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A B S T R A C T   

Thermochemical transformation of microalgae biomass into graphitic bio-chars entices as proficient bio- 
adsorbents for heavy metal contaminants. This study explores the synergistic impact of Chlorella sorokiniana 
on biomass generation and wastewater remediation in high rate algae pond (HRAP). Biomass produced was 
applied for hydrothermal carbonization-co-liquefaction (HTCL). The structural and morphological characteristics 
of HTCL products (i.e. bio-chars and bio-oils) have been systematically studied by XRD, Raman, FTIR, elemental 
analyzer, SEM, BET, and 1H NMR spectroscopy. The crystallite size of the graphite 2H indexing planes was to be 
4.65 nm and 14.07 nm in the bio-chars of oiled biomass (MB-OB) and de-oiled biomass (MB-DOB), respectively. 
The increase in the ID/IG ratio of MB-DOB indicated the highly disordered graphitic structure due to the 
appearance of carbonyl, hydroxyl, and epoxy functionalities in the line of high C/N and low C/H ratio. Also, the 
multiple heavy metals remediation of MB-DOB revealed better efficiency as ~100% in 720 min. The kinetics 
analysis shows the correlation coefficient of pseudo-second-order is well fitted compared to the pseudo-first- 
order. The Langmuir adsorption model signifies the adsorption of heavy metal ions in a monolayer adsorption 
manner. The study proposes the microalgae bio-char potential for multiple heavy metals remediation alongside 
bio-oils.   

1. Introduction 

Microalgae are photosynthetic organisms similar to single-celled 
plants with habitats for various aquatic environments (Malavasi et al., 
2020). They deal with the conversion of environmental CO2 into O2 in 
the presence of sunlight or artificial light and generate a large amount of 
biochemical components enriched with cellular energy (Jaiswal et al., 
2020). Microalgae offer essential ecosystem and biomass services for 
diverse eco-friendly applications. They possess a rapid growth rate with 
notable biomass production and ensure the ability to grow in various 
types of wastewaters without competing with traditional agro-activities 
(Salama et al., 2017). In addition, the alarming threat to the existing 
ecosystem is due to industrialization and urbanization, as it discharges 

toxic heavy metals, wastes containing nitrogen, phosphorous, and 
others, as well as the release of CO2 severely (Chowdhury et al., 2016). 
In this case, the concept of microalgae cultivation using many types of 
wastewaters (municipal, industrial, dairy, etc.) has been deliberated as a 
suitable scientific solution for renewable and sustainable developments 
(Jaiswal and Prasath, 2016; Cai et al., 2019; Sutherland and Ralph, 
2019). 

Recently, microalgae have received a lot of attention to the profitable 
cultivation of microalgae and energy-efficient biomass conversion 
technologies for biofuels for a variety of reasons (Choudhary et al., 
2020). Despite enormous literature, experts endure the innovative and 
integrative design to develop cost-effective, biomass production pro
cesses, remediation of toxic metal contamination, wastewater 
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treatment, and biofuel production via energy-efficient thermochemical 
conversions (Fan et al., 2020; Lee et al., 2020). The favorable aspects of 
microalgae are multi-functionality, biological conversion competency, 
flexibility with the growth system, assimilation of nutrients from 
wastewater, CO2 sequestration, and a large amount of biochemical 
constituents (Umamaheswari and Shanthakumar, 2016). To take this 
into account, cellular components (carbohydrates-lipids-proteins) are 
the driving factors in the generation of carbon-neutral biofuels such as 
bio-oil, biodiesel, bioethanol, biomethane, bio-hydrogen, and others 
(Jaiswal and Pandey, 2014; Jaiswal et al., 2020; Kumar et al., 2020). 

Thermochemical technologies adopt thermal decomposition and 
chemical reform of organic cellular components in biofuels by carbon
ization, pyrolysis, hydrothermal liquefaction, gasification, and direct 
combustion (Kumar et al., 2017; Mathimani et al., 2019). The prepa
ration of chars using biomass under the effect of temperature in water 
under pressure has been described as hydrothermal carbonization. In 
higher plants, the chemical properties are derived mainly from the 
components of lignin, cellulose, and hemicellulose. While microalgae 
biomass is not lignocellulose and differs in chemical properties in 
contrast to higher plants. The chemical properties of hydrothermal 
carbonization of microalgae biomass derived from the involvement of 
proteins, lipids and carbohydrates. Hydrothermal carbonization of 
microalgae biomass is a process to isolate products of 3 types, i.e., oils, 
chars, and nutrient-rich aqueous phase. The oils (fatty acids) obtained 
from the hydrothermal carbonization of microalgae biomass represent 
an enormous potential in the generation of liquid biofuels. The tech
nologies mentioned above are very effective in the thermochemical 
conversion of microalgae biomass and generally take several seconds or 
minutes to generate a range of solid, liquid, or gaseous biofuels. How
ever, hydrothermal carbonization-co-liquefaction technologies can be 
explored further in the field of microalgae biofuels. The biomass resi
dues after microalgae lipid extraction are rich in carbohydrates, pro
teins, and a fraction of unused lipids. In general, lipid extraction is 
followed by two processes, i.e., from ruptured cells and intact cells. The 
recovery of intracellular lipids from cells of ruptured microalgae is 
highly efficient than that of intact cells. Biphasic solvent extraction 
selectively and immediately recovers non-polar triglycerides. Cell 
disruption for the extraction of intracellular lipids is a critical and effi
cient technique. Microalgae de-oiled biomass can be employed to 
generate bio-char solids, bio-oil liquids, and synthetic bio-gases as a 
renewable fuel, depending on the conversion process and temperatures 
(Liu et al., 2020). 

However, substantial efforts have been cited on thermochemical 
conversion of numerous feedstocks such as lignocellulosic biomass, 
forestry waste, woods, pinewood, perennial grass, wheat straw, rice 
straw, rapeseed cake, apricot stone, coconut shell, hazelnut shell, 
chestnut shell, tea waste, coffee residue, fruit peel, etc. to produce bio- 
char (Wang et al., 2020). Even so, the concept of microalgae as an en
ergy crop appeared to the spotlight for the manufacturing of carbon-rich 
solid biofuels i.e. microalgae bio-char via thermochemical processes. 
Bio-char is a pyrogenic solid fuel rich in carbon with high energy-density 
derived from the oxygen-limited thermal decomposition of biomasses in 
a closed system at a temperature range of 300–700 ◦C. It has a hetero
geneous bio-char structure containing profused inorganic species which 
can be catalytically active by the thermal conversion technique. The 
solid black bio-char products are rich in carbon and have a pollution-free 
perspective in terms of environmental safety (Qin et al., 2020). 

Furthermore, the inherent properties of bio-char include well- 
defined micro/meso/macro-porous structure, relatively high surface 
area, hydrophilic characteristics, surface binding oxygen functionalities 
(e.g. carboxyl, hydroxyl, carbonyl, and phenolic hydroxyl), efficient 
cation exchanger, and mineral constituents (e.g. Ca, K, Mg, and P) which 
expedite bio-char as an effective adsorbent in the remediation of organic 
or inorganic contaminants from the different wastewaters (Hu et al., 

2019; Ma et al., 2017; Zhang et al., 2020). It has been observed that the 
application of microalgae bio-char could be a significant alternative to 
the nano-carbon such as carbon nanotubes, graphene, activated carbon, 
etc. to serve as highly efficient adsorbents for heavy metals (Jaiswal 
et al., 2018; Huang et al., 2019). Pb, Cu, Cd, and Ni are among the main 
toxic and carcinogenic heavy metals that could cause severe ecological 
and health complications, which incident from the discharge of mining, 
metallurgies, batteries, textiles, and paper industries (Carolin et al., 
2017). Traditional wastewater treatment processes e.g. precipitation, 
ion exchange, electrocoagulation, membrane filtration, and packed-bed 
filtration have been established to be effective in removing heavy metal 
concentrations, but are allied with a higher operational budget and 
energy (Kehrein et al., 2020). Biological carbon-based adsorbents, such 
as bio-char, have been attracted as an excellent competitor to meet the 
necessity for remediation of toxic metals from different wastewater 
(Xiang et al., 2020). 

