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A B S T R A C T

A combination of photocatalysis and biodegradation is a promising approach for the removal of xenobiotic
organic compounds from wastewater, since photocatalysis cleaves the molecules into simpler intermediates that
are later mineralized by microorganisms. Sequential photocatalytic and biological treatment (SPABT) consisting
of ZnO as a photocatalyst and a microbial consortium (Galactomyces geotrichum and Brevibaccilus laterosporus)
enhanced the degradation of a model textile dye, methyl red (MR). SPABT completely decolorized 500mg MR/L
within 4 h. Biotreatment alone required 6 h for 100% decolorization. A maximum of 70% decolorization was
achieved with the photocatalytic treatment but reductions in COD and toxicity were not adequate. Significant
elevated activities of enzymes, including azo reductase, laccase and veratryl alcohol oxidase, were observed in
the microbial consortium after exposure of MR. The degradation pathway and products of MR varied with
treatment applied. The persistent azo bond was cleaved by following photocatalytic treatment with the microbial
biotreatment. Tests with Sorghum vulgare and Phaseolus mungo indicated the products obtained by SPABT were
non-phytotoxic.
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1. Introduction

Twenty percent of the world population has difficulty in accessing
potable water and 40% suffer from improper hygiene because of their
water resources are contaminated with harmful anthropogenic and
naturally occurring compounds [1,2]. Over 7×105 tons of synthetic
dyes are annually produced worldwide, of which around 15% of the
dyes are released into the environment by various dyeing industries [3].
Textile industry effluent containing dyes causes severe environmental
pollution even at low concentrations that affects transparency and
creates aesthetic problems [4]. Hence, effective treatment of textile
effluent before discharge in to the environment is mandatory.
Among advanced oxidation processes (AOPs), photocatalysis using

semiconductors viz., TiO2 and ZnO, appears effective for textile was-
tewater treatment [5]. Photocatalytic conversion using ZnO showed
better degradation efficiency than TiO2 for removing organic com-
pounds from water [6,7]. AOPs are often effective and efficient, but
may not be feasible due to cost, incomplete mineralization, and toxicity
of some of the diverse products. In contrast, biological methods in-
cluding bacteria, fungi and plants are effectively being used for textile
dye degradation [8–11]. The use of microbial consortia enhances dye
degradation due to the wide range of enzymes activated in a mixed
culture. The downside of this process is the requirement of long re-
tention times for the transformation of an active molecule and its
complete mineralization.
Combining AOP and biodegradation can be a viable approach for

degrading xenobiotics in wastewater [12–15]. Photocatalysis is based
on the formation of free radicals using UV irradiation in combination
with semiconductor ZnO particles [16], and biological system relies on
enzymatic machineries involving oxidoreductive enzymes. In a se-
quential scheme, photocatalytic process can breakdown the complex
molecular structures by free radical attack, generating products that are
more readily biodegradable [17]. However, photocatalytic processes
can over oxidize organic compounds and generate toxic products
[14,15]. Thus, it is important to restrict a sequential integrated process
before over-oxidation of organic compounds. To avoid such issues, re-
searchers have tried coupling of these techniques in the same reactor.
However, this approach has technical difficulties such as loss of mi-
crobial biomass from UV exposure and requires costly microporous
carriers to protect the microbes from UV light [16–18]. In contrast, a
single and a sequential combination process would simplify flow and
offer an effective treatment unless the primary photocatalytic compo-
nent must be restricted to a limited period. While studying feasibility of
photocatalysis and a biological treatment for the removal of azo dyes
from aqueous effluents, Chebli et al. [19] achieved limited success
enhancing mineralization of orange II among acid red 183, biebrich
scarlet, and methyl red.
Here we evaluate a sequential photocatalytic and biological treat-

ment to remove methyl red (MR) from water. A photocatalyst, ZnO and
microbial consortium consisting of a yeast, Galactomyces geotrichum and
a bacterium, Brevibaccilus laterosporus was sequentially employed for
the enhanced degradation of MR. The coupling of these two treatments
were preferred because of increased biodegradability by photocatalytic
treatment and breakage of azo bond due to biological treatment. We
have also studied the possible degradation pathways considering oxi-
dation by free radicals, enzymes induced, and conducted FTIR and GC-
MS analysis. The toxicity of the products generated after the degrada-
tion of MR was also evaluated to confirm the effectiveness of the
SPABT.

