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ABSTRACT

Nowadays, the conventional tannery wastewater treatment is not established in order to
obtain water in such a quality that it could be reused in the same process. This study was
then carried out in order to study an integrated wastewater treatment system, membrane
bioreactor—photoelectrooxidation (MBR-PEO), for the final polishing of tannery wastewater.
MBR is responsible for the remaining biochemical oxygen demand removal, while the
refractory matter, quantified as chemical oxygen demand, is removed by PEO. This treat-
ment configuration has provided two wastewater streams with quality standards for reuse
as process water. The wastewater treated by the MBR could be reused in beamhouse
operations, while the wastewater treated by the integrated MBR-PEO processes could be
recycled for the tanyard and re-tanning steps due to its appreciable quality.
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1. Introduction

Brazil has a privileged world position related to
water resources availability. Nevertheless, the use and
treatment of water is not always well established and,
many times, there is still an outflow of chemical com-
pounds after the industrial effluents treatment. This
situation is detectable at the hydrographical region of
Atlantico Sul, located on the State of Rio Grande do
Sul, which includes different hydrographical basins.
One of them is the Sinos River Basin, which has
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1.4 million inhabitants. The basin has 650 industries,
from which 81 are tanneries [1].

The leather and footwear sector is one of the most
important for this region and the largest in this sector
in Brazil, accounting for nearly 60% of Brazilian’s pro-
cessed leather [2]. The leather industry requires a lot
of water for the tanning process, around 30-35L of
water per kilogram of hides [3,4], and its survival is
strongly dependent on water from the Sinos River
Basin. The success of the leather industry in this
region is then inwardly linked to the conservation of
this water resource [5]. Thus, to improve the Sinos
River Basin situation, the reuse of wastewater as
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process water on the tannery industry would be
enormously important.

The production and trade of leather provide many
economic and social benefits; however, it generates
considerable environmental and human health costs,
since the tanning processes require considerable
amounts of chemicals. Besides, to ensure the complete
reaction of the chemicals with the hides they are
added in excess, and thus, this leftover will be present
in the wastewaters [6].

Tannery wastewaters have a high variability due
to the different operations associated with tanning
processes and to the different procedures used for
hide preparation, tanning and finishing. Therefore,
tanneries are typically characterized as pollution inten-
sive industrial complexes, which generate widely
varying, high-strength wastewaters [7-9]. According
to Durai and Rajasimman [7], this wastewater is
among one of the most hazardous pollutants of indus-
try, and has one of the highest toxic intensity per unit
of output, since at least about 300 kg of chemicals per
ton of hides are used during tanning processes. Basi-
cally, tannery wastewater is considered high strength
because its components are in huge amount generat-
ing, for instance, high amount of chemical oxygen
demand (COD), five-day biochemical oxygen demand
(BODs), ammonia, suspended solids or heavy metals
[10].

The high concentration of pollutants with low bio-
degradability in tannery wastewaters (0.3 BODs/COD
ratio) represents a serious and current technological
and environmental challenge [11], since this high-
strength wastewater is difficult to be treated by the
conventional processes currently employed: activated
sludge and aerated lagoons [3]. Furthermore, the bene-
ficiation process of hides employs a high amount of
water and, consequently, generates a proportional
amount of wastewaters.

Thus, the leather industry is being urged to search
cleaner, economically and environmentally sustainable
wastewater treatment technologies that can recover
and recycle chemicals and water in order to avoid
their discharge into environment [3,11]. Thus, technol-
ogies as photoelectrooxidation (PEO) and membrane
bioreactors (MBRs) are gaining prominence for this
purpose [3,12-17].

