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A B S T R A C T   

Membrane ozonation of bromide-containing, high-color natural organic matter (NOM) containing groundwater 
was performed using single-tube polydimethylsiloxane (PDMS) and multi-tube polytetrafluoroethylene (PTFE) 
membrane contactors, and compared to batch ozonation. For membrane ozonation, dissolved ozone concen
tration, water color (VIS436), ultraviolet light absorption (UV254) and bromate formation were correlated with 
ozone dose, ozone gas concentration, hydraulic retention time and Hatta number (Ha). NOM color removal of up 
to 45 % for the single-tube contactor and 17 % for the multi-tube contactor were achieved while containing 
bromate formation below 10 µg L− 1. Higher color removal using higher ozone doses was associated with high 
bromate formation i.e. >>10 µg L− 1. In membrane ozonation, low ozone gas concentrations, long hydraulic 
retention times and high Ha resulted in low dissolved ozone concentrations due to quenching of ozone by NOM. 
At specific ozone doses of < 0.5 mg O3/mg DOC and Ha > 1, single-tube ozonation resulted in comparable results 
to batch ozonation while bromate formation was higher in the single-tube contactor at specific ozone doses >
0.5 mg O3/mg DOC and Ha < 1. At comparable ozone doses and Ha, bromate formation in the multi-tube 
contactor was always higher compared to single-tube and batch ozonation. This could be associated with the 
uneven ozone distribution within the multi-tube contactor. Results show that ozone dose is the major driver for 
selectivity between bromate formation and NOM color removal in both membrane and batch ozonation. Bromate 
formation in membrane ozonation may be controlled by adjusting gas concentration, Ha and hydraulic retention 
time. Membrane module design and process parameters of membrane ozonation reactors significantly affect 
treatment performance and should be optimized for selective target compound removal over by-product 
formation.  

Abbreviations: A, Absorbance; α, surface area of the membrane per unit volume of liquid (specific surface area); c, concentration; Cg, ozone concentration in the 
gas phase; CL,out, ozone concentration in the effluent of the reactor; d, membrane inner diameter; δ, membrane thickness; Dg,O3, continuum gas diffusion coefficient; 
DK, Knudsen diffusion coefficient; dm,ln, logarithmic mean membrane diameter; dm,o, membrane outer diameter; Dm,O3, diffusion coefficient of ozone in the mem
brane; DO3, diffusion coefficient of ozone in water; DOC, dissolved organic carbon; ds,h, hydraulic diameter of the shell; ds,in, inner diameter of the shell; dt,o, outer 
diameter of the central tube; ε, porosity; eq., equation; FL, humic fluorescence; Gz, Graetz number; H, Henry coefficient; Ha, Hatta number; L, membrane length; λ, 
wavelength; λr, reference wavelength; LC-OCD, liquid chromatography-organic carbon detection; kG, gas-side ozone mass transfer coefficient; KL, overall ozone mass 
transfer coefficient; kL, liquid-side ozone mass transfer coefficient; km, ozone mass transfer coefficient within the membrane; kO3, first-order ozone decay rate for the 
second (exponential) phase of reaction; IC, ion chromatography; MΟ3, molecular weight of ozone; n, number of fibers; NOM, natural organic matter; ν, kinematic 
viscosity of water; O3, ozone; OC, organic carbon; ⋅OH, hydroxyl radical; P, permeability of ozone through the membrane; PDMS, polydimethylsiloxane; PTFE, 
polytetrafluoroethylene; R, universal gas constant; Re, Reynolds number; rp, membrane pore radius; S, spectral slope; Sc, Schmidt number; ShG, gas-side Sherwood 
number; ShL, liquid-side Sherwood number; SI, supporting information; Sm, solubility of ozone in the membrane material; SUVA254, specific ultraviolet absorption at 
254 nm (ratio of UV254 and DOC); T, absolute temperature; τ, membrane tortuosity; TOC, total organic carbon; u, water flow velocity; UV, ultra-violet (light); UV254, 
ultra-violet light absorbance at 254 nm; VIS, visible (light); VIS436, visible light absorbance at 436 nm; WHO, world health organization. 
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1. Introduction 

Ozonation is a versatile oxidation technology that is widely used in 
water treatment for disinfection, taste, color and odor control, and trace 
contaminant removal (Crittenden et al., 2012). The two major oxidants 
in ozonation are ozone (O3) and the hydroxyl radical (⋅OH) formed 
during ozone decay (Gottschalk et al., 2010; von Sonntag and von 
Gunten, 2012). In the treatment of groundwater, ozonation is used for 
color removal (Lo Tan and Johnson, 2001; Rittmann et al., 2002), in 
conjunction with biofiltration for natural organic matter (NOM) 
removal to reduce disinfection by-product formation during subsequent 
chlorination (Tubić et al., 2011), and for disinfection (Tyrovola and 
Diamadopoulos, 2005). Similarly, ozonation has been applied in com
bination with groundwater recharge for disinfection, NOM and trace 
organic compound removal (Hübner et al., 2012; Zucker et al., 2015), 
and in direct and indirect potable water reuse (Gerrity and Snyder, 
2011; Hooper et al., 2020). However, research on groundwater appli
cations for ozone, including groundwater remediation is still limited 
(Ying et al., 2021). 

