molecules passed through the membrane pores, a fact that indicates that the 
large molecules or large molecule complexes were adsorbed onto the membrane first, whereas the 
smaller ones remained in solution. From this result it could be concluded that there is a critical 
membrane pore size that will ensure effective removal of colour from natural waters. 

2.3.  Rejection of multivalent ions by UF membranes 
Küchler and Miekeley [15] studied the retention of ionic compounds on a Amicon YM2 flat 
membrane (MWCO 2kDa). Salts containing monovalent anions, with small solvated ionic radii 
exhibited small retention and salts containing polyvalent anions exhibited high rejections. Similar 
effects were also observed by Staub et al. [14]. Fractionation experiments of natural waters have 
shown that some ions are partially retained during ultrafiltration, independent of the MWCO of the 
membrane. This selective retention is attributed to complexation with high molecular mass ligands 
[17]. 

2.4.  Membrane fouling by NOM 
Membrane fouling occurs through one or more of the following mechanisms: i) accumulation of 
solute and gradual irreversible changes to the polarised layer (such as cake formation), ii) surface 
adsorption/deposition of solutes and iii) adsorption/deposition of solute within the membrane. There 
are many factors contributing to fouling including surface properties (chemistry, morphology, etc.), 
hydrodynamic conditions, ionic strength and solute concentration [18]. 
Direct adsorption measurements of HS onto hydrophobic UF membranes were carried out by Jucker 
and Clark [5]. Adsorption decreased with increasing hydrophilicity and decreasing zeta potential. 
Moreover, upon adsorption of HS, the membrane becomes more hydrophilic and apparent pore 
charge becomes less negative. They showed that adsorption of HA is greater than that of FA. This is 
due in part to the lower solubility of HA (HA is somewhat more hydrophobic than FA), and also to 
the fact that HA molecules might have more attachment sites and therefore binding to the 
membrane surface could be enhanced [13]. However, adsorption kinetics are faster for FA than for 
HA, mainly because the diffusivity is greater for small molecules than for large ones [19]. Kinetic 
studies by Maartens et al. [16] showed that adsorption of HA was slower than that of NOM. Also, 
adsorption is greater at pH 7 because the charge on HS is less negative: there is less repulsion 
among adsorbing molecules and charge repulsion between the negatively charged membrane and 
the HS molecule is lowered. Adsorption experiments showed an increase in adsorption with 
increasing calcium concentration. Calcium has been reported to screen lateral electrostatic repulsion 
in the adsorbed layer. For HA, calcium was adsorbed in proportion to the amount of HA adsorbed, 
which suggest it acts as a bridge between the membrane surface and the negatively charged HA 
molecules, and/or in between the negatively charged carboxyl groups which are not in contact with 
the membrane [20]. For FA, there seems to be competition between FA and calcium for the 
adsorption sites on the membrane surface. Finally, adsorption of HS tends to continue after the pore 
zeta potential reaches a plateau value. This suggests that the membrane pores are filled 
preferentially during adsorption, perhaps because they are higher energy adsorption sites. The 
continued adsorption after the zeta potential has reached the plateau can presumably be accounted 
for by uptake on the membrane skin. This could also indicate that adsorption might only be an 
initial phenomenon, after which deposition would be due to precipitation or aggregation. 
Precipitation and aggregation effects in the membrane boundary layer were reported to be important 
phenomena in nanofiltration [21]. 
In general, the extent of irreversible fouling with proteins, polysaccharides and NOM, has been 
found to be greater around the isoelectric point of the molecules, at high ionic strength, in solutions 
supersaturated with calcium, and on hydrophobic membranes [22-24]. 
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Crozes et al. [25] investigated the effect of membrane hydrophilicity and organic compound 
polarity on fouling and stated that hydrophobic compounds appeared to be the principal foulant 
material. They also showed that the adsorption of low molecular weight molecules, smaller than the 
membrane pore size, could lead to significant irreversible fouling. The study also revealed that 
hydrophilic membranes were better suited for filtration of surface waters. Nilson and DiGiano [26] 
also found that hydrophobic NOM caused severe permeate flux decline compared to hydrophilic 
compounds. 
Crozes et al. [27] also showed that the momentary accumulation of particulate or organic matter on 
the membrane surface does not necessarily lead to irreversible fouling of the membrane. Irreversible 
fouling during filtration of natural waters seemed to be the result of a much slower process.  
Chang and Benjamin [28] suggested that, when the membrane rejects a portion of the NOM, it 
remains near the membrane surface, so its concentration is higher near the surface than in the bulk 
solution (this phenomenon is called concentration polarisation (CP)). If the solubility of the NOM is 
exceeded in the CP layer, the NOM may form a new phase on the membrane surface, thereby 
increasing the hydraulic resistance across the membrane and limiting the permeate flux (the form 
and composition of the condensed phase is thought to be a gel). Lahoussine-Turcaud [29] suggested 
that backtransport of humic substances away from the membrane (by diffusion) was not great 
enough to overcome convective transport towards the membrane, so a layer of humic material 
accumulated near the membrane surface. The extent of convective transport depends on flux and 
thus indirectly on membrane pore size.  
Ravindran and Badriyha [30] as well as Laîné et al. [24, 31] suggested that concentration 
polarisation effects lead to surface fouling of the membrane due to the deposition of rejected 
solutes, and are generally reversible. On the other hand, internal pore fouling of the membrane 
caused by the adsorption of macromolecules is often irreversible [5 and 32].  Crozes et al. [27] also 
demonstrated that parameters, such as flux, concentrate velocity, backwash frequency and 
transmembrane pressure could be adjusted to limit irreversible membrane fouling: this stresses the 
role of concentration polarisation in enhancing fouling. 
In accord with earlier studies [33], fluxes reported by Maartens et al. [16] showed a sharp decline in 
the first few minutes of filtration. This was followed by a steadier decline during the later stages of 
the filtration process. This slower decline was ascribed to concentration polarisation and/or foulant 
adsorption from the filtration solution onto the membrane surfaces and pores. Indeed, changes in 
feed were much smaller, indicating that foulant adsorption was saturating and mainly occurred 
during the initial stages of filtration. The authors assumed that during the initial period, substances 
adsorbed onto the membrane to form a foulant layer dependent on the shear stresses from the cross-
flow velocity, which prevented further increase in the foulant layer after a certain stage. However, a 
clear analysis that confirmed the fouling mechanism was not carried out by these authors. 
Thus, the association of NOM with the membrane matrix, membrane pore blockage and plugging, 
precipitation, deposition, and surface layer formation are the factors contributing to the fouling 
mechanisms and the resulting flux decline. These factors are confounded by one another and are 
difficult to separate. This study attempts to distinguish between different mechanisms such as CP, 
gel or cake formation on the membrane surface, pore blocking and pore adsorption. 
 

