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Abstract

Wastewater discharge from the leather manufacturing process involves various operations such as beam house, tanning and
post-tanning. The conventional treatment system does not efficiently treat these kinds of wastewaters without the genera-
tion of any secondary pollutant. Mostly vast quantities of chemicals are added to the wastewaters to adjust pH to favour the
treatment units that results in a huge amount of primary chemical sludge. This paper reports a new treatment approach by
mixing various tannery operational wastewaters in the appropriate treatment units to adjust pH instead of adding chemicals.
It also designed a treatment sequence to simultaneously treat all tannery operational wastewaters in such a way to suit their
biodegradability and to avoid sludge to a greater extent. The treated water resulted in biochemical oxygen demand, 58 +39 mg
L~!; chemical oxygen demand, 305 +35 mg L~!; total organic carbon, 94.93 +45.46 mg L!; total nitrogen, 295 +226 mg

L~'; ammoniacal nitrogen, 146 +75 mg L.

Keywords Beam house wastewater - Carbon silica matrix - Fluidized bed reactor - Packed bed reactor - Post-tanning

wastewater - Sludge reduction

Introduction

The leather manufacturing process involves various opera-
tions such as beam house, tanning and post-tanning. The
beam house operations consist of the soaking process, lim-
ing process and de-liming process for the removal of adhered
common salt, animal hair and calcium, respectively. The tan-
ning operations comprised of the pickling process for proto-
nating the collagen matrix using NaCl/H,SO, and chrome
tanning process to prepare leather for microbial resistance
and thermal resistance using basic chromium sulphate. The
post-tanning operations involve neutralization, re-tanning,
dyeing and fatliquoring for imparting desired colour and
flexibility to the leather using oil and dyes. The wastewater
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discharged from the leather industry was characterized
by the high chemical oxygen demand (COD), biochemi-
cal oxygen demand (BOD), total organic carbon (TOC),
ammoniacal nitrogen (NH,*-N), total nitrogen (TN), total
suspended solids (TSS) and total dissolved solids (TDS).
The wastewaters generated from each operation got different
characteristics including vast changes in the pH (1.4-13),
organics in terms of COD (2720-8694 mg L") and salt con-
tent of about 3-5% w/v as NaCl (Saxena et al. 2017). Com-
monly vast quantities of chemicals such as sulphuric acid,
coagulant and flocculant are added in tannery wastewater
treatment. The concentrated sulphuric acid up to 9.5 ml L™
is added in the various operational wastewater system to
drop pH from 7 to 3 which causes an increase in operational
cost and acid handling difficulties (Korpe et al. 2019). The
coagulants and flocculants such as lime 200-700 mg L=},
alum 100-600 mg L~! and polyelectrolyte 0.4—1.4 mg L~!
are added, which results in a huge primary chemical sludge
of 5.27+0.15 kg m~> generation (Mahesh et al. 2020).
Divyalakshmi et al. (2015) reported that 50-60 kg of pri-
mary chemical sludge and 15-20 kg of secondary biologi-
cal sludge were generated in the wastewater treatment for
1 ton of processed hide. The major problem in the current
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practicing wastewater treatment process is the presence of
residual COD in the treated wastewater and the generation
of sludge.

The advanced oxidation processes (AOPs) of tannery
wastewater treatment were reported by electrochemical
treatment (Naumczyk and Kucharska 2017), ozone treat-
ment (Schrank et al. 2017), cavitation using ultrasonic wave
(Korpe et al. 2019), electrocoagulation combined with pho-
toreactor (Moradi and Moussavi 2019), photocatalytic deg-
radation (Kuppusamy et al. 2017), electrocoagulation com-
bined with electro Fenton (Varank et al. 2016), membrane
bioreactor (Alighardashi et al. 2017), a combination of up-
flow anaerobic sludge blanket (UASB) and electrochemical
oxidation (Liu et al. 2017) processes.

The above-mentioned various AOPs have the disadvan-
tage of a high amount of chemical utilization, i.e. upto 10 g
L~! of hydrogen peroxide for the reduction of 60.29% of
COD, high footprint area required and sludge generation
(Meenachi and Kandasamy 2017; Korpe et al. 2019). The
limitation of using electrochemical, ozone and ultrasonic
treatment methods is because of its high treatment cost.
Moreover, these methods have operations and handling dif-
ficulties at a large industrial-scale level (Saxena et al. 2017;
Crini and Lichtfouse 2018). The electrochemical methods for
treating raw tannery wastewater can produce a huge amount
of sludge 0.9 and 0.875 kg m~ while using electrolytes KCl
and NaCl, respectively, which may further lead to sludge
disposal difficulties (Lofrano et al. 2013; Maha Lakshmi and
Sivashanmugam 2013). The photocatalytic degradation and
electrocoagulation methods cannot completely degrade the
organic pollutants present in the tannery wastewater, which
further results in more toxic secondary pollutants than par-
ent compounds (Natarajan et al. 2013; Rueda-Marquez et al.
2020). The major disadvantage of photocatalytic treatment is
that it greatly depends on the photosensitivity of the organic
compounds, but all the compounds in tannery wastewater do
not have photosensitivity (Lofrano et al. 2013). The mem-
brane bioreactor has the difficulty of membrane fouling due
to the contamination in a short time which increases the
treatment cost (Aslam et al. 2017). The UASB process has
many disadvantages like sulphide inhibition, sulphide gas
emission and also maintaining many biological conditions
such as pH, organic load and high hydraulic retention time
(HRT) (Midha and Dey 2008).