Algal bio-char endows remarkable adsorption capacity to remove 
ammonical-N and various organic/inorganic contaminants from waste
water. Sorption of phosphates, nitrogen, and phosphorus has been also 
reported (Xiang et al., 2020). The bio-char enriched with essential 
macro-nutrients during wastewater remediation could be incorporated 
into the soil as an additive fertilizer. The algal bio-char has been studied 
to eliminate certain heavy metals such as Cu, Cd, and Zn ions from 
aqueous solutions (Ding et al., 2016). The bio-char prepared from 
freshwater macroalgae Oedogonium spp. has been used to remove metal 
ions from industrial effluents from the coal-fired power plant (Kidgell 
et al., 2014). Bio-char prepared from biomass of Gracilaria spp. treated 
with Fe has shown a strong affinity for oxyanions, e.g. As, Mo, and Se, 
which are difficult to eliminate using conventional practices (Johansson 
et al., 2016). The use of bio-char is becoming a low-cost, highly effective 
bio-sorbent for removing heavy metal contaminants (Cairns et al., 
2020). This study investigated the generation of a novel crystalline 
structure of graphitic bio-chars (graphite 2H) with flakes and micro-rods 
morphology via the hydrothermal carbonization-co-liquefaction process 
of microalgae oiled/de-oiled biomass. The synergistic implication of the 
High Rate Algal Pond system with the integration of municipal waste
water has also been performed to produce microalgae Chlorella sor
okiniana UUIND6 biomass together with wastewater treatment at the 
mini-pilot scale renewably and sustainably. The graphitic bio-chars 
were employed in the multiple-heavy-metal system for the remedia
tion. The investigation on bio-oils revealed the higher aliphatic com
ponents of molecules dominant in bio-oils that contain more energy. 
Microalgae biomass generation using low-cost HRAP integrated with 
wastewater treatment offers an efficient, sustainable, and economical 
approach for biofuel production (Arora et al., 2020). This study aims to 
exploit the HRAP for the treatment of municipal wastewater without any 
dilution or pre-sterilization integrated with the subsequent utilization of 
microalgae biomass to produce graphitic bio-chars and bio-oils pro
duction. Graphitic bio-chars were applied to study the efficiency of 
multiple heavy metals remediation. 

2. Experimental 

2.1. Chemicals 

The chemicals and reagents used to prepare standard media (BBM) 
for microalgae culture and biochemical analysis were purchased from 
HiMedia Laboratories Pvt. Ltd., India. Potassium bromide (FT-IR grade, 
≥99% trace metals basis) and chloroform-d (99.8 atom % D) were ob
tained from Sigma-Aldrich Merck, India. Chloroform (ACS grade), 
dichloromethane (ACS grade), methanol (ACS grade), and sodium car
bonate (ISO grade), copper(II) sulfate pentahydrate (ISO grade), nickel 
(II) nitrate hexahydrate (ACS grade), cobalt(II) nitrate hexahydrate (ISO 
grade) and cadmium chloride hemi(pentahydrate) (ISO grade) were 
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procured from Merck Life Science Pvt. Ltd., India, and Milli-Q water was 
used for the experiment. 

2.2. Microalgae and culture conditions with municipal wastewater 

Freshwater green microalgae, Chlorella sorokiniana UUIND6 (Gen
Bank accession number: KY780616) was previously isolated by our 
research group from the wastewater source at the Algae and Bioenergy 
Research Laboratory, Department of Chemistry, Uttaranchal University, 
Dehradun, Uttarakhand, India was maintained in Bold’s Basal Media 
(BBM) at 25 ± 2 ◦C under white light LED illumination. 

Municipal wastewater (MWW) was collected from the sewage 
channel of Prem Nagar, Dehradun, Uttarakhand (30◦19′59′′N 
77◦57′39′′E) and allowed to settle down for 3–4 h to eliminate large 
solids/sediments. The physicochemical characterization of collected 
wastewater was performed by The Standard Methods for the Examina
tion of Water and Wastewater (APHA, 2012). The experimental setup 
was designed to produce low-cost microalgae biomass integrated with 
municipal wastewater remediation in a 100 L volume capacity of arti
ficial high rate algae pond (HRAP) (100 L × 50 W × 20H). An indoor 
HRAP culture system for microalgae was established in an artificial pond 
with white light LED illumination (300 µmol m-2 s-1) and a photoperiod 
(18 h light and 6 h dark) at a temperature of 25 ± 2 ◦C. An aquarium air 
pump (VENUS AQUA; AP-208, 2.5 W) with a flow rate of 3 L/min was 
used to supply ambient air and intermingling in the microalgae culture 
pond. The schematic representation of microalgae culture in HRAP 
using municipal wastewater has shown in Fig. 1. The microalga 
C. sorokiniana used in the experiment was initially adapted in sterile 
municipal wastewater for 7 days. Then, adapted microalgae cells (log
arithmic phase) were used to inoculate in the microalgae culture pond 
(OD750 nm = ~ 0.200) to cultivate for 14 days. 

2.3. Microalgae biomass growth, biochemical compositions, and pigments 
analysis 

The growth of the microalgae C. sorokiniana biomass in municipal 
wastewater and control media (BBM) was measured in terms of optical 
density at 750 nm at regular 2-day intervals. The microalgae biomass 
was harvested in the stationary phase (day 14) to estimate the 
biochemical compositions (total carbohydrates, total proteins, and total 
lipids). The dry cell weight (dcw) of the microalgae biomass was 

estimated by the gravimetric technique. Total carbohydrates, total 
proteins, and total lipids were assessed by the phenol sulfuric acid 
method, the Bradford test, and the modified Bligh and Dyer method, 
respectively (Bligh and Dyer, 1959; Bradford, 1976; Masuko et al., 
2005). In the lipid extraction process, the freshly collected microalgae 
biomass was mixed with the solvents methanol, chloroform, and water 
(in a ratio of 2: 1: 0.8) and subsequently followed by ultrasonication for 
10 min to disrupt the cells. Then, the sample was applied for centrifu
gation for 5 min at 10,000 rpm. After centrifugation, the supernatant 
was separated and mixed with a 0.1% NaCl solution, mixed vigorously, 
and applied again for centrifugation. The lower chloroform layer con
taining microalgae lipids were removed by pipetting. The total biomass 
productivity was determined using the equation: 

BiomassProductivity (mgL− 1Day− 1dcw) =
Bf − Bi

D
(1)  

Where ‘Bf’ is the biomass harvested at the end of cultivation, ‘Bi’ is the 
initial biomass at the start of cultivation, and ‘D’ is the total number of 
the day of biomass cultivation. 

Photosynthetic pigments (Chlorophyll ‘a’, chlorophyll ‘b’, and ca
rotenoids) were quantified by preparing methanolic extract and 
measuring the absorbance at 470 nm, 652.4 nm, 665.2 nm, and 750 nm 
(to exclude impurities) (Lichtenthaler, 1987). The pigment determina
tion was calculated with the equations: 

Chlorophyll ‘a’ (Chl ‘a’; µg/ml) = 16.72 A665.2 − 9.16 A652.4

(2)  

Chlorophyll ‘b’ (Chl ‘b’; µg/ml) = 34.09 A652.4 − 15.28 A665.2

(3)  

Carotenoids (µg/ml) = (1000 A470 − 1.63 Chl ‘a’

− 104.9 Chl ‘b’)/221 (4)  

Where ‘A665.2’ is the absorbance at 665.2 nm, ‘A652.4’ is the absorbance 
at 652.4 nm, and ‘A470’ is the absorbance at 470 nm. 

