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Abstract
Fish waste disposal is a major cause for concern for the seafood processing industries. Fish processing generates
enormous quantities of waste as almost 45% of the live weight of fish is regarded as waste. Current ways of managing
fish waste involves dumping in oceans, landfills, or treating them with already established strategies. Dumping these
wastes without any form of treatment is far from being environmental friendly. Current utilization strategies suffer from
disadvantages such as incomplete utilization of solid and liquid wastes or generation of new waste effluents that needs further
processing. Therefore, there is a need to find an alternate/supplemental method of seafood utilization. Previously, we have
reported the use of microwave hydrothermal carbonization (MHTC) to carbonize fish waste to hydrochar. Here, a conventional
heating method such as a custom autoclave reactor is reported that could also be used to carbonize fish waste to hydrochar.
Upon response surface design optimization, it was found that a maximal yield of hydrochar (~ 35%) can be achieved at a
holding temperature of 180 °C and at a holding time of 120 min. We have also characterized the elemental, proximate, energy,
and surface properties of hydrochar produced by conventional hydrothermal carbonization (CHTC). It was found that the
quality of the hydrochar produced by MHTC is largely comparable to CHTC. This further proves that HTC could be employed
to generate energy from non-lignocellulosic wastes such as fish waste while getting rid of the waste in an eco-friendly manner.
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Abbreviations
ANOVA Analysis of variance
C Carbon
CCD Central composite design
CHTC Conventional hydrothermal carbonization
DoE Design of experiment
EEF Energy enrichment factor
HTC Hydrothermal carbonization
H Hydrogen
MHTC Microwave hydrothermal carbonization

N Nitrogen
O Oxygen
RFW Raw fish waste
SEM Scanning electron microscope
S Sulfur

1 Introduction

Aquaculture and the seafood processing sector generate enor-
mous quantities of waste globally. Seafood, being highly per-
ishable, needs to be processed to extend its shelf life. Similar
to most food industries, fish processing operations produce
waste (fish carcasses, viscera, skin, and heads). According to
one study, which considers 45% of the live weight as waste, it
predicts that nearly 63.6 million metric tonnes of waste is
generated globally [1]. This represents a biomass waste that
is available continuously but is often underutilized. Managing
the waste from seafood processing industries is a major con-
cern not only because of the environmental problems associ-
ated with dumping of such wastes in the ocean or in landfills
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but also due to the problems related to excessive nutrient in-
puts into the immediate ecosystem [2].

Presently, the most frequently used methods for the utili-
zation of seafood waste are the production of fish oil, fish
meal, silage, or in the manufacture of organic fertilizer
[3–5]. One of the major disadvantages that are common to
most of these processes is that they do not utilize the waste
completely and therefore often leave behind or generate new
wastes that need further treatment. Fish meal, oil, and silage
operation are the most common but have been minimally
commercialized. Fish meal processing plants generate new
waste effluents (blood and sticky-water effluent) that are
found to contain more contaminants than waste that is pro-
duced from seafood processing industries [4, 6, 7]. There is a
growing alertness over the dangers of air and water pollution
from these plants and it is likely that these issues will contin-
ue to be of great concern in this era of rapid climate change.
In addition to this, according to a recent study, most of the
fish meal plants were found to use fresh fish (that were suit-
able for human consumption) rather than fish waste to pro-
duce high-quality and high-value meal [8]. Fish silage plants,
despite utilizing the fish waste completely, have been associ-
ated with disagreeable odor and is therefore not preferred for
use in large-scale feed formulations. Also, ensilaging pro-
duces a liquid product, which is difficult to store, transport,
and handle. For these reasons, often fish meal is preferred
over silage, which suffers from other disadvantages as de-
scribed above. In a recent study, it has been found that fish
meal and silage products have no net environmental benefits
compared to incineration, composting, and landfilling of fish
waste [5]. Due to the disadvantages of the currently commer-
cialized technologies, in the past two decades, the extraction
of bioactive components from fish waste has garnered in-
creasing attention. The components that are commonly ex-
tracted from fish wastes are bioactive peptides and fatty acids
such as omega-3 fatty acids. Bioactive extraction also suffers
from the disadvantage that this process focuses on one spe-
cific component and not on the entire waste. Therefore, this
process also leaves behind waste that needs further treatment.
Taken together, due to the need for additional waste treatment
methods, and to the preference of fresh fish over decaying
waste fish as feedstock for some of these technologies, this
leads to the underutilization of the latter. Hence, it has be-
come necessary to develop technologies that can completely

utilize the fish waste and thus serve as a stand-alone or a
supplemental technology to maximize utilization of fish
waste.

