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Abstract 
 
This study explored effects of feed water pre-ozonation via two distinct oxidation 

pathways (reactions with molecular O3 or with radical species as primary oxidants) on 

the permeate flux during nanofiltration of synthetic humic acid solutions.  Twenty 

treatment scenarios corresponding to different combinations of pre-ozonation pH, 

calcium concentration and ozone dosage were tested.  Changes in the permeate flux of 

NF90 membranes were interpreted in terms of physicochemical characteristics of feed 

organics produced by different pre-treatments. The apparent trends in permeate flux 

depended mostly on calcium and ozone dosage and not on the ozonation mechanism.  

However, feed waters pre-treated via different oxidation pathways differed significantly 

in terms of foulant charge, hydrophilicity and concentration, and produced fouling layers 

with different specific permeabilities. The reduction of NF90 membrane fouling was 

attributed in part to higher charge and hydrophilicity of ozonated foulants and, in the 

case of the oxidation by radical species, to partial mineralization of feed organics.
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1. Introduction 

 
The increasing demand for safe and affordable water calls for cost-efficient and robust 

purification technologies capable of removing pathogenic microorganisms as well as 

chemical micropollutants, both naturally-occurring and anthropogenic.  To respond to 

this challenge, water treatment plants have been installing additional treatment 

processes to implement a multiple barrier approach.  Membrane separation and 

advanced oxidation processes as secondary or tertiary treatment options are examples 

of such additional barriers to contaminants.  Nanofiltration (NF) can remove small 

molecular weight compounds and most micropollutants of concern.  Membrane fouling, 

however, remains a problem that raises the cost of membrane operation and 

replacement.  A robust and inexpensive pretreatment is one approach to mitigating 

membrane fouling.  The NF plant located at Méry-sur-Oise (France) relies on water 

sources of variable quality and, therefore, needs a flexible yet reliable pretreatment 

strategy.  The facility applies several pretreatment options including ozone-biological 

activated carbon process [1-3].  The pretreatment lightens the load of foulants on the 

NF membranes but does not eliminate fouling entirely [4-6].  Ozonation is also used as 

a pretreatment option at treatment facilities that employ ultrafiltration, such as the Lake 

View water treatment plan in Mississauga, Canada [7].  Given the continued use of pre-

ozonation in water treatment plants, the effect of this process on the performance of 

membranes installed downstream in the treatment train needs to be understood. 

 

Many bench-scale and pilot studies have been performed to elucidate the impact of 

ozonation – alone or in combination with other pretreatment processes – on the flux 

performance of polymeric UF [8-14] and NF [13, 15-22] membranes.  Feed waters 

included natural surface water [8, 13-15, 19], wastewater treatment plant effluent [9-11, 

17], dairy wastewater [18], and landfill leachate [22] among others.  In some cases, 

ozonation was found to be effective in reducing UF and NF membrane fouling [9-11, 13, 

14, 18, 19] while in other studies no improvement in the permeate flux due to pre-

ozonation was observed [8, 15-17, 21, 22].  These differences were likely due to the 

complex dependence of fouling behavior on study-specific process parameters: feed 
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water chemistry, O3 dosage, additional pretreatment steps [12, 23], membrane surface 

chemistry, presence of microorganisms and biopolymers in the feed, and membrane 

type (UF versus NF).  Ozone dosage, for example, has a major effect on the 

concentration, charge, and hydrophilicity of ozonated molecules [24-26]. 

 

Recently Van Geluwen et al. [27] overviewed the state-of the-art knowledge of the 

effects of ozonation on natural organic matter (NOM) and specifically addressed the 

implications of the ozone-induced changes in the physicochemical properties of NOM 

for membrane fouling.  Despite the extensive research on the effects of ozone on NOM 

and the growing knowledge of how pre-ozonation impacts membrane filtration, there 

seems to be no systematic understanding of how fouling behavior of ozonated water 

differs depending on the ozonation mechanism.  Even at neutral pH the balance can be 

shifted towards one of the pathways depending on the presence of initiators, promoters, 

and inhibitors of ozonation reactions.  Another emerging group of membrane-based 

treatment processes where a particular oxidation pathway - indirect oxidation by radical 

species – dominates is catalytic oxidation in membrane reactors (e.g. photocatalysis 

and catalytic ozonation [28-31]). 