2.4. Hydrothermal carbonization-co-liquefaction of microalgae biomass 
(oiled/de-oiled) 

The microalgae biomass harvested in the stationary phase and the 

Fig. 1. Schematic representation of microalgae culture, hydrothermal carbonization-co-liquefaction and multiple heavy metals remediation.  
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biomass after lipid extraction (oiled/de-oiled) were used for the hy
drothermal carbonization-co-liquefaction (HTCL) process. HTCL pro
cesses were carried out in stainless steel (SS-316) reactors with an 
internal dimension of length (17.5 cm) and diameter (1.5 cm). Dry and 
powdered microalgae biomass (oiled/de-oiled), alkaline catalyst sodium 
carbonates (Na2CO3), and Milli-Q water were used by weight. % ratio 
1.0: 0.1: 6.0 for reaction in a muffle furnace (ACMAS Technologies Pvt. 
Ltd.) with a heating rate of 5 ◦C/min. The operating temperature was 
used at 400 ◦C (slightly above the supercritical temperature) for 6 h. 
After the HTCL reaction, the reactors were cooled to room temperature, 
and then the liquid and solid phases of HTCL products were separated. 
The dichloromethane solvent was added to the liquid phase to separate 
the bio-oils from the aqueous layer. The dichloromethane solvent was 
then evaporated by a rotary evaporator to obtain pure bio-oils. The solid 
phase of the HTCL products was washed with acetone to separate 
acetone soluble bio-oils. After evaporating the acetone, the acetone 
soluble bio-oil was mixed with the dichloromethane soluble bio-oil for 
analysis. The obtained solid HTCL products were washed with Milli-Q 
water and dried in a hot air oven at 60 ◦C. The bio-char obtained was 
ground into fine powder for heavy metal remediation experiments. The 
schematic representation of HTCL of microalgae biomass after lipid 
extraction (oiled/de-oiled) has shown in Fig. 1. The bio-chars and bio- 
oils yield were calculated using the equations: 

Bio − oil(%) =
Bof

W
× 100 (5)  

Bio − char(%) =
Bsp

W
× 100 (6)  

Where ‘Bof’ is the dried weight of bio-oils organic fractions, ‘Bsp’ is the 
dried weight of bio-chars solid phase, and ‘W’ is the dry cell weight of 
microalgae biomass used for the HTCL process. 

2.5. Characterization and analysis of bio-char and bio-oil 

The structural composition, phase purity, lattice parameter, and 
crystalline size of the prepared bio-chars (MB-OB and MB-DOB) were 
analyzed by powder X-ray diffractometer (X’Pert PRO, PAN-alytical) 
with Cu Kα radiation (λ = 1.5406 Å) in the range 10–80◦ with the step 
size of 0.015◦. LASER Raman Spectroscopy (RENISHAW in Via Raman 
confocal microscope system) was performed at an excitation wavelength 
of 785 nm. The infrared spectra (400–4000 cm-1) of the microalgae 
biomass (M-OB and M-DOB) and the bio-chars (MB-OB and MB-DOB) 
were recorded using the Fourier transform infrared spectrometer 
(Thermo Nicolet Model 6700) using the KBr pellet technique. Elemental 
analysis of microalgae biomass and bio-chars was carried out using 
Semi-macro Elemental analyzers (CHNS; carbon, hydrogen, nitrogen, 
sulphur) (Vario EL cube V3.1.8). The surface morphologies of the 
microalgae biomass and the bio-chars were characterized by the scan
ning electron microscope (Hitachi S-3400N). Measurements of the sur
face area of the microalgae biomass and the bio-chars were performed 
using Brunauer–Emmett–Teller (BET) with nitrogen adsorption- 
desorption apparatus (Micrometrics Instruments USA–ASAP2020). The 
1H NMR spectra of bio-oils were recorded using 400 MHz Fourier 
Transform - Nuclear Magnetic Resonance (Bruker Advance-II). 

2.6. Multiple heavy metals remediation of bio-char 

The multiple heavy metal solution was prepared by dissolving the 
heavy metal salts viz. Copper(II) sulfate pentahydrate (CuSO4.5 H2O), 
nickel(II) nitrate hexahydrate (Ni(NO3)2.6 H2O), cobalt(II) nitrate 
hexahydrate (Co(NO3)2.6 H2O) and cadmium chloride hemi(pentahy
drate) (CdCl2.2.5 H2O) in the concentration of 25 mg/L each in Milli-Q 
water. The effect of the pH for the removal of multiple heavy metals was 
investigated in the range 2-6.18. The prepared microalgae bio-chars 
(MB-OB and MB-DOB) were used for the remediation of multiple 

heavy metals in batch experiments at room temperature. The bio-char 
concentration (250 mg) was added to 100 ml of multiple heavy metal 
stock solutions in the Erlenmeyer flask and placed on a rotary flask 
shaker at 200 rpm. The schematic representation of multiple heavy 
metal remediation using microalgae bio-chars and possible mechanisms 
have illustrated in Fig. 1. The suspension of bio-char and multiple heavy 
metals solutions were removed from the shaker at different time in
tervals, viz. 10, 30, 60, 90, 120, 180, 240, 480, 720, and 1440 min, and 
centrifuged to separate the solid bio-char from the metals solution 
phase. The solution phase was taken to analyze the remaining concen
tration of multiple heavy metals via the Ion Chromatography System 
(ICS). The adsorptions of multiple heavy metals in bio-chars were 
calculated using the following equation: 

Heavymetalsremediation(%) =
Ci − Cf

Ci
× 100 (7)  

Where, ‘Ci’ is the initial concentration of the heavy metals in the solution 
and ‘Cf’ is the final concentration of the heavy metals in the solution 
after remediation with bio-chars. 

2.7. Statistical analysis 

All the experiments of microalgae cultivation (biomass growth and 
biochemical compositions) and the adsorptions of multiple heavy metals 
in bio-chars were performed in triplicate (n = 3), and variability are 
presented as mean ± standard deviations (SD). The microalgae growth 
curve, histogram, and spectroscopic data were plotted using OriginPro 
8.5 software. 

3. Results and discussion 

3.1. HRAP performance for municipal wastewater mitigation, biomass 
productivity, and biochemical compositions 

The physicochemical parameters of the collected MWW indicated 
non-permissible levels of alkalinity, hardness, TKN, TP, BOD, and COD 
that require mitigation (Table S1). Cultivation of C. sorokiniana UUIND6 
in MWW has demonstrated complete elimination of foul smell in 5 days 
and color changed from yellowish-brown to clear in 14 days. In the 
MWW treated with microalgae at 14 days, the reduction of the high 
nutrient load was observed in terms of TKN (~95%) and TP (~97%) 
(Table S1). Microalgae have shown the ability to metabolize inorganic 
and organic nitrogen for growth, although it preferably uses NH4

+ due to 
the lower energy requirement followed by NO3

- and NO2
- (Kadir et al., 

2018). In addition, unsterilized MWW that has indigenous bacteria 
nitrifies NH4

+ to NO3
- by establishing a synergistic relationship to 

assimilate nitrogen by microalgae in HRAP (Hernández-prieto et al., 
2016). Similarly, phosphorus assimilation has also been reported, since 
it is a vital micronutrient in cell survival and development (Arora et al., 
2015). Furthermore, the synergistic effect of microalgae and indigenous 
MWW bacteria leads to the elimination of BOD (~82%), COD (~83%), 
and TOC (~71%) (Table S1). MWW bacteria use photosynthetic O2 to 
break down dissolved organic compounds and release nitrogen, phos
phorous, and CO2 to assimilate by microalgae (Nirmalakhandan et al., 
2019). Microalgae have been reported to release small organic mole
cules (e.g. glycolic acid), predominantly in the stationary phase, there
fore, a complete reduction in organic content was not observed (Mulders 
et al., 2014). Increasing the pH from 7.72 (before treatment) to 8.84 
(after treatment) designates microalgae as a dominant species in HRAP 
since the growth of microalgae increases the pH of the media (Table S1). 
Moreover, improvement in DO (~90%) after MWW treatment reveals 
oxygenation in HRAP due to intensive photosynthesis of microalgae 
(Park et al., 2011). 

