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Abstract

This study proposes the treatment and valorization of denim textile effluents through a fermentative hydrogen production
process. Also, the study presents the decolorizing capabilities of bacterial and fungal isolates obtained from the fermented textile
effluents. The maximum hydrogen production rate was 0.23 L H,/L-d, achieving at the same time color removal. A total of thirty-
five bacteria and one fungal isolate were obtained from the fermented effluents and screened for their abilities to decolorize indigo
dye, used as a model molecule. From them, isolates identified as Bacillus BTS, Bacillus BT9, Lactobacillus BT20, Lysinibacillus
BT32, and Aspergillus H1'T showed notable decolorizing capacities. Lactobacillus BT20 reached 90% of decolorization using
glucose as co-substrate after 11 days of incubation producing colorless metabolites. Bacillus BT9 was able to utilize the indigo
dye as the sole carbon source achieving a maximum decolorization of 60% after 9 days of incubation and producing a red-colored
metabolite. In contrast, Bacillus BTS and Lysinibacillus BT32 exhibited the lowest percentages of decolorization, barely 33%
after 16 and 11 days of incubation, respectively. When Aspergillus HIT was grown in indigo dye supplemented with glucose,
96% of decolorization was reached after 2 days. This study demonstrates the valorization of denim textile effluents for the
production of hydrogen via dark fermentation with concomitant color removal.
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Highlights

- Hydrogen production and decolorization of denim effluents were
achieved.

- Four bacteria and one fungus were isolated from the fermented effluent.

- Lactobacillus BT20 removed indigo dye completely using glucose as
co-substrate.

- Bacillus BT9 used the dye as the sole carbon source and removed 60%
of color.

- Aspergillus HIT decolorized indigo dye faster than the bacteria isolated.
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Introduction

Textile industry demands large volumes of water for its dying
and washing processes. In Mexico, this industry consumes
almost 73 million m® water per year, and 45% of these efflu-
ents are discharged without treatment [1]. Textile effluents
have a mixture of contaminants such as synthetic dyes, sur-
factants, acids or bases, heavy metals (Cr, Ni, Cu), chlorinated
organic compounds, starch, salts, fats and oils, and phenols
with an alkaline pH [2], causing considerable pollution to
water-receiving bodies. In general terms, the textile effluents
are characterized by a high biochemical oxygen demand (from
210 to 5500 mg/L), chemical oxygen demand (COD, from
340 to 17,900 mg/L), total suspended solids from 50 to
24,000 mg/L, and a visible color from 300 to 3500 color units.
Also, dyes present in textile effluents result in the abnormal
coloration of surface waters affecting the sunlight entering the
water [3]. The necessity of treatment for textile effluents is
evident. Biological treatment is considered a competitive al-
ternative in comparison with physicochemical pretreatments
[3]. Fungi, such as Aspergillus sp., Penicillium sp., and
Hypocrea koningii [4, 5], and several bacteria such as
Enterococcus faecalis and Bacillus spp. have the ability to
decolorize various types of industrial dyes [6-8].