 

The objective of our study is to explore whether different oxidation pathways (i. e. 

molecular O3 versus •OH radicals as primary oxidants [24, 25]) translate into differences 

in the fouling behavior of ozonated waters.  Recognizing that the complexity of NOM 

may confound interpretation of fouling mechanisms, we choose Aldrich humic acid as a 

model organic macromolecule.  We limit the scope of this work to NF and a synthetic 

feed solution of humic acid to analyze NF separation performance as a function of the 

ozonation pathway and calcium concentration in the feed for different O3 dosages. 
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2. Experimental 
 

2.1. Model feed solution 

 
Humic acid (HA) sodium salt was purchased from Sigma-Aldrich and used as received.  

Aldrich HA has been used extensively in membrane filtration studies as a surrogate for 

NOM (e.g. Suwannee River NOM [32]).  Deionized (DI) water was supplied by a 

commercial ultrapure water system (Lab Five, USFilter) equipped with a terminal 0.2 µm 

microfilter (PolyCap, Whatman Plc); the resistivity of water was greater than 16 MΩ·cm.  

The stock solution of 1 g(HA)/L concentration was prepared by dissolving HA in DI 

water.  The concentration of HA was monitored using total organic carbon (TOC) 

analysis.  The stock solution was mixed  using a magnetic bar with a rotation speed of 

~300 rpm for 72 h and stored at 4 oC before diluting it to 6.05 ± 0.01 mg(TOC)/L.  The 

dissolved organic carbon content of the stock solution was measured to be 5.80 ± 0.04 

mg/L (after filtration through 0.45 µm syringe filter, Millipore).  Calcium chloride (ACS 

grade, Sigma) was added to select samples.  Ozonation was performed on the diluted 

(6.05 ± 0.01 mg(TOC)/L), unfiltered stock.  Initial conductivity of the ozonated feed 

solutions was in the 65 to 70 µS/cm range for calcium-free samples and in the 300 to 

315 µS/cm range for samples with [Ca2+] = 1 mM; these conductivity values 

corresponded to ionic strengths within 1.04 to 1.12 mM and 4.80 to 5.04 mM ranges, 

respectively. 

 

2.2. Preozonation-nanofiltration experiments 

 
The ozone batch reactor and nanofiltration system are schematically illustrated in Figure 

1.  Ozonation of the samples was performed in a 500 mL batch reactor.  Ozone gas was 

produced by passing oxygen gas through an ozone generator (OZ2PCS-V; Ozotech, 

Inc.) with an ozone output of 0.26 to 0.6 g/h created by 4 to 9 kV corona discharge.  

Detailed information on the ozonation system and ozonation reactor performance has 

been reported elsewhere [13]. 
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Figure 1: Schematic of the experimental apparatus: ozonation pretreatment and nanofiltration modules. 
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Nanofiltration was carried out using a crossflow filtration membrane cell (CF042 

(modified); Sterlitech Corp.) with a membrane area of 20.2 cm2 and a hydraulic 

diameter of the feed channel of 5.6 mm.  Filtration was performed in a recycling 

mode when both retentate and permeate were returned into the feed tank.  

Retentate flow rate was monitored by an inline flowmeter (Alicat Scientific Corp.).  

Transmembrane pressure and crossflow velocity were maintained constant at 

6.89 bar (100 psi) and 5.8 cm/s, respectively, using a bypass valve (Swagelok) 

and a backpressure regulator (Swagelok).  The permeate flux was measured 

continually by collecting the filtered water on a digital balance (AV8101C, Ohaus) 

interfaced with a computer via an RS-232 port.  All experiments were conducted 

at the temperature of (23 ± 0.5) oC. 

 

Separate dead-end filtration tests were conducted to apply pore blocking laws.  

These tests were performed using an unstirred dead-end filtration cell (HP 4750, 

Sterlitech Corp.; 14.6 cm2 membrane area).  In each experiment, 200 mL of the 

aqueous solution of non-ozonated or ozonated humic acid solution were filtered 

until the permeate volume reached ~ 100 mL.  The experiments were conducted 

at the temperature of (20 ± 0.5) oC.  The transmembrane pressure was 

maintained at constant level within the 7.58 to 10.30 bar (110 to 150 psi) range. 

The values of permeate mass were recorded with a time interval of 10 s using a 

mass balance. 

 

Table 1: Properties of NF90 membrane. 

 
Water contact angle 630 ± 30 

Zeta potential, mV -5.5 ± 0.5 

Material of the separation layer aromatic polyamide 

Molecular weight cut-off, Da 200 - 400 

Hydraulic resistance, m-1, 1013 4.0 - 7.7 

Water flux, L⋅m2h-1 79 - 81 
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Properties of the NF90 membrane (Dow Water & Process Solutions) are given in 

Table 1.  Prior to each experiment, membranes were soaked overnight in DI 

water and compacted by filtering DI water at the transmembrane pressure of 6.89 

bar for 12 h. 