3.  Materials and methods 

3.1.  Membranes 
The membranes used in this study were flat-disc ultrafiltration membranes of the Millipore 
(Bedford, USA) PL-series. They are asymmetric regenerated cellulose membranes, with a 
propylene support, and are considered hydrophilic in nature.  
Membranes of MWCOs of 10kDa and 100kDa were chosen. The pore sizes based on Dextran 
molecules retained were calculated after Worch [34] and are listed in Table 1. The surface charges 
of the membranes were measured and zeta potentials of the membranes are also summarised in 
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Table 1, together with other membrane characteristics such as average pure water flux, membrane 
permeability, and resistance. 
The membranes are pre-treated with glycerine by the manufacturer to prevent drying. To remove it, 
1L of Milli-Q water was pre-filtered through the membranes, and the permeate was analysed with 
UV absorbance and TOC measurement to make sure all contamination was removed. The pure 
water flux (PWF) was measured prior to each experiment to evaluate membrane performance and a 
new membrane was used for each experiment. 

3.2.  Filtration protocol 
All experiments were carried out in a magnetically stirred batch cell (volume of 110mL and 
membrane area of 15.2 · 10-4 m2) pressurised with high purity nitrogen gas and stirred at 270 rpm 
(measured with a Philips PR 9115/00 stroboscope). A feed reservoir of 1.5 L was connected to the 
stirred cell to provide extended filtration volumes. Permeate was collected on a PC-controlled 
electronic balance.  
The10kDa and 100kDa membranes underwent different filtration protocols.  
For the 10kDa membrane, 250mL of feed solution were prepared and 25mL were sampled. 225mL 
of feed solution were introduced into the reservoir. Pressure was adjusted to 300kPa and the 
filtration cell was filled up by removal of air through the pressure valve. 150mL of permeate were 
filtered into 3 sample vials of 50mL each. The 75mL of retentate were then also sampled for 
analysis. For the 100kDa membrane, 500mL of feed solution were prepared and 50mL were 
sampled. 450mL of feed solution were introduced in the reservoir. Pressure was adjusted to 100kPa 
and the filtration cell was filled up. The permeate was sampled and then recycled into the reservoir 
together with the retentate. Filtration was repeated two more times. This recycling experiment 
enabled the separation of concentration polarisation effects from fouling effects. The 110mL of 
retentate were then also sampled. 
Volumes were calculated in order to have a 3-fold concentration in the cell after the experiment, 
assuming 100% rejection. 
In order to determine the extent of irreversible fouling, Milli-Q water was filtered through the 
membrane, at the same operating pressure, after each experiment. Approximately 300mL and 
1000mL were flushed for the 10kDa and 100kDa membranes, respectively. 