2. Materials and methods

2.1. Chemicals, microbiome used and culture conditions

Methyl red (MR) was obtained from textile industry located at
Ichalkaranji, India. Yeast extract, peptone, malt extract, veratryl

alcohol and l-catechol were obtained from Hi Media, Mumbai, India. All
other chemicals were acquired from SRL, India. High purity and ana-
lytical grade chemicals were used for this study. Brevibaccilus later-
osporus MTCC 2298 and Galactomyces geotrichum MTCC 1360 were
acquired from Microbial Type Culture Collection, India. G. geotrichum
was maintained on agar slants of medium containing peptone, yeast
extract, malt extract, and glucose (5, 3, 3, 10 g/L, respectively). and B.
laterosporus on nutrient agar slants of the medium containing beef ex-
tract, yeast extract, bacteriological peptone, and NaCl (1, 2, 10, 5 g/L,
respectively).

2.2. Preparation of GB consortium

The consortium was selected based on our previous work [20].
Briefly, 1 g of wet mycelia of G. geotrichum (24 h grown in yeast culture
medium, at 30 °C) was washed several times with sterile distilled water.
This cell suspension was mixed with B. laterosporus (9× 107 cells/mL)
pre-grown in nutrient broth at 30 °C.

2.3. ZnO thin film synthesis for photocatalysis

ZnO films were prepared on transparent conducting glass of fluorine
doped tin oxide (FTO) (TCO22-15, 15 Ω/cm2 Solaronix, Switzerland)
using spray pyrolytic deposition method [7]. Zinc acetate (0.2M in
methanol and water) was sprayed onto FTO substrates at 400 °C using a
pneumatic glass nozzle. The compressed air was used as a carrier gas.
The structural properties of the ZnO thin film were determined with Cu-
Kα (1.5405 A°) radiation in the span of 20 to 80° using X-ray dif-
fractometer (Philips, PW-1710). Scanning Electron Microscope (SEM,
JEOL JSM-6360) was used to observe surface morphology. Optical
absorption was measured with spectrometer (Systronic-119) in a range
of 200–1100 nm.

2.4. Decolorization and chemical oxygen demand

Degradation of MR using photocatalytic-ZnO and biological treat-
ment with GB consortium was performed using 100mL dye solution
(500mg/L) in 250mL Erlenmeyer flask at different experimental con-
ditions (Table 1). For the photocatalytic ZnO treatment, MR solution
(500mg/L) was recirculated in photocatalytic reactor under UVA illu-
mination for 2 h at 30 °C, pH 7.0. For the GB consortium treatment,
50mg dye was added to 100mL of growth medium containing 9× 107

cells/mL of G. geotrichum and B. laterosporus. The flask was incubated at
30 °C and pH 7.0 for 2 h with shaking at 120 rpm. Flasks were sampled
(4mL) at 30-min intervals during the incubation. Suspended particles
were removed by centrifugation (5000 ×g, 20min). All spectro-
photometric measurements were made at pH 7, adjusting the pH with
0.01M NaOH or HCl [21]. The yellow color of methyl red was quan-
tified at 420 nm using Hitachi UV–vis spectrophotometer (U 2800,
Japan) [22]. COD was measured as per the standard method (APHA,
1998 method 5220-B). All experiments were conducted in triplicate.

