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ARTICLE INFO ABSTRACT
Keywords: Green microalga, Chlamydomonas sp. TRC-1 (C. TRC-1), isolated from the outlet of effluent treatment plant of
Biofuels textile dyeing mill, was investigated for its competence towards bioremediation. Algal biomass obtained after
Bi"remedif‘tioﬂ remediation (ABAR) was implied for bioelectricity and biofuel production. C. TRC-1 could completely decolorize
ﬂ?ctrolgemc the effluent in 7 days. Significant reduction in pollution-indicating parameters was observed.
1croalga

Chronoamperometric studies were carried out using cyclic voltammetry and electrochemical impedance spec-
troscopy (EIS). Maximum current density, power and power density of 3.6 A m™2, 4.13 x 10" W and 1.83 W
m~2, respectively were generated in ABAR. EIS studies showed a decrease in resistance of ABAR, supporting
better electron transfer as compared to algal biomass before remediation (ABBR). Its candidature for biofuel
production was assessed by estimating the total lipid content. Results revealed enhancement in lipid content
from 46.85% (ABBR) to 79.1% (ABAR). Current study advocates versatile potential of isolated C. TRC-1 for
bioremediation of wastewater, bioelectricity production and biofuel generation.

Textile effluent

1. Introduction causes serious environmental pollution due to occurrence of toxic or-
ganic and inorganic contaminants (Huy et al., 2018). Therefore, prior to
Dye containing colored wastewater released from textile industries discharge into water reservoirs it is obligatory to treat them properly to
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avoid harmful effects on aquatic and terrestrial ecosystems.

Most textile industries are equipped with effluent treatment plants
(ETPs) that cleanses industrial effluents. However, despite being
treated, the released effluent still does not meet the pollution criteria
set up by environment protection authorities (Qie et al., 2019).

Although several physical and chemical methods are employed for
effluent treatment, they inherit disadvantages such as low removal ef-
ficiency, generation of high amount of sludge and high operational
costs (Huang et al., 2019). An alternative approach utilizing microbes
(bacteria, fungi and microalgae) for bioremediation can prove to be
efficient, eco-friendly and cost effective. However, heterotrophic mi-
crobial cultures (bacteria and fungi) require a specific media with ad-
ditional carbon sources for their growth, generating toxic compounds in
the sludge and increasing the maintenance cost (Ahmad et al., 2018). In
recent years, utilization of microalgae in bioremediation of textile ef-
fluents has garnered attention owing to their ability of quick acclima-
tization as well as nutrient and CO, assimilation. Photoautotrophic
microalgal bioremediation is faster, cost effective and sustainable as
compared to heterotrophic microbial cultures and is also beneficial in
terms of non-pathogenicity (Aragaw & Asmare, 2018). Microalgae can
convert azo dyes into simpler compounds using inducible enzymes such
as superoxide dismutase and azo reductase that reduce the azo bond
(N=N) of dye into aromatic amines (—NH,) (Behl et al., 2019a). In
addition, biosorption of contaminates on the algal cell wall is due to its
cell wall structure, which is ornamented by diverse functional groups
acting as binding sites (Sinha et al., 2016).

The spent-biomass rich in C16 and C18 fatty acids can be used as
feed-stock for biofuel production (Behl et al., 2019a). In addition to the
biofuel production, microalgae have been gaining considerable im-
portance in the area of bioelectrode fabrication as a conducting mate-
rial for microbial fuel cells (MFC), applications that can convert solar
energy into bioelectricity through biomass (Ge & Champagne, 2017).

In the present study, a newly isolated Chlamydomonas sp. TRC-1 (C.
TRC-1) was used for bioremediation of textile effluent. The aim of the
study was to investigate (i) the biomass and metabolite production of
Chlamydomonas sp. TRC-1 cultivated in effluent, (ii) utilization of lipid
as a biofuel precursor and (iii) feasibility of the algal based electrodes
towards photocurrent generation. Optimized performances of the mi-
croalgae in effluent remediation were evaluated in algal biomass before
(ABBR) and after remediation (ABAR) in terms of pollution-indicating
parameters. Biochemical components such as carbohydrates, and pro-
teins were probed. Lipids were extracted from the microalgal biomass
and fatty acid profiles were analyzed for biodiesel production.
Furthermore, electrochemical studies were also performed for ABBR
and ABAR to investigate its ability for bioelectricity generation. The
aforementioned investigations, thus, revealed that the one-time culti-
vated Chlamydomonas sp. TRC-1 in effluent has tremendous potential to
be used in versatile applications towards environmental sustainability
even after remediation.