3.3.  Stock Solutions 
Natural organic matter (NOM) 
Two purified and well characterised organics, purchased from the International Humic Substances 
society (IHSS), Suwanee River Reference material, humic (IHSS HA) and fulvic acid (IHSS FA) 
were used. A third organic type, an Australian natural organic matter (NOM) was concentrated from 
Mooney Mooney Dam (Gosford, NSW, Australia) using microfiltration and reverse osmosis to 
concentrate all surface water constituents. The concentrate was further freeze-dried [35]. The NOM 
powder obtained includes all inorganic salts and hydrophilic organics, which are part of the surface 
water. However, organics, which are associated with particulates, are lost and concentration of salt 
is a drawback. It is, however important to use organics from an aqueous rather than soil origin due 
to the importance of the characteristics of the organics. Adsorption on XAD resins was chosen to 
obtain three fractions of this NOM of different hydrophobicity, a humic acid fraction (NOM-HA), a 
fulvic acid fraction (NOM-FA) and a hydrophilic fraction (NOM-Hyd). The apparent molecular 
size of these fractions is reported elsewhere [35], but relevant results are summarised in Table 2.  
Chemicals 
The chemicals used were of analytical grade and supplied by Ajax Chemicals, Australia. Milli-Q 
water of a quality superior than 18 MΩ/cm was used for all solution preparations and experiments. 
Solution preparation 
The synthetic surface water prepared contained a background electrolyte of 0.5mM CaCl2, 1mM 
NaHCO3, and 20mM NaCl. Solutions contained 12.5mgL-1 organic carbon (as DOC). This 
concentration, higher than the average content of typical surface water, was chosen to accelerate 
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fouling. The desired calcium concentration was adjusted using a solution of 20mM CaCl2. pH was 
adjusted to 7-8 and solutions were stirred for 1h at 270 rpm prior to the experiments. 

3.5.  Analytical methods 
Dissolved organic carbon (DOC) 
Because of its high carbon content (=50%), total organic carbon (TOC) is considered a quantitative 
measurement of NOM. The samples were analysed using a Skalar 12 Carbon Analyser. TOC and 
DOC are used interchangeably in this study. 
UV/Vis spectrometry (UV) 
The presence of unsaturated compounds (substances with delocalised electrons) usually imparts a 
distinct colour to the contaminated water, and ultraviolet/visible (UV/Vis) light-spectroscopy can 
therefore be used to estimate the absorbing compounds concentration. This strong light absorption 
at short wavelength can be attributed to the benzoide bands of carboxyphenols present in organics. 
UV/VIS spectrometry was carried out using a Varian Cary 1E UV/VIS. Each sample was scanned 
from 190 to 500nm, the wavelength of 254nm being used to calculate rejection. All samples were 
measured against a Milli-Q water reference without pH adjustment, following the suggested 
standard method for surface water analysis [36]. Contrary to DOC, the UV absorbance depends on 
organic type and is not a reliable method of concentration determination if the samples are modified 
during treatment. 
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 
A Perkin Elmer Optima 3000 Instrument was used to determine calcium iron content of the 
samples. Solutions were diluted at a 1:1 ratio with 4% nitric acid. 

