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Treatment of tannery wastewater for reuse by physico-
chemical processes and a membrane bioreactor

J. Fettig, V. Pick, M. Oldenburg and N. V. Phuoc

ABSTRACT

Treatment of wastewater from a tannery in Greater Ho Chi Minh City (Vietnam) was investigated on a
pilot scale. After pre-treatment by the tannery that included batch-coagulation and sedimentation,
the wastewater was treated by dissolved air flotation, a membrane bioreactor (MBR) and granular
activated carbon (GAC) for polishing the MBR effluent. The average removal efficiency for organic
substances in the MBR was 81% while total nitrogen could only be removed by 36%. The
performance of the GAC column could be successfully predicted using adsorption parameters
determined in laboratory experiments. A larger proportion of the organics in the MBR effluent was
only weakly adsorbable, therefore the usable carbon capacity was limited as confirmed by the
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modelling approach. The results were used to outline the size of a technical plant with a volumetric

loading rate of 3 kg COD/(m3*d) for the MBR and a specific carbon demand of about 1.8 kg/m?.
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INTRODUCTION

The leather and footwear industry is an important economi-
cal branch in Vietnam. Tanneries, which need up to 40 m®
of fresh water per tonne of raw hides (EIPPCB 2013), are a
part of this branch. Since the tanning industry has been cate-
gorized as one of the most polluting industries, Vietnamese
environmental regulations require that each company must
install wastewater treatment systems (Thanh 2o11). However,
there is no differentiation between the effluent standards for
different industries, thus chemical oxygen demand COD =
150 mg/L, biochemical oxygen demand BODs =50 mg/L,
total
Niot =40 mg/L and total phosphorus Py, =6mg/L as

ammonium-nitrogen NH4-N =10 mg/L, nitrogen
major parameters are required for all discharges into receiv-
ing waters (MONRE 201). Since data on actual effluent
concentrations are not available, it is difficult to evaluate
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the current state of industrial wastewater treatment. In
2010, about 65% of the tanneries did officially comply
with the regulations. On the other hand, almost all tanneries
have been fined for various environmental violations. This
indicates that there is still a lack of appropriate and reliable
technologies (Thanh & Truong 2013).

The conventional way to treat tannery wastewater is to
apply chemical precipitation and aerobic biological treat-
ment in an activated sludge stage (EIPPCB 2013). It has
been shown that sequencing batch reactors (SBR) might
be better suited for the removal of organic matter measured
as COD and nitrogen compounds (Murat et al. 2002). As dis-
cussed by Lin et al. (2012), the application of membrane
bioreactors (MBRs) was also proven to be technically feas-
ible in laboratory-scale studies. According to Munz et al.
(2008), a MBR showed higher COD removal efficiencies
(+49%) and provided more stable and complete nitrification
than an activated sludge system. Wang & Liu (2011) obtained
88% COD removal using a MBR at a volumetric loading rate
of 4.8 kg COD/(m>*d). Ganesan & Muthulakshmi (2015)
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varied the mixed liquor suspended solids concentration in
their MBR. They found that COD removal increased from
75% at 8 g/L to 90% at 12 g/L, but did not give a detailed
explanation. There is still a lack of studies with large-scale
MBRs and tannery wastewater (Fazal ef al. 2015).

The combination of MBRs with an adsorption process
for enhanced removal of refractory organic matter from tan-
nery wastewater has been investigated by adding powdered
activated carbon to the bioreactor (Munz ef al. 2007; Ng
et al. 2013). In both studies, small improvements in COD
removal were observed, although the main purpose was to
improve fouling control and achieve a better filtration per-
formance. Another approach to remove refractory organics
was suggested by Giacobbo ef al. (2015), who combined a
MBR with a photoelectron-oxidation stage. However, the
energy demand for the oxidation process in order to achieve
considerable COD removal efficiencies was quite high.

Besides the concentration of organic matter in treated tan-
nery effluents, the high salt content can limit the options for
reuse. Both nanofiltration (Galiana-Aleixandre et al. 2005)
and reverse osmosis (Scholz et al. 2005; De Gisi et al. 2009)
have been applied on a small scale in order to produce a perme-
ate that can be reused by the tannery for all process steps.