2. Materials and methods
2.1. Chemicals

Analytical grade sodium hydroxide (NaOH), hydrochloric acid
(HCI), sodium chloride (NaCl), methanol, sodium carbonate (Na,COs3),
copper sulphate (CuSO,4), sodium-potassium tartrate (K-Na-
C4H40¢4H50), mercuric chloride (HgCl,), potassium iodide (KI), sul-
phuric acid (H,SO4), phenol, chloroform, ammonium chloride (NH,Cl),
hexane, deionized water, silver chloride (AgCl), ferric chloride (FeCls)
potassium chloride (KCl), potassium ferricyanide (Ks3Fe(CN)g), and
potassium ferrocyanide (K4Fe(CN)g3H,0) were obtained from Sigma-
Aldrich. ITO electrodes were purchased from Techinstro India, had a
thickness of 2.3 mm, with about 7 Q/sq. surface resistivity. BG-11
medium was also used for algal cultivation.
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2.2. Effluent collection

The effluent for experiment was stored from the outlet of an ETP of
dye bath industry located at Faridabad-Ballabgarh, Haryana, India and
labelled as FTE (Faridabad Textile Effluent). Since the textile dye bath
industry involves dyeing fabrics with different colours of chemical dyes;
the generated effluent consists of hydrolysed unfixed dyes, surfactants,
salts, sulphides, and heavy metals in an alkaline medium. Samples were
collected in sterile polypropylene bottles labelled and preserved as per
standard methods (Rice et al., 2012).

2.3. Isolation and identification of microalgal species

Chlamydomonas sp. TRC-1 (Accession no: MF162271), a unicellular
microalga (green) was isolated from FTE, serially diluted and incubated
in growth chambers (26 °C; 16:8 h light: dark cycle; 100 pmol photons
m~2 s71) in nutrient rich BG-11 medium. Axenic cultivation of the
isolate was further conducted to attain sufficient algal biomass as an

inoculum for further experimental studies.
2.4. Biomass analysis

2.4.1. Growth rate studies

Cell growth was estimated by determining the dry cell weight
(DCW). Growth rate was monitored in both commercially available BG-
11 and FTE. Optical density (OD) at 680 nm was observed and values
were converted to DCW (g L™1) (Daneshvar et al., 2018b). The corre-
lation between the dry cell weight (DCW) of microalga and OD was
monitored using Eq. (1):

DCW(g L_l) = a X ODggp — b (€8]

where, ODggy is the optical density of microalga at 680 nm and a and b
are the constants. Specific growth rate (S.G.R.) and productivity (P) of
the algal biomass was calculated for the time period of the highest in-
crease in culture biomass concentration (Daneshvar et al., 2018b; Han
et al., 2016).

2.4.1.1. Chlorophyll a fluorescence transient measurements. Chlorophyll a
fluorescence signals were recorded at room temperature using the Dual-
PAM-100 fluorometer (Heinz Walz, Effeltrich, Germany). Samples were
dark adapted for 30 min to allow complete oxidation of all the reaction
centres. A saturation light pulse (6000 umol photons m~2 s~ %;
A = 660 nm) was used to determine the F,, value. Maximum
photochemical efficiency of PSII (F,/F,, = (F,, — F,)/F,) was then
calculated (Agarwal et al., 2018). Quantum yields of photochemical
quenching, Y (II); non-photo-chemical quenching, Y (NPQ); and the
energy dissipated as heat or fluorescence, Y (NO), were calculated from
the fluorescence values obtained. The PSII operating efficiency was
calculated as described previously by Baker (Fy/Fp) (Baker, 2008).
Samples for analysis in biological triplicates (n = 3) were aliquoted on
Oth, 7th and 14th day with chlorophyll concentration of 40 ug mL™*
before the measurements.

2.5. Bioremediation studies: effluent characterization and removal
efficiency

FTE was characterized for physicochemical parameters and eval-
uated for degradation after microalgal treatment. The concentration of
colour, pH, BOD, COD, TSS, TDS, TS, nitrate (NO3-N), total nitrogen,
and phosphate content, hardness were analysed on the first and the
final day of the bioremediation experiment using standard APHA pro-
tocols (Rice et al., 2012). The COD of algal biomass (ABBR/ABAR) was
measured according to standard APHA protocols (Rice et al., 2012).
Decolorization experiments were also performed simultaneously. A
control containing no algal population with FTE was also run parallel to
assess the degradation by photolysis. FTE samples were centrifuged at
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5000 rpm at regular time intervals to pellet down the cell mass and
absorbance of the supernatant was evaluated. Percent reductions of
parameters were calculated by the following Eq. (2):

Pollution parameter reduction(%) = A7 100

X; 2
where, x; is initial concentration and x¢ is final concentration after the
remediation.

Adsorption and/or biodegradation are main phenomenon for mi-
crobial decolorization (Wu et al., 2012). Plausible FTE mechanisms for
decolorization (adsorption or biodegradation) were assessed using so-
dium azide (NaNs) treatment. Addition of metabolic inhibitor NaNs
(0.50 g in 50 mL of 0.4 OD algal cells) confirmed the decolorization
only by adsorption process through cell wall. Further, for the valida-
tion, 2, 3, 5-triphenyltetrazolium chloride (TTC) was conducted for the
evaluation of cell viability (Sinha et al., 2016).

2.6. Biochemical composition

Total proteins were extracted and analysed following the modified
method of Rausch (1981) and was determined by Bradford method
(Bradford, 1976). Phenol-sulphuric acid technique was used for the
determination of carbohydrate (total) (Salama et al., 2014).

Total lipid content was obtained from the algal biomass using a
slightly modified Bligh and Dyer method (Bligh and Dyer, 1959). Es-
terification of lipid extract was done under acidic condition using the
methodology of Francisco et al. (2010). For gas chromatography-mass
spectroscopy (GC-MS) analysis the methyl esters were dissolved in
hexane. FAMEs composition was investigated using a GC attached with
a split automatic injector and silica capillary column on Rtx-5. As a
carrier gas Helium was used (flow rate 1 mL min~1). The operational
temperature of the column was 140 °C for 1 min and ramped to 260 °C
with an increasing rate of 30 °C min~'. The experiment was conducted
at 280 °C (15 min). The results were compared and confirmed with
standards.

