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Abstract
Currently, the enormous generation of contaminated disposed face masks raises many environmental concerns. The present 
study provides a novel route for efficient crude bio-oil production from disposed masks through co-hydrothermal liquefac-
tion (Co-HTL) with Spirulina platensis grown in wastewater. Ultimate and proximate analysis confirmed that S. platensis 
contains relatively high nitrogen content (9.13 %dw), which decreased by increasing the mask blend ratio. However, carbon 
and hydrogen contents were higher in masks (83.84 and 13.77 %dw, respectively). In addition, masks showed 29.6% higher 
volatiles than S. platensis, which resulted in 94.2% lower ash content. Thermal decomposition of masks started at a higher 
temperature (≈330 °C) comparing to S. platensis (≈208 °C). The highest bio-oil yield was recorded by HTL of S. platensis 
and Co-HTL with 25% (w/w) masks at 300 °C, which showed insignificant differences with each other. GC/MS analysis of 
the bio-oil produced from HTL of algal biomass showed a high proportion of nitrogen- and oxygen-containing compounds 
(3.6% and 11.9%, respectively), with relatively low hydrocarbons (17.4%). Mask blend ratio at 25% reduced the nitrogen-
containing compounds by 55.6% and enhanced the hydrocarbons by 43.7%. Moreover, blending of masks with S. platensis 
enhanced the compounds within the diesel range in favor of gasoline and heavy oil. Overall, the present study provides an 
innovative route for enhanced bio-oil production through mask recycling coupled with wastewater treatment.
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1  Introduction

In response to the outbreak of coronavirus (COVID-19) 
detected in December 2019, the World Health Organization 
declared the global pandemic situation in March 2020. By 
April 2021, more than 146 million cases have been con-
firmed globally, with about 3 million death [1]. Frequent 
countermeasures have been undertaken to control and 

prevent the fatal pandemic [2, 3]. Wearing face masks plays 
a vital role to control and prevent infection, and it should 
not be abandoned [4]. This resulted in a sharp increase in 
the global demand for face masks, with an estimation of 
129 billion masks per month [5]. Most disposed masks have 
high risk of contamination with coronavirus, as the virus can 
exist on many surfaces for few days. The pathogens in waste 
disposed masks, without proper treatments, can transmit the 
infection again to the public [6, 7] and have the potential 
to spread the virus [8]. In addition, disposable face masks 
have been identified as an emerging source of microplastic 
in the ecosystem, with many negative environmental impacts 
[9–11]. Therefore, disposed masks require an effective and 
proper treatment in order to help in disease containment and 
to save the ecosystem [12].

Disposed masks should be separately handled to prevent 
them from integration with the regular municipal waste. 
For treatment, incineration is one of the most common 
methods that can be used to treat disposed masks. The 
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process takes place at high temperatures and, therefore, 
it is more effective to kill pathogens compared to other 
physical and chemical methods [13]. However, it has many 
disadvantages such as toxins release into the environment 
which severely affect the immune system of humans and 
animals [9, 14, 15]. Thus, there is an urgent timely need 
to explore alternative eco-friendly technologies for dis-
posed masks treatment. It is difficult to establish a reliable 
recycle platform for disposed masks due to the heterogene-
ous nature of mask materials, containing polypropylene, 
polyethylene, polystyrene, polyethylene terephthalate, and 
polyvinyl chloride [9, 16, 17]. Thermochemical conver-
sion is one of the promising methods for mask degradation 
and conversion. However, efficient conversion of plastic 
wastes, including masks, requires high temperature. There-
fore, co-conversion with other feedstocks would provide 
the advantages of high oil yield at relatively lower tem-
perature. In that context, thermal co-conversion of plas-
tics with biomass has been recommended to increase the 
quantity of the bio-oil and improve its quality [18–20].