NOM is a complex polymeric bulk material consisting of aromatic 
and non-aromatic moieties derived from the decomposition of terrestrial 
plants and algae (Brezonik and Arnold, 2011; Leenheer and Croué, 
2003). Dissolved NOM occurs ubiquitously in natural waters at dis
solved organic carbon (DOC) concentrations of up to more than 100 mg 
DOC L− 1, while mostly in the range of 0.5–10 mg DOC L− 1 (Frimmel, 
1998; Sillanpää, 2015). Presence of NOM affects water treatment pro
cesses and drinking water quality in many ways, for example as mem
brane foulant and during coagulation processes, as cause of taste, color 
and odor issues, as major scavenger of chemical oxidants, including 
ozone, and as precursor of disinfection-by-products (Alhweij et al., 
2022; von Gunten, 2018). Consequently, understanding physical, bio
logical and chemical interactions of NOM during water treatment is key 
to assess process performance and implications on final drinking water 
quality. Groundwater NOM concentrations are typically below 4 mg 
DOC L− 1 (Regan et al., 2017; Rutlidge et al., 2021), with a global median 
of 1.2 mg DOC L− 1 (McDonough et al., 2020). Comparatively high NOM 
concentrations of up to 10 mg DOC L− 1 occur in some groundwaters in 
Northern Germany, which is specifically associated with undesired 
elevated water color when such groundwaters are used for drinking 
water production (Schulz, 2020). 

NOM has high reaction rates with both ozone and hydroxyl radicals 
(von Sonntag and von Gunten, 2012). The reactivity of NOM with ozone 
can vary with its specific composition and the chemical structure of its 
compounds (Buffle et al., 2006; Westerhoff et al., 1999). Ozone itself 
reacts preferably by electrophilic addition with electron-rich moieties in 
NOM such as double-bonds and activated aromatic moieties such as 
phenols (Önnby et al., 2018) while hydroxyl radicals formed during 
ozonation react less specifically and can also oxidize less electron-rich 
moieties (Remucal et al., 2020). Ozonation induces reduction of spec
troscopic, i.e., light-absorbing and light-emitting, properties of NOM, 
such as specific ultraviolet absorbance (SUVA254) and fluorescence 
(Leresche et al., 2019), and its electron donating capacity (Rougé et al., 
2020; Walpen et al., 2020). Specifically, ozone attacks the aromatic 
moieties of NOM, that define its optical properties (Sharpless and 
Blough, 2014), via electrophilic addition followed by ring cleavage 
(Wenk et al., 2013). 

The presence of naturally occurring bromide (Br− ) in groundwater 
may complicate the ozonation process. During ozonation, Br− reacts 
with ozone to form bromate (BrO3

− ) (Sobhani et al., 2012; von Gunten, 
2003; von Sonntag and von Gunten, 2012). Bromate is a regulated 
by-product of ozonation, limited to maximum drinking water concen
trations of 5 µg L− 1 in the Netherlands (for disinfection) (Drinkwa
terbesluit, 2011) or 10 µg L− 1 in many other countries (EU, 1998; 
USEPA, 2009; WHO, 2017). Formation of bromate depends on several 
parameters including ozone dose, bromide concentration, pH and 
alkalinity (Yang et al., 2019). Bromate formation is reduced in the 

presence of NOM due to an overall reduction of ozone and hydroxyl 
radical exposure (Song et al., 1996; Westerhoff et al., 1998) and reaction 
of hypobromous acid (HOBr), an intermediate of the bromate formation 
pathway, with NOM (Heeb et al., 2014; von Sonntag and von Gunten, 
2012). To control bromate formation during ozonation of drinking water 
and wastewater, addition of ammonia, ozonation at decreased pH and 
addition of hydrogen peroxide (H2O2) have been applied (Pinkernell and 
von Gunten, 2001; Soltermann et al., 2017). These methods increase 
treatment effort by additional dosing needs of chemicals and possibly 
subsequent removal or neutralization, given regulated requirements for 
finished drinking water (e.g., in Germany, 0.5 mg L− 1 ammonia, pH >
6.5, CaCO3 dissolution capacity < 5 mg L− 1 CaCO3, 0.1 mg L− 1 H2O2) 
(Trinkwasserverordnung, 2001). Moreover, H2O2 addition was shown to 
slightly decrease ultraviolet light (UV254) absorption reduction and 
humic substances removal in surface water treatment (Beniwal et al., 
2018; Stylianou et al., 2018a) and may therefore also result in lower 
color removal than ozonation alone. Thus, bromate mitigation methods 
without additional chemical dosing are attractive for groundwater 
decolorization. 

Membrane ozonation has been suggested as an alternative ozone gas- 
transfer method over conventional bubble-based methods used in water 
treatment due to potential advantages such as enhanced ozonation ef
ficiency and better process control, as reviewed recently (Merle et al., 
2017; Schmitt et al., 2020). The main feature of membrane ozonation is 
the spatial separation of gas and liquid by a membrane. This allows 
adjusting for specific ozone doses needed for target compound removal 
by different combinations of ozone gas concentration and hydraulic 
retention time, which has been investigated for membrane-based per
oxone oxidation (ozonation with H2O2 dosing) (Merle et al., 2017; 
Stylianou et al., 2018b). It was observed that a combination of long 
hydraulic retention times and low ozone gas concentrations resulted in 
significantly lower bromate concentrations compared to short hydraulic 
retention times and high ozone gas concentrations. The effect was 
ascribed to low dissolved ozone concentration by ozone quenching of 
H2O2. Dissolved organic matter can quench ozone at rates that 
outcompete the reaction of H2O2 with ozone (Buffle et al., 2006; 
Pocostales et al., 2010). Thus, it is hypothesized that dissolved ozone 
concentrations and bromate formation in membrane ozonation may be 
controlled in the presence of NOM. 

In gas-liquid transfer processes with chemical reaction, including 
membrane ozonation, the ratio of chemical reaction rate to mass transfer 
rate is a critical parameter as it comprises information about the con
centration profiles of the reactants in the liquid-side and the degree of 
mass-transfer limitation of the system (Beltrán, 1995). This ratio can be 
quantified with the Hatta number Ha, which can be calculated for the 
case of first-order ozone decay by using Eq. (1) (Charpentier, 1981). Eq. 
(1) applies the film theory that assumes a stagnant liquid film between 
the membrane surface and the well-mixed bulk liquid and is frequently 
used in membrane ozonation models due to its simplicity (Berry et al., 
2017; Phattaranawik et al., 2005). 