2.7. Electrochemical analysis: cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS)

To understand the electrochemical activity of the C. TRC-1, before
and after remediation, CV studies were performed using Auto lab
PGSTAT-10, a three-electrode electrochemical workstation using ITO,
Ag/AgCl and platinum wire as working, reference and counter elec-
trodes respectively. CV scans were measured between —1.0 V to 1.0 V
potential (scan rate of 100 mV s~ ') in KCl solution (pH 3.2; 0.1 M;
containing 5 mM Fe (CN)¢3™*7) as the electrolyte source. EIS mea-
surements were performed on a potentiostat/galvanostat (Multiautolab
(MA204), Autolab, Netherlands) workstation using the similar setup.
The Current density, power and power density were calculated from the
following formula previously described by Fong-Lee Ng (Ng et al.,
2017). For bioelectrode fabrication, C. TRC-1 were grown for 10 days
on ITO electrode under visible light. Algal biofilm was prepared by
placing on ITO electrodes in exponential phase culture (0.4 OD,
100 mL) of ABBR and ABAR and illuminated at 1500 1x. To find if
extracellular electron transfer occurred via direct or indirect me-
chanism, an anaerobic environment was provided. During experiments,
nitrogen gas was used for 35 min to the electrolyte buffer.

2.8. Scale up studies for large scale bioremediation

An experimental setup consisting of (a) effluent container, (b)
treatment chamber and (c) collection reservoir was constructed to in-
vestigate the feasibility of the microalgal isolate for large scale bior-
emediation. The treatment chamber was 14 cm in diameter and 20 cm
in height. Treatment chamber was equipped with agitation, tempera-
ture, pH controls and a pump for aeration. Bioremediation studies were
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performed in the treatment chamber filled with FTE and algal beads (1
OD) under 100 umol photons m ™2 s~ ! light intensity. FTE was recycled
until complete decolorization and finally collected in collection re-
servoir via a steady flow rate (5 mL min ). Optimized experimental
conditions were: operational volume: 2000 mL, temperature:
27 *= 2 °C; pH: 10; algal beads (1 OD); agitation: 35-40 rpm. A re-
sidence time of 6.67 h was provided before FTE was collected for de-
colorization and bioremediation evaluation. Dilution rate and residence
time were estimated using the formulae previously described by El-
Batal et al. (2012). The performance of the experimental set-up was
evaluated on the basis of amount of COD removed (COD;.,,) during the
process. COD removal was calculated by fitting the experimental data in
COD mass balance equation (3):

CODrem (%) = CODgr + CODAlgalbiomass — CODar 3)

where CODgr and COD,r are concentration of COD (mg L™ 1) before
and after bioremediation. CODajgal biomass iS the concentration of COD
of the algal biomass.

3. Results and discussions
3.1. Growth studies

Textile effluent induces a natural selective stress on the growth of
specific microalga with certain characteristics. BG-11 and FTE were
used as source of growth media for feasibility of C. TRC-1 growth with
an initial cell density of 0.8039 g L~ (DCW) (Fig. 1a). A significant
change in the growth behaviour was obtained for C. TRC-1 cells
growing in the two media. Cells grown in BG-11 exhibited: (a) increase
in growth with maximum growth attained at day 13 (DCW: 3.3 g L™ 1),
(b) steady growth (day 13-14) and (c) decrease in growth from day 15
onwards. Cells grown in BG-11 had a SGR of 0.124 g d ' and recorded
a biomass productivity of 0.14 g L™ d~'. While for C. TRC-1 cells
cultivated in FTE displayed: (a) increase in growth with maximum
growth attained at day 7 (DCW: 2.49 g L™ 1), (b) steady growth (day
7-8) and (c) decrease in growth from day 8 onwards. Cells cultivated in
FTE recorded an SGR of 0.188 g d~! and biomass productivity of
0.28 g L™ d ™. It was quite interesting to note that FTE showed rapid
and higher growth till 7 days (DCW: 2.49 g L™ 1) as compared to BG-11
(DCW: 1.695 g L™ 1). However, FTE did not support the growth beyond
8 days.

FTE is a complex medium including high contents of BOD, COD,
organic and inorganic and nitrogen compounds. Higher biomass pro-
duction at can be related to the nutrients present FTE. Additionally, the
transient stimulation of growth may be attributed to production of
various metabolites by C. TRC-1 as its survival strategy. The results are
in agreement with Asthana et al. (2005). Literature review also in-
dicates that microalgae can grow well in wastewaters as they have the
ability to utilize inorganic nitrogen and phosphorous compounds pre-
sent in the effluent (Ji et al., 2014). Therefore, this encouraged us to
investigate the feasibility of ABAR for bioenergy production.