A recent trend is the development of biological treatment
systems coupled with the generation of value-added products,
such as biohydrogen, creating a sustainable alternative in the
context of a circular bioeconomy [9]. Recent efforts to valo-
rize textile effluents for producing biohydrogen via dark fer-
mentation have been already reported. Lay et al. [10] studied
the effect of pH (4.0-8.0), substrate concentration (5-25 g
COD/L), and type of inoculum (sewage sludge, soil, and
cow dung) on the hydrogen production from textile wastewa-
ter in batch fermentations, observing the maximum hydrogen
production rate with the cow dung inoculum, pH of 7.0, and
substrate concentration of 20 g COD/L. With a different ap-
proach, the pretreatment of textile effluents has been success-
ful in improving the fermentative hydrogen production. Li
et al. [11] evaluated the hydrogen production from textile ef-
fluents pretreated with amylases, activated carbon, and cation
resins. The amylase-activated carbon treatment yielded the
best performance in terms of hydrogen production. In this
study, the microbial community that achieved the decol-
orization was molecularly identified as Clostridium
butyricum and Klebsiella oxytoca. The coagulation pro-
cess was also used as pretreatment of textile desizing
wastewater for batch [12] and continuous hydrogen pro-
duction [13]. In batch reactors, the coagulation pretreat-
ment improved by 120% the hydrogen yield compared
with the untreated effluent. In the continuous bioreactor,
the coagulation pretreatment reached a maximum hydro-
gen production rate similar to those reported previously
with substrates like sugarcane vinasses.
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The traditional approach for the biological treatment of
textile effluents does not consider valorization of organic mat-
ter contained in such effluents for obtaining value-added prod-
ucts. At the other extreme, studies on hydrogen production
from textile effluents do not address the decolorizing abilities
of the microbial communities involved in the process. This
study is more in line with the valorization of textile effluents
for obtaining biohydrogen, but at the same time, to address the
decolorizing abilities of the involved microorganisms.
Therefore, the goals of this study were to valorize denim tex-
tile effluents for hydrogen production and characterize the
decolorizing capacities of cultivable microorganisms.

Material and methods
Hydrogen production from denim textile effluents

Denim textile effluents were obtained from a local textile in-
dustry located in Guanajuato, Mexico, with a chemical oxygen
demand of 2260 mg/L and pH of 8.7. These denim textile
effluents were used as a substrate in 500 mL-bioreactors with
a working volume of 300 mL (run in duplicate). The inoculum
consisted of an anaerobic sludge with a total solid content of
2.8+0.9 mg/L [14]. The anaerobic sludge received a heat-
shock treatment in a water bath at 105 °C during 1 h to select
sporulating H,-producing bacteria [15]. During the start-up,
the bioreactors were inoculated with 20% v/v of the pretreated
inoculum and 80% v/v of denim textile effluents supplemented
with 2 g/LL of glucose and 5 g/L of peptone to accelerate the
bacterial growth [16]. After 5 days, the bioreactors were oper-
ated in continuous mode with a hydraulic and cellular retention
times of 3 days, 35 °C, pH of 5.5+0.3, and 100 rpm. During
the continuous operation, the denim textile effluents were sup-
plemented with 2.0 g/L of peptone as the nitrogen source.

Isolation and screening for decolorizing
microorganisms

On day 30, a 10-mL sample of fermented denim effluents was
used for screening for decolorizing microorganisms. The
fermented effluents were diluted 1:10 in saline solution and
0.1 mL was spread on the surface of agar plates containing
25% v/v of unfermented denim textile effluents. Three plates
were incubated at 28 °C for fungal growth, and three plates
were incubated at 37 °C for bacterial growth. Then, monocul-
tures were obtained and microscopically verified. All the iso-
lates were screened during a decolorization test performed in
tubes containing 12 mL of the sterilized medium with the
following composition in gram per liter: glucose 2.5, peptone
5.0, and 0.05 of indigo dye supplied by a local textile industry
(Guanajuato, Mexico). The tubes were inoculated by the loop
technique and incubated at 100 rpm for 15 days. Bacterial
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monocultures were maintained in Luria Bertani medium (LB,
in g/L: tryptone 5, yeast extract 5, NaCl 10), while fungal
monocultures were maintained in potato dextrose agar (PDA).

Decolorization kinetics of indigo dye
Inoculum preparation

Inocula from bacterial monocultures were prepared in tubes
with 30 mL of sterile LB medium inoculated by the loop
technique and incubated at 37+ 1 °C and 100 rpm for 48 h
until to reach an optical density (OD600 nm) of 0.8-1.0.
These monocultures were centrifuged at 4000xg for 15 min
and the cell pellet was resuspended in LB broth for using as
the inoculum source. A fungal isolate was grown in potato
dextrose broth at 28 + 1 °C for 2 days, and conidia were re-
covered and used as the inoculum source.

