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Abstract

In the present study, the wastewater collected from a paper and pulp mill industry was treated using two microalgae, Planktochlorella
nurekis and Chlamydomonas reinhardtii. The microalgae was grown in paper and pulp mill effluent (PPME) under natural environmental
conditions and harvested on the 12" day. Results of the study showed that both P.nurekis and C. reinhardtii could reduce nitrate (96 %
and 86%), phosphate (100% and 88%), COD (92% and 93%) and other physico-chemical parameters after the experiment. The
percentage reduction of heavy metals such as Cr, Co, Ni, Cu, Zn, As, Sr and Cd were 100%, 97%, 77%,71%, 72%, 98%, 88% and 88%
respectively by P.nurekis. Similarly the percentage reduction of the foresaid heavy metals were 100%, 46%, 44%, 49%, 68%, 57%, 86%
and 86% respectively by C. reinhardtii. The lipid content of P.nurekis was 24% and 20.5% for C.reinhardtii was after the experiment.
Comparatively, P.nurekis exhibited significantly higher phycoremediation capacity as well as lipid production potential than C.
reinhardtii. It is evident that both microalgae have the potential for the treatment of paper and pulp mill effluent and both the species

can be used as good candidates for lipid production.
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1 Introduction

Globally, the paper and pulp mill industry is listed as the
sixth largest polluter among the various industries which
discharge a huge quantity of liquid, solid and gaseous wastes
into the environment [1]. Enormous volume of wastewater
(~300 m®) is generated for the production of each metric ton of
paper depending on the nature of raw material, end product and
the extent of water reuse [2, 3, 4]. These untreated wastewater
(effluent) causes significant damage to the receiving water
bodies since they have high COD, BOD, chlorinated
compounds, suspended solids, fatty acids, tannins, resins,
acids, lignin and its derivatives, sulphur compounds etc. [1, 5,
6, 7, 4]. Several treatment processes including removal of
suspended solids, colloidal particles, floating matters, colors
and toxic compounds by conventional and non-conventional
methods like sedimentation, flotation, screening, adsorption,
coagulation, oxidation, ozonation, electrolysis, reverse
osmosis, ultra-filtration and nano-filtration technologies etc.
are practiced [8, 9, 10, 11, 12]. The main disadvantages of these
conventional processes are high operational cost and increased
sludge production. Hence, phytotechnological approach is a
viable option for its remediation. Effective in situ
phytoremediation (use of plants) techniques have been applied
for reducing the heavy metal load from paper mill effluents [4,
11, 13]. Eventhough it seems to be promising, there are some
limitations associated with this technique. Phytoremediation
requires long term maintenance and it may be effective only
seasonally. Moreover, the remediation efficiency was very low

[14, 15, 16]. As an alternative, phycoremediation employing
microalgae for the removal of the nutrients from wastewater is
gaining much attention [17, 18-23]. Phycoremediation is used
to describe treatment of pollutants in a contaminated area using
micro and macroalgae [24-28].

Microalgae can be easily cultured in fresh water, marine
water, brackish water or on non-arable land. They do not
compete with agriculture for existing resources. Microalgae
utilize atmospheric carbon dioxide during their photosynthetic
process and also have proven their potential to abate
greenhouse gases. They reproduce rapidly, achieving faster
growth than any energy crop and can be harvested frequently
[29]. Microalgae have many applications in the field of
pollution abatement, biofuel production and carbon
sequestration [30]. Phycoremediation is an eco-friendly low
cost technology which serves as an attractive option for
pollution control in the developing countries. The spent
biomass after phycoremediation can be used for making high
worth products such as biodiesel, biogas and other algal
metabolites [31, 21, 32].