As a part of the joint Vietnamese-German research pro-
ject EWATEC-COAST, a treatment concept comprising
improved physico-chemical pre-treatment, a MBR as the cen-
tral stage, and post-treatment by granular activated carbon
(GAC) adsorption has been studied on a pilot scale at the
Dang Tu Ky tannery in the Nhon Trach 1 Industrial Zone
(Déng Nai Province). The treated wastewater should be suit-
able for reuse purposes in the beamhouse of the factory.
Therefore, no salt removal was required whereas a target
value of 250 mg COD/L was set for the organic matter. The
objective of the study was to demonstrate the feasibility of
the three-stage treatment concept in reaching this target.

MATERIALS AND METHODS
Pilot plant experiments
The feed to the pilot plant was withdrawn from the super-

natant of the sedimentation basin of the tannery’s
technical-scale plant after straining and batch coagulation.
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Sulphuric acid, ferrous sulphate, poly-aluminium chloride
and an organic polymer are added for pre-treatment in
order to adjust pH, precipitate both chromium and sulphide,
and remove particulate matter by flocculation. Mean values
of some important parameters of the pre-treated wastewater
are given in Table 1.

According to the data, the conductivity is quite high
because of salts that are both washed out from raw hides
and used as process chemicals. Compared with the level of
organics in raw wastewater, COD is reduced significantly
in the pre-treatment stage due to the removal of particulate
organic material. This is in accordance with the findings in
European tanneries. Moreover, both chromium and sul-
phide are removed efficiently. The remaining load of the
wastewater is primarily made up of dissolved organic
matter and nitrogen compounds.

Due to the field conditions encountered, the parameter
BOD could not be measured regularly. Therefore, descrip-
tion of the MBR’s performance had to be based on COD
data. In the laboratory, both the short-term (5 days) and
long-term (20 days) BOD was determined. The ratios
obtained were COD/BODs=4.4 and COD/BOD,,=2.8,
respectively. These results are in agreement with the litera-
ture data (EIPPCB 2013); however, the difference between
both ratios indicates that a certain proportion of the organ-
ics was not easily biodegradable.

The process scheme of the technical-scale pre-treatment
and the pilot plant is shown in Figure 1. It illustrates that the
influent to the pilot plant was first treated by dissolved air
flotation (DAF) in order to protect the MBR. An Aquatec-
tor® Microfloat® device (Enviplan Company) was applied

Table 1 | Parameters of the pre-treated wastewater (mean values from 60 samples) and
of raw tannery wastewater in Europe

This study (inflow to pilot European tanneries

Parameter plant) (EIPPCB 2013)

pH 7.6+ 0.4

Conductivity 23.0 £+ 4.7 mS/cm

Temperature 30.6+2.0°C

Total COD 2,747 = 728 mg/L 5,200-14,000 mg/L

Ammonium-N 923 + 282 mg/L
2.44 +2.13 mg/L

12.8 +10.1 mg/L

Total chromium
Sulphide

6.6-87 mg/L
47-184 mg/L
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Figure 1 | Process scheme of the technical-scale pre-treatment and of the pilot plant.

for that purpose. Then, the wastewater was fed into the MBR
(A3 Water Solutions Company) with a total volume of
40 m>. It was equipped with submerged UF flat-sheet mem-
branes (PES, 150 kDa cut-off, supplied by A3) with a total
area of 149 m?. The reactor was divided into a non-aerated
denitrification compartment (12m® and an aerated
volume (28 m®) where two membrane modules were
located. The latter were each aerated with an air scouring
rate of 48m’/h. The average mixed liquor suspended
solids concentration was 9.4 g/L. 10 mg/L of phosphate
(P) was added in order to prevent growth limitation of the
biomass. Influent and effluent samples were regularly ana-
lysed for pH, COD, ammonium, nitrite and nitrate.

The design flow rate was 500-2,000 I/h, corresponding
to a flux of 3.4-13.6 L/m?*h. Since it was difficult to build
up the activated sludge, the reactor was run solely at the
lower limit of that range. During some weeks the plant
was operated with only one module, and the flux could be
doubled without any problems. Thus, the operation of the
membranes had to be optimized further for a full-scale
application.