2.5. Sequential treatments

Photocatalytic-ZnO and biological treatments were coupled for MR
decolorization. In separate experiments (Table 1), decolorization of MR
was carried out by a) initial photocatalytic-ZnO (2 h) followed by bio-
logical treatment (2 h) (SPABT), and b) initial biological treatment (2 h)
followed by photocatalytic-ZnO (2 h) (SBAPT) (Table 1). Photo-
catalytic-ZnO system was conducted at 30 °C, pH 7.0 for 2 h, and bio-
logical treatment (GB consortium) using nutrient medium at 30 °C, pH
7.0 for 2 h with shaking (120 rpm). For the SBAPT, the microbial cells
from the first phase of treatment were separated from the effluent by
centrifuging at 5000 × g for 5min, and the supernatant was introduced
into photocatalytic-ZnO system.
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2.6. Cell free extract for the determination of enzymatic activities

The GB consortium was prepared as above and biomass recovered
by centrifugation (10,000 x g, 25min). The biomass was added to po-
tassium phosphate buffer (50mM, pH 7.4), sonicated (Sonics-vibracell
ultrasonic processor, USA) [20] and centrifuged (10,000 ×g, 25min) at
4 °C. The obtained supernatant was used as a source of intracellular
enzymes involved in dye degradation.
Activities of the oxidative enzymes were determined spectro-

photometrically (Hitachi U 2800, Japan) at 25 °C. Laccase activity was
assessed in 2mL assay mixture containing 3′,3′-diaminobenzidine tet-
rahydrate (5mM) in acetate buffer (0.1M, pH 4.8) and absorbance
measured at 410 nm [20]. Veratryl alcohol oxidase activity was esti-
mated in an assay mixture (2mL: citrate phosphate buffer (0.1M, pH
3.0), veratryl alcohol (1mM), and 0.2mL enzyme). Veratraldehyde
formation was measured at 310 nm. Activity of tyrosinase was de-
termined as described in our earlier work [20].
NADH-DCIP reductase activity was measured at 590 nm by adding

250 μM NADH in 2.0 mL of assay mixture containing 50mM potassium
phosphate buffer (pH 7.4), 25 μM DCIP and 0.04mL cell-free super-
natant [22]. Decrease in NADPH concentration in a reaction mixture (2
ml: Tris-HCl (100mM, pH 7.4), NADPH (25 μM) and riboflavin (10
μM)) was measured at 340 nm to determine the riboflavin reductase
activity, using 0.0063 μM−1 cm−1as a molar extinction coefficient. Azo
reductase activity was assayed in a 2mL assay mixture (Potassium
phosphate buffer (50mM, pH 7.4), MR (25 μM), and NADH (50 μM)).
The reaction was initiated by adding cell-free supernatant (0.2mL) and
monitored at 430 nm [19]. An extinction coefficient 0.023 μM−1 cm−1

was used to determine the concentration of reduced MR. The enzyme
activity was expressed in units (amount of enzyme required to reduce 1
μM of MR min−1mg−1 protein). All assays were conducted in tripli-
cate.

2.7. Analysis of treatment products

The products of all treatments were extracted from solution with
ethyl acetate (v/v) and dehydrated with anhydrous Na2SO4. Ten-mi-
croliter samples of the control (MR without treatment) and the ex-
tracted MR products dissolved in methanol were spotted on Lichrospher
Silica gel 60 F254S plates to analyze using HPTLC (CAMAG,
Switzerland). After running, the plates were developed in saturated (for
20min) twin trough chamber (10×10 cm) with ethyl acetate: me-
thanol (3:7, v/v, 10mL). The developed HPTLC plates were monitored
at 254 nm in UV chamber. WinCATS 1.4.4.6337 software was used for
analysis of results.
The products were also analyzed by HPLC (Waters model no. 2690).