Ha =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
DO3 kO3

√

kL
(1) 

DO3 is the diffusion coefficient of ozone in water, kL is the liquid-side 
ozone mass transfer coefficient and kO3 is the first-order ozone decay 
rate for the second (exponential) phase of reaction which depends on the 
ozone dose (Nöthe et al., 2009). Reactions are located completely or 
mainly in the bulk liquid for very slow (Ha < 0.02) and slow kinetic 
regimes (0.02 < Ha < 0.3). In the intermediate or moderately fast 
regime (0.3 < Ha < 3), reactions take place both in the liquid film and in 
the bulk liquid resulting in prevalently low bulk liquid ozone concen
trations. At fast kinetic regimes (Ha > 3) ozone is completely depleted in 
the liquid film, inhibiting ozonation reactions in the bulk liquid. To our 
knowledge there are no studies investigating the effects of Ha on 
bromate formation in membrane ozonation directly. 
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The aims of this study were (1) to investigate if bromate formation in 
the ozonation of a colored groundwater could be controlled by mem
brane ozonation and (2) to study the effects of the process parameters, 
namely ozone dose, gas concentration, hydraulic retention time and Ha 
on the competition between NOM degradation and bromate formation. 
A single-tube membrane ozonation contactor with a non-porous poly
dimethylsiloxane (PDMS) membrane was used to study fundamental 
effects of these process parameters on ozonation performance of natural 
groundwater. A larger multi-tube contactor with porous polytetra
fluoroethylene (PTFE) membranes was used to assess whether these 
findings were similar irrespective of membrane material and build. As 
an external benchmark, conventional (batch) ozonation was compared 
to the results of membrane ozonation. 

2. Materials and methods 

2.1. Water sample 

A batch of 60 L of treated groundwater was sampled at a drinking 
water treatment plant in Northern Germany in February 2020. The 
water had undergone treatment with aeration, calcium hydroxide floc
culation and softening, two-stage sand filtration and subsequent carbon 
dioxide removal by degassing. Ozonation relevant properties of the 
water are shown in Table 1. 

2.2. Chemicals 

Oxygen for ozone production was of 99.5 % purity (BOC, Guildford, 
UK) for membrane ozonation and of 99.95 % purity (Westfalen, 
Münster, Germany) for batch experiments. Chemicals and analytical 
consumables were purchased from Sigma Aldrich or Fisher Scientific. 
Ultrapure water (resistivity > 18 MΩ cm− 1) and deionized water were 
produced with a Milli-Q (Merck, Darmstadt, Germany) water purifica
tion system for batch ozonation or an ELGA (Veolia, Paris, France) 
system for membrane ozonation. 

2.3. Experimental procedure 

Membrane ozonation experiments were conducted using two 
different setups, described below. Batch ozonation was performed via 
addition of an ozone stock solution. Experiments were performed in 
duplicate at 16  ± 1  ◦C. Mean values and standard deviations were 
calculated from these duplicates. 

2.3.1. Single-tube membrane ozonation 
The first membrane ozonation setup, referred to as single-tube con

tactor (Fig. 1.a), consisted of a single tubular non-porous PDMS mem
brane (Silastic® tubing, Cole-Parmer, UK) fixed at the central axis of a 
glass cylinder and is described in detail elsewhere (Zoumpouli et al., 

2018). Membrane specifications are summarized in Table 2. 
For single-tube membrane ozonation experiments, the gas flow rate 

through the contactor was set to 100 mL min− 1 (gas residence time of 30 
s). A flow split was used that by-passed a portion of the inlet gas directly 
into the waste stream to simultaneously achieve low ozone concentra
tions and low gas flow rates entering the contactor. Experiments with 
different ozone concentrations in the feed gas were performed (25 to 
197 g O3 m− 3). Both feed gas and feed water were supplied in single-pass 
continuous mode. The water flow rate was measured gravimetrically 
and set to 1.2, 2.6, 5.0 or 9.7 mL min− 1, resulting in hydraulic retention 
times in the membrane reactor of 2 to 20 s (see Table S1). Formation of 
few small gas bubbles was observed inside the membrane tube at water 
flow rates of 1.2 and 2.6 mL min− 1 due to fast oxygen/ozone transfer 
through the membrane. The system was left to equilibrate for at least 10 
min before samples were taken from a sampling port at the single-tube 
contactor outlet. The minimum time required to achieve stable ozone 
transfer conditions had been determined in previous experiments 
(Zoumpouli et al., 2018). Samples for dissolved ozone measurements 
were quenched with indigo (see section 2.4 for details) while samples for 
light absorbance and bromate measurements were not quenched but 
carefully filled from bottom to top with no headspace and stored in the 
dark at room temperature for several hours, allowing for reactions to 
proceed until complete ozone depletion. 

2.3.2. Multi-tube membrane ozonation 
The second membrane ozonation module, referred to as multi-tube 

contactor (Fig. 1.b), was a custom-made hollow fiber unit at half the 
size of commercial modules and provided by Markel Corp (Plymouth 
Meeting PA, USA). The module consisted of a stainless-steel housing 
containing 490 porous PTFE membrane fibers. Further details are listed 
in Table 2. The module was installed vertically and operated in either co- 
current or counter-current flow with gas in the shell and liquid in the 
lumen. Gas was distributed within the module through a perforated tube 
located at the central axis of the module (Figure S1). 

For multi-tube membrane ozonation experiments, an oxygen flow 
rate into the ozone generator of 1000 mL min− 1 was used resulting in a 
gas residence time in the membrane module of less than 1 min. Exper
iments with different ozone concentrations in the feed gas were per
formed at 25 to 71 g O3 m− 3. The water flow rate was measured 
volumetrically and set to 400, 680 or 920 mL min− 1, resulting in hy
draulic retention times of 26 to 60 s (see Table S2). At 400 mL min− 1, the 
liquid-side pressure was increased by partially closing the needle valve 
to avoid formation of gas bubbles, while the pump provided sufficient 
pressure at higher flow rates (see Table S2). The system was left to 
equilibrate for at least 4 min, to provide more than four times the hy
draulic retention time in the module, before samples were taken. The 
experiments were performed in counter-current flow for water and 
ozone gas. At the lowest liquid-side flow rate of 400 mL min− 1, an 
additional setup with co-current flow was implemented by inverting the 
gas flow direction. Samples were taken with the same procedure as 
described for single-tube membrane ozonation. 