3.2. Chlorophyll-a content and photosynthetic capacity of C. TRC-1

In this study, we measured the Chl a fluorescence for the strain
Chlamydomonas sp. TRC-1 grown in FTE and culture media (BG-11).
Maximum quantum efficiency of PSII photochemistry (F,/F,) of the
samples associated to cultures grown in FTE showed an increase of
approximately 12% until the 7th day as compared to the control
(Fig. 1b). This indicates that the photosynthetic machinery of the
treated cells is highly active initially as compared to the control, en-
hancing the doubling time of cells i.e., growth rate with no limitation of
nutrients grown in the effluent dye. However, the F,/F,, ratio changes
drastically by the 14th day, demonstrating the decrease in cell growth
rate in the treated cells to approximately 28% as compared to the 7th
day. On the other hand, cells grown in BG-11 showed an increase in
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Fig. 1. (a) Growth profiles of C. TRC-1 cultivated in commercially available growth medium (BG-11) and Faridabad Textile Effluent (FTE) for 16 days. (b) Bar
diagram indicating maximum quantum efficiency of PSII photochemistry i.e., Fv/Fm for BG-11(green) and FTE (violet) cultivated C. TRC-1 cells. (c) Bar diagram
indicating the PSII operating efficiency .i.e., the Fq'/Fm' ratio for BG-11 (green) and FTE (violet) cultivated C. TRC-1 cells. (d) Quantum yields of photochemical
quenching (Y (II) represented in yellow bars), non-photochemical quenching (Y (NPQ) represented in green bars) and the non-light induced energy dissipated as heat
or fluorescence (Y (NO) represented in purple bars) for BG-11 and FTE cultivated C. TRC-1 cells. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

their F,/F,,, increasing approximately 20% as compared to the 7th day.
This indicates that the light absorbed by the effluent-grown cells that
was used in photosynthesis decreases after 7th day. Fig. 1c illustrates
the graph for the PSII operating efficiency, which provides an estimate
of the quantum yield of linear electron flux through the PSIL It is in
correlation with the quantum efficiency of the PSII photochemistry,
also showing a similar pattern to the growth curve. We can see in
Fig. 1c that the effluent-grown cells had a higher operating efficiency at
7th day as compared to the control, however, its efficiency decreased
with time, indicating that the cells might have been in continuous stress
once the nutrients are limited after the 7th day.

Our study also suggests that the electron flow in the cells grown in
FTE followed the Z-scheme during the initial phase of its growth (i.e.,
1-7th day), wherein it accumulated the reducing power, NADPH, and
ATP. On the contrary, at the latter time intervals (after 7th day), due to
increased stress and limited nutrients, we can assume that the electron
flow in the cells switched from non-cyclic photophosphorylation to
cyclic mode of photophosphorylation in which it utilizes energy accu-
mulated in the initial stage of its growth to compensate the cellular
metabolism. In the present study, Fig. 1d illustrates the Y (II), Y (NPQ),
and Y (NO). The quantum yield of PSII Y (II), of both control and ef-
fluent-grown cells were comparable at 7th day, however, Y (II) values
declined considerably for FTE-grown cells after 14th day and was in
strong correlation to Fig. la—c. It was evident from Fig. 1d that the

energy dissipation through Y (NO) kept on increasing for FTE-grown
cells till the 14th day. Y (NO) is often described as a simple indicator of
the reduction state of plastoquinones within the photosynthetic mem-
branes. Under exposure to high irradiances, plants and algae are known
to minimize the reduction state of these plastoquinones (Agarwal et al.,
2018). As a result, we can say that FTE treated cells were quite suc-
cessful in regulating the photosynthetic electron transport chain com-
pared to control.

3.3. Analysis of physicochemical parameters and nutrient removal

Considering the property of acclimatized algal biomass to survive
and grow in textile effluents, C. TRC-1 was tested for biodegradation
and decolorization of FTE. Physicochemical parameters of the treated
and untreated FTE were compared with the permissible limits provided
by Central Pollution Control Board (CPCB), India and are summarized
in Table 1. Reduction in pH from 10.9 to a stable 8.5 was observed after
treatment which can be accredited to the reduction of CO, caused by
photosynthesis of C. TRC-1 (Ordofiez et al., 2019). Additionally, the
alkaline conditions also rupture the algal cell wall, thereby exposing
additional functional groups, which, in turn, enhances the removal ef-
ficiency (El-Naggar et al., 2018). C. TRC-1 could also successfully re-
duced BOD (87.54%), from 765.5 mg L™' to 96 mg L™ ' after re-
mediation, thereby reducing the toxicity level of FTE. A similar pattern
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Table 1

Physicochemical parameters of FTE before and after incubation with isolated microalgae C. TRC-1.
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Parameter CPCB Permissible Limit* Before Treatment After Treatment (7 days) Percent (%) Removal
Colour Colourless Violet Colourless
pH 6.5-8.5 10.9 + 0.54 85 + 0.42 -
BOD (mg L™1) 30 765.5 = 38.27 96 + 8.8 87.54
COD (mg L™1) 250 1378.2 * 68.90 316 + 15.8 83.08
TDS (mg L™ 1) 100 8195 + 409.75 1466 = 73.3 82.11
TSS (mg L™1) 2000 1050 *+ 52.5 138.2 * 6.91 87.40
TS (mg L™ 1) 2100 9245 + 462.25 1604.2 + 80.21 82.64
Total nitrogen (mg L™") 10-30 40 = 1.0840 5.14 = 0.892 87.15
Nitrate (mg L™ <5 16.129 = 2.58 1.33 = 0.645 91.75
Phosphate (mg L™ 1) <10 21 + 0.25 0.16 * 0.05 92.36
Hardness (mg L™ 1) 200 168.38 + 16.21 114 = 6.3 32.29
Chloride (mg LY 200-1000 1019.46 =+ 36.08 597 + 4.8 41.43
Turbidity (NTU) 10 43.57 = 1.53 12 = 0.5 72.45
Alkalinity (mg L™1) 200-600 1162.66 * 19.27 632 + 5.41 45.64
CO, content (mg L™ 100 1200 + 25.14 136 = 6.2 88.66
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Fig. 2. (a) Pictorial visualization of FTE showing periodic decolorization by C. TRC-1 till 7 days. (b) FTE degradation (%) by C. TRC-1 under visible light irradiation
(at Apmax = 555 nm; 0.4 OD algal cells) in 50 mL and (c) Dye decolorization of FTE (40 mg L™H by C. TRC-1 cells treated with NaN; (0.1 g) (@, test) and without NaN3