Thus, there is still a need for novel effective treatment to
simultaneously treat various tannery operational wastewa-
ters in focus with minimum residual COD and avoidance
of primary chemical sludge. Hence, the focal theme of the
present investigation is to apply various tannery operational
wastewaters in the appropriate places to adjust pH instead of
adding chemicals and to simultaneously treat all the tannery
operational wastewater. The proposed treatment study will
sustain the leather industry in terms of pollution removal
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and control. The reactors used in the manuscript scheme
to favour the industry from the disadvantages of current
technologies in terms of minimizing the sludge generation,
avoiding the addition of chemicals for pH adjustment, avoid-
ing the generation of primary chemical sludge and mini-
mum COD in treated water further reduces the treatment of
operational cost. This research work was carried out in Envi-
ronmental Science Lab, CSIR—Central Leather Research
Institute (CLRI), Chennai, India, from June 2019 to April
2020 throughout the study.

Materials and methods

The beam house wastewater (BHWW), pickle wastewater
and post-tanning wastewater (PTWW) were collected from
a tannery located in Tamil Nadu, India, in three batches with
the capacity of 100L each. The wastewater was characterized
for various parameters per American Public Health Associa-
tion (APHA) methods (APHA 2017). Chemicals used in the
treatability studies such as ferrous sulphate (FeSO,.7H,0),
hydrogen peroxide (H,0,) and sulphuric acid were in analyt-
ical grade. A pH meter (Systronics 620) and oxidation reduc-
tion potential (ORP) meter (Thermo Orion 920A plus meter)
were used to determine the pH and ORP of the wastewater.
The TOC and TN were determined using TOC/TN analyser
(Shimadzu). The wastewater samples were dried using nitro-
gen at 60 °C to find the functional groups using Fourier
transform infrared (FTIR) spectrophotometer (Thermo Nico-
let, PerkinElmer) in the range of 400—4,000 cm™!. Ultravi-
olet-visible spectroscopy (UV-Vis) (Varian Cary 100) was
used to record the concentration of the organic compounds
present in the wastewater at each stage of treatment. The
liquid chromatography (LC) and liquid chromatography
with tandem mass spectrometry (LC-MS) (Waters, Xevo
TQD2000) were used to determine the profile of the organic
compounds present in the tannery effluent.

Heterogeneous catalytic oxidation of acidic PTWW
was carried using Fenton oxidation with ferrous sulphate
(FeSO,.7H,0) and hydrogen peroxide (H,0,) in heterogene-
ous fluidized bed reactor (HFBR), packed bed reactor (PBR)
and then the microbial oxidation of fragmented organics in
the composite stream by heterogeneous fluidized bio-bed
reactor (HFBBR).

Synthesis of carbon silica matrix

The carbon silica matrix (CSM) was prepared from the agri-
cultural solid waste of rice husk according to the procedure
followed by Swarnalatha et al. (2009). Rice husk was pre-
carbonized at 400 °C for 4 h and followed by chemical acti-
vation with H,PO, (85%) at 700 °C for 1 h. The activated
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CSM was used in all the three heterogeneous reactors of
HFBR, PBR and HFBBR.

Description of reactors used in the treatment
process

Description of the heterogeneous fluidized bed reactor

The schematic diagram of reactors is shown in Fig. 1. The
HFBR reactor was designed and fabricated using a poly-
acrylic sheet with a volume of 2.6L. (Maharaja et al. 2016).
It has four major zones in the reactor. They are the bottom
zone which has an inverted cone shape to facilitate the better
fluidization of CSM with the up-flow velocity of 5 m min~".
The air required for the oxidation of organics was injected
through the perforated pipes provided in the bottom zone.
The central zone of the reactor with a triangular septum was
used to separate the solid CSM catalyst, wastewater and the
unspent air. The third zone was an inverted cone shape to
settle down the catalyst and biomass. Provision was made
at the top of the reactor to collect the treated wastewater
through a perforated tube covered with a nylon cloth to avoid
the escape of CSM particles.

Description of the packed bed reactor

The total volume of 590-mL laboratory-scale PBR with
a working volume of 390 mL having 5 cm diameter and
30 cm height was designed. PBR was packed with 5-mm
quartz coarse aggregate to a height of 2 cm followed by
3-mm fine quartz aggregate to the height of 2 cm. Then a
layer of quartz aggregate of diameter 1 mm filled to the
height of 1 cm followed by packing of 600-pm CSM to
the height of 20 cm. The total bed height was 25 cm from
the bottom of the reactor. The treated water was collected
through a perforated tube of diameter 5 mm provided at

the height of 5 cm from the bottom of the reactor. The
provision for injecting the air was made at 8§ cm, 12 cm and
16 cm height from the bottom of the reactor for the oxida-
tion of organics in the wastewater. The top portion of the
PBR reactor was not closed to facilitate the unspent air to
escape without any resistance (Ramani and Sekaran 2006).

Description of the heterogeneous fluidized bio-bed rector

The design of the HFBBR reactor is similar to that of the
HFBR reactor, but they differ in working function, and
the HFBBR reactor was added with immobilized CSM.
The composite tannery wastewater (CTWW) was treated
in an HFBBR reactor which was obtained by the mixture
of catalytically oxidized PTWW neutralized with BHWW.