Among different biomass feedstocks and comparing to 
woody biomass, thermochemical conversion of algae was 
reported to produce a comparable amount of bio-oil [21]. 
In addition, microalgae have many advantages over other 
feedstocks such as high growth rate, CO2 sequestration, 
and wastewater treatment. Recently, Spirulina platensis 
has been discussed for high biomass production integrated 
with different applications [22–24]. However, biofuel pro-
duction from S. platensis has limited large-scale appli-
cation due to the elevated cost of microalgal cultivation, 
where about 80% of the total process costs are associated 
with nutrients and freshwater consumption [25]. Appli-
cation of wastewater as a growth medium to provide the 
microalgae with nutrients has significant environmental 
and economic potentials to produce the biomass at low cost 
coupled with wastewater treatment [26, 27]. Nevertheless, 
disposal of contaminated biomass represents a challenge 
for process commercialization, where biofuel production 
was discussed as a prominent route [28]. Among different 
thermochemical conversion methods, hydrothermal liq-
uefaction (HTL) is an advantageous conversion route for 
microalgae to avoid the drying step, due to decomposition 
of the whole biomass in hot compressed water [29, 30]. 
Although few recent studies evaluated the thermochemi-
cal conversion of disposed masks, Co-HTL of masks with 
other feedstocks was not previously evaluated. Therefore, 
the present study provides a feasible and effective pro-
posal to one of the current challenges encountered during 
COVID-19 pandemic, aiming at efficient management of 
disposed masks. The study suggests a novel integrated 
strategy for industrial wastewater treatment by microalgae 
and enhanced bio-oil recovery through Co-HTL of waste 
disposable masks with microalgal biomass.

2 � Materials and methods

2.1 � Microalgae cultivation

Spirulina platensis was preserved axenically by frequent cul-
tivation in 50 mL of Zarrouk medium [31]. Exponentially 
grown culture was used as inoculum for the experimental cul-
tures using 50-cm × 7.5-cm glass photobioreactor cylinders. 
Each tube of the reactor contained 1.5 L of sterilized synthetic 
wastewater (SWW, Table S1) as modified from Zhai et al. [26] 
at initial OD560 of 0.15 ± 0.02. A stock copper solution (1 g 
L−1) was prepared by dissolving copper sulfate in distilled 
water, then Cu2+ concentration in the medium was adjusted at 
10 mg L−1 for Cu-enriched medium. All inoculated cultures 
were incubated at 25 ± 1 °C for 22 days under average light 
intensity of 70 μmol photons m−2 s−1 and a photoperiod of 
18:6 h light:dark cycle. Aeration was performed using filtered 
air injected at the bottom of each culture vessel through a thin 
aeration tube. pH was adjusted at 8.5 using a pH controller 
(AquaMedic, Germany) by controlling the CO2 supply. Each 
tube was covered with a rubber plug containing a hypoder-
mic needle to allow gas exhaust. To enhance the growth and 
copper removal, 30 mT of static magnetic field (SMF) was 
applied for 6 h day−1 as described by Shao et al. [32] and 
compared with a control culture without SMF application.

2.2 � Biomass assay

2.2.1 � Growth

The growth was measured spectrophotometrically at 2-day 
interval by monitoring the optical density at 560 nm (OD560). 
In addition, the dry weight (dw) was determined at the late 
exponential phase (ExpL) and stationary phase (Sta). Bio-
mass productivity was calculated using Eq. 1 [33]:

where dwt and dwi represent the dry weight at the measured 
time (t) and that at the start of culture, repressively, while Δt 
represents the time interval in days.

2.2.2 � Biomass composition

The main macromolecules in the biomass including carbohy-
drates, proteins, and lipids were determined after harvest by 
centrifugation for 10 min at 3000× g. Cellular proteins and 
carbohydrates were extracted by adding 10 mL of 1 N NaOH 
to the cell pellet and incubating for 2 h in a boiling water bath 
[34]. The concentration of total carbohydrates in the NaOH 
extract was measured using phenol–sulfuric acid method 
[35], while protein concentration was measured according 

(1)Biomass productivity
(

gL−1d−1
)

=
(

dwt − dwi

)

∕Δt
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to the Bradford method [36]. Lipid extraction was carried 
out by adding 15 mL of chloroform:methanol (2:1, v/v) to 
the cell pellet followed by incubation at room temperature 
with shaking for 2 h, then 3 mL of 0.9% NaCl was added 
[37]. After centrifugation at 200× g for 2 min, the lower chlo-
roform phase was siphoned and solvent was evaporated, the 
extracted lipids were dried at 60 °C for 30 min, then lipid 
amount was determined gravimetrically.

