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Membrane fouling can be reduced through shear stress generated by cross-flow at the membrane surface.
Previous work has shown that presence of ozone can reduce membrane fouling. In this work, the effect of
ozonation and cross-flow on both membrane fouling on ceramic membranes and the energy cost for the
process was studied. The effect of ozone dosage on membrane fouling was studied in both cross-flow and
dead-end configurations. The performance of a manganese oxide coated membrane was compared with
that of uncoated titanium oxide membrane. Membrane fouling decreased with increasing ozone dosages
in the manganese oxide coated catalytic membrane, although increasing the dosage beyond 10–15 lg/s
yielded limited improvement. The most energy-efficient mode of operation was found to be dead-end fil-
tration using a manganese oxide coated membrane and a 10 lg/s ozone injection rate.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Ultrafiltration (UF) membrane filtration can effectively remove
suspended particles, colloids, bacteria, viruses and significant frac-
tion of natural organic matter (NOM) from feed water [1]. There
are a number of advantages of UF membrane treatment over con-
ventional water treatment technologies, including reduced sludge
production [2], smaller footprint [3], and the physical exclusion
of microorganisms from the product water. However, membrane
fouling continues to be one of the main factors that limit the appli-
cation and increase the operational costs of membrane technolo-
gies [4]. Fouling results in a decrease in the production rate of
purified water and a concomitant increase in the requisite trans-
membrane pressure [5].

In water treatment, NOM is the predominant cause of UF mem-
brane fouling [6–9]. The use of ozone in combination with mem-
brane filtration has been reported to reduce membrane fouling
[10–14]. Ozone, a powerful oxidant, is reactive with NOM [15].
Pre-ozonation can also reduce formation of trihalomethanes
(THMs) during subsequent chlorination [16].

Ceramic membranes are chemically stable, have longer life-
times than polymeric membranes, and they can be used in con-
junction with ozonation without degradation of the membrane
[17,18]. Moreover, the surface properties of ceramic membranes
may be altered to improve membrane performance. Metal oxides,
such as titania [10,11], iron oxide [11], and manganese oxide
[11,19,20], can act as catalysts for the degradation of ozone and
the formation of hydroxyl radicals. These catalytic reactions are
assumed to occur at the metal oxide surface. Kim et al. [12] studied
the performance of nanoparticle-enhanced membranes and con-
cluded fouling was dependent upon the physicochemical aspects
of nanoparticles, such as particle size, hydrophilicity, and surface
charge. Byun [11] reported that when used with ozone the perfor-
mance of the manganese oxide coated membrane was superior to
that of Ti and Fe oxide membranes in terms of fouling mitigation
and the reduction of TOC in the permeate. In addition, the coating
of the membranes with manganese oxide nanoparticles signifi-
cantly reduced the concentrations of THM and haloacetic acids
(HAA) precursors found in the permeate [19]. Szymanska et al.
[13] and Zouboulis et al. [21] showed that with hybrid ozonation
ceramic membrane microfiltration, mitigation of membrane foul-
ing was well controlled. Wei et al. [22,23] demonstrated that
pre-ozonation mitigated fouling on a UF membrane that was
caused by soluble extracellular organic matters that had been
released from Microcystis aeruginosa. They found that ozone
reacted with the cake and gel layers and prevented membrane pore
blocking.

The objective of this study was to analyze the energy costs for
membrane filtration, in the presence of ozone, using either a man-
ganese oxide coated ceramic membrane or titania oxide coated
membrane (virgin membrane). Studies were conducted to deter-
mine the optimum ozone dosage and hydrodynamic conditions
for this hybrid membrane system. The energy costs for both ozone
generation and pumping were evaluated to determine the operat-
ing conditions for which the energy costs were minimized.
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2. Experimental methods

2.1. Feed water

The source water was obtained from Lake Lansing (Haslett,
Michigan), a borderline eutrophic lake. The water was stored in
the dark at 4 �C until use. Water samples were pre-filtered through
a 0.5-mm ceramic cartridge micro-filter (Doulton USA, Southfield,
MI) to remove larger particles. After filtration, the average TOC
concentration in the test water was 10 ± 1 mg C/L. Before com-
mencing each experiment, the temperature of the feed water was
adjusted to room temperature (20 ± 3 �C).

2.2. Membrane module

The nominal molecular weight cut-off of the virgin membrane
(Inside CeRAM, TAMI North America, Saint - Laurent, Quebec,
Canada) was 5 KDa. The seven-channel membrane had a total fil-
tering surface area of 131.9 cm2, an active length of 25 cm, and
an external diameter of 10 mm. The grain size within the support
layer and the filtration layer of the virgin membrane varied
between 132 nm and 296 nm and between 1.05 and 6.64 nm,
respectively [11]. The clean water permeability of the coated mem-
brane was 80 ± 2 L/m2 h.