The nutritional composition of the culture media directly influences 
the growth rate, the productivity of the biomass, and the biochemical 
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compositions of the microalgae. In this study, the effect of MWW on the 
growth and biochemical compositions of C. sorokiniana was determined 
after 14 days and compared with the control media (BBM). Microalgae 
have demonstrated good adaptability in MWW with ~42% increased 
dry cell weight (dcw) (880.594 ± 14.37 mg/L) in MWW compared to 
control media (622.167 ± 12.21 mg/L) (Fig. S1). The productivity of 
the microalgae biomass was determined in 14 days of culture as ~46% 
higher in MWW (58.478 ± 0.88 mg/L/D dcw) than BBM 
(40.142 ± 0.84 mg/L/D dcw). The increase in biomass growth and 
productivity indicates the efficient usage of available nutrients in MWW, 
which was also evident in terms of the reduction of TKN, TP, and TOC 
(Table S2). Compared to control media, MWW consisted of numerous 
organic carbons (e.g. acetate, glycerol, and glucose) that lead to the 
mixotrophic behavior of C. sorokiniana and allow the use of inorganic 
carbon (CO2) and organic carbon (TOC in MWW) to express superior 
biomass growth and productivity compared to BBM (Arora et al., 2020). 

The biochemical composition of C. sorokiniana grown in 
HRAP+MWW and control media (BBM) was analyzed in terms of total 
carbohydrates, total proteins, and total lipids (Fig. S2 and Table S3). A 
substantial increase in total carbohydrates (~ 9%) and total lipids 
(~25%) was recorded for the biomass of microalgae grown in MWW 
compared to BBM. Increased expression of the ribulose 1,5 bisphosphate 
carboxylase/oxygenase (RuBisCo) large subunit (rbcL gene), acetyl-CoA 
carboxylase subunit (accD), and acc1 gene have been reported to trigger 
lipid accumulation in stationary phase under mixotrophy (Wan et al., 
2011). In addition, the stress environment occurs due to the existence of 
toxic organic compounds and heavy metals in MWW that initially 
accumulate carbohydrates followed by lipids (Arora et al., 2019). 
However, the total protein content decreased ~ 16% in the biomass of 
C. sorokiniana grown in HRAP+MWW compared to control media, 
which could be due to the un-regulation in carbohydrate and lipid 
biosynthesis. 

Photosynthetic pigments (such as chlorophyll a, chlorophyll b, and 
carotenoids) serve as an indicator of the presence of microalgae as the 
main organism in HRAP. Microalgae grown in MWW have shown an 
apparent increase in chlorophyll a and chlorophyll b ~35% in micro
algae grown in MWW in comparison to control media revealed enhanced 
photosynthesis in HRAP with dominant microalgae cells over the 
indigenous MWW bacterial population (Fig. S3 and Table S4). In addi
tion, a ~59% increase in total carotenoids was observed in MWW 
cultured microalgae cells compared to the control. The increase in 
photosynthetic pigments grown in HRAP+MWW could be due to the 
activation of mixotrophic behavior that reduces photo-inhibition due to 
less susceptibility of light stress to microalgae cells. Furthermore, 
mixotrophy supports the significant reuse of CO2 produced from the 
metabolism of the respective carbon source (Vonshak et al., 2000). 

3.2. Elemental (CHNS) analysis of microalgae biomass and bio-chars 

The elemental compositions (CHNS) of the microalgae biomass (M- 
OB and M-DOB) and the prepared bio-char (MB-OB and MB-DOB) are 
shown in Table 1. CHNS analysis revealed that the C/H ratio in de-oiled 
microalgae biomass (M-DOB) has decreased compared to oiled biomass 
(M-OB) due to lipid extraction. Bio-char prepared from oiled microalgae 
biomass (MB-OB) has a high C/H ratio. The low C/H ratio of bio-char 

prepared from de-oiled microalgae biomass (MB-DOB) is in agreement 
with the C/H ratio of de-oiled microalgae biomass. The low C/H ratio 
attests to the efficient creation of a highly disordered graphitic structure 
in MB-DOB (as earlier described in XRD and Raman analysis). 

3.3. Powdered XRD of microalgae bio-chars 

The X-ray diffraction pattern of the microalgae bio-char of oiled 
biomass (MB-OB), de-oiled biomass (MB-DOB), and the ICSD standard 
reference is shown in Fig. 2. X-ray diffraction spectral analysis revealed 
that the evolution of various peaks corresponds to the wide range of 
crystalline and inorganic mineral materials. Several peaks have been 
found to overlap, establishing the grouping of more than one possible 
peak. The prominent sharp diffraction peak evolved in the oiled and de- 
oiled microalgae bio-chars at 26.1◦ (0 0 2) ascribed to the graphite 2H 
indexing planes, indicating the carbon hexagonal crystal system (ICSD 
Card No.: 98-006-2693) (Seehra et al., 2015). Another sharp diffraction 
peak with high intensity at 32.0◦ corresponds to the structural compo
sition of chlorapatite in microalgae bio-char. Chlorapatite formation is 
due to the reaction of the Na2CO3 catalyst used with the microalgae 
biomass minerals during the hydrothermal liquefaction reaction (Deng 
et al., 2020). A number of additional diffraction peaks with relatively 
lower intensities at 11.1◦, 21.9◦, 28.4◦, 33.1◦, 40.1◦, and 46.8◦ were also 
assigned to apophyllite, coquimbite, gibbsite, chlorite, barite, hydro
biotite, respectively. It is also observed that numerous diffraction peaks 
and corresponding intensities were reduced along with slightly higher 
noise signals and background (Waqas et al., 2018). The variations in the 
diffraction peaks represent the disintegration of minerals during the 
hydrothermal liquefaction reaction and the formation of new compo
nents. The XRD analysis of the microalgae bio-chars also notices the 
presence of a wide range of mineral constituents such as Al, C, Na, Si, Ca, 
Mg, Cl, K, Fe, and S. The EDS spectra revealed the existence of different 
chemical elements with different evolved peaks in the sample of 

Table 1 
CHNS composition of microalgae biomass and bio-chars.  

S. 
No. 

Sample N [%] C [%] H [%] S [%] C/N 
ratio 

C/H 
ratio 

1. M-OB  5.934  31.677  5.263  1.234  5.338  6.018 
2. M-DOB  5.945  33.567  5.706  1.190  5.646  5.882 
3. MB-OB  0.954  9.654  0.366  2.080  10.114  26.411 
4. MB- 

DOB  
0.555  5.015  0.265  1.820  9.041  18.897  

Fig. 2. XRD pattern of microalgae bio-chars obtained from oiled and de- 
oiled biomass. 
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inhomogeneous bio-chars (mainly strong peaks for C, O, P and Ca) 
(Fig. S4). It is also observed that the hydrothermal liquefaction reaction 
affects the structurally, chemical, and mineralogical heterogeneity of 
the microalgae bio-char (Yuan et al., 2011; Ahmad et al., 2017). 

The crystallite size of the microalgae bio-chars obtained from oiled 
and de-oiled biomasses are shown in Table 2. The crystallite size of the 
graphite 2H indexing planes was calculated using the Debye-Scherrer 
equation [crystallite size (D) = Kλ/ (β cos θ)] as 4.65 nm and 
14.07 nm using the peak positions 26.34◦ (0 0 2) and 26.16◦ (0 0 2) in 
the bio-chars of oiled and de-oiled biomass, respectively (Jaiswal et al., 
2018). The crystallite size of chlorapatite was calculated 4.47 nm and 
14.27 nm using the highest intensity peaks at the peak positions 32.22◦

and 32.04◦ in the bio-chars of oiled and de-oiled biomass, respectively. 
Smaller crystallite sizes of graphite 2H and chlorapatite in the bio-char 
of oiled biomass indicate the amorphous presence. While the higher 
crystallite sizes in the bio-char of de-oiled biomass endorse the higher 
crystalline phase. Here, the higher C/N and lower C/H ratio of the 
de-oiled biomass (M-DOB) (as observed in the CHNS analysis) plays an 
essential role in the creation of bio-char with a high crystalline structure. 
The size of crystallite also helps to understand the size of the bio-char 
grains/particles (Tyler and Wooding, 1958; Wang et al., 2007). 