 
2.3. Pre-ozonation – nanofiltration experimental protocol 
 
The experimental protocol is graphically illustrated in Figure 2.  To selectively 

enable a specific ozonation mechanism, the initial pH of the feed solution was 

adjusted to either (2.8 to 2.9), or 7.0, or (11.0 to 11.4).  The reaction with 

molecular ozone (O3) is dominant at the low pH while the oxidation by radical 

species dominates at high pH [24, 26].  No buffers were used to eliminate the 

possible confounding effect of buffer constituents on the fouling behavior of feed 

waters.  After adjusting pH of the samples treated by O3, their conductivity was 

determined to be ~ 870, 305, and 1200 µS/cm for samples ozonated at pH 2.8, 

7.0, and 11.4, respectively. These conductivities corresponded to ionic strengths 

of 13.9, 4.9, and 19.2 mM. We assumed that this variability in ionic strength did 

not affect ozone solubility significantly. We note that pH values lower than 2.8 

and higher than 11.4 were not chosen to avoid higher ionic strength solutions and 

possible interferences with ozonation. Adjusting pH to values lower than 2 or 

higher than 12 would have required addition of a larger amount of acid or base 

and would have increased conductivity and ionic strength. 

 

Ozone dosages were varied from 0 to 2.5 mg(O3)/mg(TOC), which corresponded 

to ozonation times in the 0 to 50 min range at the gas flow rate of 1 L/min.  Given 

~ 6 mg(TOC)/L in the feed, the applied dose was in the 0 to 15 mg(O3)/L range.  

Ozonation led to a pH decrease (see Figure 2) that was dependent on the initial 

pH: pH did not change substantially when the initial pH was low (2.8) or high 

(11.4) but decreased by at least 1.8 when the initial pH was 7.0. 
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Residual ozone was removed by mixing hermetically sealed samples for 1 h 

using a magnetic stirrer.  It was important to remove ozone from the samples to 

prevent oxidative damage to the aromatic polyamide skin of the NF90 membrane.  

The indigo method [33] was used to measure the residual ozone and ascertain 

that it was removed to levels below the detection limit (5 µg/L). 
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Figure 2: Experimental flow chart illustrating two treatment steps (pre-ozonation and nanofiltration), adjustments of 
water chemistry prior to each treatment step and control measurements for each of the 20 treatment 
scenarios tested. TOC content in the feed water was 6.0 mg/L. 
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After ozonation and prior to nanofiltration experiments, the pH of each sample 

was adjusted to 7.2.  The ionic strength was also adjusted to 10 mM in all 

samples by adding NaCl.  With sample-to-sample differences in pH and ionic 

strength values factored out, the relative behavior of NF flux as a function of 

pretreatment conditions could be interpreted in terms of differences in the 

concentration and physicochemical properties of HA ozonated via distinct 

pathways. 

 

2.4. Foulant characterization 
 

To quantify mineralization of organics at the ozonation stage, TOC content was 

measured in each sample (model 1010 TOC analyzer, OI⋅Analytical).  The 

samples were sealed to prevent uptake of ambient CO2. We chose TOC removal 

(and not concentration pf OH radical species) as a more practically relevant 

measure of the efficiency of the oxidation pathway where radical species are 

primary oxidants. This was because the presence of measurable quantities of OH 

radicals does not guarantee that TOC will be degraded; inhibition by various 

scavengers, for example, may interfere.  In contrast, degradation of TOC means 

that OH radicals are not only present but are also active in oxidizing organic 

carbon in the feed. 

 

Zeta potential of organics in the feed water was measured by phase analysis light 

scattering (ZetaPALS, Brookhaven Instruments Corp.) within 2 h of ozonation. 

Water contact angles of membrane fouling layers formed in crossflow NF tests 

were measured using a FTÅ 200 analyzer (First Ten Ångstroms).  Measurements 

were carried out with three different probe liquids: DI water, glycerol (Columbus 

Chemical Industries, Inc.), and diiodomethane (Spectrum Quality Products, Inc).  

The measurements were performed by forming, at a rate of 0.5 µL/s, a 5 µL drop 

of liquid on the tip of a stainless steel syringe needle and then placing the drop 

onto the surface of membrane coated with a cake of foulants by raising the 

membrane until contact was made.  An image of the drop was taken 5 s after the 
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formation of the droplet and the left and the right contact angles were measured.  

For each probe liquid-sample combination at least three different locations on the 

membrane were analyzed with three images recorded for each membrane 

coupon.  Contact angle values were used to determine the surface energy of the 

foulants. 

