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ABSTRACT

Cork processing wastewater is an aqueous complex mixture of organic compounds that have been
extracted from cork planks during the boiling process. These compounds, such as polysaccharides
and polyphenols, have different biodegradability rates, which depend not only on the nature of the
compound but also on the size of the compound. The aim of this study is to determine the biochemi-
cal oxygen demands (BOD) and biodegradation rate constants (k) for different cork wastewater
fractions with different organic matter characteristics. These wastewater fractions were obtained
using membrane separation processes, namely nanofiltration (NF) and ultrafiltration (UF). The
nanofiltration and ultrafiltration membranes molecular weight cut-offs (MWCO) ranged from 0.125
to 91 kDa. The results obtained showed that the biodegradation rate constant for the cork processing
wastewater was around 0.3 d™' and the k values for the permeates varied between 0.27-0.72 d, being
the lower values observed for permeates generated by the membranes with higher MWCO and the
higher values observed for the permeates generated by the membranes with lower MWCO. These
higher k values indicate that the biodegradable organic matter that is permeated by the membranes

with tighter MWCO is more readily biodegradated.
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1. Introduction

The determination of BOD is one of the oldest and
most established methods for assessing the content of
biodegradable organic matter present in water [1-3].

BOD is usually defined as the amount of oxygen used
by bacteria in the decomposition of organic matter under
aerobic conditions. This happens due to the presence of
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a group of heterotrophic microorganisms that carry out
oxidation, according to [5,6]:

COHNS + O, + bacteria -» CO, +H,O + NH,
+ other end products + energy

)

Theoretically, an infinite time is required for the com-
plete biological oxidation of organic matter. However,
for practical purpose, the reaction is usually considered
to be complete in 20 days due to the oxidation of 99.9%
of the biodegradable organic matter initially present [6].
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The kinetics of the biodegradation reaction is usually
expressed as a first order reaction. This first order kinetics
is very common due to its harmony with other physical
processes related to BOD, such as, oxygen transfer from
air to water [7] and self-purification capacity of streams
[8], which also have first order kinetics characteristics.

In first order kinetics, the reaction rate is proportional
to the amount of remaining organic matter over time. The
reaction rate is controlled by the amount of organic matter
available to microorganisms and can be expressed by [5]:

dBOD,

=-kBOD, 2)

where BOD_represents the concentration of the remaining
organic matter after a period of time (f) and k the reaction
rate constant in d™.

From the integration of Eq. (2) results:

BOD, =BOD, (e ™) (©)

where BOD | represents the ultimate concentration of
biodegradable organic matter. Accordingly, the BOD,
measured in a period of time ¢, can be expressed by [5]:

BOD,=BOD, -BOD, (4)
BOD, =BOD, —~BOD; (¢ ™) (5)
BOD, =BOD, (1-¢ ™) (6)

The value of the reaction rate constant (k) for a given
water can be determined experimentally, or, for some
waters, the value of this parameter is already established
and is available in the literature [5,9]. For a given k, Eq. (6)
allows the determination of the total BOD value of a water
sample (BOD , BOD, ) from the value of BOD in any given
period of time. There are several ways to determine these
two parameters, kand BOD , from the results of a series of
BOD measurements. The most common methods are the
method of least squares, the method of moments [10], the
daily difference method [11], the rapid rate method [12],
the Thomas method [13] and the Fujimoto method [14].

The reaction rate constant, in Eq. (6), depends on the
temperature but also on the type of organic matter pres-
ent. So, for a given temperature, different values of k can
be obtained due to the nature of organic matter and its
availability to the microorganisms. In general, the organic
matter that is dissolved is more readily available than the
colloidal or suspended matter. In these cases, the rates
of hydrolysis and diffusion are important factors in con-
trolling the speed of reaction. In industrial wastewaters,
organic matter may have a complex chemical nature.
Simple substrates such as glucose are easily degraded,
so k will be high. However, some organic compounds
like lignin are slowly degraded by bacteria being often
considered resistant to biodegradation and presenting a
low k value [5,6].