The MBR effluent was used to study further removal of
dissolved organics by GAC (Carbsorb 30, Calgon Carbon
Corp.). This product is based on bituminous coal; the
median particle diameter by weight of the material applied
was 1.95mm. The particle density was 0.704 g/cm® and
the filter density 0.420 g/cm?, corresponding to a bed poros-
ity of 0.40. Altogether, 200 L/h of the MBR effluent were fed
into a fixed-bed column with an inner diameter of 0.49 m
and a bed depth of 1.26 m. The resulting empty bed contact
time (EBCT) was 1.2 hr. Such a high value is not unusual for
GAC columns operated with high inlet concentrations and
small volumetric flow rates (Fettig et al. 1996).

Downloaded from https://iwaponline.com/jwrd/article-pdf/7/4/420/376057 [jwrd0070420.pdf

bv auest

Modelling approach

Adsorption of the MBR effluent was also investigated by
determining overall isotherms applying the bottle-point
method, and by conducting both adsorption rate tests and
a rapid small-scale column test (RSSCT). For the isotherm
studies, the carbon particles were crushed in a ball mill.
The resulting powdered activated carbon had particle diam-
eters below 40 um. For each test, between 0.01 g and 1.0 g of
activated carbon were added to 0.1 L of solution with a pH
of 6-7. After 96 hr of contact time on a shaker, samples were
filtered through 0.45 um membranes and analysed for dis-
solved organic carbon (DOC) and UV absorbance at
254 nm. The solid-phase concentrations were calculated
from a mass balance.

The isotherm data were evaluated using the ADSA soft-
ware (Johannsen et al. 1992). This approach assumes that
multi-solute systems can be described as a mixture of a
few competing fictive components, based on the IAST
model, and a non-adsorbable fraction. Each component is
characterized by the parameters K; and n; of the Freundlich
isotherm and its initial concentration c,;. For the sake of
simplicity, the n; values are usually assumed being the
same for all adsorbable components (Johannsen et al. 1992).

Granular carbon samples were taken for the rate tests.
The short fixed-bed reactor technique was used in order to
determine a mean external mass transfer coefficient for the
organics’ uptake by GAC. Diluted solutions must be applied
here, and UV absorbance was used as a surrogate for DOC.
For MBR effluent samples a specific UV absorbance of
2.82 + 0.8 was determined, thus UV data were considered
being suitable as surrogates. From the results, an effective
diffusivity of the organics as well as mean film transfer
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coefficients for other flow rates was derived. Details of this
approach are given by Fettig & Sontheimer (1987). A mean
intra-particle diffusivity of the organics was determined
from a concentration-vs-time curve measured in a 2 L glass
beaker. The film-homogeneous diffusion model was fitted
to the experimental data assuming the same value of the
intra-particle diffusivity for all adsorbable components.
The model is described in detail by Sontheimer ef al. (1988).

The RSSCT is intended to provide information about the
breakthrough in technical-scale adsorbers. For that purpose,
a glass column with an inner diameter of 8 mm was filled
with 33 cm of 60x 70 mesh carbon particles which were
obtained by crushing and sieving a representative sample
of Carbsorb 30. The resulting median particle diameter by
weight was 0.23 mm. A peristaltic pump was used to feed
the column at constant rate corresponding to a filter velocity
of 2.28 m/h and an EBCT of 8.7 min. These operating data
were determined according to Crittenden ef al. (1991), who
proposed to calculate the EBCT for a RSSCT from the
EBCT of the large column by multiplying the latter with
the ratio of the carbon particle diameters assuming that
the intra-particle diffusivity is proportional to particle size.
The breakthrough curve was compared with data predicted
by the film-homogeneous diffusion model using the isotherm
and kinetic parameters determined from batch tests.

Analytical methods

COD, ammonium (NH4-N), nitrite (NO,-N) and nitrate
(NO5-N) were measured on-site with Merck Spectroquant
test kits, and total suspended solids were determined according
to DIN 38409 H2. DOC concentrations were measured with a
Dimatoc 2000 analyser (DIMATEC), and UV absorbance was
determined with a UviLine 9400 spectrophotometer
(SCHOTT). pH was measured with a pH meter 539 (WTW).