3.6.  Calculations 
Membrane flux was calculated as  

 
t

V

A

1
J

d

d=      (1) 

where A is the membrane area and V the permeate volume at time t. The flux behaviour is given as 
the ratio of the flux after a volume V of permeate collected (J) to the initial flux at the beginning of 
the experiment (JO). 
Rejections were calculated by equation (2)  

    )
C

C
1(100Rej

B

P−⋅=     (2) 

where CB is the bulk concentration (concentration in the batch cell) and CP the permeate 
concentration. 
Mass balance was used to determine the amount of deposit of solute as mass (in mg) on the 
membranes as described by  
    )/1000CVCVC(VM

i
ii RRPPFF ∑ ⋅−⋅⋅= −  (3) 

were VF is the volume of feed, VPi the volume of permeate i and VR the volume left in the cell at the 
end of the experiment. CF is the feed concentration and CR the concentration in the cell at the end of 
the experiment. This can also be described as percent of mass in feed solution deposited 

    
FF CV

M
100D

⋅
⋅=     (4) 

The results for DOC must be treated with care, as the error is expected to be large, especially at low 
concentrations due to the analytical method used and risk of contamination of the samples.  
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4.  Results and discussion 

4.1.  Effect of calcium concentration 
The influence of calcium concentration on IHSS HA rejection and flux decline through both 
membranes was studied, with calcium concentration in the range of 0.5 to 4mM. Results for flux 
and rejection are shown in Figure 1 and Figure 2, respectively. 
There is negligible flux decline throughout the filtration experiment for the 10kDa membrane 
(Figure 1) as compared to the initial flux (dotted lines). Compared with the 100kDa membrane, the 
filtrate volume is much smaller, however, experiments repeated with the same volume as the 
100kDa membrane did not show any flux decline either (see Figure 3). In fact, there is a slight 
increase of flux to 116% for 0.5mM Ca, even after the pure water flush of the membrane (113%). 
This suggests that the IHSS HA renders the membrane more hydrophilic, as suggested by Jucker 
and Clark [5]. 
As shown in Figure 2A, rejection of IHSS HA calculated as DOC is in the range of 74 to 87% on 
the 10kDa membrane. This range of rejection was also confirmed by fractionation experiments [35], 
in the absence of calcium. Rejection is highest at 0.5mM Ca and then decreases with calcium 
concentration up to 2.5mM. This is probably due to the fact that, as charge repulsion between 
ionised negative groups on HA is lowered (by the positive charges of Ca2+), the molecules tend to 
curl up, and thus have a smaller molecular size, and go through the membrane more easily [27]. 
Alternatively, a reduced charge repulsion between the negatively charged membrane and the 
negatively charged functional groups of the organics could decrease rejection as suggested by 
Schäfer [35]. Rejection is increased at 4mM Ca, as compared to the previous trend. This change is 
probably due to coagulation of the HA, which has been reported to occur for calcium concentrations 
greater than 2.5mM [20]. Coagulates are larger and more retained by the membrane. Rejections 
increase with time, partly due to an increase in the concentration of organics in the cell, and partly 
due to pore closure or blockage. No deposition on the membrane was detectable using  DOC 
measurements and mass balance calculations.  
Rejections measured with UV (Figure 2B) are in the range of 84 to 92%, which is higher than 
rejection measured by DOC. This indicates selectivity towards the rejection of UV-absorbing 
molecules, which also tend to be larger and more aromatic [12]. Rejection is highest at 0.5mM Ca 
and then drops and remains constant with increasing calcium concentration. Since the molecules 
detected by UV measurements are larger they may not reduce their size sufficiently to pass through 
the membrane.  
The deposition of calcium on the membranes is tabulated in Table 3. The amount of calcium 
deposited increases with calcium concentration with the exeption of 4 mM where no calcium 
deposition is apparent. This result was confirmed by a repeat experiment and may indicate a change 
in mechanism from deposition a of compounds in the membrane pores to coagulation which allows 
no further pore penetration with subsequent deposition due to size exclusion. 
 