Briefly, 10 μL of 0.2 μm membrane filtered supernatant was injected in
a C18 column (4.6mm×250mm, symmetry). HPLC was performed
isocratically with methanol at a flow rate of 1mL min−1 for 10min.
Eluted compounds were detected at 530 and 280 nm using dual de-
tector.
Extracted products (KBr pellets; 5:95, w/w) were analyzed for

functional group changes using Fourier transform infrared spectroscopy
(8400S Shimadzu, Japan) in the 400-4000 cm−1 region. Formed pro-
ducts of MR were also identified using a gas chromatography with mass
spectroscopy (GCeMS) (QP2010 Shimadzu, Japan). A Restek capillary
column (0.25mm, 60m; XTI™-5) was used; initial temperature was
80 °C for 2min, increased 10 °C/min to 280 °C, and held for 7min.
Helium was the carrier gas (1.0mL/min). Temperatures of the injection
port and GCeMS interface were maintained at 280 °C and 290 °C, re-
spectively. Ionization voltage was 70 eV. The products were identified
by fragmentation patterns and mass spectra using the NIST spectral
library.

2.8. Phytotoxicity of products

Sorghum vulgare and Phaseolus mungo (agricultural plants) were used
to evaluate the phytotoxicity of original dye and generated products.
Ten seeds were placed in Petri dishes containing sand and watered with
tap water (control), MR (2000mg/L), and SPABT-generated MR
transformation products. Petri plates were kept at room temperature.
Shoot and root length and percent germination were measured at 7 d.

2.9. Statistical analysis

Three independent sets of experiments were conducted. Data were
examined using a one-way analysis of variance at p≤0.05 and the
Tukey-Kramer multiple comparison test.

3. Results and discussion

3.1. Decolorization and COD determination

Decolorization by SPHOT and SBIOT was 33 and 64%, respectively,
with a 6 and 31% reduction in chemical oxygen demand (COD) within
2 h. The respective treatments further increased decolorization to 70
and 100% with 16 and 70% reduction in COD when the process was
prolonged to 6 h. Photocatalytic process break down complex molecular
structures through free radical attack (hydroxyl radical (%OH), super-
oxide anions (O2

• ) and hydrogen peroxide (H2O2)) and generates
readily biodegradable products [17]. As indicated in our earlier study
[7], the synthesized thin films were densely hexagonal crystal structure

Table 1
Treatment descriptions, process flow, and decolorization efficiency for methyl red (500mg/L).

Treatment code Process flow and description of the treatment Total treatment time (h) Decolorization (%) COD reduction (%)

Phase 1
Treatment

Time (h) Phase 2
Treatment

Time (h)

SPHOT Photocatalysis-ZnO 2 NA — 2 33 6
SPHOT Photocatalysis-ZnO 6 NA — 6 70 16
SBIOT Biological treatment# 2 NA — 2 64 31
SBIOT Biological treatment# 6 NA — 6 100 70
SBAPT Biological treatment# 2 Photocatalysis-ZnO 2 4 78 45
SPABT† Photocatalysis-ZnO 2 Biological treatment# 2 4 100 80

NA: Not applicable.
SPHOT: Single photocatalytic treatment.
SBIOT: Single biological treatment with GB consortium.
SBAPT: Sequential biological treatment and photocatalytic treatment.
SPABT: Sequential photocatalytic and biological treatment.
† Among all verified treatments, this process (SPABT) showed the enhanced decolorization.
# Biological treatment contained GB consortium (G- Galactomyces geotrichum, B-Brevibacillus laterosporus).
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with lateral (002) plane growth and covered the film surface homo-
geneously (Fig. S1a). Optical transmission spectra of the ZnO thin film
showed uniformity and transparency consistent with SEM observations.
Such properties allowed the use of this film for the photocatalytic de-
gradation of MR. ZnO/TiO2 thin films have been reported for effective
photocatalytic degradation of methylene blue and MR, however, it does
not lead to complete mineralization [7,23,24]. In this study, ZnO thin
film decolorized textile effluent by 93% with significant decrease of
COD by 69%, within 3 h at room temperature. Significant degradation
of ponceau 6R dye with ammonium persulfate was also achieved by
photoelectrocatalytic degradation [25]. Degradation was fastest at pH
2.0 and followed first-order kinetics [26]. Our previous studies reported
effective degradation of various textile dyes by B. laterosporus, G. geo-
trichum, and their consortia [20,27–29]. Results indicate that the bio-
logical treatment is more efficient than the photocatalysis-ZnO with
respect to decolorization and reduction of COD. However, we cannot
exclude adsorption as the experiment was conducted at pH 7, which is
above the pKa (5.1) where MR is negatively charged and below the
point of zero charge of ZnO (likely ˜8-9+); and because of ionic charges
present on the microbial cells. Thus removal of the dye can be attrib-
uted to both adsorption and degradation processes.
In the sequential SBAPT process (biological followed by photo-