The virgin membrane was coated with manganese oxide
according to the procedure described by Corneal et al. [20]. In this
study, the performance of a membrane coated twenty times man-
ganese oxide nanoparticles was examined, as higher permeate
fluxes were obtained with membrane coated twenty times coated
than with those coated thirty or forty times. Byun et al. [11] found
the Mn oxide coating to be crystalline Mn2O3, and that for the
membrane that was coated 20 times, the thickness of coating ran-
ged from 14 to 54 nm. With the manganese oxide coated mem-
branes, the lower operating pressure was used because the
permeability of the manganese oxide coated membrane was higher
than that of the uncoated membrane, as sintering at 500 �C leads to
coarsening of the grains within the filtration layer [19].

2.3. Ozone contactor

A schematic for the ozone contactor is shown in Fig. 1. The
water in the contactor was maintained at a constant level using a
Fig. 1. Schematic of the ozonation
conductivity water level sensor connected to a programmable logic
relay (SG2 PLR, B&B Electronics, IL), which opened or closed a sole-
noid valve (6013, Bürkert, Germany) to regulate water flow from
the sample reservoir to the contactor. Ozone was generated from
pure, dry oxygen (99.999%) using a corona discharge ozone gener-
ator (Absolute Ozone�, Absolute System Inc., Edmonton, AB, CA).
An ozone monitor (Model 450H, Teledyne Technologies Inc., San
Diego, CA) was used to measure ozone concentration. The flow rate
of ozone gas was controlled at 10 mL/min by a rotameter (Cole-
Parmer Inc., Vernon Hills, IL) installed between the ozone monitor
and the membrane module. The ozone transfer efficiency in the
contactor was determined before each experiment, by measuring
the difference in the influent and effluent gaseous ozone concen-
trations and multiplying that difference by the gas flow rate.

2.4. Hybrid ozonation – filtration setup

The schematic of the ozone injection system is shown in Fig. 1.
Nitrogen gas (99%, Airgas) was used for pressurizing feed tanks.
The membrane module housing (TAMI North America, St. Laurent,
Québec, Canada) was made of stainless steel. Both dead-end filtra-
tion and cross-flow filtration were performed at volumetric flow
rate through the membrane of 18 ± 1.5 mL/min. This corresponds
to a flux of 81.2 ± 2.8 L/m2 h, which is typical of that used in full-
scale water treatment. The flux was maintained using a peristaltic
pump (Eldex�, Eldex Laboratories, Inc., Napa, CA). A recirculation
pump (Materflex�, Cole Parmer Inc., Vernon Hills, IL) used when
operating the system in cross-flow mode to obtain the constant
cross-flow velocity of 0.5 ± 0.1 m/s. The transmembrane pressure
(TMP) was recorded by a multifunctional sensor (L Series, Alicat
Scientific, Tuscon, AZ) every 60 s. Temperature and atmosphere
pressure were also monitored every 60 s by the multifunctional
sensor. The permeate flux was measured using an electronic bal-
ance (Adventure Pro Analytical Balance, Ohaus Corp., Pine Brook,
NJ) every 60 s. The transmembrane pressure (TMP, bar) and perme-
ate flux (J, L/m2 h) were recorded by Flow Vision SC (Alicat Scien-
tific, Tucson, AZ) data acquisition software.

Experiments were conducted at ozone dosage injection rates of
5, 10, 15, and 20 mg/s. Control experiments were conducted to
measure membrane flux without gas injection. The range of ozone
dosages was selected based on prior work, which indicated that
ozone dosages greater than 20 mg/s resulted in little enhancement
-membrane filtration system.



Table 1
Backwash process operation parameters.

Criteria Parameters

Duration 2–4 h, take 3 h as average
Fouled membrane TMP 2.2–2.6 bar for high ozone injection rate

( > 10 lg/s); 3.6–4.0 bar for no ozone
injection or 5 lg/s ozonation

Cleaned membrane TMP 1.2–1.5 bar
Average membrane TMP

during backwash process
Approximately 1.9 bar for high ozone
injection rate (>10 lg/s); 2.58 bar for no
ozone injection or 5 lg/s ozonation

Feed water flow rate �18 mL/min
Ozone injection rate 20 mg/s
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in the permeate flux and reduction in membrane fouling
[14,21,24]. Experiments were halted when the permeability of
the membrane decreased to approximately 40% of the initial
permeability.