Studies have reported the ability of microalgae in the
treatment process for the removal of nutrients from varied types
of wastewater [34-37]. However, not many studies have been
conducted on treatment of PPME using microalgae. The use of
pulp and paper mill effluent for the cultivation of microalgae is
least explored. The conventional treatment system is widely
adopted for the treatment of pulp and paper mill effluent. On
this background, an attempt has been performed to check the
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feasibility for cultivation of microalgae such as P.nurekis and
C.reinhardtii in PPME for nutrient removal. Hence, the present
study aims to evaluate the potential of Planktochlorella sp. and
C. reinhardtii for the treatment of PPME and subsequent
production of biomass and lipid with a bio-energy perspective.

2 Material and methods
2.1 Isolation and culturing of freshwater microalgae

Mixed microalgae were collected from Kuttanad wetland
ecosystem, Kerala, India and were then cultured in diluted
paper and pulp mill effluent (20 times dilution). After 7 days,
the dominant species was isolated and sub-cultured for
obtaining pure strain. The isolation and purification was done
by repeated streaking on nutrient agar plate and later cultured
in Bold and Basal medium (BBM). Composition of the medium
was KH2PO4 1.75¢g, CaCl2.2H20 0.25g, MgS04.7H20 0.75g,
NaNOs 2.5g, K2HPO4 0.75g, NaCl0.25g, NA:EDTA+ KOH
1g +0.6259, FeS04.7H0 +H.SO4 0.498g +0.1ml,
H3sBO30.25g and 1 ml trace metals mixed solution
(HsB032.860g, MnCl2.4H201.810g, ZnS04.7H200.222g,
NaM0040.079g, CO(NOs)6H20 0.0494g, CuSO4.5H:20
0.0799. The microalga Chlamydomonas reinhardtii was
obtained from Chlamydomonas resource centre, University of
Minnesota (USA). It was cultured in Tris — Acetate Phosphate
(TAP medium). The composition of TAP medium was 40 X
TAP 25 ml (NH4Cl.15g, MgSOa. 7TH20 0.4 g, CaCl2.2H20 2 g),
Phosphate solution 0.375 ml (K2HPO428.8 g, KH2PO4 14.4 @),
Hutner’s trace element 1 ml (Na2 EDTA. 2H20 5 g, ZnSOa.
7H20 2.2 g, H3BO3l1.14 g, MnCl2. 4H20 0.5 g, FeS04.7H20
05 g, CoCl2.6H0 0.16 g, CuSO45H.0 0.16 g,
(NH4)6M07024.4H20 0.11 g), Acetic acid 1 ml, Tris buffer 2.42

The isolated pure culture of microalga was subjected to
DNA isolation and PCR amplification for identification using

eukaryotic forward primer (ss5-
5’GGTTGATCCTGCCAGTAGTCATATGCTTG3”) and
reverse primer (ss3-

5’GATCCTTCCGCAGGTTCACCTACGGAAACC3’). The
PCR products were sequenced and the obtained partial
sequence was matched with previously published sequences in
the National Centre for Biotechnology Information (NCBI)
database using ADVANCED BLAST
(www.ncbi.nlm.nih.gov/BLAST) and the percentage similarity
with already identified 18S rRNA gene sequences in the
GenBank database were determined. Later the 18S rRNA gene
sequence of isolated microalga was submitted in NCBI
GenBank for the allocation of accession number.

2.2 Growth of microalgal strains and culture conditions

The isolated microalgal species was identified as
Planktochlorella sp. based on standard literature. Both
Planktochlorella sp. and C. reinhardtii were cultured in 250 ml
flasks separately in B B M and T A P medium respectively. The
culture was incubated at 28+1.0°C and maintained at a light
intensity of 25 pmol photons m= s using fluorescent tube
lights. Carbon dioxide gas was supplied at 10psi/kg for 5min
per day. Aeration was provided for preventing the settling
down of the cells at the bottom. Growth rate of
Planktochlorella sp. and C. reinhardtii were measured by using
Sedgwick rafter cell counting method [38].