Procedure

The experiments were performed in 250-mL flasks containing
70 mL of sterile medium (2.0 g/L of peptone, 1.0 g/L of NaCl)
with glucose (gl+, 2.5 g/L) or without glucose (gl—), and
50 mg/L of indigo dye. The initial pH was adjusted to 7.0 with
NaOH. The flasks were inoculated with 2 mL of the bacterial
inoculum and incubated at 37 °C, 100 rpm for 21 days.
Samples were drawn for analysis on days 0, 2, 4, 7, 9, 11,

Fig. 1 a Hydrogen productivity
from denim effluents and
evidence of decolorization. b
Growth of selected bacterial
isolates in indigo dye
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14, 16, 18, and 21. The flasks for fungal decolorization (gl+
and gl—) were inoculated with the conidial suspension and
incubated at 28 = 1 °C and 100 rpm. Samples were drawn on
days 0, 1,2, and 3. A control treatment without inoculum was
always included. All the tests were performed in triplicate, and
the results were expressed as the mean + standard deviation.
The percentage of decolorization was determined as follows:

Decolorization (%)

Control absorbance—Observed absorbance
— x 100

(1)

Control absorbance

Analytical methods

The biogas volume was measured by liquid displacement of a
saturated solution of sodium chloride with pH 3.0. The biogas
composition (H,, CO,, CH,4) was determined by gas chroma-
tography as previously reported [17]. Hydrogen production was
reported at standard temperature and pressure (STP). The de-
colorization was assessed using supernatants after centrifuga-
tion at 5500xg/10 min by measuring the absorbance with a UV-
visible spectrophotometer (Eppendorf, BioSpectrometer®) fol-
lowing the procedure reported by Ramya et al. [18], where the
non-inoculated control was taken as 100%. The bacterial
growth in the decolorization kinetics of indigo dye was deter-
mined using a Bio-Rad Bradford Protein Assay (Bio-Rad,

a. Hydrogen production from denim textile wastewater
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Table 1 Fermentative hydrogen production from textile wastewater
Type of treatment Type of reactor Substrate Hydrogen production Ref.
rate (L Ho/L-d)

Coagulation Continuous 60 gCOD/L-d 3.8 [13]
None Intermittent-flow, stirred tank reactor 1.4 g COD/L-d 2.6 [29]
-Amylase with activated carbon Batch 20 g/Lf 43 [11]
Coagulation Batch 15 gLt 3.9 [12]
None Batch 33 ¢g/L 1.1 [10]
None Semi-continuous 0.8 g COD/L-d 0.2 This study

T Expressed as sugars

Hercules, CA, USA). Fungal growth in the decolorization ki-
netics of indigo dye was determined gravimetrically from a
known volume. Glucose consumption was measured as reduc-
ing sugars using the dinitrosalicylic acid method [19].

Molecular identification

Genomic DNA was extracted according to the protocol
established by Burbano et al. [20] from the bacterial

Fig. 2 Maximum Likelihood a
relationship among isolates (A )

and selected sequences of the

GenBank. a Bacteria and b Fungi.

The phylogenetic trees were

rooted with Escherichia coli 54

A Bacillus sp. BT5

A Bacillus sp. BT9

monocultures. The primer pair 9F (5'-GAGT
TTGATCCTGGCTCAG-3') and 1542R (5'-AGAA
AGGAGGTGATCCAGCC-3’) was used to amplify a region
of the 16S rDNA gene, and ITS4 (5'-TCCTCCGCTTATTG
ATATGC-3") and ITSS (5'-GGAAGTAAAAGTCGTAACAA
GG-3') for a region of the 5.8S rDNA gene. DNA amplifica-
tion as performed using the Quick Load Tag2x Master Mix kit
(New England BioLabs, M0271S) using a thermal cycler
(C1000 Touch, Bio-Rad, USA) following the thermal profile

Bacillus cereus LDPE1 (MK704287.1)
Bacillus anthracis LS28 (MK696364.1)

Lysinibacillus fusiformis LU5 (MK574861.1)
19011 ysinibacillus boronitolerans SN14 (MK192814.1)