After each experiment, the fouled membranes were cleaned
using deionized water and 20 mg/s gaseous ozone for 2–4 h until
the initial clean water flux was restored. Before each filtration
experiment, the initial flux was measured to ensure that the per-
meability of the membrane was within (98 ± 2)% of its initial value
[11]. After cleaning the initial TMP for the system varied between
1.2 and 1.5 bar.

2.5. Data analysis

2.5.1. Permeability and resistance fouling
The permeability, Lp, was calculated as shown in Equation (1):

Lp ¼ J
TMP

ð1Þ

where Lp is given in units of L/(m2 h�bar). The greater the perme-
ability, the higher the efficiency of the membrane.

The total resistance across the membrane was calculated from
the TMP and flux data using Darcy’s Law:

Rt ¼ TMP
lJ

ð2Þ

Rt ¼ Rm þ Rc ð3Þ
where l is the viscosity of water at 22 ± 2 �C (0.89 � 10�3 N s/m2).
The total resistance, Rt, is the sum of the intrinsic resistance of
the membrane, Rm, and the resistance due to the material deposited
on the membrane surface, Rc. Rt was calculated from the final TMP
and flux.

2.5.2. Calculation of energy consumption
2.5.2.1. Energy consumed to pressurize feed water. The power neces-
sary to pressurize the feed water was determined by Eq. (4) [25]:

Ph ¼ q � q � g � h
g

¼ q � TMP
g

ð4Þ

where q (m3/s) is the average flow rate of the membrane module
during the operational period and is calculated by q = pd2/4 � v, v
is the velocity of the water in filtration system; q (kg/m3) is the den-
sity of feed water at room temperature; g (9.81 m/s2) is gravita-
tional acceleration of the earth; h is the water head (m), TMP
(bar) is the transmembrane pressure across membrane module,
and is calculated using the equation TMP = qgh, g is the efficiency
of the pressurizing pump which was assumed to be 75%. The power
(Ph) is reported in units of kW.

2.5.2.2. Energy consumed by recirculation pump. The power required
to recirculate water through the system was determined by Eq. (5)
[25]:

Pr ¼ q � q � g � Rhr

g0 ¼ q � RDP
g0 ð5Þ

in which Pr is in kW; the total water head (Rhr = RDP/qg) of the
recirculation system was determined from pressure drop (DP)
across the tubing and membrane module, g0 is the efficiency of
the pressurization pump, which was determined to be 70% based
on the pump curve.

The pressure drop in the system was calculated using Darcy–
Weisbach equation:

DP ¼ fqv2L
2d

ð6Þ
fRe ¼ 64 ð7Þ

Re ¼ dmq
l

ð8Þ

where m is cross-flow velocity (0.5 ± 0.1 m/s during experiment), f is
the Darcy friction factor, d (m) is the hydraulic diameter of the pipe/
membrane channels, q (kg/m3) is the density of feed water under
room temperature, L (m) is the length of different tubing sections.
For the recirculation cycle, DP was calculated separately across
the different sections of tubing, valves, and membrane channel
using an online pressure drop calculator (Pressure Drop Online-
Calculator. Software-Factory Norbert Schmitz.).

2.5.2.3. Energy consumption during ozone generation in backwash and
operation cycles. Based on product data sheet ozone generator (Pri-
mozone Production AB.), Ozone Generators parameters (Lenntech
BV.) and published literature [26], approximately 10 kW h energy
is consumed to produce 1 kg ozone from. The ozone transfer effi-
ciency in the system was determined to be 95% based on the anal-
ysis of dissolved ozone concentrations and the ozone concentration
in the gas phase before and after the contactor.

The operational period was determined by the filter run time
between backwashing. The filters were backwashed when trans-
membrane pressures reached 2.5 ± 0.1 bar (>10 lg O3/s) or
3.8 ± 0.2 bar (<5 lg O3/s). Gaseous ozone was used for membrane
backwash cleaning. The operational parameters for the backwash-
ing are shown in Table 1. The energy needed for backwashing,
including that required for pressurization during backwash process
and that for generating ozone. The energy consumed during oper-
ation was W = P � T, in which W is in kW h, P (kW) is the power
required to pressurize the feed water or recirculate water, and T
is the operation time.
3. Result and discussion