2.3 � Biosorption analysis

Copper was determined in the grown culture at 4-day inter-
val. Briefly, 10 mL of the culture was centrifuged at 3000× g 
for 10 min, then the liquid phase was filtered through 0.45-
μm pore-size filter to ensure cell separation. The filtrate was 
further analyzed spectrophotometrically for residual copper 
using sodium diethyldithiocarbamate [38].

2.4 � Algae‑mask blends

Because SMF treatment showed higher biomass yield and 
copper removal, it was applied to a 160-L tubular photo-
bioreactor. S. platensis was harvested at ExpL by floccula-
tion using ferric chloride according to Sossella et al. [39]. 
The sludge was further centrifuged for 10 min at 3000× g 
to obtain the biomass, which was oven dried at 105 °C until 
constant weight. The dried biomass was ground and kept in 
vacuumed bags for further use, where distilled water was 
added before use (Section 2.6).

Disposable medical masks were purchased from the 
local market and collected after personal use by the ZhiXue 
research team at Chengdu University. After oven drying at 
105 °C for 24 h, the different parts of masks were deter-
mined by weight (Fig. 1A). The whole disposed masks were 
cut into 0.2–0.5-mm pieces and blended with S. platensis in 
five ratios (0, 25, 50, 75, and 100%), where 0% and 100% 
represent the individual S. platensis and masks, respectively.

2.5 � Blend characteristics

The contents of carbon, hydrogen, nitrogen, and sulfur, in the 
five blends were determined by CHNS analyzer (Elementar 
vario ELIII, Germany) and the results were expressed on a 
dry weight basis. Proximate analysis was performed accord-
ing to ASTM E870-82 standard test methods [40]. Oxygen 
and fixed carbon were calculated by difference as described 
previously [41]. Thermogravimetric analyzer (STA449F-5, 
NETZSCH-Gerätebau GmbH, Germany) was used to deter-
mine the pattern of mass loss per elevated temperature up 
to 1000 °C at a heating rate of 20 °C min−1. Higher heating 
values (HHVs, MJ kg−1) was calculated using Eq. 2 [42]:

(2)
HHV = 0.3403C + 1.2432H + 0.0628N + 0.1909S − 0.0984O

2.6 � Hydrothermal (co‑)liquefaction

Liquefaction experiments were carried out in a stainless-
steel high-pressure reactor (Fig. 1B) following the experi-
mental procedures shown in Fig. 2. Briefly, 2 g dw feedstock 
was mixed with distilled water (1:3, w/v), then loaded into 
the reactor, and 18 mL of 50% ethanol was added [43]. The 
reactor was tightly closed and heated up to the desired tem-
perature at a heating rate of 10 °C min−1. The reaction was 
carried out for 45 min with stirring at 500 rpm, then the reac-
tor was cooled down in a water bath. The HTL products were 
rinsed from the reactor using dichloromethane (DCM), then 
the slurry was vacuum filtered to separate the solid portion, 
which was dried in an oven at 105 °C to obtain the biochar. 
DCM was evaporated in an oven at 65 °C to obtain the bio-
oil. Gas and water-soluble products were summed together 
and presented as “WSG.” The yields of different products 
and conversion ratio were calculated using Eqs. 3–6:

where Mfeed, Moil, and Mchar are the weights of injected feed-
stock, bio-oil, and biochar, respectively.

2.7 � Bio‑oil analysis

The bio-oil chemical composition was determined 
by gas chromatography-mass spectroscopy (GC/MS, 
QP2010PLUS, Shimadzu, Japan) coupled with an Agilent 
5975C mass spectrometer. A volume of 1 μL sample was 
injected, and oven temperature started at 40 °C where it was 
held for 5 min, then increased to 290 °C at a heating rate of 
5 °C min−1, where it was held for 15 min. Helium was used 
as a carrier gas at a flow rate of 1 mL min−1. Mass spectrum 
was operated at 220 °C under electron ionization of 70 eV 
and mass scan range m/z 33–500 amu.

2.8 � Statistical analysis

All experiments were carried out in three replicates and 
results are presented as the mean ± standard deviation. One-
way analysis of variance (ANOVA) followed by least signifi-
cant difference (LSD) test at probability level (P) ≤ 0.05 was 
carried out by SPSS (IBM v.20) to determine the significant 
differences.