(M, control).

was also observed for COD, where the final concentration (316 mg L™ D)
was reduced after remediation, confirming the COD removal during the
experiment. The algal biomass recorded a COD of 81 mg L™ 1. A gradual
decline in the COD was observed, which can be explained by the fact
that the photosynthetic C. TRC-1 produces oxygen that in turn enhances
the biological degradation of the organic matter in FTE, thus accounting
for both BOD and COD reduction (Gupta et al., 2019). Removal of TDS
from 8195 mg L™ ! to 1466 mg L™ ! can be ascribed to the biosorption of
C. TRC-1 (Hwang et al., 2016). Reduction in hardness from 168 mg L7t
to 114 mg L™ ' can be attributed to the precipitation of CaCO; by C.
TRC-1 for their growth (Subashini & Raju, 2018). Significant reduction
in other parameters like TDS, TSS, EC, hardness and alkalinity may be
due to the ability of the algal species to consume nutrients during algal
growth (Aragaw & Asmare, 2018). Results reported by Yu states TDS as
one of the essential factors that define the relationship of culture
medium species in the cultivation of microalgae during nutrient re-
moval (Yu et al., 2019).

Changes in Total nitrogen, nitrate (NO3-N) and phosphate (PO,7)

concentrations were also monitored to understand the degradation of
FTE and nutrient removal. It was observed that C. TRC-1 removed
91.75% (1.33 mg L~ 1) nitrate and 87.15% total nitrogen (5.14 mg L™H
from FTE after complete decolorization (7 days). Microalgae can effi-
ciently remove inorganic and organic forms of nitrogen from the was-
tewater, degrading/reducing complex nitrogen compounds into simpler
forms by nitrate and nitrite reductase enzymes (Daneshvar et al.,
2018Db). Efficient nitrogen removal by Scenedesmus quadricauda (95%),
Scenedesmus abundans (83%), chlorella pyrenoidosa (87%) and Chlamy-
domonas pyrenoideum (90%) from industrial effluents have been re-
ported by various research groups (Daneshvar et al., 2018c). Higher
nitrate removal efficiency could be attributed to the acclimatized spe-
cies, as well as denitrification of nitrate and volatilization of ammonia
(Guldhe et al., 2017). Relatively lower removal efficiency for total ni-
trogen can possibly be accredited to the presence of certain organic
nitrogenous compounds which cannot be utilized by C. TRC-1.

The initial concentration of phosphate in FTE was observed as
2.1 mg L™, which was 92.36% removed after complete decolorization.
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Inorganic phosphorous in the form of phosphate plays a pivotal role in
algal growth and energy metabolism (Emparan et al., 2019). Research
conducted by Martinez states that algal metabolism is mostly dependent
on inorganic phosphorous (HPO,2~, H,P0,); which is converted into
organic compounds leading to ATP production; and transferred across
the algal cell for utilization (Martinez et al., 1999). Both nitrate and
phosphate present in FTE are adsorbed through matrix pore surface of
C. TRC-1. Further, uptake and assimilation of these inorganic com-
pounds by the cells increase the algal growth. This results in reduction
of nitrogen and phosphorous content in FTE, thereby improving the
quality of water.

3.4. Plausible mechanism for FTE decolorization

It was observed that C. TRC-1 was able to degrade 99.89% colour
after 7 days in the present study (Fig. 2 a-b). Both adsorption and
biodegradation are integral elements that partake in the dye deco-
lourization process. This was further determined by treating C. TRC-1
cells with and without NaN; treatment that investigated dominant
mode of mechanism involved in dye removal. Decolorization studies
were performed using 40 mg L™! violet FTE solutions. (Fig. 2c). A
significant removal efficiency of 99.89% was observed after 7 days for
C. TRC-1 cells cultivated without NaN; treatment (control), demon-
strating that living algal cells displayed both adsorption and biode-
gradation processes for dye removal (Fig. 2c). However, after NaN3
addition, the internal cellular metabolism ceased, leading to cell death
and the dye removal occurred solely via bioadsorption (38.56%). Al-
though both processes were cohesively involved in the dye removal, the
dominant mode of dye decolorization was biodegradation (61.33%).