 

In NF tests with calcium-containing feed waters, HA cake was thick and covered 

the entire surface of the membrane, which attained strong dark color at the end 

of filtration.  The full coverage of the membrane by the cake was confirmed by 

scanning electron microcopy imaging (electron micrographs not shown).  In 

contrast, membranes fouled in the absence of calcium were less stained and the 

staining appeared to be non-homogeneous over the membrane surface, leaving 

a possibility of an interference of uncoated segments of the membrane with 

contact angle measurements.  For this reason, contact angles were only 

measured for fouling layers formed in filtration tests with calcium. 
 
2.5. Application of combined pore blockage-cake filtration model 
 

The combined pore blockage-cake filtration model [34] describes simultaneous 

pore blockage and cake formation over blocked areas of the membrane.  The 

negative slope of the  𝑑
2𝑡

𝑑𝑉2
�𝑑𝑡
𝑑𝑉
� dependence is explained as corresponding to the 

transition from pore blockage to the cake filtration regime.  According to the 

model, the transient permeate flux, 𝑗(𝑡), is given by: 
𝑗(𝑡)
𝑗0

= 𝐹1(𝑡) + 𝑅𝑚
𝑅𝑐0

1−𝐹1(𝑡)
𝐹2(𝑡)

, (1) 

where 

𝐹1(𝑡) = 𝑒𝑒𝑒 �−
𝛼∆𝑃𝐶𝑇𝑇𝑇
𝜇𝑅𝑚

𝑡� 

and 

𝐹2(𝑡) = �1 + 2𝑓′𝑅′∆𝑃𝑇𝑇𝑇𝑇
𝜇(𝑅𝑚+𝑅𝑐0)2

𝑡. 
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The first and second terms in eq. (1) correspond to flow through open and 

blocked pores, respectively.  In this equation, 𝑗0 (m/s) is the initial permeate flux; 

𝑅𝑚 (m-1) is the hydraulic resistance of the unfouled membrane; 𝐶𝑇𝑇𝑇 (kg/m3) is 

the TOC concentration in the bulk of the feed solution; 𝑅𝑐0 (m-1) is the initial 

resistance of the membrane cake; 𝑓′ is the TOC fraction that contributes to cake 

growth; 𝑅′ (m/kg) is the specific resistance of the membrane cake; and 𝛼 (m2/kg) 

is the pore blockage parameter. 𝑗0, 𝑅𝑚, and 𝐶𝑇𝑇𝑇 are measurable experimental 

variables while 𝑓′𝑅′, 𝑅𝑐0, and  𝛼 can be used as fitting parameters to match 

experimental and modeled values of permeate flux, 𝑗(𝑡).  The values of 𝑓′𝑅′, 𝑅𝑐0, 

and  𝛼 that provide the best fit to the experimental data were obtained by non-

linear regression using the Solver tool in Excel.  
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3. Results and Discussion 
 

3.1. Characteristics of NF90 membrane and ozonated feed water 
 

The NF90 membrane surface was determined to be moderately hydrophobic 

(∆𝐺𝑖𝑖𝑖 = -8.4 mJ/m2) and monopolar due to the negligible electron acceptor 

component of surface tension, 𝛾+ (Table 2).  The measured water contact angle 

(650 ± 20) was consistent with the value reported by the manufacturer (630 ± 30) 

(see Table 1). 

 

A decrease in TOC in the HA solution was observed when the pre-ozonation pH 

was 7.0 or 11.4.  In contrast, HA mineralization was minimal in experiments with 

initial pH 2.8, which is when direct reaction with O3 was the main oxidation 

pathway (Figure 2).  That molecular O3 has limited effect on DOC is due to the 

ozone’s low reactivity with reaction products rich in saturated bonds [27]. 

 

Contact angle measurements and surface energy calculations (Table 2) showed 
that at pH 7 and in the presence of 1 mM Ca2+ humic acid had large and negative 

free energy of interfacial interaction when immersed in water (∆𝐺𝑖𝑖𝑖 = -37.5 

mJ/m2) and thus could be qualified as hydrophobic [35].  For the same pre-

ozonation pH 7 and ionic environment, applying ozone at 0.6 mg(O3)/mg(TOC) 

and 2.5 mg(O3)/mg(TOC) dosages led to ∆𝐺𝑖𝑖𝑖 of -23.2 and -7.1 mJ/m2, 

respectively, making HA considerably less hydrophobic.  In comparison with 

direct oxidation by molecular ozone (i.e. at pre-ozonation pH 2.8), indirect 

oxidation by radical species (i.e. at pre-ozonation pH of 7.0 or 11.4) had a more 

pronounced hydrophilizing effect on the surface energy of HA and its ozonated 

derivatives.  Applying 2.5 mg(O3)/mg(TOC) at pre-ozonation pH 11.4 reversed 

the sign of the free energy of interfacial interaction in water, to positive (∆𝐺𝑖𝑖𝑖, = 