(3)Bio − oil yield (Yoil, %) = (Moil∕Mfeed) × 100

(4)Bio − char yield (Ychar, %) = (Mchar∕Mfeed) × 100

(5)WSG (%) = 100 − (Yoil + Ychar)

(6)Conversion ratio(%) = 100 − Ychar
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3 � Results and discussion

3.1 � Biomass and biochemical composition

To obtain more reliable results by maintaining stable micro-
algal cultivation in the present study, synthetic wastewater 
was utilized as a growth medium. The effect of SMF on 
growth and biochemical composition of S. platensis was 

initially evaluated. Application of SMF up to 22  days 
stimulated the algal cell density by 17.8% higher than the 
untreated culture (Fig. 3). For SMF-treated culture, bio-
mass productivity dropped sharply from day 16 to day 22 by 
27.7% (Fig. 3), which is attributed to the reduction of growth 
rate by increasing the incubation time. For both cultures, day 
16 and day 20 were considered as ExpL and Sta, respectively. 
In addition, SMF-treated cultures showed 33.3% and 20.0% 

Fig. 1   The different parts 
showing average weight of the 
used disposable masks (A), and 
schematic diagram showing the 
main parts of the used hydro-
thermal liquefaction reactor (B)
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higher dry weight at ExpL and Sta, respectively (Table 1). 
The maximum dry weight in the present study was 2.04 g 
L−1, which is comparable to the results of Zhai et al. [26] 

for S. platensis cultivated in SWW. However, it is 45.7% 
lower than that recorded for S. platensis cultivated in a spe-
cific Spirulina medium under the same SMF conditions 

Fig. 2   Experimental flow chart showing the procedures of (co-)hydrothermal liquefaction and product separation including biochar, bio-oil, and 
water-soluble compounds+ gas (WSG)

Fig. 3   Growth (OD) and 
biomass productivity (BP) of 
Spirulina platensis grown in 
synthetic wastewater (Sp) and 
under static magnetic field (MF)
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[32]. Thus, biomass production could be further enhanced 
by enrichment of SWW with more nutrients, which needs 
further optimization. Due to enhancement of growth, the 
SMF-treated culture showed 0.106 g L−1 day−1 biomass pro-
ductivity at ExpL, which was 39.5% higher than that of the 
corresponding control (Table 1). It can be noted that SMF 
enhanced total carbohydrate content in favor of lipids, with 
slight changes in protein content (Table 1). This finding is 
in agreement with previous studies for optimization of SMF 
treatment on S. platensis [32], suggesting that SMF appli-
cation is more suitable for enhanced bioethanol production 
than biodiesel.

3.2 � Copper removal

The residual concentrations of Cu2+ in the medium, as well 
as the removal efficiencies, were evaluated. The highest sig-
nificant Cu2+ removal efficiency of 88.0% was recorded on 
the 16th day of S. platensis incubation under SMF, which 
was 37.5% higher than the corresponding control (Fig. 4). 
Therefore, Cu2+ concentration decreased from 10 mg L−1 
to 1.2 and 3.6 mg L−1 in SMF-treated and control cultures, 
respectively. Comparatively, S. platensis showed high activ-
ity as biosorbent for the Cd2+ removal by optimization of 
adsorption conditions including pH, temperature, metal con-
centration, and contact time [44], where the highest removal 
efficiency under the optimized conditions was 87.7%. This 
finding confirms the applicability of SMF as a physical treat-
ment to enhance the biosorption process in microalgae. In 
order to achieve the maximum biomass productivity and 
copper removal with a satisfactory cell density, biomass was 
harvested at the late exponential phase (16th day) and used 
for further experiments.