PEO process consists of a combination of electroly-
sis and heterogeneous photocatalysis, and, thereby,
causes the generation of transitory species with high
oxidative power, where the most notable is the hydro-
xyl radical (HO"). This radical has a high oxidative
power and low selectivity, being able to oxidize most
of the organic pollutants in a relatively short time, and
even cause their complete mineralization [18].
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MBR is a combination of biological reactor with
membrane separation process where the solid/liquid
separation is achieved by microfiltration or ultrafiltra-
tion membranes [19]. They provide a relatively com-
pact alternative to conventional biological treatment
options, producing a high-quality effluent even at high
and varying organic loading rates. However, the
MBRs have a key drawback, the membrane fouling.
Fundamentally, fouling gradually occurs over filtra-
tion time and can occur in different ways, such as
adsorption, pores blocking, deposition of particles or
gel formation on the membrane, causing, as a conse-
quence, a large drop in the permeate flux [20]. Despite
the intense researches on this subject, fouling is still
the greatest problem of the MBRs, which is potenti-
ated when it is applied to treat high-strength waste-
waters like the ones from tanneries [21].

In the light of these considerations, this work
investigates the feasibility of using a MBR-PEO inte-
grated process for tertiary treatment of tannery waste-
water aiming the achievement of quality water for
industrial reuse. At the same time, through scanning
electron microscopy (SEM) and thermogravimetric
analysis (TGA), the membrane fouling is investigated.

2. Materials and methods

The general experimental flow sheet used in this
work is presented in Fig. 1. The wastewater was col-
lected at the discharge point of the conventional efflu-
ent treatment plant (CETP) of a tannery that carries
out all industrial processes from raw hides to finished
leather. This CETP uses physicochemical treatment fol-
lowed by activated sludge.

2.1. Treatment with MBR

The MBR has an external membrane and operating
volume of 3L. The wastewater is pumped, by a peri-
staltic pump, from the feeding tank to the bioreactor,
which is kept in complete mixture by an aeration sys-
tem to maintain the biomass in suspension while pro-
viding oxygen to the micro-organisms. A diaphragm
pump sends the mixed liquor from the bioreactor to
the membrane module, which separates it in two

Industrial Conventional Membrane Photoelectro
tanning |===| treatment at the |=>| bioreactor |=I> oxidation
process industry (CETP) (MBER) (PEC)

Fig. 1. Experimental scheme for the tannery wastewater
treatment.
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flows: retentate, which is returned to the aeration tank
(bioreactor); and permeate, which is collected in the
permeate tank. A flat-sheet cellulose ester membrane,
supplied by Millipore, with 0.2 um pore size, active
area of 55cm” and driven at tangential flow was used.
The MBR experimental set-up is shown in Fig. 2.

The MBR was inoculated with activated sludge not
previously acclimated obtained from a municipal sew-
age treatment plant (Porto Alegre, Brazil). Initial con-
centration of mixed liquor suspended solids (MLSS)
was 10,000 mg L. Initial hydraulic retention time was
6.25 h. Transmembrane pressure (TMP) was kept con-
stant at 0.6bar and the highest tangential velocity
(2ms™") was used. The MLSS, TMP and tangential
velocity parameters adopted in this work are product
of previous studies [22,23]. The temperature in the
bioreactor remained stable over time (27-30°C).

The MBR was ran in two campaigns (each one
with a new membrane, but from the same manufac-
turing batch), so that the first and the second cam-
paigns lasted for 105 and 360h, respectively. In the
first campaign, the MBR was fed with synthetic
effluent. The second campaign was divided into two
phases: (i) during the initial 190h, the MBR was fed
with synthetic effluent; (ii) in the second phase, lasting
170h, the synthetic effluent was replaced, without
interruption of operation, by tannery wastewater col-
lected after the secondary treatment in a tannery
located at the Rio dos Sinos Region in Southern Brazil.