Tannery wastewater treatment scheme
and sequence of reactors usage

The sequence of reactors used for the treatment was fol-
lowed by HFBR-PBR-HFBBR as shown in Fig. 1. The pH
of PTWW was 4.05 +0.78 which adjusted to lower pH
using pickling wastewater of pH 1.64 +0.21 in the ratio of
12:1 instead of adding acids and then fed into the HFBR.
The HFBR treated outlet was fed into PBR. The PBR out-
let water with pH 4.38 +0.43 was mixed with BHWW (pH
10.58 +0.07) in the ratio of 1:2 to get CTWW of neutral
pH, which favours the biological oxidation condition in
HFBBR. The experiment was carried out continuously
using three collected wastewater batches, and the analy-
sis was carried out for the outlet of all the reactors. The
average results of the three batches were plotted with the
standard deviation.

Fig. 1 Schematic diagram of the Pickle
treatment process for tannery wastewater
wastewater Pump BHWW
Y
L5 HFBR > PBR HFBBR
PTWW
% s CTWW,
¥~ Air blower
PTWW- Post-tanning wastewater BHWW - Beam house wastewater

HFBR - Heterogeneous fluidized bed reactor HFBBR
- Packed bed reactor

PBR

- Heterogeneous fluidized bio-bed reactor

CTWW, - Composite tannery wastewater-treated
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Statistical analysis of data

SPSS software (version 19) was used to determine descrip-
tive statistics. The Design-Expert 7.0.0 Software was used
for the analysis of variance (ANOVA) in the optimization
study of HFBR. The MS Excel spreadsheet 2019 software
was used for data tabulation and graph drawing.

Results and discussion

Characteristics of post-tanning wastewater
and beam house wastewater

The PTWW was obtained after the operations such as neu-
tralization, re-chroming, re-tanning, dyeing and fatliquor-
ing, whereas the BHWW was obtained after the operations
such as liming, de-liming and bating. The characteristics of
PTWW and BHWW are given in Table 1. The characteristics
of PTWW suggest that it is less amenable to biodegradation
as indicated by the low BOD/COD ratio (0.1986-0.2703).
So, the chemical oxidation method was applied for PTWW
treatment. The BOD/COD ratio of BHWW was showed as
0.3338-0.5172.

The UV-Vis spectrum of PTWW and BHWW is shown
in Fig. 2a, b; PTWW shows two peaks at the visible region
due to the presence of functional dyes at 570 nm and 417 nm.
The peak at 570 nm is due to the presence of azo dye Acid
Blue 113 used in the tannery dyeing process (Senthilvelan
et al. 2014). The peaks in the UV region at 252 nm, 239 nm
and 219 nm are due to the transition of T — n* and n — o* of
polycyclic unsaturated aromatic compounds such as naph-
thalene syntans and phenolic syntans. The UV-Vis spectrum
of BHWW contains peaks at 271 nm and 240 nm, which
may be due to the n— " transition of protein molecules,
and peaks at 231 nm and 214 nm are due to the t— =" of
aliphatic and aromatic chain molecules.

Table 1 Characteristics of PTWW and BHWW

The FTIR spectrum of PTWW is presented in Fig. 3a.
The peak at 3445 cm™ is due to the stretching of —OH func-
tional groups, the peak at 1635 cm™! is due to the stretching
vibrations of -C=C— of naphthalene, the peak at 1384 cm™!
may be attributed to alkyl C-H stretching. The peaks at
1091 and 661 cm™! are ascribed to the sulphur trioxide ion
(SO;7) present in the unsaturated aromatic compound of
naphthalene sulphonic acid, a peak at 1200 cm™' due to
C-OH stretching of the aromatic group (Silverstein et al.
2005; Basavaraja et al. 2012).

The PTWW was characterized by LC-MS which is
shown in Fig. 4a, b. The chromatogram showed many peaks
at various retention time (RT) of 15.3, 13.56, 12.78, 11.83,
9.72, 9.34, 8.69, 5.97, 3.99 and 0.49, indicating the com-
plexity of the wastewater. The RT at 3.99 might correspond
to 4-N-Octylphenol, which is used as a wetting agent in the
post-tanning operation to wetback the tanned leather (Black
et al. 2013). It was confirmed in MS (Fig. 4b) that the molec-
ular ion peak at m/z 205 and base peak at m/z 163.07 due
to the removal of propane group followed by the removal
of butane group gives m/z at 107.05. The peak at RT 9.38
might be attributed to polymeric substituted products of
dibutyl phthalate present in PTWW (Quintdo et al. 2018),
which was confirmed using MS. The fragmented masses of
m/z 301, 279, 205 and 149 confirm the presence of dibutyl
phthalate molecule (Bharagava et al. 2018). The peak at RT
12.78 could be due to the presence of Neohesperidin dihy-
drochalcone flavonoids which is used as a vegetable oil in
the tanning process; the m/z peaks at 594.3, 397.24, 301.16
confirm its presence (Brodowska 2017; Johnson et al. 2018).
The mass fragmentation of the peak at RT 11.83 is due to
the presence of polycondensate naphthalene sulphonic acid
which is used as a re-tanning agent.

The fluorescence spectrum of the PTWW is shown in Fig.
Sla. It shows the excitation peak at 300 nm and emission
peak at 368 nm due to the presence of fluorescent active
organic compounds. The stokes shift with the difference
between excitation and emission peak observed as 68 nm.