Fish waste being an animal waste could broadly be classi-
fied as a non-lignocellulosic biomass as these wastes do not
contain any lignin, cellulose, or hemicellulose. These wastes
contain complex carbohydrates, proteins, and fats. The bio-
chemical profiles of different types of seafood are presented in
Table 1, but it should be noted that these profiles are not well
characterized for the different varieties of fishes. According to
one study, the carbohydrate content of fishes could range from
8 to 15% depending on the type of fish [12]. On the other
hand, non-lignocellulosic wastes are a rich source of proteins
and fats. The protein content could range from 20 to 60%
depending on the type of waste [12]. For instance, fish wastes
contain 30–50%, meat wastes contain 20–25%, and shrimp
wastes contain 30–45% of protein [12]. Fatty acid composi-
tion could range from 10 to 60% depending on the type of the
waste [12]. These values indicate that the carbohydrate
content of fish waste is not as high as in lignocellulosic
biomass. A wide variety of lignocellulosic biomass due
to its rich carbohydrate profile is often utilized by HTC
[13]. Owing to the poor carbohydrate profile of seafood
[12], this waste was previously underutilized for carbon-
ization processes. We have recently shown that using
microwave hydrothermal carbonization (MHTC), it is
possible to produce hydrochar of quality that is compa-
rable to the one produced from municipal, sewage, and
poor-quality lignocellulosic wastes from seafood wastes
such as fish [14] and shrimp wastes [15].

HTC is a thermochemical decomposition process which
has been identified to be more suitable for the carbonization
of wet biomass feedstock (≥ 50% moisture content) [16–20].
The process can utilize wet biomass such as fish waste directly
without an energy intensive drying step that is needed for
processes like pyrolysis [20]. HTC involves biomass submer-
sion in subcritical water conditions to thermochemically con-
vert organic components into carbonaceous solids (hydrochar)
and aqueous liquid (bio-oil) rich in organic moieties with little
or no gaseous products [20]. Therefore, the utilization of sea-
food waste to produce char and oil by hydrothermal carboni-
zation could be an ideal solution to deal with waste manage-
ment while creating additional energy resources. Previously,
we had used microwaves as the medium of heat transfer to

Table 1 Composition of seafood
wastes Type Fiber/carbohydrates (%) Crude proteins (%) Fats (%) Ash (%)

Fish waste [9] 1.2 ± 1.2 57.9 ± 5.3 19.1 ± 6.1 21.8 ± 3.5

Shrimp waste [10] 8.6 ± 0.1 94.6 ± 0.2 4.1 ± 0.1 1.3 ± 0.02

Lobster waste [11] 22.8 ± 1.5 28.6 ± 0.5 2.2 ± 0.2 33.7 ± 2.2

The data are expressed as % content on a dry matter basis obtained from the respective cited articles
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treat fish wastes [14], and here, we have employed response
surface design guided optimization of process parameters of
conventional HTC by using a custom autoclave HTC reactor
to treat fish waste. Further, we have also characterized the
energy, elemental, proximate, and morphological properties
of hydrochar.

2 Materials and methods

2.1 Feedstock preparation for HTC

Fish waste comprising of heads, tails, viscera, fins, and scales
from a variety of fishes including northern anchovy, salmon,
and cod were obtained fresh from the local market, stored, and
processed as previously described [14, 15, 21]. A complex
mixture was obtained to recapitulate the heterogeneous nature
of the fish waste produced from industries. The wastes were
then stored at − 20 °C until use for a maximum of 2 weeks. On
the day of the experiment, required amount of waste was first
thawed and then homogenized in a food-grade blender until a
smooth paste is obtained. From previous studies, it is
known that enzyme pre-treatment is essential to success-
fully carbonize fish waste at holding temperatures and
times considered in this study [21]. No hydrochars were
produced from untreated, acid, or alkali-treated fish
waste [21]. Therefore, fish waste was enzymatically
pre-treated before CHTC as previously described [14,
15, 21]. Briefly, 30 g of homogenized fish waste was
mixed with an enzyme cocktail (20%, w/w of each en-
zyme in the ratio of 1:1:1) of Viscozyme (catalog no.:
V2010), lipase (catalog no.: L0777), and protease (catalog
no.: P4860), and the incubation was carried out in laboratory
incubator/shaker (Incushaker mini, Benchmark Scientific,
USA) at ~ 40 °C with rotation at 120 rpm for a period of
6 h. After enzyme pre-treatment, a less-viscous digested fish
waste was then subjected to CHTC.