2.2. Treatment by PEO process

The PEO experiments were performed in a 3L
photoelectrochemical bench-scale reactor under com-
plete mixing. The reactor consists of a glass cylinder,
jacketed with circulation of cooling solution by an
ultra thermostatic bath from Nova FEtica—Model
521/3D. The reactor also includes a pair of electrodes
and mercury vapour lamps without bulb and inside a

Peristaltic Pump

Air Compressor “

Fig. 2. MBR experimental set-up.
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quartz tube. Fig. 3 schematically illustrates the photo-
reactor used in the experiments.

A light bulb from a 400 W high-pressure mercury-
vapour lamp from Avant® was inserted in a quartz
tube and used as UV source. To optimize the use of
radiation, the electrodes were concentrically arranged
into the photoreactor.

A pair of commercial electrodes from De Nora®—
Brazil was used. The anode was coated with a mixture
of ruthenium and titanium oxides in 70TiO,/30RuO,
proportion, while the cathode was made of titanium
oxide. The experiments were conducted using 3L of
wastewater, current density of 30 mA cm 2 and for a
period of 1h.

2.3. Synthetic effluent

The synthetic effluent was prepared using ethanol
as carbon source to present a COD of 500mgL™"; it
was complemented with micronutrients necessary to
achieve adequate microbial metabolism [24]. This
synthetic effluent, adapted from Provenzi [25] and
Kimura et al. [26], was elaborated with these features
to provide an assessment of the MBR operation. Its
composition is shown in Table 1.

2.4. Tannery wastewater

A sample of 100 L of wastewater was collected at
the discharge point of the CETP from a tannery,
located at the Rio dos Sinos Region, where most
leathers produced are chrome tanned. Immediately
after collection, the wastewater was subjected to
characterization.

2.5. Analytical methods

During the MBR runs, permeate flux and tempera-
ture in the bioreactor were monitored. To evaluate the
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Fig. 3. Schematic representation of photoreactor: (1) glass
reservoir; (2) titanium oxide cathode; (3) titanium and
ruthenium oxides anode; (4) quartz tube; and (5) mercury
vapour lamp.

efficiency of the treatment systems, COD, BODs, total
Kjeldahl nitrogen (TKN), total-P, chlorides, sulphates,
sodium, calcium and chrome analyses were made. All
analyses were carried out in duplicate following the
standard methods [27].

2.6. Analysis of the membrane

After finishing the second MBR campaign, a proce-
dure for cleaning and dismounting the system was
carried out. Initially, the sludge was removed from
the bioreactor. Subsequently, water was re-circulated
through the system to remove the remaining material

Table 1
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inside the pipes. This procedure was performed with
fully open valves to ensure the absence of pressure in
the system. Thus, the membrane was removed and
subjected to analysis by SEM and TGA to evaluate its
conditions after use, comparing to analysis carried out
before use.

2.6.1. SEM analysis

Points in the central region of the membrane were
selected for analysis by SEM (JEOL, model 6060) with
image acquisition system. For sample preparation, the
membranes were cryogenically fractured with liquid
nitrogen and then coated with gold to make its surface
conductive. Afterwards, transverse and surface micro-
graphs of the new membrane and of the one used in
the MBR were accomplished.

2.6.2. Thermogravimetric analysis

Similar samples to those analysed by SEM were
forwarded to TGA (Universal V4.2E TA Instruments).
Analyses on the membranes before and after the MBR
operation were performed. The heating ramp was
20°C min~' between room temperature and 1,000°C in
a nitrogen atmosphere. This technique was used in
order to identify the degradation temperature of the
membrane and to determine the amount of organic
and inorganic material that was deposited on or inside
the membrane pores.