3.3 � Feedstock characterization

Disposed masks were mixed in different ratios with S. plat-
ensis and used further for Co-HTL. In addition, ultimate and 
proximate analysis of the blends as well as the TGA was 
studied. Table 2 shows the ultimate and proximate analysis 
for the 2 feedstocks as well as the blends. It can be seen that 
S. platensis contains relatively high nitrogen content (9.13 
%dw), which decreased by increasing the mask ratio. The 
high nitrogen content of microalgal biomass is attributed 
to the high proportion of cellular proteins [45]. Similarly, 
sulfur showed the same pattern, where the highest sulfur 

Table 1   Biomass and macromolecules of Spirulina platensis grown 
in synthetic wastewater (Sp) and under static magnetic field (MF) for 
16 days (ExpL) and 20 days (Sta)

ExpL and Sta represent late exponential phase and stationary phase, 
respectively
“*”  and “ns” refer to significant and insignificant differences, respec-
tively, with the corresponding untreated culture

Parameters Phase Sp MF

Dry weight (g L−1) ExpL 1.44 ± 0.038 1.92 ± 0.024*

Sta 1.70 ± 0.045 2.04 ± 0.066*

Biomass productivity 
(g L−1 day−1)

ExpL 0.076 ± 0.002 0.106 ± 0.001*

Sta 0.074 ± 0.003 0.091 ± 0.002*

Carbohydrates (%dw) ExpL 15.52 ± 0.387 23.65 ± 0.401*

Sta 20.05 ± 0.341 24.98 ± 0.455*

Proteins (%dw) ExpL 60.50 ± 1.304 62.75 ± 1.421 ns

Sta 55.78 ± 1.195 59.09 ± 1.244*

Lipids (%dw) ExpL 6.58 ± 0.302 3.86 ± 0.204*

Sta 6.11 ± 0.151 3.58 ± 0.279*

Fig. 4   Residual copper con-
centration (Conc) and copper 
removal efficiency (Eff) by 
Spirulina platensis grown in 
synthetic wastewater (Sp) and 
under static magnetic field 
(MF). Biomass was harvested 
on the 16th day for further 
experiments
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content (0.72 %dw) was recorded in S. platensis. High nitro-
gen and sulfur contents in the feedstock result in high N- and 
S-containing compounds in the bio-oil and, consequently, 
has negative environmental impacts due to NOx and SOx 
emissions [46]. On the other hand, carbon and hydrogen 
contents were higher in the masks (83.84 and 13.77 %dw, 
respectively). In addition, masks showed 29.6% higher vola-
tiles than S. platensis, which resulted in 94.2% lower ash 
content (Table 2). Comparatively, Wang et al. [42] recorded 
6.5 %dw ash content in Spirulina powder, which is 10.3% 
lower than that recorded in the present study. The relatively 
high ash content of S. platensis in the present study might 
be attributed to copper accumulation in the biomass through 
biosorption and using inorganic metals for flocculation dur-
ing harvest [41, 47]. Thus, masks showed desirable charac-
teristics for high-quality bio-oil production.

TGA showed that decomposition of masks starts at higher 
temperature (≈330 °C) comparing to S. platensis, while full 
decomposition of masks took place at ≈490 °C (Fig. 5). 
The thermal decomposition of masks in a single stage is 
attributed to the mostly presence of C–C bonds that pro-
mote random scission mechanism at high temperature [48]. 
In addition, very low residue was recorded after thermal 
decomposition of masks, which is in agreement with the 
proximate analysis. However, high-temperature require-
ment for mask thermal decomposition is not desirable for 
bio-oil production due to high energy consumption. Differ-
ently, S. platensis showed three main decomposition stages, 
which is the typical pattern for algal biomass [45, 49, 50]. 
The main biomass decomposition was recorded during the 
second stage (≈208–400 °C), where the maximum weight 
loss was recorded due to degradation of most organic com-
pounds. During this stage, the polymeric components of the 
biomass undergo thermal degradation where weak bonds are 
broken and more stable/stronger chemical bonds are formed 
[46, 51]. In the last stage, a very low weight loss can be 
recorded which is attributed to very slow decomposition of 
carbonaceous residues [45]. In agreement with the results of 
proximate analysis, masks showed much lower ash content 
than S. platensis.