catalytic treatment), resulted in 78% decolorization of MR with a 45%
reduction in COD (Total treatment time: 4 h). When this sequential
process was reversed (initially, photocatalysis ZnO process (2 h) fol-
lowed by biological treatment (2 h)) (SPABT), decolorization increased
to 100% with 80% reduction of COD (Table 1). SPABT resulted in more
decolorization and reduction of COD than SBAPT and the individual
treatments, since it has decreased time for the complete decolorization
along with its higher degradation efficiency.

3.2. Analysis of enzymes during decolorization

The laccase induction was 750% greater in the GB consortium of
SBIOT (2 h) treatment, and 2031% greater after SPABT (4 h) than in the
control (0 h) (Table 2). Increased veratryl alcohol oxidase activity
(45%) was observed by GB consortium of photocatalysis-ZnO treated
sample (at 2 h of treatment) than control GB consortium (0 h); whereas,
it was changed insignificantly in case of GB consortium without pho-
tocatalysis-ZnO treatment. Both, intracellular and extracellular tyr-
osinase activities were increased significantly in a GB consortium after
photocatalysis-ZnO treatment (2 h) compared to the control. The ana-
lysis of reductive enzymes of GB consortium in photocatalysis-ZnO
treated sample showed increased activity of azo reductase, riboflavin
reductase and NADH-DCIP reductase than control (Table 2). A similar
increase in enzyme activity was found in earlier reports when the GB
consortium was utilized for dye degradation studies [29]. The products
of photocatalysis may have induced catalytic enzymes which resulted in

higher activities in the SPABT process. Induction of these enzymes was
reflected in greater MR degradation within a short period.

3.3. Analysis of treatment products

3.3.1. HPTLC
Spectrophotometric examination of effluent obtained after SPHOT

(2 and 6 h), SBIOT (2 and 6 h), and both the sequential processes
(SBAPT and SPABT) (4 h) exhibited decrease of absorbance at 420 nm
than control MR (0 h) (Fig. 1). A 2 h process with SPHOT yielded three
bands on HPTLC plate (Fig. 2Bb), which increased to four bands after
6 h (Fig. 2Be), while SBIOT showed thirteen and fifteen bands after 2
and 6 h, respectively. Interestingly, SBAPT showed thirteen bands
(Fig. 2Bf) in comparison with eight bands after SPABT process (4 h)
(Fig. 2Bg). The differential pattern of the HPTLC chromatograms sug-
gests greater transformation of MR in the SBAPT process.

3.3.2. HPLC
MR exhibited single major peak at 2.16min in HPLC chromatogram

(Fig. S2a). Decolorization of MR by SPHOT conducted for 2 h showed
single peak at 2.47min indicating minor biotransformation. Prolonged
duration of SPHOT (6 h) suggested significant transformation of MR by
showing three peaks (Fig. S2b). On the other hand, SBIOT was much
more effective that showed five peaks after 2 h; while, it showed same
number peaks after 6 h with changes in the retention time (Fig. S2c).