3. Results and discussion
3.1. Permeate flux

The first MBR campaign started with a permeate
flux greater than 85Lh™' m2, but has been decreasing

Composition and concentration of the synthetic effluent fed to the MBR

Compound Chemical formula Concentration (mgL™)
Ethanol 96 GL P. A. CH;CH,OH 0.25
Ammonium sulphate P. A. (NH,),SO4 97.54
Ammonium phosphate dibasic P. A. (NHy),HPO, 21.29
Ferric chloride P. A. FeCl;-6H,O 242
Calcium chloride P. A. CaCl,-2H,0O 0.37
Zinc sulphate P. A. ZnS0O,-7H,O 0.44
Copper Sulphate P. A. CuSO4-5H,O 0.39
Cobalt chloride P. A. CoCl,-6H,O 0.42
Potassium chloride P. A. KCl 0.42
Magnesium chloride P. A. MgCl,-6H,0 0.42
Manganese sulphate P. A. MnSO,-H,O 0.42
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over time and tended to stabilize for about 60 Lh™!' m™2

after 105h of operation. Like the first MBR campaign,
the second one presented a resembling permeate flux
during the same operation time. However, after 360 h,
the permeate flux stabilized at 43Lh™'m™2 (Fig. 4). In
equivalent conditions, i.e. 360 h and also with an exter-
nal MBR, Badani et al. [28] obtained similar permeate
flux, 42Lh™ ' m™2. Furthermore, it may be noted that,
after the substitution of the synthetic effluent by the
tannery wastewater, the permeate flux had a slight
reduction and tended to stabilize, indicating that
fouling was not significant. This gentle decline in the
permeate flux and its stabilization at a high level, at the
end of 360 h, can be attributed to the large hydrody-
namic forces adopted in this work, with tangential
velocity of 2ms™' that represents a regime of turbulent
flow, with Reynolds number of 5,785. According to
Bohm et al. [29], these outcomes were obtained because
the layers that would deposit on the surface could be
reduced or completely removed by the maintenance of
an elevated permeate flux.

In contrast, studies with submerged MBR reported
permeate fluxes of 8-13Lh™" m™2 [30-34], while Melin
et al. [35] found that the mean flux ranges from 25 to
35Lh™'m™2 These authors explain that, in submerged
MBRs, working with smaller permeate fluxes increases
the interval between membrane cleanings.

In this work, with an external MBR, permeate
fluxes of 43Lh™'m™ were obtained after 360h of
operation. This high flux should indicate no fouling in
the membranes, but considering that all the researches
with MBR treating tannery wastewaters explain that
the main problem associated to this technology is the
membrane fouling; and that at higher operation times,
there could be a more pronounced drop in permeate
fluxes, the membrane after use was investigated by
SEM and TGA.

m lst campaign

__E + 2nd campaign
=
=
x
3
=
5 404 N
o
@
E
s 20
o
0 60 120 180 240 300 360

MBR operation time (h)

Fig. 4. Permeate flux variation vs. MBR operation time.
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3.2. Analysis of the membrane

The membrane analyses (SEM and TGA) pro-
vided information about the conditions of post-use
membrane.

3.2.1. SEM analysis

Fig. 5(a) and (b) present micrographs of the mem-
brane before being used in the MBR, showing that the
membrane structure is homogeneous both in the sur-
face and in the cross-section.

According to the transversal micrograph of the
post-use membrane (Fig. 5(c) and (d)), the fouling
layer has approximately 12 um of thickness. The visual
appearance of the material layer deposited on the
membrane seems compact, creating a physical barrier
that hinders the permeability. However, there is no
hint that the fouling penetrates in the membrane
pores, with a deposit only on its surface, forming a
micro-organisms and organic matter cake layer. The
Fig. 5(e) and (f) show the surface of the fouled mem-
brane, so that the presence of micro-organisms can be
observed, which meets the reports of other studies
[36-39]. The slight fouling present only on the mem-
brane surface indicates that, when it is necessary to
restore the permeate flux, a brief cleaning procedure
would be sufficient.

3.2.2. Thermogravimetric analysis

Fig. 6 shows the TGA curve of the new
membrane; it can be observed that the membrane
consists of a single material, because in a small tem-
perature range, around 200°C, there was approxi-
mately 97% of mass loss. The analysis was finished
at 675°C, resulting in only 0.2% of residues. Thus, it
can be stated that the sample has high purity,
namely, it is virtually free from contamination and/
or mineral fillers.

