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Abstract: Concentration polarization and membrane fouling have been identified as the main
problems during the ultrafiltration treatment of cork processing wastewaters. These problems
drastically reduce the permeate fluxes and, therefore, their potential applications. In this work, a soft
ozonation pretreatment was applied to minimize these undesirable effects. A new systematic study
was carried out for membranes with different molecular weight cut-offs and at different operating
conditions to monitor and quantify the concentration polarization caused by the wastewater’s
remaining ozonated compounds. Film theory was used to correlate the mass transfer coefficient, k,
and the intrinsic rejection coefficient, f ′, with the resistance introduced by concentration polarization.
The ultrafiltration treatment was carried out under varying hydrodynamic operating conditions
(circulating flow rates of 100–200 L/h) and transmembrane pressures (1–3 bar) for a set of four
cellulose acetate membranes covering a wide range of molecular weight cut-offs (5000–100,000 Da)
and hydraulic permeabilities (25–110 kg/h/m2/bar). The ozone pretreatment (at wastewater pH)
reduced the phenolic content selectively (direct oxidation) by more than 50%, reducing membrane
fouling and concentration polarization and increasing permeate fluxes (by 22–45%) and mass transfer
coefficients (up to six times).

Keywords: membrane fouling; ultrafiltration; cork process wastewater; phenolic compounds; mass
transfer coefficient; intrinsic rejection coefficient

1. Introduction

Membrane pressure-driven processes play an important role in wastewater treatment
and the recovery of valuable products from different agro-industrial wastewaters [1].
Wastewaters from food, pulp and paper, cork, and many other agro-industrial industries
are very complex mixtures of plant extracts that cover a wide range of molecular weights [2].

In this context, membrane fouling and concentration polarization have been identified
as the main problems during the ultrafiltration (UF) of different industrial effluents [3,4].
These undesirable phenomena drastically reduce the permeate fluxes and, therefore, the
potential use of this technology. In this context, phenolic/tannic compounds have been
commonly associated with these significant flux declines and membrane fouling [5].

The cork industry is an important sector in Portugal and Spain [6]. Both countries’
production represents more than 80% of the world cork output. One of the first steps in cork
processing consists of boiling cork planks (extracted from the Quercus suber tree). Several
planks of cork (approximately 1000 kg) are boiled in water in boiling tanks for around 1 h,
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and this process is repeated for five days in the same water. After this period, the water
is discharged from the boiling tank. The generated wastewater becomes rich in organic-
extractable compounds, having a strong negative environmental impact. It presents very
low biodegradability due to its high content of phenolic compounds, recalcitrant nature,
and high toxicity. Chemically, the cork processing wastewater is a very complex mixture of
vegetal extracts with high content of phenolic compounds, tannins, polysaccharides, and
other bioactive compounds [2,5].

Because of this situation, new technologies (for pretreatment) have been developed
to reduce these concentration polarization and membrane fouling problems. Among
them, the following technologies may be highlighted: PAC adsorption [7], coagulation [8],
electrochemical oxidation [9], photocatalytic oxidation [10], and ozonation [5,11].

In this context, authors have reported in previous investigations [12] that ozonation is
the treatment that gives better results for the selective oxidation of phenolic compounds.
Ozone is a powerful oxidizing reagent and can destroy phenolic compounds effectively
and selectively [5,12]. Moreover, ozone, in particular, has many of the oxidizing properties
desirable for use in water treatment: it is readily available, soluble in water, and generally
leads to less toxic substances (oxygen). Dominguez et al. [12] pointed out that ozone can
react with phenolic compounds selectively by direct oxidation at pH < 6. In these conditions,
molecular ozone reacts at electron-rich sites of the organic phenolic compounds. This
selective oxidation in treating phenolic substances, which are frequently present in agro-
industrial effluents, has been examined by different authors [13–15]. Other researchers [16]
have used an ozone pretreatment (0.3 mg O3/L) for the reverse osmosis (RO) of surface
waters, reducing membrane fouling and increasing permeate fluxes. Kim et al. [17] used
an ozone pretreatment for natural waters’ ultrafiltration (UF), reporting that the permeate
flux was reduced by only 15% using ozone. In comparison, it decreased by around 60%
without any pretreatment. On the other hand, Lee et al. [18] reported slight improvements
in the permeate flux for microfiltration (MF) sewage.