Table 2
Enzymatic analysis of control (0 h), SBIOT (2 h), SPABT (4 h) during methyl red degradation.

Enzyme Enzyme activities of consortium GB during decolorization

0 h After SBIOT After SPABT

Laccase a 0.016 ± 0.02 0.120 ± 0.05* 0.325 ± 0.09*

Veratryl alcohol oxidase a 0.667 ± 0.08 0.725 ± 0.14 0.967 ± 0.20*

Tyrosinase a Intracellular 217 ± 40 378 ± 85* 524 ± 63*

Extracellular 239 ± 14 225 ± 74 363 ± 25*

NADH-DCIP reductase b 53.6 ± 0.81 68.1 ± 4.45 85.2 ± 4.52*#

Azo reductase c 2.95 ± 0.55 3.12 ± 0.44 4. 25 ± 0.31*

Riboflavin reductase d 3.70 ± 0.71 4.70 ± 0.41 6.52 ± 0.54*

a Enzyme activity in unit/min/mg protein.
b μg of DCIP reduced/min/mg protein.
c μM of methyl red reduced/min/mg protein.
d μg of riboflavin reduced/min/mg protein. Values are a mean of three experiments ± SEM. Significantly different from control (0 h) at *P < 0.05, and SBIOT at

#P < 0.05 by one-way ANOVA with Tukey-Kramer comparison test.

Fig. 1. UV–vis spectra of methyl red degradation by single photocatalytic
treatment (2 h, 6 h), single biological treatment with GB consortium (2 h, 6 h),
sequential biological and photocatalytic treatment (4 h), and sequential pho-
tocatalytic and biological treatment (4 h) (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article).
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The SBAPT treatment (4 h) resulted in four peaks (Fig. S2d); whereas,
SPABT (4 h) was the most efficient process among others which showed
ten peaks (Fig. S2e). The peak differences in control and its formed
products suggested the transformation of parent dye compound into
numerous products.

3.3.3. Product characterization by FTIR
The FTIR spectrum of MR (Fig. 3) included the major peaks at

2922 cm −1 (alkanes, CeH stretch), 1717 cm-1 (α-halogeno carboxylic
acid, C]O stretch), 1601 cm-1 (azo linkage, -N]N-), 1547 cm-1 (NeH
deformation), 1465 and 1483 cm-1 peaks (alkanes, eCH3), 1311 cm-1

(CeN vibration), 1113 and 1277 cm-1 (alcohol, OeH deformation), and
766 and 889 cm-1 (CeH deformation) (Fig. 3a). A comparison of FTIR
spectra of MR and its products revealed transformation MR.

After treating MR by SPHOT for 6 h, the spectrum contained all the
same peaks as MR, including the azo linkage at 1604 cm−1. Most im-
portantly, this indicated that the azo bond was not cleaved during MR
treatment by the photocatalytic process (Fig. 3b). Similar peaks were
also observed in FTIR spectrum of the products found after 2 h of
SPHOT, suggesting that there is insignificant change after 2 h of bio-
transformation by SPHOT (Fig. S3a).
Disappearance of the 1601 cm−1 peak indicates azo bond break-

down due to the azo reductase enzyme in SBIOT (Fig. 3c). The biolo-
gical treatment showed a continuous change in biotransformation of
parent dye molecule throughout 6 h process. There were significant
changes observed during 2–6 h duration of treatment (Fig. S3b).
The difference between the FTIR spectrum of products obtained

after SPABT and SBAPT was insignificant (Fig. 3d and Fig. S3c,

Fig. 2. (A) HPTLC profile and (B) 3-D graph; methyl red (a) and
methyl red products found by the treatment of single photo-
catalytic treatment (2 h) (b), single biological treatment with GB
consortium (2 h) (c), single photocatalytic treatment (6 h) (d),
single biological treatment with GB consortium (6 h) (e), sequen-
tial biological treatment and photocatalytic treatment (4 h) (f) and
sequential photocatalytic and biological treatment (4 h) (g) (For
interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).