Lactobacillus plantarum L15 (MK713565.1)
1901 | actobacillus pentosus CO1 (MK689398.1)

A Lactobacillus sp. BT20
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Escherichia coli U5/41 (NR024570.1)
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Aspergillus awamori ZONI16 (MF436172.1)

Aspergillus niger (AY567969.1)

A Aspergillus sp. H1T

Aspergillus tubingensis JJGG-65 (MK644176.1)

Aspergillus sp. E25-6 (MK095989.1)
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of Yoon et al. [21] and Luo and Mitchell [22] for bacteria and
fungi, respectively. The PureLink PCR Purification kit
(Invitrogen, K3100-01) served to purify the PCR products that
then were sequenced at the National Laboratory of Genomics
for Biodiversity (LANGEBIO Irapuato, Mexico). The se-
quences were aligned using the National Center for
Biotechnology Information (NCBI) database with the
BLAST. Finally, a phylogenetic analysis of the identified
strains and selected sequences of the GenBank was per-
formed. Evolutionary analyses were conducted in MEGA
v7.0 software [23]. The multiple sequence alignments were
performed using MUSCLE [24], and to identify the best nu-
cleotide substitution model for the sequences, an algorithm

Fig. 3 Kinetics of bacterial
growth in the decolorization

was used which is integrated in MEGA. For bacteria, the best
substitution pattern was determined by maximum likelihood
with the Kimura 2-parameter nucleotide substitution model
using a discrete gamma distribution (+G). Meanwhile, for
fungi, the best substitution pattern was determined by maxi-
mum likelihood with the Tamura 3-parameter nucleotide sub-
stitution model. The maximum likelihood trees were inferred
from bootstrap method with 1000 replicates and were con-
structed applying the nearest-neighbor-join interchange con-
taining all the sites [25-28]. The sequences were deposited
into the GenBank database under accession numbers
MG241238-MG241241 for the bacterial isolates and
MG256171 for the fungal isolate.
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Results and discussion
Hydrogen production from denim textile effluents

During the batch operation (first 5 days in Fig. 1), the biore-
actor fed with denim textile effluents produced biogas with a
negligible content of hydrogen. When the continuous opera-
tion mode was established, the hydrogen percentage increased
to 55%. On average, the bioreactor achieved a stable hydrogen
production for 20 days with a maximum hydrogen rate of
0.23 L Hy/L-d (Fig. 1a).

In literature, only a few studies have reported production of
hydrogen from the dark fermentation of textile effluents. From
them, batch reactors yielded hydrogen production rates ranging
from 1.1 to 4.3 L Hy/L-d (Table 1). For intermittent or contin-
uous bioreactors, the hydrogen production rate averaged 3.2 L
H,/L-d. The hydrogen production rate reached in this study was
lower in comparison with the previous reports due probably the
low concentration of substrate in the denim textile effluents
(chemical oxygen demand of 2.2 g COD/L). For instance,
Lay et al. [29] reported a hydrogen production rate almost 10-
fold higher than the value reached in this study, since the au-
thors fed a textile effluent with a higher substrate concentration
of 33 g/L. This higher substrate concentration represents higher
organic loading rates that directly improve the hydrogen pro-
duction rate but also could be related to the substrate or product
inhibition if some threshold is surpassed [30].

In parallel to the hydrogen production, the distinctive blue
color of the denim textile effluents changed to light

transparent yellow (Fig. 1a). Anaerobic bacteria decompose
azo dyes into potential carcinogenic amines considered a treat-
ment less effective and safer than that performed by aerobic
bacteria [31, 32]. Under certain conditions of microaerophilic/
aerobic operation, the formation of aromatic amines could be
avoided [33]. In this study, the acclimated microbial consor-
tium received denim textile effluents with soluble oxygen that
could be enough to maintain the growth of facultative bacteria.
Therefore, the study of cultivable members responsible for
decolorization was focused on aerobic members that could
remain active in the Hp-producing bioreactor cooperating with
anaerobic members for the biodegradation of dyes.