This work’s objective was to quantify the concentration polarization and mass transfer
coefficients obtained for wastewaters subjected to ozone pretreatment, which oxidize
selectively phenolic compounds, thus achieving remarkable concentration polarization
minimization and membrane fouling minimization, obtaining an increase in permeate
fluxes. In this work, a soft and low-cost ozonation pretreatment of only 0.4 mg O3/L was
sufficient to remove more than 50% of the phenolic compounds, removing only 10% of the
total organic carbon (TOC).

To quantify membrane concentration polarization and membrane fouling for each ex-
periment (with different membrane types and hydrodynamic conditions), some parameters
of film theory were determined, namely the intrinsic rejection coefficient (f ’) and the mass
transfer coefficient (k). Film theory [19] was used to correlate the mass transfer coefficient,
k, and the intrinsic rejection coefficient, f ’, with the resistance introduced by concentration
polarization and fouled membrane resistance.

2. Materials and Methods
2.1. Cellulose Acetate Membranes (Preparation and Characterization)

Four laboratory-fabricated membranes were prepared according to the phase inversion
method [20], using cellulose acetate with 38.9% acetyl content, supplied by Eastman-
Kodak. Table 1 shows the casting solution composition of the MCA4.1, MCA4.2, MCA4.3,
and MCA4.4 membranes. The fabricated membranes were characterized by hydraulic
permeability (Lp) and molecular weight cut-off (MWCO), obtaining a wide work range
of MWCOs between 5000 and 100,000 Da, and hydraulic permeabilities in the range
of 25–110 kg/h/m2/bar (Table 1). The hydraulic permeability was calculated for each
membrane by performing several experiments with water at different transmembrane
pressures. The slope of the representation of the permeate fluxes as a function of the
pressure gives the hydraulic permeability value.
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Table 1. Casting solution compositions and film casting conditions. Main characterization parameters
of membranes.

Membrane MCA4.1 MCA4.2 MCA4.3 MCA4.4

Casting solution (weight %)
Cellulose Acetate 17.0 17.0 17.0 17.0

Acetone 61.0 56.0 48.0 43.0
Formamide 22.0 27.0 35.0 40.0

Casting Conditions
Temperature (◦C) 25 25 25 25

Evaporation time (min.) 0.5 0.5 0.5 0.5
Gelation medium (1.5 h) Water at 3 ◦C

Characterization
Lp (kg/h/m2/bar) 25 50 105 110

MWCO (Da) 5000 15,000 40,000 100,000

2.2. Cork Process Wastewater Characterization

The wastewater samples were collected at a Portuguese cork processing industry
(Montijo, Portugal) and no more than 3–4 days elapsed before the permeation experiments.
They were kept refrigerated at 5 ◦C and characterized before use. Table 2 shows the main
physicochemical properties of these wastewaters.

Table 2. Main physicochemical characteristics of cork processing wastewaters.

Parameter Value

pH 4.8
Conductivity 3.3 (mS/cm)

Color 16,600 (Hazen units)
TOC 3225 (mg C/L)

Average colloid size 363.3 nm
Total polyphenols 365 mg/L (gallic acid)

Zeta potential −12.8 mV

2.3. Ozone Pretreatment

Ozone pretreatment was conducted in a chemical batch reactor (1.25 L cylindrical
Pyrex glass vessel) provided with a cover containing inlets for bubbling the gas feed
and stirring. The ozonation reactor operated batch-wise to the liquid solution and was
immersed in a thermostatic bath with the necessary elements to keep the temperature
constant within 25 ± 0.5 ◦C.