The 100kDa membrane shows very large flux decline with increasing calcium concentration (Figure 
1), fluxes being reduced to 58%, 33%, 14%, 12% and 10% of the original flux with 0.5, 1.25, 2.5 
(repeated) and 4mM calcium, respectively. Only 4 to 12% of flux could be restored after pure water 
was flushed through the membrane, indicating that fouling was mostly irreversible. This may be 
explained by the fact that pores are bigger and thus aggregates can penetrate into the pores and 
cause pore blocking. The molecules are too small to be retained effectively by the membrane if no 
aggregation occurs (compare Table 1 and 2). Experiments with both 2.5 and 4mM calcium added 
show that flux reaches a plateau value. This confirms the different configuration of HA molecules 
after 2.5mM calcium added. Releasing pressure and emptying the cell at the end of each cycle did 
not influence either fouling pattern, indicating irreversible fouling rather than concentration 
polarisation.  
The mass balance of DOC confirmed these results, depositions were 5, 11, 15 and 14% at 
concentrations of 0.5, 1.25, 2.5 and 4mM Ca (results not shown), respectively. This shows 
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differences between adsorption onto the membrane surface, as typified by the 10kDa membrane 
(negligible deposition) and within the pores. 
DOC rejection of the 100kDa membrane (Figure 2C) was lower compared to the 10kDa membrane, 
especially for 0.5 and 1.25mM Ca where rejection was no higher than 7 and 15 %, respectively. 
However, there is a big difference with 2.5 and 4mM Ca, with a rejection of up to 65 and 74% (this 
latter value is comparable to what the 10kDa membrane achieved at 0.5mM Ca), respectively. This 
confirms the critical coagulation concentration around 2.5mM Ca, which lead to a higher rejection. 
Rejection increased after each cycle indicating that deposition was irreversible and retained smaller 
molecules. Deposition within the pores would decrease pore diameter and decrease the effective 
MWCO. 
UV rejections (Figure 2D) confirm the results of DOC rejection. At 0.5 and 1.25mM Ca, both 
rejections are comparable and thus rejection was due only to big UV-absorbing molecules being 
retained by the membrane. There is also a big step for 2.5 and 4mM Ca, with rejections up to 66 and 
82%. This values are as much as 15% higher than for the DOC. This indicates that big, UV-
absorbing coagulated molecules are selectively coagulated and thus retained. 
The calcium deposition confirms the effect of organic coagulation, as deposition occurs only at 
calcium concentrations of 2.5 and 4 mM (Table 3). 
 
During these experiments the 100 kDa membrane consistently exhibited flux decline depending on 
the filtration conditions, whereas the 10 kDa membrane showed no such decline. Several factors 
could explain this.  
First of all, pore blocking could cause more severe flux decline of the 100 kDa membrane. This is 
addressed in the blocking law analysis below. 
Secondly, the high flux of this membrane could cause severe concentration polarisation and 
membrane-solute interaction, or fouling (thus reach a ‘critical flux’ where deposition starts to 
control flux). The concept of critical flux was introduced by Howell [37]. This effect can be 
controlled by variation of the transmembrane pressure and thus flux. 
Thirdly, the higher filtrate volumes used for this membrane could simply increase the cake mass 
and thus the resistance. The filtrate volume effect can also be examined very easily. 
Figure 3 shows the flux of the 100 kDa membrane at 8 and 100 kPa and that of the 10 kDa 
membrane at 300 kPa, but with a filtration volume identical to that of the 100 kDa membrane. The 
results show that volume is not a critical parameter. The flux remains constant for the 10 kDa 
membrane even at a filtrate volume comparable to that of the 100 kDa membrane. The small filtrate 
volumes used in the experiments are thus an appropriate representative of flux decline. 
Lower flux indeed decreased the amount of fouling by reducing possibly pore penetration and gel 
formation on the membrane. If the 100 kDa membrane is operated at a lower pressure and therefore 
lower flux, the decline is reduced and the final value is identical, at a much lower pressure. This 
clearly indicates the importance of ‘critical flux’ and this requires further studies for surface water 
systems. Flux is obviously not proportional to pressure at these conditions (a pressure increase from 
8 to 100 kPa should cause a 12.5 fold flux increase). 
To further investigate which fouling mechanism is operative, the filtration laws developed by 
Hermia [38] and explained in detail by Cheryan [39] and Bowen et al. [40] were applied. The 
equations are summarised in Table 4 and applied at 2.5mM Ca, with and without stirring for the 
100kDa membrane. At this calcium concentration aggregation of the organics occurs. It should be 
noted that the blocking laws are only valid for unstirred filtration. For high permeate fluxes stirring 
may have a negligible effect. 
These functions are plotted in Figure 4A (complete and cake filtration) and Figure 4B (intermediate 
and standard blocking). The results only show the first cycle of the recycle experiments. The 
analysis is not valid for the further cycles as the feed concentration varies if deposition occurs 
during the first cycle and filtration is not continuous.  
The effect of stirring is large. This means that the blocking law analysis for these conditions is 
invalid. Initial fluxes were about 500 Lm-2h-1 and fluxes after the first cycle were 346 and 152 Lm-
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2h-1 for stirred and unstirred conditions, respectively (this corresponds to flux declines of 40 and 
70%).  
Neither the cake filtration nor the complete blocking law show a linear relationship when 
considering that the analysis is invalid for stirred filtration. 
Intermediate blocking represents the sealing of pores by an accumulation of ‘particles’. This 
relationship is not linear. Standard blocking is the deposition of solute on the internal pore walls, 
inducing a reduction in pore diameter. This relationship is the only one which can be considered as 
linear over a considerable range.  
This means that the blocking law analysis was successful in the distinction between pore and 
surface fouling. Pore fouling by a pore size reduction is the dominant mechanism for the 100 kDa 
membrane as was suggested considering the pore size and the estimated size of organics after 
aggregation. 
 