PTWW BHWW

Parameters Minimum  Maximum  Average  Standard deviation =~ Minimum  Maximum  Average  Standard deviation
pH 3.50 4.60 4.05 0.78 10.53 10.63 10.58 0.07
ORP, mV —239.95 45.85 -97.05 202.09 —555.7 —432.7 —494.2 86.97
COD, mg L~! 2720 4440 3580 1216.22 5294 8694 6994 2404.16
TOC, mg L™! 663 1291 977 444.06 922.25 1939.75 1431 719.48
TN, mg L™ 331.1 501.4 416.25 120.42 251.2 1053.5 652.35 567.31
BOD, mg L™! 540 1200 870 466.69 2903.5 3048.5 2976 102.53
BOD:COD 0.1986 0.2703 0.23445 0.0507 0.3338 0.5172 0.4255 0.1297
COD:TOC 3.4392 4.1027 3.77095 0.469 1.1729 7.5001 4.3365 4.474
NH,*-N,mgL™!  151.20 256.20 203.7 74.25 142.8 239.8 191.3 68.59
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The high stokes shift value because of the loss in energy of
the excited molecule by resonance owing to a high popula-
tion of molecules, which is the typical characteristic feature
of the aromatic or hyper conjugated molecules. The reso-
nance caused by the presence of sulphonic acid group in
naphthalene molecules and also by the presence of chromo-
phores fluorescent dyes was used to impart the desired col-
our to the finished leathers (Oliveira et al. 2018). It confirms
the presence of sulphonated aromatics such as sulphonated
naphthalene in PTWW which was used as a re-tanning agent
in post-tanning operations.

Treatment of post-tanning wastewater using
heterogeneous fluidized bed reactor

The heterogeneous Fenton oxidation method was followed
in HFBR in which the hydroxyl radical produced by the
reaction of ferrous sulphate and hydrogen peroxide with
CSM used for the oxidation of organic pollutants pre-
sent in the PTWW. So, the treatment efficiency of HFBR
majorly depends upon the process conditions such as pH,
HRT, the dosage of hydrogen peroxide, the dosage of fer-
rous sulphate and the mass of CSM. Thus, the effect of
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various process conditions studied and discussed is as
follows.

Effect of pH in heterogeneous fluidized bed reactor

The optimum pH for the Fenton oxidation was determined
by carrying out the reaction at different pH (2.5, 3, 3.5 and
4) of the PTWW. The pH was adjusted by slowly adding the
pickling wastewater with constant stirring; the PTWW con-
sumed pickling wastewater in the ratio 12:1 to adjust from
pH 4.05+0.78 to pH 3.5+0.02. The characteristic of pH 3.5
adjusted water is shown in Table 2. The oxidation reaction
at different pH water was carried out by keeping the dos-
age of hydrogen peroxide, 13 mmol L~!, ferrous sulphate;
0.72 mmol L~! mass of CSM 30 mg L™! and HRT 12 h
as a constant. The COD removal as a function of different
pH was plotted and is shown in supplementary information
Fig. S2a. It shows that the COD removal was increased up
to pH 3.5 after which the decrease in COD at pH 2.5 was
observed due to the precipitation of ferrous ion as ferric
hydroxide sludge. Thus, the removal efficiency was retarded
at pH <3.5> (Bulut et al. 2008). There is a strong scaveng-
ing effect of hydroxyl radical by H* at a very low pH<2.5,
as shown in Eq. (1).

HO'+H" + ¢~ - H,0 €))

It was also reported by other researchers that the pH 3.5
favoured Fenton oxidation of organic pollutants (Hartmann
et al. 2010; Borba et al. 2018). Based on the COD removal,
pH 3.5 was selected as the optimum pH for the treatment of
tannery wastewater.

Effect of hydraulic retention time in heterogeneous
fluidized bed reactor

The HRT in HFBR was optimized by analysing samples
with different time intervals up to 18 h at optimized pH 3.5,

Table 2 Characteristics to pH 3.5 and PTWW,

hydrogen peroxide dosage, 13 mmol L™!, ferrous sulphate,
0.72 mmol L~! and CSM 30 mg L~!. The results are pre-
sented in the supplementary information Fig. S2b. It showed
that the removal of COD was observed up to 12 h and then
a steady state was attained with a marginal increase in the
COD removal. It was due to the lowering of driving force
on catalyst site by lowering in concentration potential, so it
was fixed as the optimum HRT.

Effect of hydrogen peroxide dosage in heterogeneous
fluidized bed reactor

The dosage of hydrogen peroxide was optimized by experi-
menting with different dosages of hydrogen peroxide (6.50,
9.75, 13.00 and 16.25 mmol L) by keeping ferrous sul-
phate, 0.72 mmol L=, HRT 12 h and CSM 30 mg L 'asa
constant (Fig. S3a). The almost maximum removal of COD
was observed with an optimum dosage of hydrogen peroxide
of 13.00 mmol L~! at 12 h. Thereafter no significant removal
in COD was observed with an increase in dosage of hydro-
gen peroxide so, it was fixed as optimum.