3.4. Raman spectroscopy of microalgae biomass and bio-chars 

The Raman spectra of the microalgae biomass (M-OB and M-DOB) 
and the prepared bio-char (MB-OB and MB-DOB) are presented in Fig. 3. 
There is no band appearance in the microalgae biomass (M-OB and M- 
DOB). While the microcrystalline structure of the bio-chars revealed the 
appearance of two broad bands centered at 1351 cm-1 (D band) and 
1585 cm-1 (G band) in MB-OB and 1335 cm-1 (D band) and 1580 cm-1 (G 
band) in MB-DOB, demonstrating the amorphous structure. The D band 
structures are interpreted as aromatic clusters having more than 6 rings 
and a higher FWHM suggests a highly amorphous nature of the carbon 
structure, while the G band attributes to the E2 g symmetry of the 
graphite layers in the bio-chars (Maliutina et al., 2018; Sudhakar et al., 
2018). G bands in microalgae bio-chars conform to sp2 hybridized C 
atoms, and D bands originate as defects generated in the carbon lattice. 
The extent of defects in bio-chars has been quantified by the intensity 
ratio of D band to G band (ID/IG) (Table S5) (Sudhakar et al., 2017; Yang 
et al., 2019). The ID/IG ratio of MB-OB and MB-DOB is 0.919 and 1.053, 
respectively which specifies the large size of the sp2 in-plane carbon 
domains. The increase in the ID/IG ratio of MB-DOB indicates the highly 
disordered graphitic structure in the de-oiled biomass, which is due to 
the high C/N and low C/H ratio (as seen in the CHNS analysis; Table 1). 
The strong D band of MB-DOB has been accompanied by defects in most 
of the graphitic carbon due to the appearance of functional groups such 
as carbonyl, hydroxyl, and epoxy (Yao et al., 2018). The appearance of 
carbonyl functionalities in bio-chars denotes the competence to adsorb 
heavy metal ions on surfaces. 

Table 2 
Crystallite sizes of structural compositions in microalgae bio-chars.  

S. 
No. 

Sample Structural 
Composition 

Peak 
Position (2θ) 

FWHM Crystallite Size 
(nm) 

1. MB-OB Graphitic (0 0 2)  26.34◦ 175.62  4.65 
2. Chlorapatite  32.22◦ 184.90  4.47 
3. MB- 

DOB 
Graphitic (0 0 2)  26.16◦ 57.98  14.07 

4. Chlorapatite  32.04◦ 57.98  14.27  

Fig. 3. Raman spectra of microalgae biomass and obtained bio-chars.  Fig. 4. FT-IR spectral peaks of microalgae biomass and obtained bio-chars.  
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3.5. FTIR spectroscopy of microalgae biomass and bio-chars 

FT-IR spectroscopy was performed to recognize the functional 
groups present in the oiled/de-oiled microalgae biomass and bio-chars. 
The characteristic wavenumbers and approximate vibrational mode 
assignments are shown in (Fig. 4 and Table S6). The absorption peak at 
443 cm-1, 565 cm-1, and 599 cm-1 corresponds to the stretching vibra
tion of halocarbons such as organo–F, organo–Cl, organo–Br, and 
organo–I. The distinctive peak vibrations at 3428 cm-1 and 1646 cm-1 

correspond to the stretching vibrations of O–H and C═O, respectively 
endorsing carboxylic (–COOH) functional groups (Huff and Lee, 2016). 
The presence of carboxylic functionalities in the bio-chars denotes the 
competence to adsorb heavy metal ions on surfaces. The reduction in the 
intensity of carboxyl functional groups has been observed for bio-chars, 
possibly due to the volatilization of carboxyl functionality in hydro
thermal pyrolysis of microalgae biomass. The decrease in H/C atomic 
ratios (as observed in the CHNS analysis) supports this hypothesis. 
However, the reduction in the amount of negatively charged surfaces of 
microalgae bio-chars associated with oxygen-containing functionalities, 
such as –COOH, –COH and –OH supports the increase in pH to improve 
adsorption sites for heavy metal ions (Michalak et al., 2019; Zhao et al., 
2019). The peak vibration at 2927 cm-1 corresponds to the stretching 
vibrations of the C–H band of cellulose and hemicellulose reduced in the 
bio-chars. Also, the reduction in the intensity of the –OH groups at 
3428 cm-1 revealed the decomposition of the phenolic and alcoholic 
functionalities, while the reduction of aliphatic C− H groups at 
2860 cm-1 and 2927 cm-1 indicated that the methyl groups were elimi
nated from the aromatic rings (Yuan et al., 2015). The peak vibration at 
1056 cm-1 corresponded to the C–O band of methoxy functional groups 
reduced due to the thermal decomposition, cleavage of organic groups 
and evolution of gases. The peak vibrations corresponding to the 
nitrogen-containing amine/amide functional groups at 1646 cm-1 and 
1245 cm-1 were cracked at the temperatures and pressures of hydro
thermal pyrolysis. However, the pyridinic, pyrrolic and quaternary 
structures conforming generation of graphitic configurations were 
retained in bio-chars (demonstrated by XRD and Raman analysis). The 
reduction in aromatic substituents and disintegration of heteroatom 
functionalities signifies the production of gases that contain oxygen and 
nitrogen (Debono and Villot, 2015). 

3.6. The yield of microalgae bio-chars and bio-oils 

The yield of the microalgae bio-char and the bio-oil of the microalgae 
biomass (M-OB and M-DOB) are presented in Table S7 and Fig. 5. The 

development of bio-char from de-oiled microalgae biomass is higher 
(42.66 ± 1.0) than oiled microalgae biomass (35.66 ± 0.9), whereas 
bio-oil generation is higher (23.73 ± 0.6) in oiled microalgae biomass. 
Here, the higher bio-oil generation is supported by the higher C/H ratio 
of the oiled microalgae biomass, while the lower C/H ratio supports the 
formation of bio-char. 

3.7. Scanning electron microscopy of microalgae biomass and bio-chars 

Fig. 6 illustrates the representative scanning electron micrograph of 
microalgae oiled/de-oiled biomass and prepared bio-char. The surface 
morphology of the microalgae oiled biomass (M-OB) represents intact 
spherical shapes and smooth surfaces (Fig. 6a and b). The surface 
structure of bio-char prepared from microalgae oiled biomass (MB-OB) 
exhibited a mutilated shape and a deformed surface due to the volatil
ization of organic components (Fig. 6c and d) (Usman et al., 2015). The 
morphology of microalgae de-oiled biomass (M-DOB) has shown 
cracked and fragmented forms with irregular surface structures due to 
the disruption of the cell walls in lipid extraction (Fig. 6e and f). The 
bio-char prepared from microalgae de-oiled biomass showed flakes like 
structures and micro-rods (Fig. 6g and h). A significant transformation of 
M-DOB resulted in bio-char of flakes like structure and micro-rod, due to 
the volatilization process of organic materials and thermal pyrolysis of 
cell debris. The irregular flakes structure of the MB-DOB was generated 
at a high temperature due to the condensation of organic hydrocarbon 
materials as tars and the successive disintegration of the products in 
carbonization (Waqas et al., 2018). The electron micrographic charac
teristics of bio-char for heterogonous mineralogical compositions coin
cide with the XRD and Raman structural analysis. 