This study of the influence of calcium on the fouling and rejection characteristics of the UF 
membranes highlights several points. Rejections were higher than expected for both membranes, 
especially in the presence of calcium, where rejections of the 100kDa membrane reached those of 
the 10kDa membrane. The 10kDa membrane results suggest that HA molecules tend to curl up at 
low salt concentration, and pass through the membrane more easily. Higher salt concentrations tend 
to destabilise the molecules, with IHSS HA coagulating around 2.5mM. This increases rejection. 
Although this had no influence on the flux for the 10kDa membrane, pore plugging occurred for the 
100kDa membrane, and this was detrimental to flux, with flux being lowered by 85%. For this 
membrane, fouling was mostly irreversible. 
This demonstrates that flux is a critical parameter in membrane fouling, along with the calcium 
concentration which appears to enhance aggregate formation.  
 

4.3.  Effect of organic type 
 
The influence of organic type on flux decline and membrane rejection was studied for the six 
different organics, at a calcium concentration of 2.5mM. 
The 10kDa membrane showed essentially no flux decline throughout the length of the experiments 
(Figure 5A). The flux for IHSS FA had a distinct tendency to rise, showing that this HS makes the 
membrane more hydrophilic. Elimelech reported a similar effect in nanofiltration [41]. Jucker and 
Clark [5] also explained that, when membranes are coated with hydrophilic compounds, they 
become more hydrophilic. The IHSS HA causes an apparently small decline to a flux ratio of about 
0.95. However, since the initial flux J0 for this membrane is low, it has a significant resistance and a 
5% drop is equivalent to a 50% drop for the 100kDa membrane in terms of deposit resistance. 
DOC rejections (Figure 6A) show very distinct patterns for the different organics, which were 
repeatable over the range of permeate samples. Except for NOM, the trend in rejection 
corresponded to size (Table 2). The highest rejection was achieved for IHSS-HA, with 75% DOC 
rejection. This was explained earlier to be due to coagulation of this HS. NOM-HA showed much 
lower rejection, with only 51% for the third permeate sample. The fractionation experiments [35] 
exhibited little difference between the two HA; however, 10% of IHSS HA was in the >30kDa 
fraction whereas only 2 % of NOM-HA was >30kDa. UV/DOC ratios (results not shown) also 
showed a UV content three times larger for IHSS HA than for NOM-HA. Therefore, IHSS HA has 
a greater tendency to coagulate with 2.5mM Ca added than NOM-HA. Both FA show similar 
rejections, of 45% for IHSS FA and 41% for NOM-FA. The difference in rejection between FA and 
HA shows that FA are much smaller than HA, and that they do not coagulate at 2.5mM Ca. Indeed, 
FA are less hydrophobic than HA and very soluble. NOM-Hyd showed very little rejection (19%), 
and this was predictable since it is very small [35] (see Table 2). NOM exhibits rejections higher 
than NOM-HA, NOM-FA or NOM-Hyd. This may be because NOM was partially undissolved, due 
to the presence of inorganics. Alternatively, the fractionation process (using XAD resins and 
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extreme pH variations) may have somewhat modified the samples. This behaviour was also evident 
from the mass balance calculations, which showed higher deposition (6% NOM was deposited on 
the membrane surface during ultrafiltration (results not shown)). While small amounts of HA or FA 
seem to deposit on the membrane, NOM-Hyd showed no deposition. For HA and FA, rejections 
increased during the experiment, showing that big molecules are retained first, followed by the 
smaller ones.  
UV rejections (Figure 6B) confirm the above results. They are moderately higher than the DOC 
rejections (10 to 17% higher), again indicating selectivity towards the retention of large, UV-
absorbing molecules.  
 