RESULTS AND DISCUSSION
Performance of the MBR
Figure 2 illustrates the removal of COD in the MBR during

about eight months of operation. While the influent concen-
trations are between 2,000 mg/L and 3,500 mg/L, the
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Figure 2 | COD concentrations in MBR influent and effluent samples; volumetric load
1 kg COD/(M®* d).

effluent values are well below 1,000 mg/L. COD removal
efficiencies are shown in Figure 3 as a function of sludge
loading rate. The data vary between 65% and 95% with an
average value of 81%. One must keep in mind that the
MBR influent was pre-treated wastewater, that is, particulate
organics are not included in the calculation of the removal
efficiencies. Since they are not depending on the sludge
loading rate in this range, it is concluded that the MBR
did not reach its maximum capacity. As pointed out in the
previous section, the flow rate was a limiting parameter,
therefore the loading of the MBR could not be increased
further. The sludge age was estimated to be >50d. It
could not be calculated more accurately because the
sludge was withdrawn discontinuously.

The concentrations of different nitrogen compounds
are shown in Figure 4. They illustrate that about 74% of
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Figure 3 | COD removal as a function of sludge loading rate.
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Figure 4 | Concentrations of ammonium, nitrite and nitrate in MBR influent and effluent
samples.

the incoming ammonium could be nitrified after 11 weeks
of operation. In the tannery’s technical treatment plant,
ammonium is not removed at all. However, nitrification
in the MBR seemed to be a sensitive process because in
the later phase of the investigation ammonium removal
decreased to less than 50%. This is in agreement with
Ganesh et al. (2015), who report that nitrification of tan-
nery wastewater in a SBR was sometimes quite unstable.
Orhon et al. (2000) also observed a strong inhibitory
impact of tannery wastewater on nitrifying bacteria that
was primarily attributed to the high chloride content of
7 g/L. In our study, the chloride level was similar (8.7 g/L),
thus it could be responsible for an inhibition of nitrifying
species. Based on a nitrogen balance it was concluded
that some denitrification occurred after several weeks of
operation, with the average removal of total nitrogen
being 36%. Towards the end of the study period the tan-
nery was not constantly in operation. During the
standstill periods, which could last several weeks, the
pilot plant was fed with water stored in a basin, however,
the composition changed significantly during storage.
Therefore a closer investigation of the inhibitory effects
was not possible.

Determination of adsorption parameters

Overall isotherms of MBR effluent for two different initial
concentrations are shown in Figure 5. Accordingly, solid-
phase concentrations of up to 70 mg DOC/g were obtained
while a certain proportion of the organics seems to be non-
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Figure 5 | Adsorption isotherms of MBR effluent and fit of the IAST model.

adsorbable. As demonstrated by Volker ef al. (1984), the
shifting of an overall isotherm with decreasing initial con-
higher
indicates that species with different affinities to the carbon

centration towards solid-phase concentrations
surface, i.e., different adsorbabilities, are present in the
wastewater. This applies also to the MBR effluent.

Therefore, the data were evaluated by selecting one non-
adsorbable fraction corresponding to the Freundlich coeffi-
cient K; =0, and three adsorbable fractions corresponding
to K,=6, K3=12 and K;=22, respectively, with the
Freundlich exponent being n=0.3, and fitting the IAST
model to both isotherms simultaneously. The resulting frac-
tions of each component (¢, i/Co totar) listed in Table 2 reveal
that the non-adsorbable fraction is about one-fifth (20.8%)
while the major fraction (37.6%) is found for the Freundlich
coefficient K4 = 22. This means that a significant amount of
the organics is fairly well adsorbable.

Kinetic parameters that were determined for the uptake
of MBR effluent on granular carbon are given in Table 3.
The effective diffusivity Dy, .r was derived from short fixed-
bed column test data. The mean molecular weight Myy for
the adsorbable organics was estimated using the following

Table 2 | Fractions of four fictive components derived from the overall isotherms for MBR

effluent
Component Fraction (C,,i/Co, total)
1: K;=0 20.8%
2:K;=6;n=0.3 26.2%
3:K5=12;n=0.3 15.4%
4:K4=22;n=0.3 37.6%

K1—K4 and n are the Freundlich isotherm parameters of each component.