2.3 Collection, characteristics and experimental setup

Paper and pulp mill effluent (PPME) was collected from
Hindustan Newsprint Ltd. factory in Kottayam district, Kerala,
India in 20L plastic containers and stored at 4°C. The collected
effluent was filtered separately and preliminary examination to
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determine the optimum concentration of wastewater was
carried out (70% wastewater: 30% water). Initially, the
microalgae were subjected to the growth phase and in the
second stage, their ability to substantially reduce nitrate,
phosphate, COD and heavy metals was conducted. The
experiment was scaled up in 20L glass containers (2 nos.) with
actual working volume of 10L. Concentrated uniform
suspension (10ml) of Planktochlorella sp. and C. reinhardtii
was separately added to the concerned glass containers.
Similarly, equal volume of wastewater was taken in another set
of glass tanks without microalgae maintained as control. The
glass containers were exposed to natural sunlight and mixing
was performed manually to avoid settling of cells. The study
was conducted for 12 days in three experimental sets of
reactors. Aliquots were withdrawn from the three glass
containers for the analysis of physico-chemical parameters
before the inoculation of microalgae and subsequently at
periodic intervals of 2 days throughout the experimental period.
The supernatant obtained after centrifugation at 5000 rpm for
10 min was used for the analysis of pH and COD as per the
standard methods of APHA (1998). Analysis of nitrate,
phosphate and sulphate were done by ion chromatography
(DIONEX ICS-1100). Heavy metal analysis was done by ICP-
MS (Thermo iCAPRQ). The nutrient removal efficiency of
both microalgae was calculated according to following
equation.

P, — P,
—(OP t)><100

0

Removal efficiency (%) =

where Po was the initial concentration of wastewater and Pt was
the concentration of wastewater after phycoremediation
process.

2.4 Microalgal Cell Counting and Biomass estimation (Dry
biomass)

Cell count method was employed for the determination of
microalgal cell growth in the culture reactors maintained under
the experimental conditions [38]. 1ml of culture medium was
taken regularly at an interval of two days and the cells were
enumerated with the help of a Sedgwick rafter cell.
Measurements were done in triplicate and the mean values were
represented in the results. Gravimetric method was employed
for the quantitative estimation of biomass [38]. 2ml of culture
medium was taken at an interval of two days and filtered
through a pre-weighed Whatman No:1 filter paper. It was then
oven-dried at 60°C for 1 hour and reweighed. The difference
between each observation was calculated as per the following
formula;

Biomass (Dry weight in g) = W2-W1

where, W2 is weight of dried filter paper after filtration and W1
is weight of filter paper.

2.5 Lipid extraction

Cells were harvested by centrifugation at 4500 rpm for 5
min and washed once with distilled water and oven dried. An
aliquot (20g) of the biomass was mixed with 100ml of double
distilled water and the cells were disrupted using a sonicator
(CPX130) at a resonance of 20 kHz for 5 min. This sonicated
mixture was blended with 2:1 methanol chloroform solution as
per the modified Bligh and Dryer method [39]. The mixture
was transformed into a separating funnel and shaken for 5 min.
The lipid fraction was then separated from the funnel and
evaporated using solvent in the rotary evaporator. Finally the
weight of the crude lipid obtained from each sample was
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measured using an electronic weighing balance (Shimadzu,
Japan).

2.6 Statistical analysis

Analysis of variance (ANOVA) was performed to find out
any significant difference in water quality parameters among
the culture reactors of Planktochlorella sp. and C. reinhardtii
with the control reactor. The mean and standard deviation
within samples were calculated for all cases. The statistical
analysis was done by using SPSS 21 version.

3 Results and discussion
3.1 Molecular identification of microalga

The results of BLAST on the NCBI revealed that isolated
microalga exhibited 99% similarity with Planktochlorella
nurekis. The 18S rRNA gene sequence was submitted to
GenBank and designated as Planktochlorella nurekis CS18
with GenBank accession number: MG811583. Phylogenetic
tree of microalga P.nurekis shown in figure 1.