3.8. BET surface area analysis of microalgae biomass and bio-chars 

The Brunauer–Emmett–Teller (BET) surface area of microalgae 
oiled/de-oiled biomass and the prepared bio-chars are shown in 
Table S8. The BET surface area of M-OB and M-DOB was found to be 
1.544 ± 0.047 m2/g and 1.663 ± 0.026 m2/g, respectively. A note
worthy increase in the surface area of de-oiled biomass was observed, 
which could be due to the mutilated and fragmented cellular structure of 
microalgae biomass. Noteworthy, the surface area of the bio-chars 
increased during the hydrothermal carbonization-co-liquefaction pro
cess for MB-OB and MB-DOB as 14.759 ± 0.070 m2/g and 
15.187 ± 0.079 m2/g, respectively. The increase in surface area of 
prepared microalgae bio-char is due to the thermal pyrolysis at high 
temperatures (Cao and Harris, 2010). The remarkable high surface area 
of MB-DOB obtained from microalgae de-oiled biomass could be due to 
the creation of micro-rods and flakes like morphology of graphitic 
bio-char (as seen in SEM). 

3.9. 1H-NMR spectroscopy of microalgae bio-oils 

Fig. 7 illustrates the 1H NMR spectra of microalgae bio-oils (BO-OB 
and BO-DOB) obtained from the HTCL of microalgae biomass (M-OB and 
M-DOB). The spectra have exposed the major variances in the general 
chemical characteristics of the bio-oils. The maximum upfield signals of 
the bio-oils spectra (BO-OB and BO-DOB) in the regions 0.8–1.5 ppm 
signifies the aliphatic protons attached to carbon atoms, at least two 
bonds eliminated from a C═C or heteroatoms (O or N). It was mostly 
occupied in the regions and indicates superior aliphatic components for 
bio-oils (Mullen et al., 2009). Its higher value in the BO-OB corresponds 
to the hydrothermal liquefaction product of the hydrocarbon compo
nents of the microalgae oiled biomass. Thus, it advocates that aliphatic 
hydrocarbon chains comprising of two or more bonds are more domi
nant in M-OB bio-oils than M-DOB. Similarly, it also predicts the carbon 
contents and, subsequently, the calorific values of the bio-oils (Mullen 
et al., 2009). 

The subsequent integration signals in the 1.5–2.5 ppm region signify 

Fig. 5. HTCL product yield of microalgae bio-chars and bio-oils.  
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protons in aliphatic carbon atoms that may be bonded to a C═C (aro
matic or olefinic) or two bonds of a heteroatom. Bio-oil of de-oiled 
microalgae biomass (BO-DOB) has shown rich in these protons in this 
spectral region, while bio-oil of oiled biomass (BO-OB) has the least 
amount of these protons in this category. This recommends that the 
aliphatic portions of the molecules, even those attached to aromatic 
portions or close to the heteroatoms, are more dominant for bio-oils that 
contain more energy (Boateng et al., 2007). The water molecules in 
bio-oils can probably also resonate in this region, but as we described in 
the experimental section, bio-oils were collected using organic solvents 
(CH2Cl2 and (CH3)2CO) and analyzed with organic solvents (CDCl3), 

water signals are insignificant features in spectra (Mullen et al., 2009). 
The next region including downfield from 2.5 to 8.0 ppm consist of 

protons of the carbon atoms next to aliphatic alcohol or ether, or a 
methylene group that binds two aromatic rings (2.5–4.5 ppm), the 
protons of the aromatic ether, and many of the hydrogen atoms of 
carbohydrate-like molecules (4.5–6.0 ppm), and the hydrogen atoms in 
benzenoids and heteroaromatics that contain small amounts of O and N 
(6.0–8.0 ppm) in both bio-oils (Mullen and Boateng, 2008). In general, 
the 1H NMR analysis demonstrates that aliphatic protons are mostly 
prevailing for bio-oils derived from microalgae oil biomass, whereas 
protons proximal to heteroatoms (alcohols, carbohydrates) are 

Fig. 6. Scanning electron micrograph of M-OB (a and b), MB-OB (c and d), M-DOB (e and f), and MB-DOB (g and h).  
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extremely intense in bio-oil of de-oiled biomass. 

3.10. Effect of pH on the adsorption of multiple heavy metals 

The pH of the adsorption solution exerted a marked impact on the 
adsorption of heavy metals by adsorbents. The pH effect was carried out 
with a 100 ml mixture of multiple heavy metal ions (25 ml each, 25 mg/ 
L) with 500 mg adsorbent. Fig. 8 displays the effect of solution pH 
(2–6.18) on the adsorption capacity and Fig. S5 displays the % removal 
of multiple heavy metals on MB-OB and MB-DOB. Data indicates that the 
adsorption capacity increased continuously with increasing solution pH 
and was poorest when the solution pH was 2. The adsorption capacity of 
MB-OB and MB-DOB for the Cu(II), Ni(II), Co(II), and Cd(II) at pH 2 was 
2.12/1.94/1.68/1.6, and 3.02/2.31/1.43/1.80 mg/g, which was 

increased up to 8.05/7.44/6.83/6.51 and 9.59/8.70/7.25/7.78 mg/g at 
the solution pH 6.18, respectively. The low adsorption capacity at lower 
pH for the heavy metal ions was due to the protonation of surface 
functional groups of MB-OB and MB-DOB which produce electrostatic 
repulsion between free heavy metal ions and positively charged surface 
functional groups as earlier reported in the literature (Xiao et al., 2017; 
Verma et al., 2020; Zhang et al., 2020). Also, at lower pH, triggers 
competition for adsorption sites between heavy metal ions and hydrogen 
ions occurs which leads to low adsorption capacities. As the solution pH 
increases, the competition between heavy metal ions and hydrogen ions 
decreases and increasing the adsorption capacity of heavy metal ions. 
The point of zero charges (Pzpc) of MB-OB and MB-DOB is less than 2.6 
and the surface of the MB-OB and MB-DOB become deprotonated above 
this value (pH>Pzpc). Thereby, enhances electrostatic attraction 

Fig. 7. 1H NMR spectra of bio-oils obtained from microalgae oiled/de-oiled biomass.  

Fig. 8. Effect of pH on the adsorption capacity of MB-OB and MB-DOB on multiple heavy metal ions.  
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between the surface of MB-OB and MB-DOB, and heavy metal ions. 
When the pH of the solution was greater than 6.18, a white precipitate of 
the cadmium hydroxide was formed (Park et al., 2017), which affect the 
adsorption capacity of the adsorbents. Therefore, the initial solution pH 
was chosen 2− 6.18 for the pH effect and pH 6.18 was chosen as an 
optimal pH for further experiments. 