2.3.3. Batch ozonation 
Batch ozonation experiments were performed in 100 mL DOC-free 

glass flasks containing 70 mL of water sample, with injection of an 
ozone stock solution. The applied specific ozone doses were 0.1, 0.2, 0.4, 
0.6, 1.0 and 1.5 mg O3/mg DOC. Ozone for the batch experiments was 
produced from oxygen using a lab ozonizer (301.7, Sander, Uetze-Elze, 
Germany). Water for the stock solution was of ultrapure grade and 
maintained at the sample temperature of 16 ◦C during preparation. 
Ozone concentration in the stock solution was 21 ± 1 mg L− 1 as 
measured by UV absorption (molar attenuation coefficient 3200 M− 1 

cm− 1 at 260 nm) (von Sonntag and von Gunten, 2012). The injection of 
ozone stock solution was done using a syringe extended with PTFE 
tubing to ensure submerged ozone dosing. Samples were stirred with a 
PTFE-coated magnetic stirrer during ozone addition and for at least 20 s 

Table 1 
Properties of the treated groundwater used as feed water for membrane ozon
ation. *Iron and manganese values were not measured in the sample used in this 
study but are measured by the water supplier in regular intervals with consistent 
results.  

Property Value 

pH at 17 ◦C/- 8.0 ± 0.1 
Total organic carbon (TOC)/mg C L− 1 5.7 
Dissolved organic carbon (DOC)/mg C L− 1 5.6 
Bromide/μg L− 1 82 
Total Alkalinity/mmol L− 1 1.6 
UV absorbance at 254 nm (UV254)/m− 1 15.3 
Specific UV absorbance at 254 nm (SUVA254)/L mg− 1 m− 1 2.73 
Color measured as visible absorbance at 436 nm (VIS436)/m− 1 0.48 
Iron*/mg L− 1 0.1 
Manganese*/mg L− 1 <0.005  
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afterwards for complete mixing. Samples were stored at 16 ◦C in the 
dark. Analysis took place on the subsequent day after filling up all water 
samples with ultrapure water to a volume of 100 mL. The resulting 
dilution factor of the water, 1.43, was multiplied with the analytical 
values for UV254, VIS436 and bromate to allow comparison with the 
membrane ozonation results. 

Kinetic batch experiments were performed for specific ozone doses of 
0.5, 1.0 and 1.5 mg O3 /mg DOC in a batch setup with a dispenser 
mounted on the flask from which samples were taken at regular time 
intervals. Ozone stock solution was added with a syringe via a side- 
socket equipped with a septum and cannula. Stock solution addition 
took place below the reactor water level for about 20 s before sampling 
at regular defined time intervals commenced. A lab dispenser was used 
for sampling for residual ozone measurements with indigo (see section 
2.4 for details). Stirring was discontinued 60 s after stock solution 
addition to prevent volatilization of ozone. No significant loss of ozone 
in the reactor was found over the experimental duration of 20 min in 
tests using 20 mM H3PO4 at pH 2. 

2.4. Analytical techniques 

The concentration of dissolved (residual) ozone in the water outlet of 
each membrane contactor and in stock solution experiments was 
measured with the indigo method (Bader and Hoigné, 1981). All sam
ples except for those for dissolved ozone, TOC and pH were filtered prior 
to analysis using 0.45 µm polypropylene syringe filters (VWR Interna
tional, Radnor, US). Absorbance measurements at 254 and 436 nm and 
wavelength scans (190–700 nm, 0.5 nm increment) were performed 
with a Hach Lange DR 5000 spectrophotometer (Hach, Loveland, USA) 
using 5 cm quartz glass cuvettes. All absorbance measurements were 

corrected by the absorbance of ultrapure water. Bromate concentrations 
were measured by ion chromatography (IC) with post-column reaction 
and UV detection of triiodide (ISO, 2011). A Metrohm IC with an 
ASupp16 column (Metrohm AG, Herisau, Switzerland) was used. Bro
mide was measured by ion chromatography with UV detection using the 
same Metrohm IC with an ASupp5 column. TOC and DOC were quan
tified as non-purgeable organic carbon with the TOC analyser TOC-L 
(Shimadzu Corp., Kyoto, Japan) using combustion catalytic oxidation 
at 680 ◦C coupled with a nondispersive infrared sensor. The pH of the 
feed water was measured with a FE20 pH meter (Mettler Toledo, 
Leicester, UK). 

2.5. Ozone mass transfer calculations 

Although small ozone concentration differences between inlet and 
outlet gas were detected for both membrane ozonation contactors, it was 
not possible to accurately determine the transferred ozone dose from a 
gas-side mass balance. Therefore, UV254 reduction was used as a proxy 
for the ozone dose. This approach was chosen because UV254 has been 
established as a surrogate parameter for oxidant exposure in ozonation 
processes, e.g. for micropollutant degradation and bromate formation 
(Chon et al., 2015) or to quantify the formation of biodegradable organic 
carbon during ozonation (Li et al., 2017). Specific ozone doses applied in 
membrane ozonation were approximated from the results of the batch 
experiments, of which the ozone dose was known. For calculations see 
SI, section S1.3. 