3.2 Growth and biomass of the microalgae

Initially, the collected effluent was dark brown in colour
but changed to lighter shade after 12 days of microalgal
treatment. The results showed considerable increase in both
cell count and biomass of microalgal cells after the experiment.
The initial cell density of both species was 550cells/ml. After
12 days, P.nurekis showed higher cell density of 4320 cells/ml
and C. reinhardtii had 3650 cells/ml (Figure.2). At the early
stage of the experiment, the cell biomass of P.nurekis was
0.042¢g/L and it was 0.037g/L for C. reinhardtii (Figure.3).
P.nurekis and C. reinhardtii showed highest biomass on the
10™ day of the study period and after which the biomass of both
the species got reduced (Figure.3). The initial biomass increase
was proportional to the availability of all the required nutrients
upto the 10" day. As the cells grew, the nutrients were taken up

and thus began to decrease in the medium. This insufficient
supply of nutrients caused the decline of biomass and cell count
after the 101" day. Microalgae growth was directly affected by
the availability of light, nutrients, temperature, the initial
inoculation density and the growth environment [40].

3.3 Physico-chemical properties of paper and pulp mill
effluent

The PPME had dark brown coloration, which might be due
to the presence of chlorinated organic compounds produced
from lignin degradation during conventional bleaching, wood
cooking and alkali extraction of the pulp [41]. The dissolved
chemicals especially mercaptans and hydrogen sulphide used
during the manufacture of paper resulted in the characteristic
pungent odour [42]. The physico-chemical parameters such as
pH, nitrate, phosphate, COD, sulphate and heavy metals (Cr,
Co, Ni, Cu, Zn, As, Sr and Cd) contents were assessed. The
paper and pulp mill effluent was slightly acidic in nature with
pH 6.02 which changed to alkaline with a pH of 8.3 after 12
days of treatment with P.nurekis and C. reinhardtii (Table 1).
The results showed that the pH of the water plays an important
role especially with respect to metabolism, survival and
microalgal growth. The pH of paper mill effluent changed from
neutral to alkaline after 12 days of growth of P. nurekis and C.
reinhardtii. The pH between 8.2 and 8.7 was favourable for the
growth of the microalgae compared to the neutral and acidic
redox-conditions. In the present study, P. nurekis showed
higher biomass in pH 8.3 (Figure.4) and C. reinhardtii showed
higher biomass in pH 7.9 (Figure.5). An increase of pH by
35.79% in industrial effluent treated with Chlorella vulgaris
was reported by Dominic et al. [43]. Vijayakumar et al. [44]
also reported pH increase (alkaline) in the dye effluent treated
with Oscillatoria sp. Studies of Wurts et al. [45] showed the
increase of carbonate and bicarbonates in water due to the
growth of algal species.

Parachlorella kessler strain BAFC CA10

Chlorella kessler strain SAG 211-11g

Planktochlorella nurekis [TS1

Dictyosphaerium sp. CCAP 222/25

Parachlorella kessler strain CBS 152069

Masaia oloidia strain CB 2008/72

Planktochlorella nurekis strain CS18 MG811583.1

0.o010

Figure 1: Neighbour-joining phylogenetic tree of P.nurekis isolated from the Kuttanad wetland ecosystem
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Figure 4: Variation of pH and biomass of P. nurekis cultivated in pulp
and paper mill effluent

Total oxidized nitrogen is the sum of the nitrite and nitrate
nitrogen. The amount of nitrate was found to be very high in
PPME (28mg/L) before experiment. After the experimental
period, about 96% of nitrate-N was reduced by P.nurekis and
86% was reduced by C. reinhardtii. Nitrogen is present in the
form of nitrate, nitrite, ammonia and organic nitrogen in the
order of decreasing oxidation state in water and wastewater.
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Urea and di-ammonium phosphate used in the manufacturing
processes were the source of nitrate-nitrogen and phosphate in
PPME. Wang et al. [46] obtained 62.5% removal of nitrate-N
by Chlorella sp. grown in effluent from aeration tank of
municipal wastewater treatment plant. Sivasubramanian et al.
[47] reported that 90% of nitrate was removed from soft drink
industrial effluents treated with microalgae in outdoor
cultivation.
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Figure 5: Variation of pH and biomass of C. reinhardtii cultivated in
pulp and paper mill effluent