Efficient dye removal by C. TRC-1 may be attributed to the accu-
mulation of the dye ions on its surface and assimilation of the toxic
chromophores inside the cell and its conversion into simpler, non-toxic
compounds (Emparan et al., 2019). Additionally, studies conducted by
Daneshvar et al. stated that removal of colour by microalgae occurred
due to three inherently separate mechanisms of assimilative consump-
tion of chromophores for the production of algal biomass, transforma-
tion of coloured molecules to non-coloured molecules, and adsorption
of chromophores on algal biomass (Daneshvar et al., 2007). Dyes can be
removed from effluent solutions either via physicochemical interactions
(adsorption) and/or via the impact of metabolic-dependent processes
(e.g. enzyme mediated degradation/decolorization) (Behl et al.,
2019a). Bioconversion of azo dyes by algae into simpler compounds is
brought about by the inducible enzyme, “azo reductase” which cata-
lyses NAD(P)H dependent reduction of the azo bond (N=N) to aromatic
amines (—NH,), which are further degraded aerobically by C. TRC-1
(Sinha et al., 2016).

3.5. Biochemical composition

Parameters like nutrient media composition, concentration and
cultivation conditions are responsible for variations in growth pattern
and the biochemical composition in microalgae. C. TRC-1 biomasses
were cultivated in BG-11 and FTE (ABAR) and investigated for their
carbohydrate, lipid and protein content after complete decolorization of
FTE (7 days) and is depicted in Fig. 3a. The total percentage of accu-
mulated carbohydrate for C. TRC-1 cells cultivated in BG-11 medium
increased from 7% (ABBR) to 16% after 7 days of cultivation, whereas,
it was recorded as 19.5%, when C. TRC-1 cells were cultivated in FTE.
The carbohydrates accumulated by the microalga can be transformed
into fermentable sugars and utilized as appropriate bioresources in
bioethanol production. Some Chlamydomonas species can produce more
carbohydrates under certain conditions. High concentrations of phos-
phorous and nitrogen present in FTE could have contributed to the
enhancement of protein content when C. TRC-1 cells were cultivated in
it (Acién Ferndndez et al., 2018). These results are in accordance with
studies conducted by Daneshvar et al. (2018a). The maximum protein
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content was observed in C. TRC-1 cells cultivated in FTE (51.9%) as
compared to C. TRC-1 cells cultivated in BG-11 medium (33.6%) after
7 days of incubation. Corroborating with the results obtained in the
current study, a similar range of concentration of protein was noted for
control and experimental analysis by different research groups
(Daneshvar et al., 2018a).

C. TRC-1 biomasses (ABBR/ABAR) were investigated for their lipid
content and productivity after complete decolorization of FTE (7 days).
Under the above-mentioned experimental growth conditions, the total
lipid content was observed as 7% for ABBR and 11% for ABAR of their
respective dry cell weight and the difference was statistically significant
(p value < 0.00001) for ABAR (Fig. 3a). Lipid productivity after
complete FTE decolorization was observed as 0.17 g L™ d™' and
0.38 g .- d ! for ABBR and ABAR respectively. Some Chlamydomonas
species can produce more lipids under certain conditions (Xu et al.,
2018). Higher amount of lipid content and production of ABAR could
be attributed to the growth behaviour of C. TRC-1 cells in FTE at day 7,
when the stationary phase begins (Fig. 1a). As C. TRC-1 attained its
stationary phase, it had utilized its food reserves for its growth and now
accumulated lipids for its endurance. The finding of this result is hand
in hand with Nigam et al. (2011). An enhancement in the biochemical
composition of C. TRC-1 cells cultivated in BG-11 from 18.6% to 56.6%
was recorded after 7 days of cultivation; which increased to 82.5%
when cultivated in FTE as a nutrient media (Fig. 3a). Textile dye bath
effluents (such as FTE) are rich in nutrients like phosphorous, nitrogen
and have excessive carbon content. Possessing a high nutrient content
makes them a potential candidate for simultaneous microalgal culti-
vation and achieving high biomass yield and lipid productivity for en-
ergy generation (De Bhowmick et al., 2019).

Fatty acid profiles of the extracted lipids were analysed using
GC-MS. Eight identical FAMEs with different relative content were
found common for ABBR and ABAR (Fig. 3b). Chain length of FAMEs
was observed between C14 to C20. A typical distribution of sixteen-
eighteen carbon fatty acids with no more than three degrees of un-
saturation (16-18: <3), a characteristic of many fresh water green
algae, was substantiated. The FAMEs as a percentage of the total fatty
acids’ mixture is displayed in the Table 2. Total fatty acids in ABBR
were composed of 31.8% saturated fatty acid (SFA), 11.06% mono-
unsaturated fatty acids (MUFAs) and 3.99% polyunsaturated fatty acids
(PUFAs), which increased to 46.51% SFA, 20.76% MUFAs and 11.3%
PUFAs in ABAR (Fig. 3c). Literature review (Mathimani et al., 2016)
has suggested C16 and C18 to be the chief fatty acids in biodiesel. Both
ABBR and ABAR observed hexadecanoic acid (C16:0) as the principal
fatty acid followed by octadecenoic acid (C18: w9). The total percentage
of C16 (hexadecenoic acid) and C18 (octadecenoic acid) were found to
be more than 50% in the current study. While SFAs have a dis-
tinguished cetane number and are more oxidative stable, the MUFAs
lower the freezing point and enhance subdued temperature properties
of biodiesel (Behl et al., 2019b). Stressful circumstances such as, lower
growth temperatures, nutrient deprivation, and variation in the light
intensity can alter the FAs constitution of microalgae (Daneshvar et al.,
2018a). Little deviations in the FA profiles of both ABBR and ABAR,
divulged that FTE can be employed for microalgal growth medium as it
reserves the diversity of FAs in the microalgae.