The TGA of the post-use membrane shows that up
to 200°C there was a weight loss of about 10%, which
can be attributed to the presence of humidity and vol-
atile organic compounds in the sample, which are not
part of the membrane constitution. Around 200°C,
namely, the characteristic temperature of the
membrane degradation, there was a 46% loss. Follow-
ing this temperature until 500°C, taken by the
Standard Methods [27] as the temperature adopted to
volatilize any organic compound in volatile solids
analysis, the loss was around 21%, which is mostly
attributed to organic matter (micro-organisms and
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Fig. 5. SEM images of the membrane: ((a) and (b)) surface and cross-section of the new membrane; ((c) and (d))
cross-section of fouled membrane; ((e) and (f)) surface of fouled membrane.

extracellular polymeric substances). At temperatures
higher than 500°C, the analysis showed a reduction of
more than 8% in mass, which can be associated to the
degradation of inorganic material, such as nitrates and
carbonates. After the analysis, 1,000°C, there was an
occurrence of about 15% of residues, characterizing
the presence of inorganic compounds such as salts,
inert material or even metals, namely, inorganic
scaling.

3.3. Treatment efficiency
3.3.1. Synthetic effluent

Working with the synthetic effluent in both cam-
paigns, the MBR had a high efficiency, achieving
reduction of 97 +2.0% for COD (Fig. 7). These results
are in agreement to those obtained by Provenzi [25],
who also used ethanol as carbon source in the syn-
thetic effluent.
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Fig. 7. MBR efficiency treating the synthetic effluent.

3.3.2. Tannery wastewater treatment and a reuse
proposal

Throughout the MBR run with tannery wastewa-
ter, the efficiency treatment remained constant over
time (Fig. 8) and obtained an average reduction in
BODs of 87.8%, which is considerably significant, since
the tannery wastewater is more complex than the syn-
thetic effluent. Achieving this efficiency, under the
adverse conditions mentioned, highlights the robust-
ness of the MBR. The COD removal was lower than
BODs removal, indicating that the remaining COD is
refractory material, that is, non-biodegradable. These
results are in agreement with the scientific literature
[21,40]. Considering the remaining COD, advanced
oxidation processes could be an alternative to the
degradation.

Although the tannery wastewater treated by the
MBR did not reach all allowed values to discharge
according to Brazilian regulations [41] (Table 2), it
already presents quality for reuse as process water,
since there are steps in the leather industry where
water with a lower quality can be required [42].

MBR operation time (h)

Fig. 8. MBR efficiency treating the tannery wastewater.

According to these authors, with a proper adjustment
in salts concentration, wastewater with these charac-
teristics can be recycled to several steps of the indus-
trial process, such as the beamhouse operations
including soaking and unhairing-liming, as well as
tanyard operations like deliming and pickling. Fur-
thermore, Bes-Pia et al. [43], with the adequate salts
adjustment, applied wastewater similar to the one
obtained from the MBR in pickling operation and
achieved high-quality leather. On the other hand,
Mendoza-Roca et al. [44] obtained high-quality leather,
using, in unhairing operation, process water with infe-
rior conditions than the one from the MBR. Employing
process water with an elevated COD and TN concen-
trations in deliming operation, Gallego-Molina et al.
[45] also achieved good quality leather. These findings
show that the MBR permeate attained in the present
work have sufficient quality to be recycled as process
water (see Table 2).

It is important to highlight that the concentration
of critical parameters like COD, BODs and TKN after
MBR-PEO treatment comply with the current South-
ern Brazilian legislation for effluent discard, as shown
in Table 2. The wide TKN removal can be empha-
sized, considering that nitrogen removal from tannery
wastewater is difficult to achieve and more complex
than the one from municipal wastewaters [45]. Fur-
thermore, the discharge of these compounds into the
environment can cause serious damage like eutrophi-
cation of water bodies.