Phosphorous is present almost solely as phosphates in
natural water and wastewater. At the initial stage of the
experiment, the phosphate content in PPME was 12mg/L. By
the end of the experiment, complete removal (100%) of
phosphate from PPME was achieved by P.nurekis and 88%
reduction was obtained with C. reinhardtii (Table 1).
Microalgae was able to assimilate phosphorus in excess, which
was stored in the cells in the form of polyphosphate granules,
potassium and magnesium were co-transported along with
phosphate [48]. Mirquez et al. [21] reported 70 to 83% and
100% reduction of both phosphate and nitrate from municipal
wastewater by mixed microalgae and bacterial culture.
Similarly, the complete removal (100%) of phosphate from
PPME was observed after 12 days of incubation with P.nurekis
whereas, C. reinhardtii. showed 88% removal of phosphate.
The optimal inorganic N/P ratio for algal growth was suggested
to be in the range of 6.8-10 and it was found that the N/P ratio
was much more than the optimal ratio, indicating nitrogen
richness. Nevertheless, despite of richness of N/P ratio in the
effluent, microalgal growth was found significant till 10 days
of cultivation after which the growth decline. Previous studies
have reported the decrease of phosphate level in the wastewater
due to the growth of algal species [49, 50].

After the treatment process, both P.nurekis and C.
reinhardtii could reduce the sulphate in the PPME from
230mg/l to 46mg/L and 92mg/L respectively (Table 1). 80%
sulphate was removed from PPME using P.nurekis and C.
reinhardtii showed 60% removal. High amount of sulphate
were present in paper and pulp mill effluent due to sulphate
kraft process used in the formation of wood pulp and use of
sodium sulphate in the bleaching process [42]. These results are
in agreement with the studies of Azarpira et al. [51] where
more than 90% removal of sulphate in municipal wastewater
using blue green algae was observed. Similarly, Ahmad et al.
[52] also demonstrated significant reduction of SO4-2 using
Chlorella and mixed algal culture. In the present study, the
initial COD of PPME was very high value with 9200 mgO2/I.
After 12 days of treatment, significant reduction of COD was
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noted for both microalgae (Table 1). P.nurekis could remove
93% COD and C. reinhardtii could remove 92% COD from
PPME. The reduction in COD is caused by the rapid
biodegradation and bioconversion of organic matter due to the
growth of microalgae [53]. A total of 98% reduction of COD
from sewage water was reported by Ahmad et al. [52] in a
comparative study of removal of organic and inorganic matter
from sewage water using different species of algae like
Spirogyra, Chlorella etc. Elumalai et al. [54] also observed
substantial decrease in COD in textile wastewater after treating
with Chlorella and Scenedesmus sp. revealed that algal
consortium was more efficient. Microalgae released oxygen to
the surrounding water during photosynthesis, which is used for
the oxidation of organic matter simultaneously reducing the
demand of oxygen in the growing medium [55]. Compared to
other studies, the present study proved that the proposed
microalgae have the potential to remediate the effluent from
pulp and paper mill industry (Table 2). The statistical analysis
results of COD showed high significant variation (p<0.01).
While parameters like nitrate, phosphate and sulphate had
shown significance at 0.05 level (p<0.05). The Bonferroni post
hoc test showed that the significant variation in nitrate,
phosphate, sulphate and COD among P.nurekis and control
samples at 0.05 level of significance (p<0.05).