3.1. Comparison of permeate flux and resistance fouling

Fig. 2 displays the effect of ozone dosage on permeate flux dur-
ing catalytic membrane filtration when a manganese oxide coated
membrane was employed using dead-end operation mode. As
shown in this figure, irrespective of ozone dosage, the permeability
initially declined rapidly during first 30 min. In this stage, the foul-
ing cake begins to form at membrane surface. This stage was fol-
lowed by one in which the permeability decreased at a much
slower pace. At an ozone dosing rate of 20 mg/s the permeability
was eventually nearly constant. When the permeability reached
steady state condition, the rate of formation of the fouling cake
due to deposition of natural organic matter on the surface of the
membrane is presumed to be similar to the rate of reaction of
the accumulated foulants with ozone and OH radicals formed as
a result of the catalytic degradation of ozone by manganese oxide



Fig. 4. Effect of ozone dosage on permeability during titania oxide coated catalytic
membrane filtration – (a) dead-end operation mode and (b) crossflow operation
mode (Conditions: permeability in L/m2 h bar, Feed TOC = 12.1 mg/L, cross flow
velocity = 0.5 ± 0.1 m/s temperature = 22 ± 2 �C).

Fig. 2. Effect of ozone dosage on permeability using manganese oxide coated
catalytic membrane filtration – dead-end operation mode (Conditions: permeabil-
ity in L/m2 h bar, Feed TOC = 12.1 mg/L, temperature = 22 ± 2 �C).
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[19]. Increasing the ozone dosing rate improved the performance
of the system as catalytic degradation of the filter cake became
increasingly favored over formation of the filter cake.

Fig. 3 shows the effect of ozone dosage on permeate flux during
cross – flow operation. While the observed permeability trends for
cross-flow and dead-end operational modes are similar, the per-
meability fluctuated more during cross-flow operation than in
dead-end operation. As was the case with dead-end filtration,
increasing the ozone dosage resulted in less fouling. In the absence
of ozone injection and with ozone injection at dosages of 5–10 mg/
s, the permeability values after 240 min were greater in cross-flow
mode than that in dead-end mode. Under these conditions shear
created by the recirculation of the retentate appears to disrupt
fouling cake formation. However, at higher (15 and 20 mg/s) ozone
dosages the permeabilities observed during operation were similar
in cross-flow and dead-end filtration. This suggests that the reac-
tion of ozone and foulants affects the foulants in such a way that
the fouling cake less easily dislodged from the membrane surface.

The permeability of the virgin titanium oxide coated catalytic
membrane during operation of membrane filtration in both
dead–end and cross–flow filtration mode is shown in Fig. 4. The
trends were similar to that observed with the manganese oxide
coated membrane, as the extent of fouling decreased with increas-
ing ozone dosage. In the absence of ozone, the extent of fouling
was greater on the virgin titania membrane than on the coated
membrane. This is likely the result of the electrostatic characteris-
tic of the membrane surface. The point of zero charge of man-
ganese oxide (pHzpc = 2.8–4.5 [27]) is lower than that of titania
Fig. 3. Effect of ozone dosage on permeate flux during manganese oxide coated
catalytic membrane filtration– crossflow operation mode (Conditions: permeability
in L/m2 h bar, Feed TOC = 12.1 mg/L, cross flow velocity = 0.5 ± 0.1 m/s
temperature = 22 ± 2 �C).
oxide (pHzpc = 4.1–6.2 [10]). As the pH of the treated water is �8,
the hydroxyl groups on the Mn oxide surface would be fully depro-
tonated. The surface hydroxyl groups on the TiO2 surface are not
completely deprotonated; thus the manganese oxide surface is
likely to have higher charge density and the repulsive forces in
the Mn oxide membrane system between the negatively charged
components of the NOM and the oxide are probably higher than
that observed with the titania oxide membrane. With higher repul-
sive electrostatic forces, the deposition of organics would be
reduced, and with that, the degree of membrane fouling would also
be diminished.

The effect of ozone dosage and mode of operation on fouling
resistance is shown in Fig. 5. The fouling resistance was determined
at 80 min (steady state) formanganese oxide coated catalyticmem-
brane filtration and at 120 min for titania oxide coated catalytic
membrane filtration, since as mentioned early, it took longer for
steady state conditions to be achieved with the titania oxide coated
catalytic membrane filtration. As Fig. 5 shows, the fouling resis-
tance decreased with increasing ozone dosage for both operational
modes and membrane types. Recirculation was not as effective as
ozonation at reducing fouling resistance. Under identical opera-
tional conditions, the resistance of the manganese oxide coated
membranewas less than that of the titania oxide coatedmembrane.
3.2. Energy and economic analysis of membrane systems for design
applications

As overall resistance of the manganese oxide membrane, and
the operational cost would be less with this membrane under same



Table 2
Energy consumption for Mn oxide coated membrane filtration with different ozone dosing rates and operation modes with one membrane module.