For ozone generation, oxygen was taken from a commercial cylinder and introduced
into an ozone generator (Erwin Sander Elektroapparatebau, GmbH, model 301.7). The
ozone–oxygen gas stream was fed to the reacting medium through a bubble gas sparger
with a flow rate of 20 L/h. This soft and low-cost ozone pretreatment reduced the total
organic carbon (TOC) of raw wastewater to less than 10%, whereas total polyphenols
were removed at over 50%. The reaction time was only 10 min to proportionate a dose
of 0.4 mg O3/L. Zeta potential and pH of the resulting effluent were −11.0 mV and
3.8, respectively.

Regarding the reaction mechanism, ozone can react with solutes either by direct
oxidation (pH < 6), in which molecular ozone reacts at electron-rich sites of the organic
compounds, or by an indirect pathway, whereby hydroxyl radicals (·OH) resulting from
the decomposition of ozone serve as the oxidants through chain reactions (pH > 6). For
this case, we can assume a mainly direct oxidation pathway.

Considering the cork process wastewater as a complex mixture of organic com-
pounds, the organic matter content must be measured by a global parameter such as
TOC. The ozone pretreatment reduced the TOC of raw wastewater from 3225 to 2905 mg/L
(less than 10%), whereas total polyphenols were reduced from 365 mg/L to 176 mg/L



Processes 2021, 9, 2182 4 of 10

of gallic acid (approximately 50%). This implies the high selectivity of ozone towards
polyphenol compounds.

As ozone was not detected in the gas out-stream (the ozone dose was fully consumed
by the reaction), the ozone mass balance indicated an apparent mass reaction stoichiometry
of 800 mg of TOC per mg of ozone, and, regarding polyphenols, this value reached
472 mg/L of gallic acid removed per milligram of ozone.

2.4. Ultrafiltration Experiments

UF experiments were performed in flat cell laboratory units. The membrane surface
was 13.2 × 10−4 m2 for all experiments. The feed temperature was kept at 25 ± 0.5 ◦C in
all experiments. The membranes were first compacted by recirculation of ultrapure water
pressurized at 5 bar for 3 h. This procedure avoided the effects of pressure on the membrane
structure in subsequent experiments. The stabilization time for each experimental run was
45 min. The membranes were washed with deionized water between each run until the
water permeate flow reached at least 90% of the initial value.

The ultrafiltration experiments were carried out under varying hydrodynamic op-
erating conditions (circulating flow rates of 100–200 L/h) and transmembrane pressures
(1–3 bar) for a set of four cellulose acetate membranes covering a wide range of molecular
weight cut-offs (5000–100,000 Da) and hydraulic permeabilities (25–110 kg/h/m2/bar).

The feed and permeate solutions were analyzed in terms of TOC concentration. Feed
samples were taken at the beginning and the end of each experimental run; the average
concentration of these two samples was considered the feed concentration.

2.5. Modeling Membrane Mass Transfer

For a membrane of given MWCO and a given solute A, an intrinsic rejection coefficient,
f ′, and an apparent rejection coefficient, f , are defined [17] by:

f′ =
CAm − CAp

CAm
(1)

f =
CAb − CAp

CAb
(2)

where CAp is the concentration of solute A in the permeate stream, CAm is the solute con-
centration on the membrane surface, and CAb is the solute concentration in the bulk of
the solution. Parameters f and f ′ are directly related to the build-up of the concentration
profile of solute A at the feed fluid phase adjacent to the membrane surface and depend on
the MWCO of the membrane and the operating conditions (feed circulation and transmem-
brane pressure). Considering convection towards the membrane surface and diffusion
away from it, a steady-state mass balance for solute A yields:

−DAw
dCA

dx
+ vpCA = vpCAp (3)

where vp is the permeate flux (m/s), CA is the concentration of solute A, and DAw is the
diffusivity of solute A in water. The integration of Equation (3) in a boundary layer of
constant thickness, δ, with the corresponding boundary conditions (CA = CAm for x = 0 and
CA = CAb for x = δ), gives Equation (4):

CAm − CAp

CAb − CAp
= e

vp
DAw

δ (4)
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The introduction of a mass transfer coefficient, k, which, by film theory [17], is given
by k = DAw/δ, and the substitution of the definitions of f and f ′ in Equation (4) leads to
Equation (5).