Isolation of microorganisms and screening

Thirty-five aerobic isolates were recovered from the
fermented effluents using raw denim textile effluents as the
sole carbon source. Screening for decolorizing microorgan-
isms was performed using indigo dye, used as a model mole-
cule. Indigo dye is one of the most used dyes in the blue jeans
manufacturing, and its biological removal has been previously
reported [34]. The screening decolorization assay showed that
nineteen isolates showed some degree of decolorization. From
them, the isolates called BT5, BT9, BT20, and BT32 had the
highest decolorizing activities (Fig. 1b). These isolates were
molecularly identified as Bacillus BTS, Bacillus BT9,
Lactobacillus BT20, and Lysinibacillus BT32 (Fig. 2a), as
well as a fungal isolate identified as Aspergillus H1T (Fig. 2b).

Table 2 Comparison of decolorization of indigo dye using bacterial and fungal strains
Microorganism Indigo (mg/L) Conditions Carbon source  Process Decolorization (%) Reference
Bacteria
Mixed culture 100 pH 7.0; 26 °C; HRT 120 h Glucose Anaerobic 95 [43]
Bacillus subtilis spores 223 pH 8.0; 60 °C; 42 h — - 100 [40]
Bacillus sp. MZS10 100 pH 7.0;30 °C; 15 h Glucose Aerobic 87 [41]
Bacillus 24A spores 50 pH 4.5;37 °C;24 h - - 99 [39]
Bacillus BBS14 spores 100
Paenibacillus larvae 100 150 rpm; pH 7.5; 30 °C; 8 h Glucose Aerobic 100 [18]
Casein
Bacillus BTS 50 100 rpm; pH 7.0; 37 °C; 384 h  Indigo/peptone  Aerobic 36 This study
Bacillus BT9 100 rpm; pH 7.0; 37 °C; 216 h  Indigo/peptone 59
Lysinibacillus BT32 100 rpm; pH 7.0; 37 °C; 216 h  Indigo/peptone 29
Lactobacillus BT20 100 rpm; pH 7.0; 37 °C; 264 h  Indigo/glucose 92
Fungi
Phellinus gilvus - Static; 27 °C; 96 h - Aerobic 100 [44]
Pleurotus sajor-caju 94
Pycnoporus sanguineus 91
Phanerochaete chrysosporium 75
Aspergillus niger AN 400 10 pH 5.0;48 h Glucose Aerobic 97 [45]
Aspergillus alliaceus 150 200 rpm; pH 4.5; 30 °C; 216 h  Glucose Aerobic 98 [46]
Aspergillus HIT 50 100 rpm; pH 7.0; 28 °C; 48 h  Indigo/glucose  Aerobic 96 This study

HRT hydraulic retention time
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Decolorization kinetics of indigo dye

During the decolorization kinetic of indigo dye in presence of
Lactobacillus BT20, the glucose consumption and color re-
moval showed a parallel behavior achieving up to 90% of
decolorization under aerobic growth and after 264 h of incu-
bation (Fig. 3). In the absence of a co-substrate (glucose),
Lactobacillus BT20 was unable to decolorize, a phenomenon
previously reported for this genus [32, 35]. The Lactobacillus
species express azoreductases (EC 1.7.1.6) to degrade to some
extent azo dyes such as acid black under aerobic conditions
[32], as well as methyl orange, methyl red, ponceau BS, or-
ange G, amaranth, orange 1, direct blue, Sudan III, and Sudan
IV under anaerobic growth with accumulation of toxic aro-
matic amines [35, 36]. In this study, Lactobacillus BT20
reached a high decolorization of indigo dye under aerobic
growth possibly an azoreductase-mediated decolorization.

a) gl+

Growth
(mg/mL)