For the 100kDa membrane, flux decline is shown in Figure 5B. The most severe flux decline was 
with IHSS HA for which flux ratio dropped to 14% and was only recovered to 18%, exhibiting 
detrimental fouling of the 100kDa membrane, as described above. NOM-HA also showed 
significant flux decline, but flux ratio only dropped to 53%. From such a difference, it can be 
concluded that it is the large UV-absorbing molecules that are responsible for flux decline. They are 
prone to coagulate, and to cause pore blocking. Both types of FA showed small flux declines, with 
flux ratios at 97% for IHSS FA and 73 % for NOM-FA and this latter flux was recovered to 91% 
after pure water flush. Moreover, it was noted that at the end of each cycle, the flux increased again. 
This indicates that it is concentration polarisation that is responsible for flux decline, being mainly 
reversible. NOM-FA seems to be bigger and to interact more with calcium, thus causing more pore 
blocking. Concentration polarisation was even more visible for NOM-Hyd, with the flux ratio 
increasing after pressure release, and flux ratio, although lowered to 60% was recovered to 90%. 
NOM, on the other hand, had a flux decline comparable to that of NOM-FA, being mostly 
constituted of this HS, but flux could not be recovered, indicating once again that the HA was 
responsible for irreversible fouling, while flux decline was linked to the concentration polarisation 
layer. Deposition of undissolved NOM might also be responsible for this flux decline. 
Apart from IHSS HA, the rejection pattern of which was described earlier, rejections were very low, 
with no more than 10% DOC rejection (Figure 6C). UV rejections (Figure 6D) showed the same 
pattern as DOC rejection.  
 
In conclusion, hydrophobic UV-absorbing molecules are responsible for irreversible pore 
adsorption and plugging, thus promoting detrimental flux decline, and high rejection. Pores were 
blocked less with NOM-HA, but flux decline was still irreversible. For both FA and NOM-Hyd, 
smaller molecules cause concentration polarisation, which is responsible for reversible flux decline. 
This phenomenon was greater for NOM-Hyd, which is also the smallest fraction of NOM. 
Comparison between NOM and its components indicated that flux decline was linked to 
concentration polarisation (due to the smallest molecules) and that irreversible fouling occurred 
(due to pore blocking by the larger organics).  
 

5.  Conclusions 
In this study, the fouling of UF membranes due to different organic fractions was studied. The use 
of two ultrafiltration membranes of different MWCO, 10kDa and 100kDa, with different water 
permeabilities (flux of 46 ± 5 Lm-2h-1 at 300kPa and 150mL filtered for the 10kDa membrane, and 
flux of 620 ± 68 Lm-2h-1 at 100kPa and three cycles of 450mL filtered) was interesting as the first 
gave high rejection and no flux decline, whereas the second one did not achieve good rejection 
results and experienced high flux decline.  
The different behaviour was explained with a combination of a ‘critical flux’ effect and varied pore 
penetration due to the different pore diameters of the membranes and ability of the organics to form 
aggregates with calcium. 
IHSS HA was found to coagulate with a calcium concentration larger than 2.5 mM. This caused 
pore adsorption and pore size reduction which was found to be detrimental to flux on the 100kDa 
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membrane. The other organics studied were less rejected by the 10 kDa membrane due to their 
smaller size. Both FA and the NOM-Hyd fraction experienced concentration polarisation, which 
was mainly reversible. 
The results of this study show that characterisation of surface water composition (salt concentration, 
natural organic matter content), membrane operation parameters and characateristics and a good 
understanding of solute-solute interactions are critical in predicting ultrafiltration behaviour. 
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Figure captions 
 
 
FIGURE 1: Influence of Ca concentration on flux decline.  
Flux as a function of calcium concentration, at pH=7-8, with 12.5 mgL-1 as DOC IHSS HA as DOC 
in background solution, for increasing calcium concentrations for the 10 kDa and 100 kDa 
membranes. PWF is the pure water flux of the membrane. 

 
FIGURE 2: Influence of Ca concentration on IHSS HA rejection. 
IHSS HA rejection as a function of calcium concentration for the 10 kDa membrane (A) as DOC 
and (B) as UV absorbance at 254 nm, and for the 100 kDa membrane (C) as DOC and (D) as UV 
(2.5 mM CaCl2, pH 7-8 and 12.5 mgL-1 as DOC IHSS HA). The experiment for 2.5 mM Ca was 
repeated.  
 