ln
(

1− f
f

)
= ln

(
1− f′

f′

)
+

1
k

vp (5)

which relates f and f ′ to the mass transfer coefficient, through k (m/s), and the permeate
flux through vp (m/s). As stated in the previous section, film theory was used to correlate
the mass transfer coefficient, k, and the intrinsic rejection coefficient, f ′, with the resistance
introduced by concentration polarization with the fouled membrane resistance. In fact,
higher f ′ values show that the concentration of solute A at the membrane surface increased
and therefore a higher concentration polarization was observed, and this was assessed, in
this work, for membranes with different MWCOs and at different operating conditions.
These different sets of conditions were also used to quantify the variation in the mass
transfer coefficient at the fluid phase adjacent to the membrane surface. Higher values of k
show better transport phenomena at the fluid phase.

3. Results and Discussion
3.1. UF Experiments

As previously stated, this work evaluates the concentration polarization and mem-
brane fouling by systematically determining some membrane parameters, such as the
intrinsic rejection (f ′) and the mass transfer coefficient (k), for varying conditions. The
ultrafiltration performance upon varying operating conditions of hydrodynamics (cir-
culating flow rates of 100–200 L/h) and transmembrane pressures (1, 2 and 3 bar) was
investigated for a set of four synthesized cellulose acetate membranes covering a wide
range MWCOs (5000–100,000 Da) and hydraulic permeabilities (25–110 kg/h/m2/bar).
The obtained results were compared for raw wastewater (without pretreatment) and ozone
pretreated wastewater.

3.1.1. Permeate Fluxes (vp)

In general, permeate fluxes increased with increasing transmembrane pressure and
feed circulating rate. The ozone pretreatment also enhanced permeate fluxes for both
circulating rates (100 and 200 L/h). These ozone pretreatment enhancements (at 200 L/h
and 3 bar) were for the MCA4.1 and MCA4.2 membranes of 45% and 41%, respectively.
Regarding the MCA4.3 and MCA4.4 membranes (with higher MWCOs), the ozone pre-
treatment was less effective, and the permeate fluxes were enhanced by 22% and 34%,
respectively (at 200 L/h and 3 bar). These results are consistent with the improvements of
ozone pretreatment observed by Minhalma et al. [5], Brown et al. [16], and Kim al. [17].

3.1.2. Apparent Rejection Coefficients (f )

The TOC apparent rejection coefficients (f ) for varying transmembrane pressures and
feed circulating velocities are shown in Figure 1. In general, for all membranes, the apparent
rejection coefficients increased with increasing transmembrane pressure (which leads to
higher concentration polarization) and decreased with the increased feed recirculation rate
(which leads to lower concentration polarization).
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Figure 1. TOC apparent rejection coefficients for varying transmembrane pressures and feed circulating velocities in
pretreated and non-pretreated effluents.

The ozonation pretreatment led to a decrease in the apparent rejection coefficient, f , for
both feed flowrates (100 and 200 L/h) and all pressures. This effect was more pronounced
for the experiments performed at the lowest circulating flow rate (100 L/h), showing that
the pretreatment favors decreasing membrane selectivity. This effect could be related to the
partial fragmentation of large molecules into smaller ones by ozonation.

3.1.3. Mass Transfer and Intrinsic Rejection Coefficients

To determine the mass transfer coefficient, k, and the intrinsic rejection coefficient,
f ′, for all membranes, the ln((1 − f )/f ) was plotted as a function of the permeate fluxes.
Through Equation (5), a straight line equation was obtained for each set of conditions
(membrane/feed flow rate), as shown, as an example for the MCA4.1 membrane, in
Figure 2. The origin of each straight line allowed the calculation of the f ′, and the slope
permitted the calculation of k.
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Mass Transfer Coefficient Analysis (k)

Film theory [19] was used to correlate the mass transfer coefficient, k, with the re-
sistance introduced by concentration polarization. The mass transfer coefficient values
obtained for each membrane, feed flowrate, and with or without ozone pretreatment are
presented in Table 3 and Figure 3.