3.6. Chronoamperometric studies

3.6.1. Cyclic voltammetry

To investigate the feasibility of the algal based electrodes (ABBR/
ITO and ABAR/ITO) towards photocurrent generation, CV studies were
performed. The studies were carried out taking advantage of a report
published by Sevda et al., which states the potential of microalgae
based bioelectrical systems for bioelectricity production by integrating
biomass production and industrial effluent treatment (Sevda et al.,
2019). ABBR/ITO, under light irradiation recorded an anodic current
(Ipa) of 0.57 mA at a voltage (Vp,,) of 0.37 V and a cathodic current (Ip,)
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Fig. 3. (a) Biochemical composition of C. TRC-1 cultivated in BG-11 and FTE after 7 days of cultivation. (b) Fatty acid methyl esters (FAMEs) analysis profiles, and (c)

FAMEs distribution depicting various fatty acids percentage.

of —0.42 mA at a voltage (V) of 0.12 V, estimating the potential
difference (AV) at current positions to be (AV) = Vp, — Vo = 0.25V
(Fig. 4a). However, a decline in the anodic peak (Ip,: 0.44 mA, Vp.:
0.35 V) and cathodic peak (I,.: —0.35 mA Vp.: 0.13 V) was observed,
when the ABBR/ITO was kept in dark. A similar peak pattern was also
observed in the ABAR/ITO electrode which produced anodic and
cathodic peaks at (I,a: 0.82 mA, Vp,: 0.51 V) and (I,c: —0.72 mA Vi
0.01 V), estimating AV at current positions to be 0.5 V when kept under
light irradiation (Fig. 4b). The peaks, too, observed a downfall in its
intensity (Ipa: 0.60 mA, Vp,a: 0.37 Vand I,.: —0.49 mA Vp,.: 0.1 V) when
kept under dark.

Green microalgae are photosynthetic chlorophyll containing mi-
croorganisms that absorb sunlight and converts it into chemical energy.
In the presence of light electrons are generated through photosynthesis
as well as respiration. ROS (reactive oxygen species) production and
redox reactions are inevitable events that occur in the chloroplasts.
Electrons are transported by an electron transport chain from photo-
system II (PS II), passing through the PS I system and finally resulting in
adenosine-tri-phosphate (ATP) and nicotinamide adenine dinucleotide

phosphate (NADPH) generation (Khetkorn et al., 2017). Simulta-
neously, oxygen molecules generated in photosynthesis act as electron
acceptors at the PS I reducing site, leading to O,- (Mahler’s reaction).
The generated NADP*/ATP and O,: compete with each other for
electrons stemming out of PS I; creating an oxidative stress like situa-
tion inside the cell (Robinson & Gibbs, 1982). Thus, for an efficient
down regulation of electron transfer in the PS-II and PS-I centres, the
electron transporting enzymes (present inside the cell) and the cyto-
chrome proteins (present outside the cell) take part in degenerating the
endogenous substances (Valentini. et al., 1995). When under stress, the
generated electros from the PS I gets redirected into various sinks (in-
tracellular/extracellular). Moreover, growth is slow in dark and re-
spiratory activities including ATP/NADPH production as well as Ox-
generation is lower as compared to light irradiation. Respiration per-
mits the microalgae to survive in dark using nominal energy. In dark,
the photosynthetic reactions fix carbon dioxide (CO-) and reduce it into
smaller compounds, either as glycogen or as starch. Utilizing the energy
it has accumulated during light reactions, these organic molecules are
employed in metabolic activities for internal biological functions

Table 2

Fatty acid methyl esters (FAMEs) profiles of ABBR and ABAR of C. TRC-1.
Fatty acid (ABBR) (ABAR)
Common name Systematic name Lipid no. Total percentage (%)
Saturated fatty acids (SFAs)
Lauric acid Dodecanoic acid C12:0 1.33 -
Myristic acid Tetradecanoic acid C14:0 0.45 3.11
Pentadecyclic acid Pentadecanoic acid C15:0 1.57 4.30
Palmitic acid Hexadecanoic acid C16:0 60.11 45.96
Margaric acid Heptadecanoic acid C17:0 - 0.38
Stearic acid Octadecanoic acid C18:0 4.25 7.98
Heneicosylic acid Heneicosanoic acid C21:0 - 0.49
Monounsaturated fatty acids (MUFAs)
w7—Palmitoleic acid (9Z)-Hexadec-9-enoic acid Cl6:1 4.43 5.83
@9—0leic acid (9Z)-Octadec-9-enoic acid C18:1 14.84 13.92
w7—Vaccenic acid (11E)-Octadec-11-enoic acid C18:1 3.72 -
Eicosanoic acid (11Z)-Eicos-11-enoic acid C20:1 0.78 -
Polyunsaturated fatty acids (PUFAs)
Conjugated linolenic acid Hexadecadienoic. Acid Cl16:2 - 1.76
w6—Linoleic acid (9Z,127)-octadeca-9,12-dienoic acid C18:2 1.65 9.97
w6 — y—Linolenic acid all-cis-6,9,12-octadeca-trienoic acid C18:3 6.87 4.86
w3 — a—Linolenic acid (9Z, 12Z, 15Z)-Octadeca-9,12,15-trienoic acid C18:3 - 0.99
Eicodienoic acid (11Z, 14Z)-icosa- 11,14-dienoic acid C20:2 - 0.45
XSFAs 67.71 62.22
XMUFAs 23.77 19.75
YPUFAs 8.52 18.03
Total 100 100
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Fig. 4. Cyclic voltammetry scans of (a) ABBR/ITO and (b) ABAR/ITO under light (100 pmol photons m~ 27 solid line) and dark (dotted line). Representative
Impedance spectrum for (c) ABBR, (d) ABAR and fitting results calculated using Electrochemical Impedance Spectroscopy (EIS) Inset: Equivalent circuit model used