3.4 � Co‑HTL of S. platensis and masks

The influence of different mask ratios on the distribution 
of the main products of Co-HTL with S. platensis was 
studied at different temperatures (Fig. 6). Results showed 
that increasing temperature for the same feedstock results 
in reduction of biochar proportion and increase of WSG. 
For instance, biochar and WSG from HTL of S. platensis 
at 200 °C showed 28.9% and 52.0%, respectively (Fig. 6A). 
However, increasing temperature to 300 °C (Fig. 6B) and 
400 °C (Fig. 6C) resulted in reduction of biochar by 2.4- and 
3.8-times, with simultaneous increase in the WSG by 22.4% 
and 38.5%, respectively, with respect to 200 °C. The same 
trend was recorded with all feedstock blends (Fig. 6). Thus, 
increasing of temperature enhanced the conversion rate by 
reducing biochar yield (Fig. 6). Regarding the bio-oil, the 
initial increase of temperature to 300 °C led to increase 
in the bio-oil yield for all feedstocks. However, a further 
increase to 400 °C reduced bio-oil yield for S. platensis 
while increased it for masks. This finding confirms that high 
temperature is required for mask decomposition, while is 

Table 2   Ultimate and proximate analysis of Spirulina platensis (0), disposed masks (100%), and at different mask blend ratios (25%, 50%, and 
75%, w/w)

Ultimate analysis (wt%) Proximate analysis (wt%) HHV (MJ kg−1)

Mask blend 
ratio (%)

N C H S O Moisture Volatile matter Ash Fixed 
carbon

0 9.13 42.19 5.88 0.72 34.83 5.25 75.25 7.25 12.25 18.95
25 3.16 60.25 11.45 0.34 19.19 4.12 81.12 5.61 9.15 33.11
50 1.91 75.53 12.18 0.13 5.48 3.02 85.96 4.77 6.25 40.45
75 0.37 82.75 12.13 0.00 1.77 1.45 93.45 2.98 2.12 43.09
100 0.00 83.84 13.77 0.00 1.97 0.19 97.54 0.42 1.85 45.46

200 400 600 800 1000
0

20

40

60

80

100 0%
25%
50%
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)
%(

ssa
M

Temperature (oC)

Fig. 5   Thermogravimetric analysis (TGA) of Spirulina platensis (0), 
disposable masks (100%), and at different mask blend ratios (25%, 
50%, and 75%, w/w)
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not desirable for microalgae since it leads to decomposi-
tion of condensable products (bio-oil) to syngas. It can be 
confirmed by the increase of syngas yield from S. platensis 
at 400 °C in favor of bio-oil (Fig. 6C). At different tempera-
tures and blend ratios, the highest bio-oil yield was recorded 
at 300 °C (Fig. 6B) using S. platensis and 25% mask blend 
ratio (24.6% and 23.0%, respectively, which showed insignif-
icant differences with each other). However, further increase 
of mask blend ratio to 50% and 75% significantly reduced 
the bio-oil yield to 17.2% and 9.3%, respectively. Individual 
HTL of masks at 300 °C showed the lowest bio-oil yield of 

7.0%. Therefore, the present results recommend HTL of S. 
platensis or Co-HTL of mask with S. platensis at 25% blend 
ratio from a quantitative aspect.

3.5 � Bio‑oil characteristics

The detailed chemical composition of the produced crude 
bio-oil at different mask blend ratios was further analyzed 
by GC/MS (Supplementary data, Table S2). It can be noted 
that the crude bio-oil of different feedstocks is a complex 
mixture containing many organic compounds within a wide 
carbon range of C5-C60. Based on the functional groups 
of the different detected components, they can be classified 
into seven main groups namely fatty acids/esters, phenols, 
hydrocarbons, aromatic compounds, nitrogen-containing 
compounds, oxygen-containing compounds, and traces of 
other compounds. Figure 7 summarizes the main groups 
of the bio-oil from HTL of S. platensis or masks and Co-
HTL at different blend ratios. Results confirmed that the 
individual HTL of algal biomass showed high proportion 
of nitrogen- and oxygen-containing compounds (3.6% and 
11.9%, respectively), with relatively low aromatic com-
pounds (2.4%) and hydrocarbons (17.4%). Similarly, Tang 
et al. [52] confirmed that bio-oil from algal thermochemi-
cal conversion contains high proportion of nitrogen- and 
oxygen-containing compounds with lower hydrocarbon 
content. Introducing masks resulted in significant changes 
in the bio-oil composition. Mask blend ratio of 25% reduced 
the nitrogen-containing compounds by 55.6% with respect to 
HTL of algae. Further increase in mask blend ratio resulted 
in more reduction in nitrogen-containing compounds, reach-
ing 0% in the bio-oil from individual HTL of masks. These 
results confirm that masks promote the denitrification reac-
tion of algal biomass during HTL process. In addition, 25% 
mask blend ratio enhanced the hydrocarbons by 43.7% over 
the individual microalgae. GC/MS results confirmed a con-
siderable increase in fatty acids/esters at lower mask blend 
ratios, which decreased at higher ratios owing to the syn-
ergistic action of the two used feedstocks during thermal 
decomposition reaction [21]. Such synergistic action might 
be attributed to the secondary reactions in the liquefaction 
reactor and volatile oligomerization during condensation 
process [53, 54].