Ozone decay in natural waters is usually modeled as a biphasic 
process consisting of an initial rapid ozone consumption phase and a 
slower secondary phase, assuming first-order exponential ozone decay 
(Elovitz et al., 2000; Westerhoff et al., 1999). This secondary phase can 
be modeled using a first-order ozone decay rate kO3, which was also used 
here to calculate Ha of membrane ozonation (Eq. (1)). To obtain kO3 of 
membrane ozonation experiments, an exponential fitting of kO3 (after 
15 s of reaction) versus the ozone dose from kinetic batch experiments 
was used. The fitting was calculated from the data of ozone doses of 0.5, 
1.0 and 1.5 mg O3/mg DOC (Table S7, Figure S2). The fitting was per
formed in Origin (Originlab, Northampton, USA) with an exponential 
function of the form y = y0 + A•exp(R0x), where y is the ozone decay 
rate kO3 in s− 1 and x is the ozone dose in mg O3/mg DOC (Figure S3). 
Fitting parameters are the offset y0, the initial value A and the rate R0. 
The results of the fitting were y0 = 0.0024 s− 1, A = 0.30 s− 1 and R0 =

-3.8 mg DOC/mg O3. Using that function, the first-order ozone decay 
rate kO3 was estimated for each membrane ozonation experiment. Ha 
was calculated by using overall ozone decay rates kO3 determined at the 
contactor outlets accounting for the overall ozone dose that the water 
received. 

Fig. 1. a. Single-tube contactor and b. multi-tube contactor ozonation setups. Instrumentation details are listed in the SI, section S1.1.  

Table 2 
Specifications of the single-tube contactor and the multi-tube contactor. *Based 
on the inner diameter. **Maximum pore size provided by the manufacturer.  

Membrane contactor Single-tube 
contactor 

Multi-tube 
contactor 

Membrane outer diameter/mm 3.2 1.9 
Membrane inner diameter/mm 1.6 1.5 
Membrane length/cm 20 46 
Number of membrane tubes 1 490 
Lumen volume /mL 0.4 400 
Shell volume, minus the lumen/mL 50 1000 
Membrane surface area*/m2 0.001 1.1 
Membrane specific surface area*/m2 

m− 3 
2500 2670 

Membrane material non-porous PDMS porous PTFE 
Membrane maximum pore size**/μm - 0.82  
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The liquid-side ozone mass transfer coefficient kL (Phattaranawik 
et al., 2005) was calculated by Eq. 2 from the liquid-side Sherwood 
number ShL, the diffusion coefficient of ozone in water at 16 ◦C, DO3, and 
the membrane inner diameter dm,in. The Sherwood number was calcu
lated based on the Lévêque correlation (Lévêque, 1928) and is explained 
in detail in the SI, section S1.4. The gas-side and membrane mass 
transfer coefficients were calculated and presented in the SI, section 
S1.4, Table S5. 

kL =
ShL DO3

dm,in
(2)  

3. Results and discussion 

3.1. Ozone mass transfer in membrane ozonation 

The two membrane contactors used in this study obtained different 
membrane materials and module geometry (Table 2). However, the 
experimental overall mass transfer coefficient was similar in both con
tactors (Table S5). The theoretical overall mass transfer coefficient in the 
multi-tube contactor was higher than the experimental one, which may 
be due to non-ideal flow conditions within the module. The experi
mental conditions for groundwater ozonation, i.e., feed-gas ozone con
centrations and hydraulic retention times, were chosen to achieve a 
similar range of residual dissolved ozone concentrations for both 
membrane contactors. The range of residual dissolved ozone concen
tration at the contactor outlet was 0.0–6.4 mg L− 1 for the single-tube 
contactor (Fig. 2.a) and 0.0–7.2 mg L− 1 for the multi-tube contactor 
(Fig. 2.b). At the same dissolved ozone concentration, the transferred 
ozone dose may be higher in the multi-tube contactor due to increased 
hydraulic retention time and therefore increased ozone consumption 
within the module. Changing the flow mode to co-current in the multi- 
tube contactor decreased dissolved ozone concentrations slightly (Fig. 2. 
b), which was expected due to the decreasing concentration difference 
between gas and liquid side which is the driving force for mass transfer 
(Atchariyawut et al., 2007). Zero-outlet concentrations of ozone were 
measured at ozone doses below 2 mg L− 1 in both contactors (Figure S4), 
indicating rapid initial ozone consumption. This is due to fast reactions 
of NOM and other water matrix constituents and is referred to as the 
immediate ozone demand (Schmitt et al., 2020). At ozone doses above 

the immediate ozone demand, which applies for hydraulic retention 
times of 9.2 and 20 s in the single-tube contactor and for all hydraulic 
retention times in the multi-tube contactor, dissolved ozone concen
trations increased with both hydraulic retention time and ozone gas 
concentration, in agreement with previous studies (Kaprara et al., 2020; 
Stylianou et al., 2016; Zoumpouli et al., 2018). In fact, a linear rela
tionship between dissolved ozone in groundwater and ozone gas con
centration was observed when exceeding the immediate ozone demand 
(Fig. 2, Figure S4). Additional experiments with ultrapure water (i.e., 
without an ozone sink) with the multi-tube contactor (see Figure S5) 
resulted in similar slopes as for the ozonation of groundwater (e.g., for 
60 s hydraulic retention time, m = 0.12 ± 0.003 for groundwater and m 
= 0.13 ± 0.003 for ultrapure water). However, a concentration offset in 
groundwater ozonation was visible due to the immediate ozone demand 
and resulted in negative y-intercepts (-2.0 ± 0.10 mg L− 1 ≤ x0 ≤ -1.1 ±
0.13 mg L− 1 in groundwater versus -0.90 ± 0.38 mg L− 1 ≤ x0 ≤ 0.32 ±
0.45 mg L− 1 in ultrapure water). 

Liquid-side mass transfer coefficients kL for the membrane contactors 
were calculated based on Eq. (2). The single-tube contactor exhibited 
generally higher kL values than the multi-tube contactor (6.90 • 10− 6 m 
s− 1 ≤ kL ≤ 1.38 • 10− 5 m s− 1 for the single-tube contactor (Table S1) 
versus 4.87 • 10− 6 m s− 1 ≤ kL ≤ 6.43 • 10− 6 m s− 1 for the multi-tube 
contactor (Table S2). 