3.11. Effect of contact time between the bio-char adsorbents and heavy 
metals in multiple heavy metals remediation system 

Fig. 9 shows the removal efficiency of multiple heavy metals of bio- 
char obtained from microalgae oiled/de-oiled biomass. Statistics (mean 
± SD) for the remediation efficiency of multiple heavy metals at 60, 120, 
240, 720, and 1440 min are given in Table S9. The maximum HMR was 
observed as 14.40 ± 1.7–25.84 ± 1.8% and 22.55 ± 1.3–42.88 ± 1.5% 
in 60 min, 47.00 ± 1.5–68.84 ± 3.3% and 56.24 ± 1.0–78.24 ± 1.2% 
in 120 min, 73.24 ± 1.2–89.68 ± 1.4% and 94.86 ± 1.4–98.34 ± 1.4% 
in 240 min, 97.88 ± 0.6–98.92 ± 0.7% and 99.67 ± 0.3–99.89 ± 0.2% 
in 720 min, 99.36 ± 0.2–99.80 ± 0.4% and 
99.99 ± 0.1–100.00 ± 0.0% in 1440 min, of MB-OB and MB-DOB, 
respectively, for the multiple heavy metals solution (Cu(II), Ni(II), Co 
(II), and Cd(II)). The results obtained revealed that the efficiency of total 
HMR of MB-OB was 18.13 ± 1.6%, 54.71 ± 2.1%, 81.60 ± 1.6%, 
98.25 ± 0.2%, and 99.57 ± 0.4% in 60, 120, 240, 720, and 1440 min, 
respectively, whereas the efficiency of total HMR of MB-DOB was 
31.36 ± 1.4%, 67.68 ± 0.7%, 96.86 ± 1.4%, 99.74 ± 0.1%, and 
99.99 ± 0.0%, respectively. The efficiency of HMR was increased due to 
the larger BET surface area and surface functionalities such as carbonyl, 
hydroxyl, and epoxy in graphitic MB-DOB (Liu et al., 2015). The highly 
disordered flakes like morphology of graphitic MB-DOB were attested by 
XRD, Raman, and SEM analysis. Multiple heavy metals remediation has 
been endorsed as an integrated approach of accessible functional groups 
and surface phenomena on bio-char via physical adsorption, precipita
tion, surface complexion, electrostatic interaction, and ion exchange. 
The graphitic bio-chars obtained from the microalgae biomass are the 
characteristic inhomogeneous structure due to the existence of the wide 
range of crystalline and inorganic mineral materials. The compositional 
structure of microalgae bio-chars can instigate the heavy metals removal 
with an integrated approach of accessible functional groups and surface 
phenomena on bio-char. The possible heavy metals remediation mech
anism of bio-char can possess different approaches. Adsorption phe
nomenon is a mass transfer process to transfer the heavy metals from the 
multiple heavy metal solution to the solid bio-chars, and bound via 
physical and/or chemical interactions. The phenomenon of precipita
tion of removal of heavy metals is due to the impact of the addition of 

alkali (e.g. Caustic or lime) to adjust the pH of the solution of multiple 
heavy metals to the point of minimum solubility of the exposed metals. 
The formation of the surface complex for the removal of heavy metals is 
due to the formation of coordination bonds between the donor (i.e., li
gands) and the acceptor (i.e., metal ions). The existence of functional
ities (such as carboxylic, hydroxyl and amine) on the surface of the 
bio-chars accelerates the formation of the complex due to the transfer 
of electrons at the external energy level with the center of the metal ions. 
The electrostatic interaction phenomenon plays a significant role in the 
adsorption of heavy metals from the multiple heavy metal solution using 
electrostatic forces on the surface active sites. The ion exchange phe
nomenon is a reversible chemical reaction, in which ions (an atom or 
molecule having lost or gained an electron to acquire electrical charges) 
from the multiple heavy metal solution can be exchanged with alike 
charged ions available on bio-chars (Yang et al., 2019). The possible 
heavy metals remediation mechanism is illustrated in Fig. 10. 

To determine the equilibrium, the effect of contact time between the 
adsorbent (MB-OB and MB-DOB) and heavy metals in multiple-metal 
systems (Cu(II), Ni(II), Co(III), and Cd(II)) was investigated. For that, 
experiments were carried out by taking 100 mg of multiple heavy metals 
solution (each 25 mg) with 250 mg bio-char adsorbents for different 

Fig. 9. Multiple heavy metals remediation efficiencies of bio-chars.  

Fig. 10. Schematic representation of mechanisms for multiple heavy metals 
remediation. 
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times (10, 30, 60, 90, 120, 180, 240, 480, 720, and 1440 min) and the 
results are depicted in Fig. 9. It can be observed that the adsorption rate 
was initially fast and could achieve greater than 70% and 80% of 
maximum adsorption capacity within 240 min for MB-OB and MB-DOB 
adsorbents, respectively, and attained equilibrium in 480 min with more 
than 96% with both adsorbents. Also, data shows better adsorption with 
the MB-DOB compared to MB-OB due to the presence of more pores 
which are generated by the removal of oil from the algae. During the 
study, a fast adsorption rate was observed in the initial stage compare to 
a later stage and this might be due to a significant number of readily 
available adsorption sites for heavy metals on the adsorbent surface. 
Thus, for further adsorption experiments, 480 min was preferred as the 
optimum contact time. Kinetic analysis was performed to understand the 
different adsorption behaviors in multiple heavy metal systems and to 
find out a suitable kinetic model. This model elucidates the acquired 
results and gives information about the adsorption mechanism of heavy 
metals onto MB-OB and MB-DOB. 

3.12. Adsorption kinetics 

Two different types of kinetic models which are pseudo-first-order 
(PFO) and pseudo-second-order (PSO) models mostly used to explain 
the behavior of adsorption. These models believe that the adsorption 
rate of metals adsorbed on sorbents surface is proportional to the 
number of unoccupied sites. The PFO kinetics model is controlled by the 
physical process, and the PSO kinetics model is controlled by chemical 
processes, including valence forces sharing or exchanging electrons 
between the adsorbent and adsorbate. The mathematical models of PFO 
and PSO are described in Eqs. 8 and 9 (Verma et al., 2020). 

ln(qe − qt) = lnqe − k1t (8)  

t
qt

=
1

k2q2e
+

t
qe

(9)  

Where qt and qe are the amounts of heavy metal ions adsorbed at time t 
and at equilibrium, respectively (mg/g). k1 (min-1) and k2 (g 
mg− 1⋅min− 1) are the adsorption rate constants of PFS and PSO, 
respectively. The plots of PFO and PSO for all heavy metals are shown in 
Figs. S6 and 10, respectively, and the estimated kinetic constants are 

shown in Table 3. Data shows that the correlation coefficient (R2) of PSO 
is well fitted in comparison to the PFO kinetic correlation coefficient, 
which assumes that the adsorption of multiple heavy metals on MB-OB 
and MB-DOB adsorbents surfaces is a chemical adsorption method, such 
as valence forces sharing or exchanging electrons between the adsorbent 
and adsorbate. The calculations for the Langmuir and Freundlich 
isotherm model of the adsorption behaviors in multiple heavy metal 
systems for bio-chars are given in Table 4. 

3.13. Effect of initial concentrations and isotherms 

The study of the initial concentrations provides a substantial clari
fication of the competition between the four different heavy metals 
during the adsorption process. The adsorption capacity of both adsor
bents for all different four metals is shown in Fig. 11. From the data, it is 
clear that the adsorption capability of all heavy metals was greater for 
MB-DOB in comparison to the MB-OB. The adsorbents have the same 
priority for heavy metals, such as Cu(II), Ni(II), and Cd(II) metal ions, 
and the adsorption of Co(II) was some lower than that of the other 
metals, possibly because of the competition between the heavy metals. 

Two different isotherm models i.e. Langmuir and Freundlich were 
used to find out the information for the reaction mode between the 
adsorbent surface and adsorbate ion. The linearized Langmuir equation 
is defined according to Eq. (10): 

Ce

qe
=

1
KLqm

+
Ce

qm
(10) 

Freundlich isotherm in the linearized form is expressed in Eq. (8) that 
can be written in linearized form according to Eq. (11): 

lnqe = lnKF +
1
n
lnCe (11)  

Where qm and qe are the maximum adsorption capacity of metals on 
adsorbent (mg/g), kL is the Langmuir adsorption constant (L/mg), and 
KF and n are Freundlich constants, demonstrating the adsorption ability 
and adsorption intensity, respectively. The results indicate that the data 
conforms to the Langmuir adsorption isotherm model (Fig. 12). The 
Freundlich results are shown in the supplementary information 
(Fig. S7). 

Table 3 
Kinetic parameters of different multiple heavy metal ions onto microalgae bio-chars obtained from the pseudo-first-order and pseudo-second-order models.  