In addition to the diverse chemical groups, carbon num-
ber can be used to estimate the size of organic molecules 
in the crude bio-oil and its suitability as a fuel. Figure 8A 
shows carbon atoms distribution based on the semiquan-
titative estimation of the identified components. Results 
confirmed that 25% and 50% mask blend ratios increased 
the compounds within the carbon ranges C18 and C36. 
The organic components in the fractionated bio-oil can be 
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Fig. 6   Product distribution and conversion ratio from (co-)hydrother-
mal liquefaction of Spirulina platensis (0) with different blend ratios 
of disposable masks at 200 °C (A), 300 °C (B), and 400 °C (C). WSG 
refers to gas and water-soluble products. The same small letters in the 
same series for different feedstocks at the same temperature indicate 
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for the same feedstock at different temperature indicate insignificant 
differences (at P ≤ 0.05)
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divided based on the carbon length into four fuel catego-
ries, namely light fuels (less than C5), gasoline (C5–C12), 
diesel (C13–C24), and heavy oil (more than C24). The lat-
ter is a solid structure, starting with paraffin wax, then tar 
and finally asphaltic bitumen with low economic value. It 
can be indicated from Fig. 8B that the majority of the com-
pounds from different blend ratios represented the ranges 
of diesel fuels. S. platensis showed relatively higher heavy 
oil ratio (47.9%), which decreased by increasing the mask 
blend ratio and reached the minimum value of 16.0% in the 
bio-oil from individual HTL of masks. In addition, blend-
ing of masks with S. platensis enhanced the compounds 
within the diesel range in favor of gasoline and heavy 
oil. This finding suggests that masks enhanced the com-
pounds with shorter carbon chain in the bio-oil, where the 
relatively high ash content in S. platensis might improve 
the decomposition of masks [55]. Therefore, Co-HTL of 
masks with microalgae is an advantageous technique to 
obtain a wide range of desirable biofuel varieties. Consid-
ering all aspects of quantity and quality, 25% blend ratio 
is suggested to obtain high bio-oil yield with improved 
quality. In that context, future studies on catalytic Co-HTL 
of masks with different biomass feedstocks and optimiza-
tion of liquefaction conditions might further enhance the 
produced bio-oil to a higher grade.

3.6 � Technical feasibility

Based on microalgal biomass production, bio-oil yield, and 
the estimated land area for large-scale cultivation, it is possi-
ble to evaluate the technical feasibility of the bio-oil produced 
from Co-HTL of 1-ton feedstock (Table 3). Considering the 
improved quality of the bio-oil while keeping high yield, 25% 

blend ratio is suggested as discussed in Section 3.5. The land 
area required to grow S. platensis and biomass yield was esti-
mated based on the cultivation system used in our previous 
pilot-scale study [56]. Using the suggested photobioreactor 
with a total volume of 320 L in a land area of 2.0 m2, 70.08 
ton ha−1 y−1 of areal biomass is estimated to be produced 
annually. HTL of 1 ton of masks would produce 69.6 kg of 
bio-oil (Table 3). However, blending of masks with micro-
algae at 25% (w/w) enhanced the bio-oil yield by 2.3-time 
(229.6 kg). It is noteworthy to mention that the estimated 
bio-oil production from blended feedstock in the present 
study is 86.2% higher than the biodiesel yield from microal-
gal biomass (123.3 g kg−1) using the same cultivation system 
[56]. This finding confirms the superiority of thermochemical 
conversion of the whole feedstock over biodiesel recovery 
from the lipidic portion of the biomass.