6.9 mJ/m2) characteristic of hydrophilic compounds  
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Table 2: Measured contact angles, calculated surface energy parameters and calculated free energy of interfacial 
interaction when immersed in water for NF90 membrane, non-ozonated humic acid, and humic acid ozonated 
under different conditions. 

a DIM = Diiodomethane 
b All humic acid data correspond to experiments with [Ca2+] = 1 mM (see section 2.4) 

 

Material  
Contact angle with probe 

liquid (0) 
Surface energy parameters  

(mJ/m2) 
Free energy of interfacial 

interaction in water,  
∆𝑮𝒊𝒊𝒊 (mJ/m2) H2O Glycerol DIM a 𝛾𝐿𝐿 𝛾+ 𝛾− 𝛾𝐴𝐴 𝛾𝑇𝑇𝑇 

NF90 membrane 65 ± 2  66 ± 3 56 ± 2 30.9 0.2 21.9 4.1 35.0 -8.4 

H
um

ic
 a

ci
d 

b  

Non-ozonated, pH 7.0 92 ± 1 95 ± 1 0 ± 0 50.8 5.5 7.3 12.7 63.5 -37.5 

[O3]=0.6 mg(O3)/mg(TOC), pH 7.0 85 ± 2 95 ± 3 0 ± 0 50.8 7.0 15.2 20.7 71.5 -23.2 

[O3]=2.5 mg(O3)/mg(TOC), pH 2.8 75 ± 2 81 ± 0 9 ± 1 50.2 2.8 17.6 14.0 64.1 -23.3 

[O3]=2.5 mg(O3)/mg(TOC), pH 7.0 69 ± 2 84 ± 0 9 ± 1 50.2 4.9 29.8 24.2 74.3 -7.1 

[O3]=2.5 mg(O3)/mg(TOC), pH 11.4 66 ± 2 85 ± 0 35 ± 1 42.0 4.0 37.9 24.7 66.7 6.9 

 

 



© 2015. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license http://creativecommons.org/licenses/by-nc-nd/4.0 
 

 16 

A reversal in the polarity of organic compounds as a result of oxidation by •OH 

radicals was also observed in the studies of photocatalytic degradation of various 

fractions of NOM [36]. 

 

Indeed because •OH radicals are non-selective oxidants and because their 

oxidation potential is higher than that of molecular ozone (standard reduction 

potential of 2.80 V versus 2.07 V [37]), one can expect a more oxidized and more 

hydrophilic products as a result of the indirect oxidation mechanism. 

 
Figure 3: ζ-potential of humic acid ozonated at different pre-ozonation pH and 

calcium concentrations as a function of O3 dosage. Measurement 
conditions: pH 7; ionic strength = 10 mM. 

 

In terms of their effect on the charge of HA and of its ozonated derivatives 

(Figure 3), the three experimental variables ranked in the following order:  

Ca2+ concentration > O3 dosage > pre-ozonation pH.  Addition of 1 mM of Ca2+ 

decreased the absolute value of the negative charge of HA, significantly 
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changing it from --46 mV to -22 mV.  In consistence with our findings published 

earlier [31], the effect of Ca2+ was enhanced by ozonation.  The enhancement 

was attributed to the higher number of negatively charged groups (mostly 

carboxylic [27]) on ozonated HA.  Thus, although the effects of calcium and 

ozone were opposite, ozonation made the effect of calcium more pronounced. 

 

3.2. Nanofiltration of pre-ozonated water: Permeate flux and TOC rejection 
 
The TOC rejection was high (> 95%) in all crossflow NF tests (see Supporting 

Information (SI); Table S1).  Figure 4 shows NF permeate flux behavior as a 

function of O3 dosage and Ca2+ concentration for three different conditions of 

ozonation pretreatment.  Two general trends could be observed – more fouling in 

the presence of calcium, and a slower decrease in the permeate flux for water 

ozonated at higher O3 dosages. Indeed, when 1 mM calcium was present in the 

feed the permeate flux was ~ 30% lower than in tests with waters with the same 

pre-ozonation pH but no calcium (Figure 4a vs Figure 4b).  The enhancement of 

fouling by divalent cations stems from a combination of factors including reduced 

electrostatic repulsion (Figure 3) and the known ability of Ca2+ to bridge acidic 

functional groups present in both humic acid and on the membrane surface [38, 

39].  The aggregation of foulants in the presence of calcium should also impact 

foulant interactions with membrane and within the fouling layer, but the effect of 

such aggregation on membrane performance is a subject of debate [27].  