Operation
mode

Ozone
dosage
(lg/s)

Operation
period
during 1
cycle
(min)

Water
filtered
during
1 cycle
(L)

Energy consumed during operation Approximate
energy
needed for 1
cycle
backwash
cycle (kW h)

Time
required
to treat
1000 L of
water (h)

Numbers
of
operation
periods

Total
energy
consumed
(kW h)

Energy
consumed in
pressurization
(kW h)

Energy
consumed in
ozonation
(kW h)

Energy
consumed in
recirculation
(kW h)

Total energy
consumed
during
operation
(kW h)

Dead-end 0 93.0 1.563 1.453 � 10�4 0 0 1.453 � 10�4 2.583 � 10�3 1023.7 640 1.75
5 98.0 1.839 1.728 � 10�4 3.158 � 10�4 4.886 � 10�4 915.6 544 1.67
10 255.0 4.638 3.530 � 10�4 1.629 � 10�3 1.982 � 10�3 2.502 � 10�3 927.2 216 0.97
15 233.0 4.659 4.054 � 10�4 2.236 � 10�3 2.641 � 10�3 844.2 215 1.10
20 241.0 4.721 3.592 � 10�4 3.082 � 10�3 3.441 � 10�3 861.3 212 1.26

Cross-flow 0 82.0 1.535 1.594 � 10�4 0 7.291 � 10�5 2.323 � 10�4 2.583 � 10�3 923.0 652 1.83
5 175.0 3.541 3.585 � 10�4 5.526 � 10�4 1.556 � 10�4 1.067 � 10�3 837.8 282 1.03
10 222.0 4.294 3.679 � 10�4 1.402 � 10�3 1.974 � 10�4 1.967 � 10�3 2.502 � 10�3 873.3 233 1.04
15 250.0 4.238 2.952 � 10�4 2.368 � 10�3 2.223 � 10�4 2.886 � 10�3 995.0 236 1.27
20 240.0 4.887 4.066 � 10�4 3.032 � 10�3 2.134 � 10�4 3.652 � 10�3 828.7 205 1.26

Fig. 5. Effect of ozone dosage on fouling resistance in manganese oxide coated and titania oxide coated catalytic membrane filtration system.
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ozone dosage and operation mode compared to the virgin titania
membrane. Using experimental results for the coated membrane
the energy necessary to filter 1000 l of water was calculated (see
Section 2.5 and Table 2). The energy costs include energy con-
sumption for pumping water across the membrane, ozone genera-
tion, and recirculating through the system. It also includes minor
losses through the system. As shown in Fig. 6 for the manganese
Fig. 6. Energy consumed during the treatment of i
oxide coated membrane the optimal ozone dosing rate is 10 mg/s
for dead end operation and for cross-flow mode it is 5–10 mg/s.
At these dosing rates the energy consumed is similar for dead-
end and crossflow systems. Dead-end operation is simpler and
does not require a recirculation pump thus mode of operation is
more desirable. Thus, under the conditions studied for Lake Lans-
ing water, dead-end catalytic membrane filtration using the man-
n 1000 l of water (including backwash cycles).
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ganese oxide coated membrane at an ozone dosage of 10 lg/s was
determined to be the most efficient operational mode.

Calculations for energy consumption for the hybrid-ozonation
filtration system are given in Section 2.5 data analysis, and results
are shown in Table 2. The energy needed to filter 1000 l of water
was estimated assuming there was no deterioration in perfor-
mance over an extended period of time. Based on these calcula-
tions the minimum amount of energy required to filter this
volume of Lake Lansing water is 0.97kWh.

4. Conclusion

The energy costs for operation of catalytic membrane filtration
were calculated. Membrane fouling was effectively controlled
using catalytic membrane filtration. For the manganese oxide
coated membrane, membrane fouling was effectively controlled
at ozone dosages of 10 mg/s or greater. With the virgin membrane,
an ozone dosage of at least 15 mg/s was necessary to control mem-
brane fouling. The overall resistance of the manganese oxide mem-
brane was less with manganese oxide coated membrane under
same ozone dosage and operation mode compared to that
observed for the virgin titania membrane. Using the flux data
obtained, it was determined that for the water studied the most
energy-efficient operational mode is 10 lg/s ozone dosage, dead-
end operation, with the manganese oxide coated membrane.
Future work will include a life-cycle assessment (LCA) to evaluate
the environmental impacts of membrane filtration, and compare
this technology to other water treatment processes, to determine
whether this technology is more energy efficient than conventional
processes for treating water.
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