425 ). Fettig et al. | Tannery wastewater treatment for reuse

Journal of Water Reuse and Desalination | 07.4 | 2017

Table 3 | Effective diffusivity D¢, mean molecular weight My, mean film transfer coeffi-
cient P, for a filter velocity of 2.28 m/h in the RSSCT, and mean intra-particle
diffusivity Ds for the MBR effluent

Parameter Results
Dy cfr (m*/s) 2.3%10°1°
My (Da) 1,010
BL (m/s) 1.88%107°
Ds (m?/s) 0.9%10713

equation proposed by Sontheimer et al. (1988):
05 (mM*
DL,eff = 7,3*1079*M\7Vy (?>

Accordingly, the mean molecular weight is about
1,000 Da for the adsorbable fraction of the MBR effluent.
This can be attributed to the occurrence of humus-type
species formed during degradation processes in the MBR,
and to refractory organics like tannins in raw wastewater
(Munz et al. 2009). The effective diffusivity was also used
to calculate a mean film transfer coefficient for the con-
ditions of the RSSCT test.

The intra-particle diffusivity was derived from concen-
tration-vs-time data of a rate test conducted with a sample
of the original GAC particles. The test lasted for 192 hr,
and more than 60% of the organics initially present in the
water phase were adsorbed. The value of 0.9%107 3 m?/s
found for the intra-particle diffusivity is quite small and
resembles parameters obtained for humic substances
(Sontheimer et al. 1988).

Modelling of GAC adsorption

A comparison between experimental and predicted RSSCT
breakthrough curves is shown in Figure 6. The prediction
is solely based on the equilibrium and kinetic parameters
given in Tables 2 and 3. The proportional diffusivity
approach of the RSSCT was applied, i.e., the mean intra-par-
ticle diffusivity given in Table 3 was multiplied by the
particle diameter ratio (dpsc/dprc)=0.118. Although the
experimental and predicted curves are similar, the break-
through behaviour is underestimated by the model. As a
consequence, the average solid-phase concentration of
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Figure 6 | Experimental and predicted RSSCT breakthrough curves of MBR effluent;
influent concentration 142 mg DOC/L.

41.2 mg DOC/g measured after 68 hr of operation, i.e., the
experimental carbon capacity, is lower than the predicted
value of 57.3 mg DOC/g. A possible reason is that the
uptake of the organic substances was slower than predicted.
In that case, an even smaller value of the intra-particle diffu-
sivity had to be assumed for the small-sized carbon particles
in order to improve the RSSCT modelling approach.
Effluent concentrations of the pilot-scale adsorber are
shown in Figure 7 together with predicted data that are
again solely based on the equilibrium and kinetic par-
ameters given in Tables 2 and 3. Here, the modelling
approach is successful in the way that both the breakthrough
curve as well as the average solid-phase concentrations can
be predicted quite well. After 660 hr of operation the experi-
mental value is 55.4 mg DOC/g while the predicted value is
62.6 mg DOC/g. Thus the film-homogeneous diffusion
model in combination with the multi-component approach
for the description of the adsorption equilibrium is suited
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Figure 7 | Experimental and predicted breakthrough curves of MBR effluent in the pilot-
scale adsorber; influent concentration 149 mg DOC/L.
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to predict the performance of a technical-scale GAC column
for the post-treatment of MBR effluent.

Options for water reuse

The adsorption data reveal that activated carbon has a lim-
ited potential for polishing the MBR effluent. In a tannery
comparable to Dang Tu Ky, the average freshwater water
demand is about 500 m3/d, and the demand for the beam-
house processes (soaking and liming) is about 210 m*/d.
Thus the reuse potential can be estimated to 42% of the
total freshwater demand. As mentioned earlier, the main
reason for this limitation is the requirement for the dis-
charge of salts from the water circuit when reusing water
for other process steps in the tannery.