 

The slower flux decline at higher O3 dosages was in part due to lower TOC 

content of the feed.  The TOC concentration could differ substantially depending 

on the pretreatment (Figure 2).  For example, applying 2.5 mg(O3)/mg(TOC) at 

the pre-ozonation pH 7 and in the absence of calcium reduced TOC 

concentration from 6.0 to 2.3 mg/L.  In general, the trends in permeate flux and 

rejection could stem from differences in both the physicochemical properties (i. e. 

molecular weight, charge, hydrophilicity) and the concentration of foulants. 

  



© 2015. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license http://creativecommons.org/licenses/by-nc-nd/4.0 
 

 18 

 

(a) (b) 

  

  
(c) (d) 

  

 

Figure 4: Transient behavior of permeate flux as a function of O3 dosage and 

Ca2+ concentration for three different ozonation conditions.  In all 

experiments, transmembrane pressure is 100 psi, T = 23 ± 0.5 oC, 

ionic strength is 10 mM, and pH of the NF feed is adjusted to 7.2 

prior to filtration. Initial permeate flux averaged over all experiments 

was 83.9 ± 6.4 L⋅m2⋅h-1 (23.3 ± 0.2 µm/s). 
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To selectively evaluate the effect of physicochemical properties of foulants on 

flux decline, one needs a flux performance metric that is normalized by the feed 

concentration of foulants.  Section 3.3 introduces specific hydraulic resistance 

due to fouling and describes experimental data in terms of this normalized 

variable. 

 

A comparison of Figures 4c and 4d shows the effect of the ozonation pathway.  

Direct oxidation by molecular O3 (Figure 4c) should be the dominant mechanism 

at the pre-ozonation pH of 2.8, while indirect oxidation by with radical species 

(e.g. •OH radicals) should be the main mechanism at pH 11.4 (Figure 4d).  The 

two main differences are a faster early decline in flux and smaller effect of the O3 

dosage in nanofiltration of the feed ozonated at pH 11.4.  These observations are 

interpreted in terms of fouling mechanisms in section 3.4. 

 

3.3. Fouling propensity of ozonated feed waters 
 

The term “fouling propensity” is used here to denote the inherent ability of a 

component of the feed water to foul a membrane.  The fouling propensity can be 

quantified using the specific hydraulic resistance of the fouling layer, 𝑅𝑓/𝑇𝑇𝐶: 

𝑅𝑓/𝑇𝑇𝐶 =
1

[𝑇𝑇𝐶]
�
𝑗0
𝑗
− 1� 𝑅𝑚 (2) 

Normalization by [𝑇𝑇𝐶] (mg/L) accounts for the partial mineralization of feed 

organics.  𝑅𝑓/𝑇𝑇𝐶 was previously used to evaluate UF and NF membrane fouling 

by ozonated natural water [13]. 

 

Figure 5 summarizes values of 𝑅𝑓 and 𝑅𝑓/𝑇𝑇𝐶 after 72 h of nanofiltration.  The 

hydraulic resistance of the fouling layer, 𝑅𝑓 decreased with an increase in the O3 

dosage (Figure 5a), showing that ozonation can be effective in reducing fouling.  

How much of this improvement was due to a decrease in feed TOC and whether 

changes in foulant properties played a role could be discerned by analyzing 

specific fouling resistance data (Figure 5b). 
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(a) (b) 

  
 
Figure 5: 

 
Dependence of (a) the hydraulic resistance of the nanofiltration fouling layer,𝑅𝑓, and (b) specific 
fouling resistance, 𝑅𝑓/𝑇𝑇𝐶, on O3 dosage for different values of calcium concentration and pre-
ozonation pH. The values correspond to 72 h of nanofiltration. 

 1 
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𝑅𝑓/𝑇𝑇𝐶  exhibited two different behaviors as a function of O3 dosage.  At neutral 

and high pre-ozonation pH, treatment at higher O3 dosages led to the formation 

of membrane fouling layers with higher specific resistance.  This trend could be 

attributed to tighter packing of smaller molecular weight compounds produced by 

more extensive oxidation.  Because the oxidative potential of •OH radicals is 

higher than that of molecular ozone, one can expect a larger extent of oxidation 

and smaller average molecular weight of organics in the water subjected to such 

treatment. 