The k value for untreated urban wastewater usually
varies from 0.12 to 0.46 d™' with a typical value of about
0.23 d™'. However, the k value varies significantly with the
nature of organic matter and values from 0.05 to 0.3 d!
may be obtained for some industrial wastewaters [9].

Cork processing wastewaters are composed by differ-
ent types of organic matter, including compounds that
are hardly biodegradable, such as phenolic compounds,
and this causes a major problem if biological treatments
are envisaged for the treatment of these wastewaters.
Previous studies have shown that the biodegradability
(BOD,/COD) of these wastewaters is low, 0.38, but this
value can be increased using nanofiltration, where the
permeates present BOD,/COD values around 0.68 [15].

The aim of this study is to assess the k values for this
wastewater and for different fractions obtained through
ultra-nanofiltration membrane separation processes.

2. Materials and methods

2.1. Cork processing wastewater

Cork processing wastewater with different organic
matter loads (generated after 20 t and 22 t of cork pro-
cessed) were collected at Fabricor Industria, Preparagao
e Transformagao de Cortica SA (Alcochete, Portugal). The
boiling tank has a volume of 16 m*.

2.2. Characterization of cork processing wastewater and per-
meated fractions

The cork processing wastewater was characterized
in terms of pH, total organic carbon (TOC), biochemical
oxygen demand (BOD, and BOD,), chemical oxygen de-
mand (COD) [16], total phenols (TP) [17] and tannins [18].

For the permeated fractions the BOD variation with
time was recorded every day during a period of 20 days.
BOD was determined according with the procedure de-
scribed in the Standard Methods, by the respirometric
method, 5210D. The biodegradation rate constant (k) was
determined using the method of the least squares, con-
sidering Eq. (6) and the experimental BOD data obtained
for each permeated fraction over a period of 20 days.

2.3. Preparation of ultrafiltration membranes

Six ultrafiltration membranes of cellulose acetate
(designated by CA ~CA,) with different molecular weight
cut-offs (MWCO) were prepared in the laboratory by the
phase inversion method [19,20] using cellulose acetate
with 40% acetyl content. Table 1 displays the casting
solution composition and conditions for the preparation
of CA~CA, membranes. All the chemicals used are of
reagent grade and supplied by Merck.
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Table 1
Membrane casting solutions composition and film casting conditions
Membranes CA, CA, CA, CA, CA4 CA,
Casting solution, wt%
Cellulose acetate 17 17 17 17 17 17
Acetone 64 61 56 55 48 43
Formamide 19 22 27 28 35 40
Casting conditions
Temperature of casting solution, °C 20-25 20-25 20-25 20-25 20-25 20-25
Evaporation time, min 0.5 0.5 0.5 0.5 0.5 0.5

Gelation medium

Water between 0-3°C

2.4. Ultrafiltration and nanofiltration permeation experiments

Ultrafiltration and nanofiltration permeation experi-
ments with cork processing wastewater were carried out
on two different installations. The ultrafiltration instal-
lation consists in a feed tank with a volume of 5L, a
pump (with flow regulator), a flat sheet permeation cell,
a pressure valve, 2 manometers (before and after a mem-
brane cell), and a rotameter. The permeation cell holds
2 membranes with a surface area of 0.0147 m?/membrane.
The installation scheme is shown in Fig. 1 (left).

Nanofiltration experiments were carried out in a pilot
plant equipped with a spiral wound membrane module
DK?20/40 GE (with a membrane surface area of 2.09 m?).
The installation consists in two pumps, two manometers,
arotameter and one microfiltration filter. The temperature
of the feed tank (36 L) was kept constant by a cooling
system (Fig. 1, right).

The permeation experiments were performed in total
recirculation mode (with recirculation of both permeate
and concentrate to the feed tank). For each membrane
the same raw wastewater was used as feed solution and
permeates were stored at 4°C for later analysis. The ul-
trafiltration experiments were performed with a volume
of effluent of 5 L, at a transmembrane pressure of 3 bar,
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Fig. 1. Ultrafiltration (left) and nanofiltration (right) set-ups.

feed circulation flowrate of 200 L/h and 25°C. Nanofiltra-
tion experiments were performed with a volume of 20 L,
at a transmembrane pressure of 10 bar, 25°C and a feed
circulation flowrate of 500 L/h.