Fig. 3. FTIR spectra of methyl red (a) and methyl red products after degradation by single photocatalytic treatment (6 h) (b), single biological treatment with GB
consortium (6 h) (c) and sequential photocatalytic and biological treatment (4 h) (d).

T.R. Waghmode, et al. Journal of Hazardous Materials 371 (2019) 115–122

119



respectively). This system showed breakage of the azo bond during
decolorization of MR, which led to faster and more complete de-
gradation (Fig. 3d).

3.3.4. Degradation pathways
Fig. 4 shows proposed degradation pathways for MR after 4 h of

SPHOT and SBIOT, and sequential treatments including SBAPT and
SPABT after 4 h, based on MS and levels of biotransformation enzymes.
The mass spectra of treatment products are provided in Table S1. In
SPHOT (Fig. 4a), oxidation (demethylation) of MR was mediated by
reactive oxygen species (H2O2, O2, OH) that react with the dye to
produce simpler products [I]. The product was identified as 2-[(4-
aminophenyl) diazenyl] benzoic acid (m/z-239). A major finding of
great importance is that the azo bond was still intact even after 6 h of
SPHOT, which indicates that photocatalytic process is rapid in trans-
formation; however, it is unable to cleave the resistant azo bonds [16].
Active oxidoreductase enzymes in the GB consortium (constituents of
SBIOT) are more effective in cleaving resistant bonds, which initiated
the biotransformation and biodegradation of MR (Fig. 4b). Demethy-
lation of MR was carried out by oxidative enzyme viz., laccase/veratryl
alcohol oxidase into intermediate [I], identified as 2-[(4-aminophenyl)
diazenyl] benzoic acid (m/z-244). Induced azo reductase converted
reactive intermediate 2-[(4-aminophenyl) diazenyl] benzoic acid to 2-
hydrazinylbenzoic acid (m/z-154) (intermediate [II]).
Demethylation of MR in the SBAPT was via laccase and veratryl

alcohol oxidase during first 2 h of incubation of biological treatment
which yielded reactive intermediate [I], identified as 2-{[4-(methyla-
mino)phenyl]diazenyl}benzoic acid (m/z-256). Biodegradation of in-
termediate [I] via the azo reductase enzyme generated two unidentified
products. Sequential photocatalytic treatment for 2 h resulted in de-
methylation of one of the unidentified products to intermediate [II],
identified as (1, 4-diaminobenzene (m/z-111) (Fig. 4c). The most de-
sirable results were obtained when photocatalytic treatment was fol-
lowed by biological treatment (SPABT) (Fig. 4d). In the SPABT, the 2-h
photocatalytic process oxidized MR to 2-{[4-(methylamino)phenyl]
diazenyl}benzoic acid (m/z-256) (intermediate [I]). This intermediate

was demethylated via oxidative enzymes to 2-[(4-aminophenyl) dia-
zenyl] benzoic acid (m/z-244) (intermediate [II]) during next 2 h of
incubation in sequential biological treatment. Induction of azo re-
ductase enzyme in the biological system was responsible for the further
cleavage of azo linkage in intermediate [II] to produce intermediates
[III] (2, 5-diaminophenol, m/z-123) and [IV] (2-aminobenzoic acid, m/
z-135).
The SPABT sequential treatment was more efficient for MR de-

gradation than the other treatments. This is likely because reaction with
ROS produced during the photocatalytic stage yielded products more
readily degraded by the GB consortium. Photocatalytic pretreatment
has been reported to increase biodegradability of xenobiotics and re-
duce toxicity [12]. Photocatalytic treatment also increased biodegrad-
ability (based on an increase in the ratio of BOD/COD) of azo dyes such
as reactive yellow KD-3 G, reactive red 15, reactive red 24, and cationic
blue X-GRL [30]. Macroporous carriers coupling photocatalysis (TiO2)
and biodegradation (biofilm) used for degradation of reactive black 5
prevented over-oxidation and reduced the generation of toxic products
[13]. The phenol and dissolved organic carbon removal efficiencies
using intimately coupled visible-light-responsive photocatalysis and
biodegradation in 16 h were 100% and 65%, respectively, i.e., higher
than those achieved using visible-light-responsive photocatalysis (72%
and 50%) or biodegradation (99% and 58%) [14].