Based on the results from the pilot-plant operation,
the size of a technical MBR plant for treating tannery
wastewater and of a GAC polishing stage for a part of
the total flow were outlined. The process scheme is
shown in Figure 8 together with the flow rates and aver-
age COD concentrations. According to the pilot-plant
results where the volumetric loading rate was 1kg
COD/(m>*d), the volume of the aerated compartment
had to be about 1,350 m>. However, according to Scholz
et al. (2005), it is possible to operate a MBR with
tannery wastewater at a volumetric loading rate of 3 kg
COD/(m>*d). If this value was reached after further
optimization, the volume of the aerated compartment
would be on the order of 450 m®>. Chung et al. (2004)
found that the optimum ratio of the anoxic denitrification
stage to the nitrification tank was 50%, hence a volume of
about 225 m> for denitrification had to be added to obtain
the MBR’s total volume.

For the GAC stage, the operation was simulated with
the adsorption model described in the previous section. It
was proposed to set up three adsorption columns in series

Wastewater
500 m¥d =
2,700 mg COD /L

Pre-treatment ~>{ Membrane Bioreactor

with 2 m of bed length each. Varying the filter velocity
revealed that the carbon capacity could be utilized
better when the filter velocity was <2 m/h. Based on the
simulation results a value of 1.8 m/h was chosen that cor-
responds to a total EBCT of 3.3 hr. The column diameter
will be 2.5m and the total mass of carbon will be about
12,375 kg. Although the MBR effluent concentration was
sometimes as high as 800 mg COD/L (Figure 2), an aver-
age influent value of 550 mg COD/L to the GAC stage
was assumed. This number is based on the mean influent
concentration to the MBR (Table 1) and the average COD
removal efficiency. When the effluent concentration
reaches the limit of 250 mg COD/L, the first column
will receive fresh carbon, then it will be put in the last
position. According to the simulation, a usable carbon
capacity of at least 50 g DOC/kg should be obtained in
this way.

During the operation of the pilot-scale adsorber the
mean influent COD and DOC values were 489 mg/L
and 149 mg/L, respectively, resulting in a factor of 3.3
between both parameters. Therefore, the carbon capacity
of 50 g DOC/kg corresponds to about 165g COD/kg.
Under these conditions, the running time of one column
after the starting-up phase will be about 33d and the
specific carbon demand on the order of 1.8 kg/m>. This
value is quite high, therefore, it might be questioned
whether GAC is the best process for polishing MBR efflu-
ent. However, there are not many alternatives to remove
refractory organics. Advanced oxidation processes have
been studied on a laboratory scale for tannery waste-
waters (Lofrano et al. 2013), but they require expensive
oxidation chemicals and are more complicated to operate
than a simple GAC system. Therefore, it will depend on
the local conditions whether the approach described
herein to produce water for reuse is both economically
and ecologically reasonable.

Effluent for discharge
> 290 m*/d
500 - 800 mg COD /L

Effluent for reuse
(soaking and liming)

GAC Adsorption |—) 210 m*/d

Figure 8 | Process scheme of a technical-scale treatment plant for partial reuse.
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CONCLUSIONS

(1) In the MBR, dissolved organic matter could be removed
from pre-treated tannery wastewater by 81% on average.
The reactor did not reach its maximum capacity at a
volumetric loading rate of 1kg COD/(m>*d). Mean-
while, nitrification was obviously an unstable process
although more than 70% ammonium removal was
obtained during some periods. The average removal of
total nitrogen was 36%.

(2) Adsorption onto activated carbon was suited to remove
refractory organic substances from the MBR effluent.
Adsorption equilibria could be described by applying
the IAST model and a fictive component approach.
More than 40% of the organics were either non-adsorb-
able or weakly adsorbable. The effective diffusivity
estimated from short fixed-bed reactor data indicated
an average molecular weight of about 1,000 Da. The
intra-particle diffusivity was on the same order as kinetic
parameters found for humic substances, thus the uptake
rate on GAC was rather slow. The breakthrough curve
determined for a pilot-scale adsorber could be predicted
successfully by the modelling approach based on the
film-homogeneous diffusion model while there were
some deviations with the RSSCT.

(3) For the outline of a technical-scale plant, a volumetric
loading rate of 3 kg COD/(m>*d) was assumed for the
MBR. Three GAC columns in series were to be applied
for polishing purposes. However, the usable carbon
capacity was estimated to be rather low, and as a result,
the specific carbon demand would be about 1.8 kg/m>.
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