2.5. Membranes characterization

The ultra-nanofiltration membranes were character-
ized in terms of hydraulic permeability (L), apparent
rejection coefficients to salts (f) and molecular weight
cut-off MWCO).

The hydraulic permeability was determined by per-
forming water permeation experiments. For ultrafiltra-
tion, the experiments were carried out at transmembrane
pressures of 1.0, 1.5, 2.0, 2.5 and 3.0 bar, at a feed circula-
tion flowrate of 200 L/h, at a temperature of 25°C and
using a surface area of membrane of 0.0294 m®. For the
nanofiltration, a DS5 commercial membrane supplied by
GE was used and the transmembrane pressure was varied
between 2.5 and 15.0 bar, at a temperature of 25°C and
a feed circulation flowrate of 550 L/h, the surface area of
membrane was of 2.09 m?.

The determination of the apparent rejection coeffi-
cients to salts (f) was carried out with a monovalent salt,
NaCl, and with a divalent salt, Na,SO,. For salt concen-
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tration determination, conductivity measurements were
performed using a WTW multi 340i/set and the appar-
ent rejection coefficient was calculated according to the
following equation: f = (C, - C))/C,, where C, is the feed
concentration and Cp is the permeate concentration. Ul-
trafiltration experiments were performed at a transmem-
brane pressure of 1 bar, temperature of 25°C, and a feed
circulation flowrate of 200 L/h with salt concentrations of
600 ppm. Nanofiltration experiments were performed at
a transmembrane pressure of 5 bar, temperature of 25°C,
a feed circulation flowrate of 500 L/h with salt concentra-
tions of 600 ppm.

The molecular weight cut-off (MWCO) determina-
tion was carried out following Michaels method, using
different reference organic solutes with concentrations of
600 ppm. For the nanofiltration membrane, glucose and
sucrose were used, and for the ultrafiltration membranes,
polyethylene glycols of different molecular weights (600,
1000, 1500, 3000, 6000, 10000, 20000 Da) and dextrans
(40000 and 70000 Da) were used. The ultrafiltration ex-
periments were performed at a transmembrane pressure
of 1 bar, temperature of 25°C, a feed circulation flowrate
of 200 L/h. Nanofiltration experiments were performed at
a transmembrane pressure of 5 bar, temperature of 25°C,
a feed circulation flowrate of 550 L/h. The quantification
of the concentration of the different organic solutes in the
different streams (feed and permeate) was performed by
analysis of the total organic carbon (TOC).

3. Results and discussion
3.1. Cork processing wastewater characterization

The wastewater characterization in terms of pH, to-
tal organic carbon (TOC), biochemical oxygen demand
(BOD, and BOD,), chemical oxygen demand (COD), total
phenols (TP) and tannins for the two cork processing
wastewaters samples is presented in Table 2.

Table 2 shows that this wastewater contains a high
content in terms of organic matter, a considerable content

Table 2
Cork processing wastewater characterization. Samples collect-
ed after 20 and 22 tonnes of cork processed in the boiling stage

Sample 1 Sample 2
(20 t of cork (22 t of cork
processed) processed)
pH 5.14 4.70
TOC (mg C/L) 670.5 1056.8
BOD, (mg O,/L) 875 900
BOD,, (mg O,/L) 1000 1225
COD (mg O,/L) 2285 2604
TP (g tannic acid/L) 0.36 0.41
Tannins (g tannic acid/L) 0.25 0.27

in terms of polyphenols and tannins, that are generally
difficult compounds to biodegrade, and a biodegradation
ratio (BOD,/COD) of 0.36, which is within the range of
the typical values observed for urban wastewaters [5].

The BOD variation with time for the two samples is
displayed in Fig. 2.