to extract EIS parameters.

concerning growth and maintenance of the microalgal cell (Furukawa
et al., 2006). Ultimately, extracellular electrons (detected in CV scans)
are responsible for enhancement in conductivity. Therefore, Chron-
oamperometric studies using CV confirmed that ABAR/ITO had higher
electron generation during light irradiation as well as in dark as com-
pared to ABBR/ITO.

3.6.2. Electrochemical Impedance spectroscopy

EIS analysis was conducted to confirm the resistance in algal based
electrodes (ABBR/ITO and ABAR/ITO) by calculating the charge
transfer resistance (R, at the interface between the electrode and the
electrolyte from the EIS curve (Fig. 4c and d). The R, values decreased
from 800 kQ (ABBR) to 500 kQ2 (ABAR). This reduction was observed
due to the enhancement in the electron charge transfer between the
modified electrodes and the electrolyte. For ABAR, a higher ROS pro-
duction was observed (supplemented by quantum yield) as compared to
ABBR. Under stressful environment, algae rapidly generates electrons
(ROS), and quickly redirects it toward various sinks (Meena et al.,
2017). This charge transfer may be responsible for higher conductivity
or lower resistance. At higher frequencies, the electrodes showed both
resistive and capacitive behaviour and at lower frequencies followed a
linear line due to the diffusion parameters. These results are in agree-
ment with the CV scans. Thus, chronoamperometric studies using EIS
confirmed that ABAR/ITO had lower charge transfer resistance (higher

conductivity) as compared to ABBR/ITO.

The maximum current density after 10 days was observed to be
2.48 A m~2 in ABBR while a 50% enhancement in the current density
was observed for the ABAR. Similarly, maximum power and power
density for ABAR were observed as 4.13 x 10~* W and 1.83 W m™~?
respectively, which is 1.04 times higher than ABBR. (The resistance
value for these calculations are approximately in the range of 800 kQ
(ABBR) to 500 k{2 (ABAR)). Enhancement in the conductivity and
power generation can be attributed to the abiotic stress conditions
(Meena et al., 2017). Tabulated results for current density, power and
power density are presented in Table 3.

3.7. Scale-up studies for large scale bioremediation

An experimental system was also fabricated to evaluate the feasi-
bility of C. TRC-1 for large scale bioremediation. For this purpose,

Table 3
Current density, power and power density of ABBR and ABAR.

Algal Biomass  Current Density Power (W) Power Density
(Am™?) (Wm™?)

ABBR 2.48 2.05 x 107* 1.75

ABAR 3.72 413 x 107*  1.83
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3000 mL treatment chamber was filled with a working volume of
2000 mL FTE and 1 OD algal beads with a flow rate of 5 mL min~".
Residence time in the current study was computed as 400 min (6.67 h)
representing that FTE was in contact with the algal beads in the
treatment chamber for 400 min. The first cycle was initiated after
6.67 h of residence time. 2000 mL was completely decolorized after
7 days (168 h). Other pollution parameters were also effectively
(> 90%) treated within 5 days. The FTE once collected in the collection
reservoir was again recycled and filled into the treatment chamber.
After the first residence time, 26% dye decolorization was attained and
by the 7th day, complete FTE was decolorized. The performance of the
experimental set-up was evaluated on the basis of the amount of COD
removed (COD,.,) during the process. A significant change in the
COD,.p, efficiency (83.07%) was observed during the experimental
period of 7 days. The results reflects the applicability of wastewater for
biomass production. Simultaneously, the high nitrate (91.75%) as well
as phosphate (92.36%) removal were also in agreement with the studies
conducted by Sforza et al, which stated, that when the CO, supply was
limited, microalgae shifted to mixotrophic conditions, utilizing nitrogen
and phosphorous for its growth (Sforza et al., 2012).

4. Conclusions

Isolated C. TRC-1 was able to completely decolorize FTE in 7 days,
significantly reducing pollution-indicating parameters. 4% Lipid con-
tent increased in spent biomass after FTE remediation and was rich in
C16-C18 chain fatty acids (>90% of total FAMEs).
Chronoamperometric investigations revealed that spent biomass after
FTE biomass had higher electron conductivity and generation under
both light (1.43 x ) and dark (1.36 x). In conclusion, our studies with
the newly isolated electrogenic microalgae revealed that C. TRC-1 could
offer a sustainable solution towards environmental bioremediation of
textile effluent along with its feasibility for bioelectrode fabrication and
as a precursor for biofuel.
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