3.4 Removal of heavy metals from PPME by P.nurekis and
C. reinhardtii

Green microalgal cells cultured in wastewater with high
heavy metals are known to accumulate higher concentrations
of metal [56]. In the present study, heavy metals like Cr, Co,
Ni, Cu, Zn, As, Sr and Cd were analysed by ICP-MS. The initial
concentration of Cr in the PPME was 0.129 ppb. After 12t day
of the experiment, both P. nurekis and C. reinhardtii (Figure.6)
showed complete removal of Cr. The amount of Co in PPME
was 0.208 ppb. Nearly 97% Co was removed by P. nurekis
whereas C. reinhardtii could remove about 46%. Chlorella
could efficiently reduce 76%-96% of Cd and 78%-94% of Ni
from the medium within 7-28 days when cultured under
laboratory condition [57]. The initial value of Ni in PPME was
0.95ppb and was reduced to 0.22 ppb and 0.52 ppb by P.
nurekis and C. reinhardtii, respectively. The initial
concentration of Cu was 14.6ppb. Both P.nurekis and C.
reinhardtii showed comparatively less reduction of Cu i.e. 71%
and 49%, respectively. About 72% of Zn was removed by
P.nurekis and C. reinhardtii could remove 68%. Scenedesmus
bijuga and Oscillatoria quadripunctulata showed heavy metal
removal capacity with 37-50% for Cu, 20-33% for Co, 35-
100% for Pb and 32-100% for Zn from the sewage and
petrochemical industry effluent [58].

Maximum reduction of As concentration in PPME was
done by P.nurekis (98%) while it was 57% for C. reinhardtii.
The initial Sr concentration was 390.2 ppb and P.nurekis
(Figure. 6) showed 88% reduction of Sr content in PPME while
it was 86% reduction by C. reinhardti (Figure.6). After 12 days
of the experiment, Cd concentration was reduced from 1.05ppb
to 0.13ppb by P.nurekis and to 0.12ppb by C. reinhardtii. The
removal efficiency of the heavy metal from wastewater by
microalgae depended on their large surface area and high
binding affinity [59]. It was noted that the reactor of P.nurekis
performed higher ability to consume heavy metals from PPME.
Wang et al. [60] revealed that heavy metals like Al, Ca, Fe, Mg
and Mn could be removed efficiently by Chlorella sp. from
municipal wastewater. Saunders et al. [61] observed that
phycoremediation potential of three species of microalgae
cultivated in wastewater polluted with heavy metals from coal-
fired power plant. All species accumulated high concentrations
of heavy metals. Microalgae are very responsive to heavy metal
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toxicity and also could eliminate metals through the process of
adsorption and absorption. The percentage reduction of Cr, Co,
Ni, Cu, Zn, As, Sr and Cd were 100%, 97%, 77%,71%, 72%,
98%, 88% and 88% respectively by the P.nurekis (Figure. 6).
Similarly, the percentage reduction of the foresaid heavy
metals were 100%, 46%, 44%, 49%, 68%, 57%, 86% and 86%
respectively by the C. reinhardtii (Figure. 6). No variation was
observed in the control reactors.

The metal sorption capacity depended on the type of
biosorbent, the availability of concentration of heavy metals
[57]. Heavy metal concentration was lower in pulp and paper
mill effluent. Heavy metal with lower concentration could
easily enter the cells of microalgae through micronutrient
transporters and get attached to peptides or proteins and finally
moved to specific cellular compartments for detoxification
[62]. In this study, it was noted that P.nurekis and C. reinhardtii
was more resistant to the toxicity of concentration of heavy
metals from PPME. Both microalgal species exhibited
reasonably high potential for phycoremediation for the afore
mentioned heavy metals from PPME. This may be due to the
lower concentration of heavy metals from PPME. The
statistical analysis results showed high significant variation
(p<0.01).
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Figure 6: Heavy metals (ppb) removal of P.nurekis and C. reinhardtii
in PPME before and after treatment