The determination of the biodegradation rate con-
stant for the wastewaters was carried out using the data
presented in Fig. 2 and Eq. (6). The results are presented
in Table 3.

The k values obtained for the two samples are very
similar to each other and are within the range observed
for untreated urban wastewater [5]. The estimated values
for BOD (lines in Fig. 2) using the determined k values
show a very good agreement with the experimental
values. The average value of 0.3, obtained for k, together
with the BODS/ COD observed, around 0.36, indicates that
the compounds present in these wastewaters are hardly/
slowly biodegraded.

3.2. Membranes characterization

The membranes characterization results are shown
in Table 4.

3.3. Membrane permeate fractions

Several permeation experiments with cork process-
ing wastewater were carried out using the 7 membranes
studied, with MWCOs ranging from 0.125 to 91 kDa.
The wastewater samples used were collected after the
processing of 20 and 22 t of cork, respectively, in a 16 m®
boiling tank. The determination of the biodegradation
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Fig. 2. Variation of the cork processing wastewater BOD with
time. Samples collected after 20 and 22 tonnes of cork processed
in the boiling stage.

Table 3

Cork processing wastewater biodegradation rate constant (k)
20 t of cork processed 22 t of cork processed

k(d™) 0.33 0.27
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Table 4
Membranes characterization
DS-5 CA, CA, CA, CA, CA, CA,
Lp (L/h/m?) 5.2 14 2.6 34.8 37.8 56.0 106.0
f (%) (NaCl) 60.0 40.0 30.6 2.0 0.8 0.4 0.1
f (%) (Na,SO,) 99.0 62.1 50.2 6.8 4.8 6.7 1.2
MWCO (kDa) 0.125 1.2 3.8 13.6 25 45 91
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Fig. 3. Variation of permeates BOD with time for membranes with MWCO ranging from 0.125 kDa to 91 kDa.
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Fig. 4. Variation of biodegradation rate constant (k) with BOD,, and with MWCO.

rate constant (k) for the different permeates was carried
out using the BOD vs. time data (presented in Fig. 3)
and Eq. (6).

Fig. 4 shows the biodegradation rate constant (k) val-
ues, obtained for the different permeates, as a function of
the MWCO (right) and as a function of the BOD, (left).

The results obtained show that there is a significant
increase of k with decreasing MWCO, for permeates gen-
erated by membranes with MWCO lower than 3.8 kDa,
values in the range of 0.38-0.72 d™' were obtained (being
this phenomena more pronounced for the wastewater
generated after 22 t of cork processed), which are much
higher values than the ones observed for the raw waste-
water (~0.3 d™'). For the permeates obtained with mem-
branes with higher MWCOs the k values tend to reach
a plateau, with values around 0.3, being these values in
the same range of the raw wastewater. These results sug-
gest that the wastewater fractions obtained with lower
MWCO membranes have permeated organic matter that
is more readily biodegradable, which can be correlated
with the fact that the solutes permeated are the ones with
smaller molecular weights and therefore are more easily
biodegraded. One other aspect is that there can also be
present a toxicity/inhibition phenomenon that could be
attributed to high concentrations of tannins [21]. The pre-
ceding analysis is in accordance with the results observed
in Fig. 4 (left), showing that, in general, for lower values
of BOD,, higher values of k are obtained.

4. Conclusions

The complex nature of the cork processing wastewa-
ters, rich in compounds that are hardly biodegradated,
poses major problems in their treatment, namely if bio-
logical treatments are envisaged. The results obtained
shown that the fractionation by nanofiltration and ul-
trafiltration permits to obtain wastewater fractions with
different biodegradation rate constants. Higher values of
k are observed for the permeate fractions generated by
membranes with MWCO lower than 3.8 kDa, indicating
that the biodegradable organic matter present in these
permeates is more rapidly biodegradable. Therefore, if

the wastewaters are pre-treated by ultrafiltration mem-
branes with a MWCO lower than 3.8 kDa its discharge
into municipal collectors is admissible and the subsequent
biological treatments may present good efficiencies.
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