Effect of Ferrous sulphate dosage in heterogeneous
fluidized bed reactor

In the Fenton oxidation process, the dosage of ferrous sul-
phate plays an important role in the generation of hydroxyl
radical along with hydrogen peroxide. The optimum dos-
age of ferrous sulphate was determined by experimenting it
with different doses of 0.36, 0.54, 0.72 and 0.9 mmol L™!
by keeping the hydrogen peroxide dosage, 13.0 mmol L™},
HRT, 12 h and CSM 30 mg L~! as a constant. Figure S3b
shows that the removal of COD increased with the increase
in dosage of ferrous sulphate up to 0.72 mmol L™ at 12 h
and only then a marginal increase in COD removal was
observed. It was due to the generation of hydroxyl radicals
by 0.72 mmol L™!, which was considered to be enough or
used entirely for the oxidation of pollutants in wastewater.

pH3.5 PTWW,

Parameters Minimum  Maximum  Average  Standard deviation =~ Minimum  Maximum  Average  Standard deviation
pH 35 3.53 3.51 0.02 3.76 3.78 3.77 0.01
ORP, mV —153.05 —58.15 —105.6 67.10 —139.5 —66.7 —103.1 51.48
COD, mg L~! 2920 4000 3460 763.68 2280 2760 2520 339.41
TOC, mg L™! 492 920 706 302.64 384.2 618 501.1 165.32
TN, mg L™ 310 480.5 395.25 120.56 260.4 454.5 357.45 137.25
NH,*-N,mgL! 151.2 273 212.1 86.13 134.4 281.4 207.9 103.95
BOD, mg L™ 312 1100 706 557.20 212 1050 631 592.56
BOD:COD 0.1068 0.275 0.1909 0.1189 0.0929 0.2792 0.1861 0.1317
COD:TOC 4.3478 5.9349 5.14135 1.1222 4.4660 5.9344 5.2002 1.0383
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The excess Fe’* might increase the formation of Fe** and
hydroxyl ion (Eq. 2), and it would deactivate the hydroxyl
radicals (Eq. 3). Thus, the COD removal was not observed
for the excess dosage of ferrous sulphate (Boonrattanakij
etal. 2011).

Fe’* + H,0, — Fe** + OH~ )
Fe’* + HO® — Fe** + OH~ 3)
Fe** + H,0, - Fe’* + [HO,’| )
[Fe**| + [OH™] — Fe(OH), )

And also, the excess Fe?* would lead to the formation of
hydroperoxyl radicals, having a very low oxidation potential
than hydroxy radical and precipitation of Fe** ions as fer-
ric hydroxide. It resulted in lowering the rate of generation
of hydroxyl radicals; thus the COD removal decreased by
increasing the dosage of Fe** (Eq. 4 & 5). Hence, the opti-
mum dosage of ferrous sulphate was fixed as 0.72 mmol L™".

Effect of mass of carbon silica matrix on heterogeneous
fluidized bed reactor

The optimum dosage of CSM was determined by experi-
menting with different dosages of CSM (20, 25,30 and 40 g
L~!) by keeping the optimized dosage of hydrogen perox-
ide (13 mmol L"), ferrous sulphate (0.72 mmol L~'), HRT
(12 h) and pH (3.5). The COD removal varied with the dose
of CSM as shown in Fig. S4. It showed that the removal of
COD was the maximum at the dose of CSM, 30 g L' and
only a marginal reduction in COD observed at higher doses
of CSM, 40 g L~!. The number of active sites that serves as
a source for the generation of hydroxyl radicals increased
with the mass of CSM. The availability of active sites was
less enough to generate hydroxyl radicals at a low dosage
of CSM for the concentration of organics in the wastewa-
ter to be oxidized. As the dosage of CSM was increased,
the active sites also increased proportionally with the mass
of CSM contributing to the generation of hydroxyl radicals
for the oxidation of organics in wastewater. However, the
reduction in COD was not significant beyond the optimum
dosage of 30 g L™! because the active sites became abundant
for the available concentration of organics and resulted in
adsorption of organic pollutant. Moreover, the active sites
also serve to adsorb the organics in tannery wastewater
and then oxidize. The dangling bonds in the carbon silica
matrix adsorbed the energy released in the partial oxida-
tion of organics and produce energetic active centres. The
energized dangling bonds adsorb the molecular oxygen to
generate OH® radicals and further react with organics in
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wastewater. The process continued ultimately, the proportion
of active centre reached the maximum value or saturation
value. Further, the increase in the dose of CSM increased
the active centre to retard the reaction due to overcrowding
of molecules or steric hindrance of the adsorbed molecules.
Thus, the optimized conditions to run the HFBR reactor are
pH 3.5, ferrous sulphate, 0.72 mmol L~!; hydrogen peroxide,
13.00 mmol L™'; CSM, 30 g L™! and HRT, 12 h. It is also
confirmed with ANOVA which is discussed in supplemen-
tary information Sect. S1.

The characteristics of heterogeneous fluidized bed reactor
treated water

The PTWW was treated in HFBR at the above-mentioned
optimized conditions, and the characteristics of HFBR
treated water (PTWW,) are presented in Table 2. The per-
centage removal of COD, TOC, TN, BOD and NH4+-N
in PTWW, was observed as 27.1 +4.5%, 29.0+5.45%,
9.56+5.29%, 10.62 +13.75% and 2 +7.09%, respectively.
The PTWW, was subjected to instrumental analysis such
as UV-Vis spectroscopy, FTIR and LC-MS. The UV-Vis
spectrum of PTWW, (Fig. 2c) showed the shifting of peaks
to 248 nm from 252 and 211 nm from 218 nm of PTWW due
to the removal of organic pollutants (hypsochromic shift);
functional dyes peaks at the visible region of PTWW were
also eliminated. The FTIR spectrum of PTWW, is shown
in Fig. 3b. The shifting of peaks due to breaking down of
organic pollutant was observed. The fluorescence spectrum
of PTWW, showed (Fig. S1b) excitation peak at 45y, nm
and emission peak at A;4,nm with a lower emission differ-
ence of 40 nm indicating the cleavage of fluorescent active
organic molecules in the HFBR process. The LC spectrum
of PTWW, is shown in Fig. 4a, and the chromatogram show-
ing the disappearance of the peaks at RT 12.78, 5.97, 9.34
was observed. The formation of new peaks with a very low
intensity at 8.69, 9.72 due to intermediates confirms the oxi-
dation of the organic compounds in PTWW.