In addition to high-quality bio-oil production through 
mask blending with S. platensis, its cultivation could adsorb 
6.2 kg of Cu2+ per ton of biomass produced, i.e., 4.7 kg at 
the suggested blend ratio (Table 3). Considering average 
copper concentration of 119.98 μg L−1 in the global river 
and lake water bodies during the 2010s [57], production of 
1 ton S. platensis could treat about 51,675 m3 of copper-
contaminated wastewater. Interestingly, blending of waste 
masks with microalgae at 25% would simultaneously reduce 
the land area required for microalgae cultivation. According 
to a recent report [58], the global demand for disposable 
face masks was estimated at 129 billion masks per month 
to protect public health amid COVID-19. Assuming an 
average mask weight of 3.21 g as detected in the present 
study, the estimated global mask waste could be 4.97 × 106 
ton year−1. According to the China State Council [59], the 
total land area of China is 9.6 × 108 ha. Using the suggested 

Fig. 7   The main chemical frac-
tions identified by GC/MS of 
the bio-oil produced by (co-)
hydrothermal liquefaction of 
Spirulina platensis (0) with dif-
ferent blend ratios of disposable 
masks at 300 °C

0 20 40 60 80 100

0

25

50

75

100

Propor�on (% of bio-oil)

)
%(

oitar
ksa

m
desopsiD

Fa�y Acids/Esters Phenols Hydrocarbons
Aroma�c compounds N-contaning compounds O-contaning compounds
Others



11118	 Biomass Conversion and Biorefinery (2023) 13:11109–11120

1 3

system, only 0.02% of the land area in China can produce 
sufficient S. platensis biomass (1.49 × 107 ton) to convert 
all the global disposed masks through Co-HTL at a 25% 
mask blend ratio, with an estimated crude bio-oil yield of 

4.56 × 106 ton year−1. Thus, the present study suggested a 
simple and practical approach for efficient waste mask recy-
cling coupled with wastewater treatment for improved crude 
bio-oil production.

Fig. 8   Relative distribution 
(by relative peak area) based 
on carbon atoms numbers in 
the bio-oil obtained by (co-)
hydrothermal liquefaction of 
Spirulina platensis (0) with dif-
ferent blend ratios of disposable 
masks at 300 °C (A), and the 
relative percentage of differ-
ent fuel categories based on the 
ranges of carbon atoms (B)
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Table 3   Technical feasibility of 
bio-oil production from (co-)
hydrothermal liquefaction of 
disposed masks, and at mask 
blend ratios of 25% (w/w) at 
300 °C using estimated feedstock 
of 1 ton

a Based on 6.2 mg g−1 dw Cu2+ removal in the present study

Mask blend ratio 
(%)

Bio-oil yield (%) S. platensis 
amount (ton)

Required area for S. 
platensis (× 10−3 ha)

Bio-oil produc-
tion (kg)

Cu 
removal 
(kg)a

25% blend 22.96 0.75 3.01 229.6 4.7
Masks 6.96 0 0.00 69.6 0.0
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4 � Conclusions

The present study confirmed the potential of S. platensis 
grown under SMF for Cu2+ biosorption. From quantita-
tive and qualitative aspects, results showed that Co-HTL 
of microalgae at 25% (w/w) mask blend ratio is a desirable 
route for bio-oil production. The highest significant bio-oil 
yield was recorded by HTL at 300 °C for S. platensis and 
25% mask blend ratio. Results confirmed that individual 
HTL of algal biomass results in bio-oil with high propor-
tion of nitrogen-containing compounds (3.6%). However, 
the 25% mask blend ratio reduced the nitrogen-containing 
compounds by 55.6%. In addition, blending of masks with S. 
platensis enhanced the hydrocarbons and compounds within 
the diesel range in favor of gasoline and heavy oil. Over-
all, Co-HTL of masks with microalgae is a good choice to 
enhance bio-oil production using wet biomass with a wide 
range of desirable biofuel varieties. As the whole world 
looks forward to a post-COVID-19 future, it is of great 
importance to ensure hygiene and safe management of the 
disposed masks. More investments and proper policies must 
take care on management of such wastes at the same level of 
public health and infection control.
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tary material available at https://​doi.​org/​10.​1007/​s13399-​021-​01891-2.
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