Table 3. Mass transfer coefficient for each membrane, k, feed flowrate, and with or without
ozone pretreatment.

k (m/s)

Without
Pretreatment

Ozone
Pretreatment

Without
Pretreatment

Ozone
Pretreatment

100 L/h 200 L/h
MCA.1 4.7 × 10−6 7.7 × 10−6 6.6 × 10−6 2.2 × 10−5

MCA.2 5.3 × 10−6 7.5 × 10−6 7.4 × 10−6 2.5 × 10−5

MCA.3 6.5 × 10−6 7.7 × 10−6 6.5 × 10−6 3.8 × 10−5

MCA.4 4.6 × 10−6 4.8 × 10−6 7.9 × 10−6 1.1 × 10−5
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The results obtained for the mass transfer coefficient, k, clearly show that the ozone
pretreatment increased the mass transfer of matter in the fluid feed phase adjacent to the
membrane surface. This fact could be related to the smaller solutes present in the solution,
after the partial fragmentation/oxidation performed by ozone pretreatment, and to their
higher diffusivity. This effect was more pronounced for the higher feed flowrate of 200 L/h,
as these smaller solutes were more easily dragged from the membrane surface by the feed
flowrate turbulence.

Intrinsic Rejection Coefficient Analysis (f ′)

According to film theory, the intrinsic rejection coefficient, f ′, is related to the increase
in solute concentration at the membrane surface and to the fouled membrane resistance.
The f ′ results obtained for each membrane, feed flowrate, and with or without ozone
pretreatment are presented in Table 4 and Figure 4.

Table 4. Intrinsic rejection coefficient f ′ for each membrane, feed flowrate, and with or without
ozone pretreatment.

f′ (%)

Without
Pretreatment

Ozone
Pretreatment

Without
Pretreatment

Ozone
Pretreatment

100 L/h 200 L/h
MCA4.1 74 59 58 65
MCA4.2 68 51 49 59
MCA4.3 53 38 30 47
MCA4.4 41 25 5 27
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Figure 4. Representation of f ′ vs. membranes in pretreated and non-pretreated effluents for feed flowrates of 100 and
200 L/h.

For all membranes, as expected, the f ′ decreased with the increase in the MWCO,
as the increased porosity of the membranes led to lower solute rejections and therefore
lower concentration polarization. Regarding the influence of the feed flowrate, the intrinsic
rejection coefficients, f ′, showed two distinct behaviors. For the lower feed flowrate,
100 L/h, all membranes presented lower f ′ for the pretreated effluent, while, for the higher
feed flowrate, 200 L/h, the membranes presented higher intrinsic rejection coefficients for
the pretreated effluent. This may be because the pretreatment led to the production of
smaller solutes that, although having higher diffusivities, which lead to higher k values,
also presented higher concentration polarization and fouling capability.
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4. Conclusions

Ozone pretreatment leads to an enhancement of permeate fluxes for all membranes
and hydrodynamic conditions. These enhancements were around 40–45% for the more
selective membranes (MCA4.1 and MCA4.2) and lower, in the range of 22–34%, for mem-
branes with higher MWCOs (MCA4.3 and MCA4.4).

For all membranes, the apparent rejection coefficients (f ) increased with increasing
transmembrane pressure, leading to higher concentration polarization, and decreased with
the increase in the feed recirculation rate, leading to lower concentration polarization. The
pre-ozonation treatment decreased the apparent rejection coefficients, this being more
pronounced at the lowest circulating flowrate (100 L/h). This effect can be related to the
partial fragmentation of large molecules into smaller ones by ozonation.

Ozone pretreatment also increased the mass transfer coefficients (k). This fact can be
related to the smaller solutes present in the solution, which have higher diffusivities, and
this effect was more evident for the higher feed flowrate of 200 L/h.

The intrinsic rejection coefficients (f ′) showed two distinct behaviors depending on the
feed flowrate. For the lower feed flowrate, 100 L/h, all membranes presented lower values
for the pre-ozonated effluent, while, for the higher feed flowrate, 200 L/h, the membranes
presented higher intrinsic rejection coefficients for the pretreated effluent. This may be
because of the appearance in the solution of smaller solutes that, although having higher
diffusivities, presented higher fouling capability.
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