 

The trend for [Ca2+]=0 selectively describes the effect of ozonation on the 

permeability of HA cakes.  Formed under this condition, fouling layers were of 

substantially lower specific resistance than in the counterpart filtration tests 

conducted with calcium except at the highest O3 dosage.  That the effect of 

calcium on cake resistance is minimal after 2.5 mg(O3)/mg(TOC) pretreatment 

can be tentatively attributed to the high concentration of acidic groups on 

ozonated HA.  One can speculate that under these conditions, available Ca2+ is 

stoichiometrically insufficient to bridge the numerous acidic groups so that such 

bridging does not lead an observable change in the specific permeability of a 

fouling layer.  In other words, (-●-), (-▲-), and (-■-) dependencies did not follow 

the same increasing trend with an increase in ozone dosage as (-○-) and 

“sagged” at low dosages instead because the fewer changes in HA observed at 

lower mg(O3)/mg(TOC) could be masked by the effect of calcium. 

 

Nanofiltration tests were performed after ionic compositions of feed waters were 

matched (pH 7, ionic strength of 10 mM).  Therefore, the changes in 𝑅𝑓/𝑇𝑇𝐶 had 

to be due to differences in foulant properties.  As described in section 3.1, the 

ozonation pathway significantly increased HA hydrophilicity but did not have a 

significant effect on HA charge (ζ-potential was a function of calcium content and, 

to a lesser extent, of the ozone dosage.)  Based on these data, the present study 

indicates that the main effect of the oxidation pathway on NF fouling is in 
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mineralization of feed organics and more extensive hydrophilization of HA via 

radical-type reaction.  The higher hydrophilicity of foulants is significant as it 

should reduce adsorptive fouling due to increased hydrophilic repulsion [40]. 
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3.4 Combined pore blockage and cake filtration model: Understanding 
fouling mechanisms 
 

To gain a more detailed understanding of the mechanisms of membrane fouling 

by water ozonated in different regimes, dead-end nanofiltration experiments were 

performed with the same set of feed waters as in crossflow nanofiltration tests 

described above.  Carrying out filtrations in the dead-end geometry was 

necessary to better meet the requirement of no back-transport of foulants, which 

is one of the assumptions of the blocking law theory [41].  Another assumption 

that all membrane pores are of the same size was not met as the NF90 

membrane has a finite distribution of pore sizes.  Thus, the model’s predictions 

should be viewed only as approximations. 

 

The dead-end filtration data plotted in the  𝑑
2𝑡

𝑑𝑉2
 vs 𝑑𝑡

𝑑𝑉
 format on a log-log graph 

(see SI; Figure S1) shows segments corresponding to cake filtration (zero slope) 

and the transition between pore blockage and cake filtration (negative slope).  

The negative slope can be explained by the combined pore blockage-cake 

filtration model [34] as resulting from the simultaneous pore blockage and 

formation of the cake over blocked areas of the membrane.  The fact that the 

positive slope, which is indicative of one of three pore blockage mechanisms 

(complete, standard, or intermediate), was not observed indicates that pores of 

NF90 membrane are sufficiently small to prevent pore blockage by humic acid 

from being the main fouling mechanism.  This conclusion applies to non-

ozonated and ozonated HA.  Because of the incomplete rejection (95%+; see 

section 3.2) and the presence of the negative slope on the log-log plot of the 
𝑑2𝑡
𝑑𝑉2

�𝑑𝑡
𝑑𝑉
� dependence, some pore blockage must have taken place but, evidently, 

it is was not the dominant cause for the observed flux decline. 

 

The dependencies of the pore blockage parameter (𝛼), the initial resistance of 

the fouling layer (𝑅𝑐0), and the cake growth parameter (𝑓′𝑅′) on pretreatment 
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conditions are presented in Figure 6.  In the absence of calcium, pre-ozonation 

leads to higher 𝛼s regardless of pre-ozonation pH and O3 dosage (Figure 6a).  

The ozonation-induced increase in the magnitude of  𝛼 indicates that the pre-

ozonated organics block membrane pores more effectively (i. e. larger area 

blocked per unit mass of foulant).  An opposite trend was expected based on 

higher hydrophilicity of ozonated HA. We tentatively attribute this effect to smaller 

size of ozonated foulants.  In the presence of calcium the trend disappears 

(Figure 6b) possibly because of the formation of Ca2+-bridged HA aggregates 

that compensates for the oxidation-induced decrease in the average molecular 

weight of individual HA molecules. 

 

The values of 𝛼 determined for the NF90 membrane are 3 to 4 orders of 

magnitude higher than 𝛼s published by Yuan et al. [42] for humic acid fouling a 

0.2 µm track etched membrane.  For pH 7 and no calcium in the feed, Yuan et al. 

report 𝛼 = 4.9 m2/kg, while in our study 𝛼 ranges from 2.2⋅104 to 9.25⋅104 m2/kg.  