3.5 Lipid content — A bioenergy perspective

Lipids are the substances that are insoluble in water, related
biosynthetically or functionally to fatty acids and their
derivatives. The biodiesel production from the lipid content of
microalgae is a promising technology [72] and is considered as
carbon neutral [30]. Lipid content obtained from P.nurekis was
24% and that from C. reinhardtii was 20.5% lipid (Table 3).
Comparatively, P.nurekis showed higher yield of lipid than C.
reinhardtii (Figure.7). Malla et al. [73] reported 20.69% and
28.32% total lipid content when C.minutissima was grown on
IARI and CETP wastewater. Dried biomass is typically a pre-
requisite for biodiesel production from microalgae as moisture
interferes with the base homogenous catalyst used in the trans-
esterification reaction [74]. In order to prevent the denaturation
of the intracellular lipid, a low temperature (typically less than
100°C) is used to dry the biomass [75]. In the study, the algal
biomass was subjected to oven dry at 80°C until the water
content got evaporated and the lipid was weighed. Hempel et
al. [76] reported that Chlorella sp.589 achieved 30.2% lipid,
Chlorella sp.800 achieved 24.4% lipid and Chlorella
saccharophila 477 achieved 27.6% lipid. A comparative
analysis of the lipid content obtained from the present study to
the other reported studies is given in Table 3.
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Table 1: Physico-chemical characters of PPME during the study period

Parameters Initial Experiment reactor Period of experiment (days)
(unit) values 2" day 4t day 6t day 8t day 101 day 12t day
pH P.nurekis 6.5 +0.15 7.1x0.2 74+0.1 7.9+ 0.20 82+0.1 8.3+ 0.2
6.02 C. reinhardtii 6.5+ 0.32 6.9+ 041 7.2+ 0.45 7.5+0.53 7.9+ 051 8.3+ 0.72
Control 6.2+0.1 6.4+0.2 6.7+0.1 6.8+0.3 6.9+0.2 6.8+0.3
P.nurekis 18.4+£0.23 12+ 0.54 9.6 +£0.23 4.8 +£0.45 1.1+0.52 0.98 £ 0.95
Nitrate(ppm) 28 C. reinhardtii 19.8+ 0.15 15+ 0.23 10+ 0.32 740.36 5+ 0.02 3.2+ 0.02
Control 21.4+0.73 20.7+0.8 20.0+0.62 19.8+0.53 19.2+0.71 18.8+0.42
P.nurekis 6.0+ 0.15 4.1+ 0.20 2+0.25 1.0£0.13 0.4+0.01 0.0
Phosphate(pp m) 12 C. reinhardtii 6.4+ 1.57 5.2+1.24 41+1.36 3.7+£1.24 2.9+ 1.12 1+ 0.90
Control 7.740.12 7.440.13 6.9+0.39 6.5+0.43 6.1+0.53 6.0£0.91
P.nurekis 190+1.52 153+ 1.39 118+1.23 88+1.51 63 +1.64 46 £1.12
Sulphate(ppm) 230 C. reinhardtii 202+ 1.36 184+ 1.52 175+ 1.45 152+ 1.67 120+ 1.62 92+1.23
Control 224+15 216+1.6 210+2.1 205+2.2 198+0.92 195+0.96
P.nurekis 8125 +7.63 6200 +5.24 4350 +4.23 1125+6.84 804+ 2.46 800+ 2.38
COD (mgO2/L) 9200 C. reinhardtii 9045+ 6.36 8630+ 5.12 6240+ 5.73 4320+ 2.63 2100+ 3.64 900+ 1.22
Control 11155+3.1 11100+3.5 11000+3.4 10990+3.1 10980+2.1 10985+2.2
Table 2: Wastewater removal efficiency of different treatment methods used in pulp and paper mill industries
Methods Technology/ organism used Days EC (%) TDS(%) Nitrate (%) Phosphate (%) Sulphate (%) ((:g/?) g) Reference
Anaerobic process Anaerobic reactor 7 nr nr nr nr nr 88 [63]
Aerobic process Membrane bioreactor nda nr nr nr nr nr 80 [64]
Hybrid system USAB electrochemical 25 nr nr nr nr nr 80 [65]
Wet air oxidation Heterogeneous catalyst 2 hr nr nr nr nr nr 83 [66]
Phytoremediation Lemna minor 28 nr 50.5 nr nr nr 40.5 [13]
Phytoremediation Trapa natans L. 60 nr 81.8 93.8 90.4 nr 82 [4]
Phytoremediation Vallisnaria spiralis 45 57.1 57.5 nr nr nr 7466  [67]
Phytoremediation Eichhornia crassipes 45 65 78 nr nr nr 60 [68]
Phytoremediation Eichhornia crassipes 20 90.06 91.94 91.36 91.68 49.89 9296 [42]
Phytoremediation Pleurotus spp. 7 nr nr nr nr nr 57.2 [69]
Phycoremediation Chlamydomonas reinhardtii 15 nr nr 93.18 90.71 nr nr [70]
Phycoremediation Mixed culture of Scenedesmus sp. 28 nr nr 65 71.2 nr 75 [71]
Phycoremediation ~ Planktochlorella nurekis 12 90.1 87.8 95.6 100 80 92.8 Present study
Phycoremediation  Chlamydomonas reinhardtii 12 91.7 47.69 85.6 87.5 60 91.9 Present study