FIGURE 3: Effect of transmembrane pressure and filtrate volume. 
Comparison of transmembrane pressure or initial flux for 10 and 100 kDa at identical filtrate 
volumes (2.5 mM CaCl2, pH 7-8 and 12.5 mgL-1 as DOC IHSS HA). 
 
FIGURE 4: Filtration law analysis. 
(A) Complete blocking and cake filtration analysis and (B) intermediate and standard blocking 
analysis for the 100 kDa membrane at 2.5 mM CaCl2, pH 7-8 and 12.5 mgL-1 as DOC IHSS HA at 
stirred (270 rpm) and unstirred conditions. 
 
FIGURE 5: Influence of organic type on flux decline.  
Flux ratio as a function of permeate volume for different organic types (A) for the 10 kDa 
membrane and (B) for the 100 kDa membrane (2.5 mM CaCl2, pH 7-8 and 12.5 mgL-1 as DOC 
IHSS HA). Experiment for IHSS HA and 100kDa membrane was repeated. 
 
FIGURE 6: Influence of organic type on rejection. 
Organic rejection as a function of organic type for the 10kDa membrane (A) as DOC and (B) as UV 
absorbance at 254nm, and for the 100kDa membrane (C) as DOC and (D) as UV (2.5 mM CaCl2, 
pH 7-8 and 12.5 mgL-1 as DOC IHSS HA). Experiment for IHSS HA and 100kDa membrane was 
repeated. 
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Tables 
 

 
TABLE 1: Pore size, pure water flux and surface charge of the membranes [35]. 
 

Parameter PLGC PLHK 

MWCO (kDa) 10 100 

Pore Diameter (nm) 5.2 18.2 

Membrane Zeta Potential (mV) 

 pH 3 

 pH 7 

 pH 12 

 

0 

- 7.5 

- 7.5 

 

- 3 

- 16 

- 19 

Operating Pressure (kPa) 300 100 

Average Pure Water Flux (Lm-2h-1) 46 ± 5 620 ± 68 

Clean Water Permeability (Lm-2h-1bar-1) 21.7 1320 

Clean Membrane Resistance (m-1) 1.66 · 1010 0.03 · 1010 

 
 
TABLE 2: MW and size of the different HS and NOM [35]. 
 

Organic Type Mw (gmol-1) Molecule Diameter (nm) 

IHSS HA 2748 2.70 

IHSS FA 1532 1.98 

NOM 1381 1.88 

NOM HA Fraction 1857 2.20 

NOM FA Fraction  1318 1.84 

NOM Hydrophilic Fraction 970 1.56 
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TABLE 3: Calcium deposition as a function of calcium concentration and organic type. 
 

Organic Type Calcium  

Concentration  

Calcium Deposit 

(%) ((mg)) 

 (mM) 10 kDa 100 kDa 

IHSS HA 0.50 5.6 (0.3) 0 

 1.25 5.5 (0.7) 0 

 2.50 6.2 (1.6) 15 (3.5) 

 4.00 0 13 (10.2) 

IHSS FA 2.50 0 14.2 (6.0) 

NOM 2.50 1.6 (0.4) 1.4 (0.8) 

NOM HA Fraction 2.50 5.0 (1.3) 20.5 (12.6) 

NOM FA Fraction  2.50 - 13.2 (6.6) 

NOM Hydrophilic Fraction 2.50 1.5 (0.5) 0.4 (0.2) 

 
 
TABLE 4: Constant Pressure Filtration Laws [38, 40]. 
 

Law Equation Description 

 

Complete Blocking  

(pore blocking) 

 

( )V   
J

k
 e

CB

k tCB= − −0
1  

 

Particles do not accumulate on each other and 

particles arriving at the membrane will  seal 

pores, dparticle _ dpore 

Intermediate Blocking  

(long term adsorption) 
V

J

k
k t

IB
IB= +0

1ln( )  
Particles do accumulate on each other and seal 

membrane pores, dparticle _ dpore 

Standard Blocking  

(direct adsorption) 

t

V
   

J

k

J
t

SB= +
1

0 0

 
Particles deposit on the internal pore walls, 

decreasing the pore diameter, dparticle<< dpore 

Cake Filtration  

(boundary layer 

resistance) 

t

V

k

J
V

J
CF= +
4

1

0
2

0

 
Particles are retained due to sieving and form a 

cake on the surface, deposition occurs on other 

particles, all membrane area is already 

blocked, dparticle > dpore 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 5 
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Figure 6 
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