Bacillus BT9 showed a poor decolorization in the presence
of glucose, decolorizing barely 20% (Fig. 3). In contrast in the
absence of glucose, the cell growth correlated well with the
color removal reaching the highest decolorization of 59%.
Bacillus BT9 modified the blue-colored dye to red-colored
metabolites, a behavior previously reported for laccase-
catalyzed decolorization [34, 37]. In literature, expression of
laccases (EC. 1.10.3.2) by the Bacillus genus has been exten-
sively reported with application in decolorization of azo dyes
such as indigo carmine, reactive black 5, Congo red, reactive
red 11, and reactive blue 171 [21, 37—40]. The Bacillus spe-
cies also perform a reductive decolorization of indigo carmine
with the formation of indoline sulfonic acid [41]. Bacillus
BTS5 and Lysinibacillus BT32 exhibit a similar growth behav-
ior, decolorizing barely 10% of indigo dye in the presence of
glucose (Fig. 3). This poor performance could indicate a re-
moval mechanism by physical adsorption [42]. In the absence

gl-
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Fig. 4 Kinetics of fungal growth in the decolorization process. a Growth (e), glucose consumption (A ), and decolorization (¢). b Complete
decolorization of indigo dye with (gl+) and without of glucose (gl-) in presence of Aspergillus HIT
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of glucose, Bacillus BTS and Lysinibacillus BT32 increased
the percentages of removal to 30 and 36%, respectively.

Most of the previous studies demonstrated that Bacillus is
an efficient degrader of indigo dye with percentages of decol-
orization up to 87% (Table 2). In contrast, in this study, the
Bacillus spp. showed lower decolorizing capacities than
Lactobacillus BT20. It is important to stress that all these
isolates, Bacillus, Lysinibacillus, and Lactobacillus, belonged
to an acclimated consortium that together with other bacteria
produced hydrogen and decolorized the denim textile efflu-
ents. However, further studies should confirm if this acclimat-
ed consortium degraded the azo dyes into amines.

Figure 4 displays the growth kinetic during the decoloriza-
tion process of indigo dye in the presence of Aspergillus H1T.
Parallel to the glucose consumption, this fungus formed blue-
colored spherical masses of mycelium during the first 2 days,
the time during which it reached 96% of decolorization. In the
absence of glucose, this phenomenon took more time, a be-
havior previously reported for Aspergillus ochraceus NCIM-
1146 [47]. The Aspergillus genus expresses lignin-
peroxidases and laccases for decolorizing indigo dye
[46-48]. Recently, Silva et al. [45] reported the decolorization
of textile wastewater containing indigo dye using Aspergillus
niger AN 400 in a sequential batch bioreactor. Also,
ligninolytic basidiomycetes fungi such as Phellinus,
Pleurotus, Pycnoporus, and Trametes showed notable decol-
orizing capacities of indigo dye, the expression of laccases
responsible for decolorizing are associated with the secondary
metabolism (Table 2; [31, 44]).

In this study, Aspergillus H1T was isolated from fermented
textile effluents; similarly, Aspergillus lentulus was isolated
from textile effluents [49]. It is uncertain if Aspergillus HIT
was an active decolorizing microorganism during the opera-
tion of the H,-producing bioreactor. However, previous evi-
dence suggests that Aspergillus is ubiquitous in anaerobic en-
vironments such as the gastrointestinal tract of beef cattle [S0],
a similar source to the seed used for the H,-producing biore-
actor. The relevance of this finding is that Aspergillus has
important cellulolytic activity convenient for treating textile
effluents containing cellulose fibers. Next-generation se-
quencing technologies for transcriptome assembly could elu-
cidate if filamentous fungi are responsible for hydrolyzing and
decolorizing of textile effluents.

Conclusions

Biological treatment of textile effluents is moving towards the
reuse and recovery of value-added products. Here, denim tex-
tile effluents served as a substrate for producing bioenergy in
the form of hydrogen, with the simultaneous removal of color.
Different microorganisms were isolated from the fermented
effluents where the decolorizing took place. From these

@ Springer

isolates, Lactobacillus sp. BT20 and Aspergillus sp. HIT
had the highest decolorizing capacities in the presence of glu-
cose. However, further studies are necessary to test the toxicity
of the treated denim effluents.
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