Treatment of heterogeneous fluidized bed reactor
treated post-tanning wastewater in packed bed
reactor

The PTWW, still contains organic pollutants and a low
BOD/COD ratio of 0.1861+0.1317. To increase the bio-
degradability and to remove the organic pollutant present in
PTWW,, the second Fenton oxidation method of PBR was
used, so the PTWW, was applied to the PBR. The dosage of
Fenton reagents such as H,0,, 13.00 mmol L™! and ferrous
sulphate, 0.72 mmol L~! were fixed based on the optimiza-
tion studies in the HFBR process. The optimum HRT of the
PBR process optimized is as follows.
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Effect of hydraulic retention time in packed bed reactor

The PTWW, was treated in PBR with H,0,, 13.00 mmol
L~! and ferrous sulphate, 0.72 mmol L™!. The effect of
HRT was studied by analysing the samples in different time
intervals, and the removal of COD is shown in supplemen-
tary information Fig. S5. It was observed that there was a
decrease in COD up to 60 min after which there was only a
marginal reduction. Therefore, 60 min was considered as an
optimum HRT for the PBR treatment process.

Characteristics of packed bed reactor treated water

The PBR treated water (PTWW,) at optimized condition
was characterized and is presented in Table 3. It was char-
acterized by pH, 4.38 +0.43; COD, 1920 +509.12; BOD,
238 +52.68; TOC, 422 +173.17; TN, 310.35 £ 136.54. The
PBR has the removal efficiency of COD, TOC, TN, BOD
and NH,*-N by 23.8 +7.09%, 15.67+5.03%, 13.17 +3.7%,
62.32+34.19% and 8.08 +17.11%, respectively. The PTWW

Table 3 Characteristics of PTWW,

, was subjected to instrumental analysis such as UV—Vis,
FTIR and LC.

The UV-visible spectrum of PTWW, is shown in Fig. 2c.
The spectrum shows that the disappearance of the peak at
Ay4g nm and 4,,; nm and the appearance of a new peak with
the hypochromic shift might be due to the intensive oxi-
dation in the PBR reactor. The fluorescence spectrum of
PTWW, is shown in Fig. Slc, which shows the absence
of fluorescent active compounds, indicating the intensive
oxidation of organic compounds in the PBR reactor. In the
FTIR spectrum of PTWW, shown in Fig. 3b, it was observed
that the shifting of peaks was similar to PTWW .

The LC of PTWW, is shown in Fig. 4a. It shows that the
spectrum contains similar characteristic peaks of PTWW
| but with a decrease in intensity. A peak at 8.69 RT was
observed as maximum intensity (100%) of PTWW, which
was reduced around 25-30% in PTWW,. It confirms the
high molecular weight compounds present in PTWW were
degraded during the treatment in HFBR and PBR reactors,
which the UV-Vis and FTIR spectra also supported the
findings.

Characterisation of composite tannery wastewater

PTWW, The PTWW, has the pH of 4.38 +0.43 which was mixed
— - with BHWW (pH 10.58 +0.07) in the ratio of 1:2 to neutral-
Parameters Minimum Maximum Average Standard .. . . C - .-
deviation ize it and to get the biological oxidation treatment condition.
Thus, the neutralized water is termed as CTWW, and its
pH 4.07 4.68 4.38 043 characterization is presented in Table 4. It was characterized
ORP, mV —101.2 -404 =708 42.99 as COD, 4640+ 1414.21 mg L™!; BOD, 1350 +296.98 mg
COD, mgL~" 1560 2280 1920 509.12 L~'; BOD/COD, 0.2948 +0.0259, COD/TOC, 4.80+0.0514
TOC, mgL™"  300.1 545 422.55  173.17 and pH 7.07 £0.06. The fluorescence spectrum of CTWW
TN, mg L~ 213.8 406.9 31035 136.54 is shown in Fig. S1d, showing the excitation peak at A;ggnm
NHE—N, mg 924 289.8 191.1 139.58 (low energy absorbed may be by conjugated ® bonds) and
L 4 emission peak at A 3onm. The PTWW, has no fluorescent
BOD, mg L 200.5 275 231.75 52.68 active compound but CTWW has a fluorescent active com-
BOD:COD 0.120614  0.128526  0.12457 0.0056 pound, which may be originated from BHWW.
COD:TOC 4.183486 5.198267 4.69083  0.7176
Table 4 Characteristics of CTWW and CTWW .4
CTWW CTWW ieatea
Parameters Minimum  Maximum  Average Standard deviation ~ Minimum  Maximum  Average Standard deviation
pH 7.03 7.12 7.07 0.06 7.35 7.45 7.4 0.07
ORP, mV —434 -317.5 —375.75 82.38 —-350 —165.7 —257.85 130.32
COD, mg L™! 3640 5640 4640 1414.21 280 330 305 35.35
TOC, mg L™! 751.4 1182 966.7 304.48 62.24 126.54 94.39 45.46
TN, mg L' 470.4 1670 1070.2 848.25 1344 455 294.7 226.70
NH,*-N, mg L' 168 848.4 508.2 481.12 92.4 199 145.7 75.38
BOD, mg L™! 1140 1560 1350 296.98 30.8 86.8 58.8 39.60
BOD:COD 0.2765 0.3131 0.2948 0.0259 0.11 0.2630 0.1865 0.1082
COD:TOC 4.7715 4.8442 4.80785 0.0514 2.607 4.498 3.5525 1.3371