On the other hand, it would be a waste to dis-
charge process water with quality like the one pro-
duced by the combined MBR-PEO treatment, since
other authors demonstrate that similar process water
can be recycled through several steps into the leather
industry, including tanyard and re-tanning operations
and resulted in a final product of outstanding quality
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Table 2
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Characterization of wastewater treated by CETP, MBR and PEO, and maximal allowed values for industrial wastewater

discharge according to Brazilian regulations [41]

Wastewater Post- MBR Post- PEO Global Maximal allowed values for
post-CETP MBR removal PEO removal removal industrial wastewater discharge

Parameter (mgL™") (mgL™ (%) (mgL™ (%) (%) (mgL™

COD 776 420 45.8 29 93.1 96.3 150-400

BODs 205 25 87.8 10 60.0 95.1 40-180

TKN 149 124 16.8 2.6 97.9 98.3 10-20

Total-P 0.39 0.13 66.7 0.08 38.5 79.5 1-4

Chlorides 1,325 1,324 0 1,704 0 0 -

Sulphates 1,428 1,531 0 n.a. 0 0 -

Sodium 943 945 0 n.a. 0 0 -

Calcium 120 191 0 152 0 0 -

Chrome  0.08 0.04 50.0 0.02 50.0 75.0 0.5

Note: n.a.: not analysed.

Industrial Process

water

Process water

Process water

Wastewater Treatment Plant

Wastewater

MBR PEO

Fig. 9. Proposal of wastewater treatment and water reuse in a tannery.

that can be compared to the ones achieved applying
fresh water [3,46].

In order to address the water reuse in a tannery
that already mix all the wastewaters coming from dif-
ferent leather tanning phases and treat them together,
an attempt has been presented in Fig. 9. The adoption
of these technologies would be of great help to reduce
the fresh water consumption that is used in huge
amounts in these industries. Moreover, wastewaters
represent a source of contamination but also a cheap
source of reusable water. On the other hand, in tan-
neries where it is possible to segregate wastewaters in
different streams and to treat them separately, other
configurations of wastewater treatment system are
possible [42]. For example, it would be possible to
reuse some waters without any treatment in tannery
beamhouse process [47] or to use advanced oxidation
processes directly in wastewaters coming from re-tan-
ning operations [48].

4. Conclusions

The tannery wastewater treatment plant is not sup-
porting the effluent load and it is being discharged in
disagreement with the environmental regulations,
indicating that the wastewater treatment plant is
undersized and needs to be re-designed or comple-
mented with a new stage of treatment.

Regarding the MBR runs, in both campaigns, they
showed a high permeate flux of around 43Lh ™' m™
after 360h of work, even without performing any
membranes cleaning procedure. Furthermore, fouling
does not penetrate in the membrane pores and has
been minimal.

Working with synthetic effluent, the MBR reached
a COD reduction of 97+2.0%. On the other hand,
operating with tannery wastewater post-CETP a
reduction of 87.8, 45.8, and 16.8% for BODs, COD and
TKN, respectively, was achieved, but some parameters
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were still above the Southern Brazilian regulations
limits for effluents discharge. When an integrated
MBR-PEO process was used, it proved to be effective
as a tertiary tannery wastewater treatment, obtaining
removal rates of 95.1, 96.3 and 98.3% for these param-
eters; such that the permissible discharge standards
were reached.

The integration of the MBR to the PEO process
provided two process water streams, with different
characteristics. One of them could be reused for less
noble steps in the tannery industry like the ones for
beamhouse operations. The other one can be reused
for steps that require higher quality water like the
ones for tanyard and re-tanning, making possible the
use of water in a practically closed circuit. The zero-
discharge concept on these technologies can bring eco-
nomic and environmental benefits to the companies,
since it significantly reduces waste disposal, saving
water and chemicals.
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