3.4. Phytotoxicity study

Phytotoxicity tests have been used to evaluate the relative toxicity
of dye effluent and treatment effectiveness [31]. Untreated MR in-
hibited Phaseolus mungo and Sorghum vulgare germination and reduced
shoot and root lengths (Table 3). The products of SPHOT were not less
phytotoxic than MR, while those resulting from SBIOT were sig-
nificantly less toxic. Importantly, exposure to SPABT products showed
similar growth patterns and lengths of shoot and roots similar to the
control plants grown in distilled water indicating nontoxicity to the test
plant species. Thus, these results confirm that SPABT system is highly
efficient for rapid transformation and degradation of MR and produces

Fig. 4. Projected pathway of methyl red degradation by single photocatalytic treatment (6 h) (a) and single biological treatment with GB consortium (6 h) (b),
sequential biological treatment and photocatalytic treatment (4 h) (c) and sequential photocatalytic and biological treatment (4 h) (d).
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less phytotoxic products compared to the photocatalytic and biological
treatments alone.

4. Conclusion

This study presents a novel method of sequential ZnO/photo-
catalysis and biological treatment using a microbial consortium for
rapid degradation and detoxification of methyl red dye. Although a
photocatalytic process alone decolorized the dye to a certain extent, it
did not adequately decrease COD and phytotoxicity. This is likely be-
cause of its inability to cleave the azo bond. Photocatalytic-ZnO treat-
ment prior to biological treatment (SPABT) enhanced decolorization
rate and showed complete and rapid decolorization with the production
of non-phytotoxic products. Photocatalytic treatment yields products
more degradable by microbes in a sequential biological treatment.
Products identified by GCeMS after the various treatments indicate
different degradation pathways based on the nature and sequence of
treatment.
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Table 3
Phytotoxicity of methyl red and its treatment products to Phaseolus mungo and Sorghum vulgare.

Sample
(2000 ppm)

Plant studied

Phaseolus mungo Sorghum vulgare

Germination
(%)

Shoot length
(cm)

Root length
(cm)

Germination
(%)

Shoot length
(cm)

Root length
(cm)

Control, distilled water 100 12.2 ± 0.3 7.6 ± 0.3 90 1.7 ± 0.1 3.5 ± 0.1
Methyl Red dye 50 6.5 ± 0.2† 2.5 ± 0.4† 20 0.4 ± 0.5† 0.3 ± 0.3†

Products of SPHOT 60 7.6 ± 0.6† 3.0 ± 0.3† 40 0.6 ± 0.9† 0.4 ± 0.4†

Products of SBIOT# 90 11.2 ± 0.2* 7.0 ± 0.4* 90 1.6 ± 0.6* 2.6 ± 0.8*

Products of SBAPT 70 8.0 ± 0.3*† 4.1 ± 0.1* 60 1.0 ± 0.4*† 2.3 ± 0.6*

Products of SPABT# 100 13.1 ± 0.1* 7.2 ± 0.6* 90 1.6 ± 0.1* 3.2 ± 0.6*

Data were subjected to a one-way ANOVA; values are means for ten germinated seeds.
† Significantly different from the seeds germinated in distilled water at P < 0.001.
* Significantly different from the seeds germinated in methyl red at *P < 0.01 when analyzed by Tukey Kramer Multiple Comparison Test.
# Biological treatment was with GB consortium (G- Galactomyces geotrichum, B-Brevibacillus laterosporus).
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