]
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Treatment of composite tannery wastewater
in the heterogeneous fluidized bio-bed reactor

Table 4 suggests that the CTWW has an improved biodegra-
dability index (0.2948 +0.0259) indicating the amenability
for biodegradation. As the HFBBR is a biological oxidation
reactor by immobilized CSM, so the CTWW was treated by
HFBBR. The immobilized CSM was prepared by immobi-
lization of bacterial culture of Bacillus sp. on the pores of
the CSM. The culture was generated from the PTWW con-
taminated soil as per the procedure given by Mahesh et al.
(2020). The generated culture was cultivated and allowed
to immobilize on active sites of CSM in reactor startup of
HFBBR. It was done by fluidization with CSM and culture
using CTWW and sewage (10:90) diluted mixture. The
CTWW concentration was raised to 100% by increasing it
day by day in 15 days. Thus, the acclimatization of culture
to CTWW takes place. The immobilized CSM can metabo-
lize organic compounds present in the wastewater into CO,
and H,O by microbial oxidation. The optimum HRT in the
HFBBR process studied is as follows.

Effect of hydraulic retention time for heterogeneous
fluidized bio-bed reactor

The effect of HRT for the treatment of CTWW in the
HFBBR reactor was determined by experimenting up to 30 h
(Fig. S6) by keeping the dose of the same CSM optimized
for the HFBR reactor. The removal of COD was increased
with an increase in HRT up to 24 h after that only a marginal
reduction in COD. So, 24 h was fixed as optimized HRT for
the operation of the HFBBR reactor.

Characteristic of treated composite tannery wastewater

The CTWW was treated in the fluidized biological reac-
tor HFBBR at the operating conditions of HRT, 24 h and
Bacillus sp. immobilized CSM, 30 mg L~!. The character-
istics of HFBBR treated water which is termed as treated
composite tannery wastewater (CTWW)) are presented in
Table 4. The CTWW_ was characterized by pH,7.4 +0.07;
BOD, 58+39.6; COD, 305+35.35; TOC, 94.4 +45.46; TN,
295+226.7; NH4+-N, 146 +75.38. The HFBBR reactor has
the removal efficiency of COD, TOC, TN, BOD and N H4+-N
by 93.4+0.92%, 90.17 +1.2%, 72.46 +0.6%, 95.64 +1.4%
and 71.33 +15.77%, respectively.

The UV-Vis spectrum of CTWW, shows cleavage of
organic molecules in the treatment process. The hypochro-
mic shift is due to the cleavage of unsaturated macromol-
ecules present in the CTWW into simpler organic com-
pounds, and the hypsochromic shift was due to the formation
of small stable compounds from the unstable molecules pre-
sent in the CTWW (Fig. 2c¢).

a
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The FTIR spectrum of CTWW, is shown in Fig. 3b, a
peak at 990 cm™' asymmetric stretching of C—O-C of
CTWW (Fig. 3a), which disappeared after the HFBBR pro-
cess. A peak at 610 cm™! regions may be due to the out
of plane bending or deformation of C-H groups present
in the alkyl chain which was formed from the cleavage of
unsaturated aromatic organic compounds. The fluorescent
spectrum is shown in (Fig. Sle), which shows no fluores-
cent active peaks in CTWW, because of the oxidation of
fluorescent active compounds present in the CTWW (Fig.
S1d). The LC chromatogram of final treated water showed
the elimination of peaks recorded at RT 3.99 and 8.69 of
CTWW (Fig. 4a) by integrated oxidation methods. This
confirms the complete oxidation of organics present in the
PTWW and CTWW at the end of the treatment process. It
is also supported with the mass spectrum of the final treated
CTWW?t which has minimum organic compounds than the
initial shown in (Fig. 4c). The UV-Vis, FTIR and fluores-
cence spectrum also support the mass spectrum findings.

Variations observed in physicochemical parameters
of post-tanning and composite tannery wastewater

The pH of the wastewater was increased slowly from 3.5
(PTWW) under the treatment in HFBR and PBR reactors
due to the removal of acidic organic pollutants. A little
increase in pH was observed from CTWW to CTWW, due
to oxidation (Fig. 5a) of organics in wastewater. The changes
in ORP of tannery wastewater at different stages of treat-
ment were measured in millivolts (mV) and is presented in
Fig. 5b. ORP signifies the concentration of oxidizers and
reducers present in the wastewater. The average ORP of
PTWW was -97.05, suggesting the reduced state of unsta-
ble constituents present in the wastewater and observed an
increase in positive ORP up to PBR treatment, indicating
the oxidized stable form of the constituents. Then, the ORP
was changed to negative, due to the addition of BHWW
during neutralization which contains the reduced species.
The ORP was shifted towards a positive side after treatment
in the HFBBR process. It was confirmed that the complete
conversion of the unstable reduced the organic compounds
to an oxidized stable state. The BOD/COD of PTWW shows
a very poor biodegradability of the wastewater and a sub-
stantial increase in the biodegradability was observed in
PTWW,. The high biodegradability index indicates that
the wastewater was amenable for the biological treatment
process in HFBBR and conventional biological treatment
process (Fig. 5¢). The reduction in TOC from PTWW to
PTWW, and from CTWW to CTWW_ was observed in all
the process which is evident by the COD/TOC ratio. The
changes in the COD/TOC ratio confirm the degradation of
macromolecule in tannery wastewater (Fig. 5d).
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Fig.5 Changes in pollution parameters of pH a, ORP b, BOD/COD ¢ and COD/TOC d at different stages of tannery wastewater treatment