Reaction conditions in the membrane ozonation contactors were 
compared based on the dimensionless Hatta number, Ha (Fig. 3). Ha 
values of 0.31–1.72 in the moderately fast regime (0.3 < Ha < 3) were 
obtained, indicating that reactions took place both in the liquid film and 
in the bulk. This is comparable to the membrane ozonation of NOM 
isolates at pH 7 and 2.66 ± 0.4 mg DOC L− 1, that resulted in Ha of 
0.52–0.82 (Leiknes et al., 2005). Zero-outlet concentrations of dissolved 
ozone, which were obtained by a combination of short hydraulic 
retention times and low feed-gas ozone concentrations, were correlated 
with Ha > 1 in the single-tube contactor, indicating the liquid film as the 
main reaction zone (Leiknes et al., 2005). In multi-tube ozonation, a 
zero-outlet ozone concentration was obtained at Ha = 1.67 only. Dis
solved ozone concentrations of the multi-tube contactor were slightly 
higher than in the single-tube contactor at similar Ha values. According 
to Eq. (1), similar Ha values imply lower kO3 and therefore higher ozone 
dose in the multi-tube contactor than in the single-tube contactor to 
make up for the lower kL of the multi-tube contactor. Moreover, in the 

Fig. 2. Dissolved ozone concentration at the reactor outlet in membrane ozonation of groundwater (16 ◦C¸ pH 8.0, DOC 5.6 mg L− 1) with linear fits and 95% 
confidence intervals for a. the single-tube contactor (specific ozone dose 0.01–1.58 mg O3/mg DOC); 20 s: x0 = -1.1 ± 0.22 mg L− 1, m = 0.038 ± 0.003, R2 = 0.99; 
9.2 s: x0 = -0.97 ± 0.17 mg L− 1, m = 0.031 ± 0.003, R2 = 0.98; b. the multi-tube contactor (specific ozone dose 0.38–1.57 mg O3/mg DOC); linear fit: 60 s: x0 = -1.1 
± 0.13 mg L− 1, m = 0.12 ± 0.003, R2 = 1.00; 60 s co-current: x0 = -1.7 ± 0.05 mg L− 1, m = 0.12 ± 0.001, R2 = 1.0; 35 s: x0 = -2.0 ± 0.10 mg L− 1, m = 0.096 ±
0.002, R2 = 1.0; 26 s: x0 = -1.8 ± 0.11 mg L− 1, m = 0.071 ± 0.002, R2 = 1.0; errors (±) given as standard errors. 
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multi-tube contactor, a transversal ozone concentration gradient on the 
gas-side is established due to the distribution of ozone from a single 
central tube (see Figure S1 and Methods, section 2.3 for details). This 
implies that membrane fibers near the center receive more ozone than 
those located further towards the outer wall of the contactor. Inner fi
bers might have received higher specific ozone doses, resulting in 
depletion of fast-reacting NOM moieties and elevated overall residual 
ozone concentrations at the contactor outlet. 

3.2. Transformation of groundwater NOM in batch ozonation 

UV/VIS-absorbance spectra for groundwater as absolute values are 
shown for batch experiments in Fig. 4.a and the inlet Fig. 4.b covering 
the visible light region that showed low absorbance. NOM typically 
exhibits an exponential decrease in absorption with increasing wave
length that can be modeled with the function A(λ) = A(λr) • exp(-S(λ - 
λr)), where A is the absorbance at wavelength λ, λr is the reference 
wavelength, and S is the spectral slope (Twardowski et al., 2004). Fig. 4. 
c shows relative absorbance compared to the initial non-ozonated 
sample. Absorbance generally decreased steadily with increasing 
ozone dose and to similar extent for wavelengths below 350 nm (Fig. 4. 
c). At wavelengths above 350 nm a smaller decrease or even small in
creases in absorbance for wavelengths above 375 nm were observed at 
lower ozone doses. Color, i.e., absorbance at 436 nm was therefore 
increased at ozone doses below 0.4 mg O3/mg DOC. Moreover, at these 
ozone doses, spectral slopes decreased (Figure S6). This is in contrast 
with previous findings of consistently increasing spectral slopes for NOM 
isolates with increasing ozone doses, including at low ozone doses 
(Wenk et al., 2013). To further investigate this phenomenon, liquid 
chromatography with subsequent organic carbon detection (LC-OCD) 
analyses and additional ozonation experiments with pre-filtered samples 
were conducted. LC-OCD chromatograms, data from the additional ex
periments and a detailed explanation are given in the SI, section S2.2, 
Figures S7 and S8. In short, the humic substances organic carbon (OC) 
peak shifted to smaller retention times at low ozone doses, indicating 
that high-molecular NOM with contribution to VIS436 was released from 
colloidal NOM fractions at ozonation. Pre-microfiltration (0.1 or 0.45 
µm) of the samples reduced the increase in VIS436 at low ozone doses, 
which demonstrates that the NOM compounds with contribution to 
VIS436 originate from such colloidal NOM fractions. 