Such difference implies that a much smaller amount of organic carbon is 

sufficient to block the pores of NF membranes, which is likely due to both the 

smaller number of pores that can be blocked and the smaller volume of such 

pores [13]. 
 

The initial resistance of the fouling layer, 𝑅𝑐0, represents the resistance of a 

monolayer of foulant molecules on the membrane surface. In the absence of 

calcium, 𝑅𝑐0  values decreased as a result of ozonation (Figure 6c); this indicates 

that while ozonated organics tend to be more effective at blocking membrane 

pores (Figure 6a), they initially pack into less resistant cakes on the membrane 

surface. Cakes formed by the most hydrophilic foulants (i.e. HA ozonated at pH 

11.4) had the lowest initial cake resistance.  This is an expected result because 

on increased hydrophilic repulsion between foulants in the cake.  
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(a) (b) 

  
(c) (d) 

  
  (e) (f) 

  
 
Figure 6: Parameters of the pore blockage – cake filtration model as functions 

of the O3 dosage and pre-ozonation pH. 
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The third fitting parameter, 𝑓′𝑅′, has the physical meaning of the specific cake 

resistance (𝑅′) corrected for the fraction of TOC that contributes to cake growth 

(Figures 6e and 6f).  While for non-ozonated waters, 𝑓′𝑅′ is ~ 3.5 higher in the 

presence of calcium (1.71⋅1017 m/kg vs 0.51 ⋅1017 m/kg), ozonation reduces the 

difference. 

 

Values of for non-ozonated feed are generally comparable with the data reported 

earlier [13] (𝛼 = 0.92⋅104 m2/kg,  𝑅𝑐0 = 14.6⋅1013 m-1,  𝑓′𝑅′ = 0.32⋅1017 m/kg) for 

NF90 filtration of pre-filtered natural surface water with ~ 2 times higher DOC 

(11.7 mg(DOC)L vs 5.8 mg(DOC)/L in this study).  The conductivity of the natural 

water used in the previous study was also higher (351 µS/cm) than that of the 

water used in the present work (~ 67 µS/cm and ~ 307 µS/cm in the absence and 

in the presence of calcium, respectively).  For calcium-free humic acid solutions, 

𝛼, 𝑅𝑐0, and 𝑓′𝑅′ values were 2.23⋅104 m2/kg, 3.77⋅1013 m-1, and 0.51⋅1017 m/kg , 

respectively (Figures 6a, 6c, 6e). For humic acid solution with 1 mM of Ca2+, the 

values were 5.45⋅104 m2/kg, 1.38⋅1013 m-1, and 1.71⋅1017 m/kg (Figures 6b, 6b, 

6f).  Thus, the biggest difference was in the value of the initial resistance of the 

fouling layer, 𝑅𝑐0, which was an order of magnitude higher for the natural water.  

The difference could have been due to the components of the feed (e.g. non-

humic organics, inorganic nanoparticles) absent in the model feed water used in 

this work but present in natural water. 
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4. Conclusions 
 

This study focused on nanofiltration membrane fouling by humic acid oxidized via 

two distinct pathways – direct reaction with ozone and oxidation by radical 

species. Twenty pretreatment scenarios corresponding to different combinations 

of initial pH, Ca2+ concentration and O3 dosage were evaluated.  Data on foulant 

charge and hydrophilicity together with the results of the combined pore blockage 

- cake filtration model were used to interpret fouling mechanisms. 

 

The rejection of TOC was consistently high in the 95% to 99% range.  The two 

main trends in permeate flux were 1) more severe fouling in the presence of Ca2+ 

and 2) a slower decrease in permeate flux and less overall fouling for waters 

ozonated at higher O3 dosages.  The combined pore blockage - cake filtration 

model showed that most fouling was due to cake filtration and not pore blockage.  

A comparison of specific hydraulic resistances of the membrane cakes revealed 

that oxidation via different pathways at the pre-ozonation stage produced waters 

with distinctly different fouling propensities.  While the direct reaction with 

molecular O3 had no measurable impact on the feed TOC, the indirect 

mechanism led to mineralization of up to 62% of feed organics.  The oxidation via 

indirect mechanism (i.e. by radical species) also led to significant hydrophilization 

of humic acid, and for the case of pre-ozonation at pH 11.4 to a reversal of 

foulant polarity from hydrophobic to hydrophilic. 

 

In sum, the apparent changes in permeate flux were mostly determined by 

calcium and ozone dosage and not by the ozonation mechanism.  However, feed 

waters pre-treated via different oxidation pathways differed significantly in terms 

of foulant charge, hydrophilicity and concentration and produced fouling layers 

with different specific permeabilities.  These differences may be important for 

optimizing membrane cleaning procedures for a given pre-treatment.  
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