The NH,"-N present in the PTWW was due to the usage
of ammonium salts for neutralizing purpose in the re-tan-
ning operation (Nalyanya et al. 2020) and might also be the
usage of aniline based dyes in dyeing operations (Andaluz
et al. 2017). The decrease in NH,*-N was observed in
PTWW, and PTWW, which was due to the oxidation of
NH,"-N into nitrite (NO,”) and nitrate (NO;7) and also
oxidation of nitrogen-containing organic compounds by
hydroxyl radical. The removal of nitrogen-containing azo
dye Acid Blue 113 in PTWW, from PTWW confirms the
oxidation of the compounds (Fig. 2a, c). And also, the
increase in ORP confirms its oxidation present in PTWW
(Fig. 5b). A characteristic reduction of NH,*-N was
observed in CTWW,_ water due to the oxidation of protein
molecules. The removal of pollution parameters COD,
TOC, BOD, TN and NH4+—N at different stages of treat-
ment of tannery wastewater are presented in Fig. 6a—d.

The suggested treatment scheme consisting of HFBR,
PBR and HFBBR processes and adjusting the pH for the
required condition with the various wastewater itself with-
out the addition of chemicals reduces pollution param-
eters without generation of primary chemical sludge and
minimum generation of secondary biological sludge. The
remaining pollution parameters such as salt content and
pathogens can be eliminated in tertiary treatment using
reverse osmosis (RO) and chlorination process etc. The
economic feasibility of the proposed treatment for its
implementation in a leather manufacturing industry was
discussed in the supplementary information (section S2)
for the production capacity of 5000 kg d~!. The proposed

treatment technique had an operational cost of 0.6 USD
m~? wastewater to be treated.

Comparison of the proposed scheme with other
technologies

The reported results using the suggested scheme are better
than the ozone treatment of tannery wastewater reported by
Schrank et al. (2017). They reported that COD, BOD and
TOC removal efficiency were 85%, 83%, 62%, respectively,
at a high ozone dosage of 500 mg O, L™! for 4 h. In addition
to that, they are using H;PO, and NaOH for pH adjustment
which increases the cost of the treatment and sludge genera-
tion. Varank et al. (2016) reported the electrocoagulation and
electro-Fenton with a removal efficiency of COD by 54.8
and 87.3% with the cost of the treatment 7.76 and 8.25USD
m™, respectively. The reported cost was 12—14 times higher
than that of the proposed treatment cost. Sivagami et al.
(2018) depicted AOPs of a three-step combined processes
which include coagulation, aeration and ozonation for COD
removal efficiency of 80-90% but their operational cost was
much higher due to the high amount of chemical addition
and it also possesses sludge disposal difficulties. The inte-
grated approach of electrocoagulation and fungal treatment
method for the removal of an organic contaminant from
tannery wastewater was reported by Nguyen et al. (2020).
They reported that the COD removal efficiency of 63.8%
by electrocoagulation alone using Al and Fe electrodes and
the combined technique gave 96% of removal efficiency
with the total treatment operational cost of 1.73 USD m~>.
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The major disadvantages of using this treatment method in
large industrial-scale applications are periodical electrodes
corrosion, toxic gases generation, sludge generation, high
operational cost and crucial working conditions of fungal
treatment. Thus, among these treatment methods, the current
proposed treatment approach stands as a sustainable way to
treat tannery wastewater.

Conclusion

In this proposed treatment scheme, the non-biodegradable
post-tanning wastewater containing complex organic com-
pounds was catalytically oxidized by using various hetero-
geneous catalytic oxidation reactors. The high molecular
weight complex organic molecules in PTWW were degraded
into a low molecular weight organic compounds which were
confirmed by LC-MS analysis. The HFBR treated PTWW
was mixed with the beam house wastewater to get composite
tannery wastewater which degraded further in the biologi-
cal (HFBBR) reactor system at HRT of 24 h without sludge
production. The pollution parameters of the treated tannery
wastewater with proposed treatment were pH,7.4 +0.07;
BOD, 58 +39.6; COD, 305 +35.35; TOC, 94.93 +45.46;
TN, 295 +226.7; NH4+-N, 146 +75.38. The removal effi-
ciency of parameters COD, TOC, TN, BOD and NH,*-N by
93.4+0.92%, 90.17+1.2%, 72.46 +0.6%, 95.64 + 1.4% and
71.33 +£15.77% was observed, respectively, without genera-
tion of primary chemical sludge and secondary biological

=
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sludge. The removal of the pollutants was confirmed with
UV-Vis spectroscopy, FTIR spectroscopy, fluorescence
spectroscopy and LC-MS spectroscopy.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13762-021-03634-2.
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