3.3. Color removal and bromate formation in membrane and batch 
ozonation 

Despite the initial visible absorbance increase at low ozone doses, 
which was similar across the three experimental setups, both membrane 
and batch ozonation led to a significant decrease in VIS436 from initially 
≈ 0.5 m− 1 to values under 0.2 m− 1 at 1.5 mg O3/mg DOC, the highest 
ozone dose tested (Fig. 5.a). VIS436 decrease at 1.0 mg O3/mg DOC was 
≈ 60 %, which was slightly lower than expected from previous studies 
on color removal in wastewater (color measured at 455 nm) (Wert et al., 
2009) and groundwater (color measured at 408 nm) (Rittmann et al., 
2002), both of which reported a color decrease of ≈ 80 % at 1.0 mg 
O3/mg DOC. We attribute the lower decolorization efficacy in this 
groundwater sample to the initial increase of color at lower ozone doses 
(see section 3.2). Small variation in VIS436 at comparable ozone dose, i. 
e. at comparable UV254 reduction, was observed in the different ozon
ation setups. It is viable that the different ozone dosing mechanisms 
affected reaction conditions in the membrane contactors. If a significant 
amount of ozone reacts within the liquid film, i.e., at Ha > 1 (Leiknes 

Fig. 3. Correlation of dissolved ozone concentration at the reactor outlet and 
Hatta number in membrane ozonation. Experimental conditions: 16 ◦C¸ pH 8.0, 
DOC 5.6 mg L− 1; specific ozone dose 0.01–1.58 mg O3/mg DOC (single-tube 
contactor), 0.38–1.57 mg O3/mg DOC (multi-tube contactor). 

Fig. 4. a. UV/VIS-absorbance spectra of water samples for varying specific 
ozone doses of batch ozonation experiments (dilution by ozone stock solution 
considered by multiplication with the dilution factor of 1.43) b. inlet showing 
absorbance in m− 1 for wavelengths from 360 to 440 nm c. Relative absorbance 
spectra regarding non-ozonated sample (0.0 mg O3/mg DOC). Experimental 
conditions: 16 ◦C¸ pH 8.0, DOC 5.6 mg L− 1 

J. Kämmler et al.                                                                                                                                                                                                                               



Water Research 221 (2022) 118739

7

et al., 2005), ozone and hydroxyl radical exposure of water constituents 
may vary spatially. In the liquid film, ozone may be consumed quickly 
by fast-reacting NOM moieties (Jansen et al., 2005). The hydroxyl 
radical exposure may not be affected by this, as it depends on the 
consumed amount of ozone and not the ozone exposure (Kwon et al., 
2017). However, as Ha was in the moderately fast regime (0.3 < Ha < 3) 
for membrane ozonation experiments in this study, we believe that the 
effect of varied hydroxyl radical to ozone exposure ratios on UV254 and 
VIS436 was minor and within the experimental error. Results for color 
removal for the single-tube contactor were more scattered compared to 
the multi-tube contactor and batch ozonation. This is probably due to 
the larger variation of mass transfer conditions in the single-tube con
tactor (ratio of highest and lowest kL = 2.0, ratio of highest and lowest 
ozone feed gas concentration = 8.0, Table S1) compared to the 

multi-tube contactor (ratio of highest and lowest kL = 1.3, ratio of 
highest and lowest ozone feed gas concentration = 2.8, Table S2), which 
may have expanded the range of results and underlines an association 
between mass transfer conditions and final water quality. 

Bromate concentrations remained generally below the WHO guide
line value of 10 µg L− 1 for ozone doses below 0.5 mg O3/mg DOC for all 
ozonation setups (Fig. 5.b). At higher ozone doses, bromate formation 
increased drastically to concentrations of up to 103 µg L− 1, resulting in a 
molar bromide to bromate conversion of up to 78 %. A similar rela
tionship between bromate formation and ozone dose has been described 
previously for wastewater effluents and surface water (Li et al., 2017), 
indicating that these results can also be translated into groundwater 
treatment. At specific ozone doses below 0.5 mg O3/mg DOC, 
single-tube ozonation resulted in lower or similar bromate formation 
compared to batch ozonation. This was inverted at higher ozone doses, 
which resulted in significantly higher bromate concentrations of 
single-tube compared to batch ozonation. Similarly, it was found in 
previous studies that bromate formation in membrane peroxone pro
cesses may either be lower or higher than in batch peroxone processes 
(Merle et al., 2017; Stylianou et al., 2018b). Lower bromate formation in 
the membrane peroxone process than in batch ozonation was only found 
at ozone gas concentrations of 0.5–1.0  g O3 m− 3 (Merle et al., 2017), 
which is more than one order of magnitude lower than used in the study 
presented here. In single-tube ozonation, a decrease in bromate con
centration was observed with increasing hydraulic retention time, i.e. 
with decreasing ozone gas concentration, at comparable ozone dose 
(Fig. 5.b, clusters I and II). This is in agreement with the results of 
previous studies on membrane peroxone application (Merle et al., 2017; 
Stylianou et al., 2018b) and suggests that bromate control in NOM-rich 
groundwater may be achieved without addition of H2O2. Multi-tube 
membrane ozonation produced higher bromate concentrations than 
the other two setups tested despite longer hydraulic retention times and 
lower ozone gas concentrations than used in the single-tube contactor. 
The higher bromate formation in the multi-tube contactor may be due to 
the uneven ozone distribution within the module. We assume that 
bromate formation was higher in some membrane fibers due to elevated 
ozone dose, which might have resulted in an increased bromate con
centration of the final contactor effluent. In the multi-tube contactor, 
only slight variation in bromate formation was observed, which may be 
due to the small variation in experimental conditions (see above). 

Figure S9 shows color (VIS436) versus bromate for all ozonation 
setups. At comparable VIS436 abatement, bromate formation was in the 
order batch ≈ single-tube contactor < multi-tube contactor, indicating 
more selective VIS436 reduction over bromate formation in batch and 
single-tube ozonation. At enhanced color removal, i.e., VIS436 < 0.3 
m− 1, bromate formation in the single-tube contactor was higher than in 
batch ozonation. These results are in accordance with the varying 
bromate formation in the different ozonation setups (Fig. 5.b). At 
bromate concentrations below 10 µg L− 1, color removal of up to 45 % for 
the single-tube contactor and batch ozonation and 17 % for the multi- 
tube contactor could be achieved. The color removal performance by 
ozonation in other groundwaters may be higher as the increase in color 
at low ozone doses shown here was not observed in the ozonation of 
other groundwaters (Rittmann et al., 2002; Sobhani et al., 2012). 