System Pseudo-first-order Pseudo-second-order 

qe (mg g-1) k1 (min-1) R2 qe (mg g-1) k2 (g mg− 1⋅min− 1) R2 

Cu MB-OB 131.61 0.061 ± 0.003 0.97 12.50 0.0064 ± 0.0033 0.99  
MB-DOB 148.10 0.0862 ± 0.005 0.96 14.86 0.0010 ± 0.0025 0.99 

Ni MB-OB 105.63 0.058 ± 0.004 0.95 10.63 0.0012 ± 0.0016 0.99  
MB-DOB 133.43 0.096 ± 0.005 0.97 11.11 0.0016 ± 0.0018 0.99 

Co MB-OB 117.91 0.071 ± 0.0004 0.97 10.86 0.0019 ± 0.0022 0.99  
MB-DOB 101.32 0.090 ± 0.011 0.88 10.63 0.0016 ± 0.0021 0.99 

Cd MB-OB 132.95 0.070 ± 0.005 0.94 10.32 0.0014 ± 0.0028 0.99  
MB-DOB 136.48 0.086 ± 0.009 0.91 12.11 0.0010 ± 0.0032 0.99  

Table 4 
Langmuir and Freundlich model to adsorption isotherms.  

System Langmuir Freundlich 

qe (mg g-1) KL (L⋅mg− 1) R2 KF (mg⋅g− 1) n R2 

Cu MB-OB 12.5 0.57 ± 0.12 0.99 6.68 ± 0.08 9.43 ± 0.01 0.86  
MB-DOB 14.08 0.157 ± 0.36 0.99 4.80 ± 0.09 12.19 0.92 

Ni MB-OB 10.30 0.30 ± 0.34 0.99 6.04 ± 0.07 9.91 ± 0.01 0.88  
MB-DOB 11.90 0.31 ± 0.20 0.99 7.76 ± 0.04 33.74 0.90 

Co MB-OB 9.09 0.50 ± 0.38 0.99 5.78 ± 0.054 9.25 ± 0.05 0.94  
MB-DOB 9.43 0.75 ± 0.69 0.99 4.66 ± 0.01 17.24 0.88 

Cd MB-OB 8.33 0.39 ± 0.22 0.99 5.26 ± 0.04 9.09 ± 0.01 0.96  
MB-DOB 11.11 0.21 ± 0.32 0.99 2.65 ± 0.12 9.09 ± 0.01 0.90  
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Fig. 11. Pseudo-second-order kinetic models of adsorption behavior for microalgae bio-chars.  
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Fig. 12. Langmuir isotherm for microalgae bio-chars.  
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The different relative parameters along with the correlation coeffi
cient (R2) are listed in Table 4. The result shows that the experimental 
data are in agreement with the Langmuir adsorption model, signifying 
that the adsorption of heavy metal ions in a monolayer adsorption 
manner. 

3.14. Effect of ionic strength 

Adsorption of heavy metal ions is also affected by ionic strength.  
Fig. 13 and S8 show the effect of NaCl (as co-ions) on the adsorption 
capacity of Cu(II), Ni(II), Co(II), and Cd(II) metal ions on MB-OB and 
MB-DOB adsorbents. The adsorption capacity decreases as the concen
tration of NaCl ions increases. Therefore, a considerable effect on the 
interaction between adsorbate and adsorbent occurs with increasing the 
concentration of coexisting ions concentration in the solid/liquid 
interface. The reason behind decreasing adsorption capacity in presence 
of the co-ions is the screening effect of electrostatic interactions between 
the adsorbent and adsorbate, or by the competition between the coex
isting cations and heavy metal ions for charged adsorption sites. Also, 
increasing the concentration of co-existing ions decreases the interface 
potential and thickness of the electric double layer, decreasing the 
electrostatic adsorption between the adsorbent and the adsorbate (Islam 
et al., 2011; Xiao et al., 2017). 

3.15. Multiple heavy metals remediation efficiencies of bio-chars in the 
real water sample (municipal wastewater) 

In order to verify the feasibility of the practical application of 
microalgae bio-chars for the removal of multiple heavy metals from the 
real water sample, adsorption tests were performed using municipal 
wastewater. Prior to the start of adsorption tests, the freshly collected 
municipal wastewater was analyzed for the presence of heavy metal 
contaminants in the untreated municipal wastewater sample. The 
quantitative analysis of selected heavy metals revealed the presence of 
Ni (18.50 ± 0.27 ppb), Cu (34.06 ± 0.58 ppb), Pb (22.70 ± 0.92 ppb), 
and Zn (56.55 ± 0.17 ppb). The bio-char (MB-OB and MB-DOB) reme
diation efficiencies of multiple heavy metals were tested against the 
aforementioned heavy metals. 

Fig. 14 shows the multiple heavy metal removal efficiency of bio- 
char MB-OB and MB-DOB. Statistics (mean ± SD) for the remediation 
efficiency of multiple heavy metals at 60, 120, 240, 480, and 720 min 
are given in Table S10. The result demonstrates the efficient removal of 
heavy metals (Cu, Ni, Pb, and Zn) ~ 97–98% in 240 min and ~ 99–100% 
in 480 min using MB-DOB. Taking into account, the efficiency of 
removing heavy metals (Cu, Ni, Pb and Zn) using MB-OB was observed 
as ~ 80% 99% in 240 min and ~ 98% 100% in 480 min. The complete 
removal (unobserved concentration) of heavy metals has been observed 
in 720 min in both the bio-chars Mb-OB and MB-DOB. The result in
dicates a similar pattern of heavy metals removal from municipal 
wastewater as seen in the prepared multiple heavy metal solution sys
tems. Furthermore, in contrast to the removal efficiency in the multiple 

Fig. 13. Effect of NaCl ions on the adsorption.  

Fig. 14. Multiple heavy metals remediation efficiencies of bio-chars in MWW.  
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heavy metal solution, the removal efficiency indicates a shorter duration 
of time for efficient heavy metal removal in municipal wastewater. This 
could be due to the lower concentration of heavy metals in the real 
wastewater sample (municipal wastewater) compared to the prepared 
multiple heavy metal solution systems. The results of heavy metal 
adsorption tests in municipal wastewater promote the possibility of a 
realistic application for wastewater remediation. 

4. Conclusion 

This study investigated the microalgae cultivation for biomass gen
eration and wastewater remediation synergistically in the municipal 
wastewater integrated HRAP system. Also, the microalgae biomass was 
applied to produce eco-friendly bio-chars and bio-oils via the HTCL 
process. The XRD of bio-chars revealed the evolution of graphitic 2H 
indexing plane structures with a crystalline phase presence in micro
algae bio-chars. Raman spectroscopy revealed the higher ID/IG ratio of 
graphitic phase presence in MB-DOB signifying highly disordered 
graphitic structure due to the high C/N and low C/H ratio compare to 
the MB-OB. The FTIR spectra evidenced the pyridinic, pyrrolic, and 
quaternary structures with graphitic configurations in the bio-chars 
obtained from the microalgae biomass. The appearance of carbonyl 
functionalities in bio-chars supported the competence to adsorb heavy 
metal ions on surfaces. The electron micrograph revealed the creation of 
micro-rods and flakes like morphology with remarkable high surface 
area in MB-DOB. Besides, the microalgae bio-oils obtained from the 
HTCL process exhibited that aliphatic protons are mostly prevailing, 
whereas protons proximal to heteroatoms (alcohols, carbohydrates) are 
highly intense in BO-DOB as analyzed in 1H NMR. The multiple heavy 
metals remediation of MB-DOB revealed better efficiency ~100% in 
720 min compare to MB-OB. Moreover, two different types of kinetic 
models, i.e. pseudo-first-order and pseudo-second-order models were 
used to explain the adsorption behavior and the adsorption rate of bio- 
chars in multiple heavy metal systems viz. Cu(II), Ni(II), Co(III), and Cd 
(II). Langmuir and Freundlich’s model fitted well to adsorption iso
therms. The results of the study have demonstrated a potential for 
multiple heavy metals removal alongside microalgae bio-oils as an eco- 
friendly approach. 
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