Nr — not reported, nda- no data available
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Table 3: Comparison of Lipid produced with previous studies

Sl. No. Species Lipid Content (%) References
1 Chlorella vulgaris 14-50 [77]
2 Chlorella sp. 13.6 [46]
3. C.vulgaris 14-22 [78]
4. C. pyrenoidosa 2.0 [79]
5 C. sorokiniana 19.0-22.0 [80]
6 C. fusca 9.68 [81]
7 N. vigensis 19.29 [82]
8 Ankistrodesmus sp. 30.0 [83]
9. Scenedesmus sp. 31.0 [84]
10. Chlamydomonas reinhardii 25.25 [85]
11. C. saccharophila 18.10 [86]
12. Scenedesmus obliquus 12-14 [87]
13. P.nurekis 220 Present study
14. C. reinhardtii 20.0 Present study
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P.nurekis C.reinhardtii

Figure 7: Lipid content of P.nurekis and C. reinhardtii
after experiment

4 Conclusions

Paper and pulp mill effluent contains large amount of
organic and inorganic nutrients. The study indicated that the
treatment of PPME by microalgae is very efficient. Based on
the results of the physico-chemical analysis, P.nurekis could
significantly reduce nitrate, phosphate, sulphate, COD etc.
from PPME. The percentage reduction of Cr, Co, Ni, Cu, Zn,
As, Sr and Cd were 100%, 97%, 77%,71%, 74%, 98%, 88%
and 88% respectively by the P.nurekis. Similarly the
percentage reduction of the foresaid heavy metals were 100%,
46%, 44%, 49%, 68%, 57%,86% and 86% respectively by the
C. reinhardtii. At the end of the experiment, 24% of lipid was
obtained from P.nurekis and 20.5% lipid was obtained from C.
reinhardtii. Comparatively, P.nurekis showed higher yield of
lipid than C. reinhardtii. It could be concluded that the
indigenous microalgae, P.nurekis and C. reinhardtii have
immense phycoremediation capacity for the treatment of paper
and pulp mill effluent. Comparatively P.nurekis exhibited
significant phycoremediation capacity as well as lipid
production potential than C. reinhardtii. The subsequent
biomass and lipid can be used for the production of valuable
products such as biodiesel. Considering the short period of time
and low external inputs, phycoremediation is a viable option
for the treatment of paper and pulp mill effluent.
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