Fig. 5.c shows Ha for membrane ozonation as a function of specific 
ozone dose. Ha decreased with specific ozone dose because of decreasing 
ozone decay rate kO3. At constant specific ozone dose, Ha increased with 
increasing hydraulic retention time and therefore decreasing flow ve
locity (Zoumpouli et al., 2018). Clusters I and II of Fig. 5.c highlight data 
points with comparable ozone dose and increase of Ha with hydraulic 
retention time. For these clusters, bromate formation decreased for 
increasing hydraulic retention time and therefore higher Ha, as high
lighted in Fig. 5.b. Ha indicates if the ozone concentration in the liquid 
film is controlled by mass transfer or reaction. At increased Ha, mass 
transfer limitation and therefore competition between different re
actants for ozone may increase (Beltrán, 1995). It is plausible that high 

Fig. 5. a. NOM Color (VIS436), b. bromate and c. Hatta number (Ha) as func
tions of specific ozone dose for batch (bullets), single-tube (squares) and multi- 
tube ozonation (triangles). Clusters I and II highlight data points of single-tube 
ozonation with comparable ozone doses and different bromate concentrations 
and Ha values in single-tube ozonation. Experimental conditions: 16 ◦C¸ pH 8.0, 
DOC 5.6 mg L− 1 
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reaction rates of NOM with ozone may decrease ozone exposure for 
compounds with slower ozone reaction kinetics and thereby decrease 
bromate formation at increased Ha. 

Despite higher Ha in the multi-tube contactor than in the single-tube 
contactor, at comparable ozone dose (Fig. 5.c), bromate formation was 
higher in the multi-tube contactor (Fig. 5.b). Ha was calculated for the 
overall ozone dose charged to the multi-tube contactor. As the ozone 
dose is assumed to vary within the membrane fibers (see above), Ha is 
also expected to vary. This makes direct comparison to a single-tube 
contactor less straightforward. 

Ha > 1, i.e., faster reaction than mass transfer rate in the liquid film 
(Leiknes et al., 2005) were obtained at specific ozone doses < 0.5 mg 
O3/mg DOC for both membrane contactors. At these ozone doses, 
bromate formation was similar in the single-tube contactor compared to 
batch ozonation (Fig. 5b). At higher ozone dose, bromate formation in 
the single-tube contactor exceeded bromate formation in batch ozona
tion. The application of ozone doses > 0.5 mg O3/mg DOC at a lower 
bromate formation than observed here might be feasible if the ozone gas 
concentration is further decreased and the hydraulic retention time is 
further increased. 

The use of Ha to indicate enhanced competition between NOM 
degradation and bromate formation in membrane ozonation may help in 
experimental and contactor design to perform membrane ozonation 
under mass-transfer limited conditions. This knowledge may be applied 
to other treatment targets that aspire selective ozonation. Zero-outlet 
ozone concentrations can serve as an indicator for high Ha (Fig. 3). 

Membrane contactor design to achieve high Ha would imply both 
large diameter and length, as both decrease kL (Eq. (2), eq. S1–S4). As kL 
is usually the limiting factor for mass transfer in membrane ozonation 
(Pines et al., 2005), this may increase the capital costs and footprint of 
membrane ozonation contactors. On the other hand, the pumping en
ergy demand may be reduced at low flow velocities (Gottschalk et al., 
2010). Large-scale energy demand and cost assessments of membrane 
ozonation are required to fully assess the potential of membrane ozon
ation under different operating conditions (Bein et al., 2020). To induce 
more uniform mass transfer conditions in multi-tube hollow fiber 
modules, ozone gas distribution should be optimized, e.g. by increasing 
the distance between the tubes. 

4. Conclusions  

• Color (VIS436) and ultraviolet light absorbance (UV254) of a 
groundwater could be significantly reduced by ozonation. However, 
high bromide levels resulted in bromate concentrations beyond the 
WHO guideline value (10 µg L− 1) for specific ozone doses > 0.5 mg 
O3/mg DOC. At lower ozone doses, high reaction rates of natural 
organic matter (NOM) and ozone resulted in low dissolved ozone 
concentrations and controlled bromate formation.  

• In membrane ozonation, conditions associated with a low mass 
transfer rate (low ozone gas concentration, long hydraulic retention 
time, high Hatta number (Ha)) showed lower bromate formation at 
comparable ozone dose than inverse conditions.  

• Bromate formation in the single-tube contactor was higher than in 
batch ozonation if specific ozone doses > 0.5 mg O3/mg DOC were 
applied with Ha < 1. At specific ozone doses < 0.5 mg O3/mg DOC, 
bromate formation was comparable or lower in single-tube ozona
tion compared to batch ozonation. This was associated with Ha > 1, 
which implies mass transfer limitation of ozone in the membrane 
contactor. Longer hydraulic retention time and lower ozone gas 
concentrations may further depress bromate formation also at higher 
ozone doses.  

• As process settings with high Ha were beneficial for increasing the 
selectivity of NOM degradation over bromate formation, further 
research is needed on large-scale implementation of high Ha mem
brane ozonation design for optimization of both water quality and 
treatment costs.  

• Dissolved ozone concentration at the membrane ozonation contactor 
outlet might be a useful and simple parameter to assess Ha of the 
process. Zero-outlet concentrations of dissolved ozone were 
measured for Ha > 1 in single-tube ozonation and Ha > 1.67 in multi- 
tube ozonation.  

• Uneven transversal ozone distribution inside a multi-tube contactor 
appeared to increase bromate formation, which was generally higher 
compared to single-tube ozonation at comparable ozone dose and 
Ha. Thus, specific ozone dose and Ha are not recommended as the 
only parameters to explain differences in water quality after treat
ment by different membrane contactors. The identification of further 
parameters to quantify ozonation selectivity of target compound 
removal over by-product formation in membrane contactors war
rants further research. 
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