2.2 Hydrothermal carbonization

Fish waste was carbonized in a customized cylindrical auto-
clave reactor of 150 mL capacity, made of stainless steel 316.
Controlled heating was carried out by a heating mantle with a
rated heating power of 350 W equipped with a thermocouple
and a temperature controller. A tubular internal heater made of
INCOLOY with a maximum heating power of 300 W
(Omega, Canada) was employed to ensure efficient and more
uniform heating. Further, thermal insulation with glass wool
was employed to minimize the loss of heat to the surrounding
environment (Fig. 1). Following CHTC at varying process
conditions, the end product was then subjected to vacuum
filtration to separate the solid fraction (i.e., wet hydrochar)
from the liquid, biocrude liquor. The wet hydrochar was then

oven-dried at 105 °C for 24 h to produce dry hydrochar. The
yield of the hydrochar was calculated on a dry basis.

Hydrochar yield %ð Þ

¼ Mass of hydrochar dry basisð Þ
Mass of waste before pre−treatment dry basisð Þ � 100

ð1Þ

2.3 HTC optimization protocol

Based on the results from a previous study, where fish waste
was carbonized using MHTC, it is known that the holding
temperature and time of the HTC reaction significantly affects
the yield of the hydrochar [15]. Biomass-water ratio did not
have any effect on the yield of the hydrochar during MHTC
[15]. This effect was further confirmed in a preliminary
CHTC screening study that was conducted at 180 °C
and 120 min by varying the biomass-water ratio (0.5, 1, and
1.5) (Supplementary Fig. S1). Therefore, holding time and
temperature of CHTC was further optimized using response
surface design. The pressure of this process was not con-
trolled, and hence, the pressure will be guided by the

Fig. 1 A conventional hydrothermal carbonization autoclave unit
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temperature of the water as this reaction takes place in a closed
system. As previously described, with two factors, namely the
holding temperature and time, the CCD design resulted in 4
factorial points, 4 axial points, and 4 center runs [15]. Due to
technical limitations, a face-centered non-rotatable design was
implemented as the CHTC system has a very narrow operat-
ing temperature range. For the holding temperature, the min-
imal and maximal limit (− 1,1) was set to 150 and 210 °C. For
the holding time, the maximal and minimal limit (− 1,1) was
set to 60 and 120 min. Biomass-water ratio was kept constant
at 1. A 4-center run was adapted to improve the reliability of
this model. CHTC was performed in a random fashion to
account for any random hidden effects that may be present.
Significant effects were analyzed using ANOVA (analysis of
variance) through DoE suite in JMP. The main effects and a
further model building were implemented by using F test
(Fisher’s test) and probability values (α = 0.05). This design
resulted in a total of 12 runs. The second order linear regres-
sion model as below could be used to model the output vari-
able, i.e., hydrochar yield (%) (βn,ε—co-efficients, xn—vari-
ables).

y ¼ β0 þ β1x1 þ β2x2 þ β12x1x2 þ β11x12

þ β22x22 þ ε

ð2Þ

The experimental results from CHTC trials were fitted to
the above equation using the SAS statistical software, JMP
licensed to McGill University.

2.4 Chemical and energy properties of hydrochar

Elemental and proximate analyses were conducted to charac-
terize the chemical composition of the dry hydrochar pro-
duced at varying CHTC process parameters. The elemental
composition, i.e., C, H, N, and S were determined using an
elemental analyzer (Fisons Instruments CHNS-O EA 1108).
Fish waste dry hydrochar and raw waste samples were ana-
lyzed for moisture content, ash content, and volatile solids per
ASTM International Standard protocols. First, to decipher the
moisture content, 1.0 g of hydrochar was placed in a hot air
oven at 105 °C until a constant weight was achieved. Weights
were noted initially after 4 h and after every hour after the
initial 4-h period (ASTM 871-82, 2006) [22–24]. Second, to
measure the ash content, 1.0 g of the test sample was taken in
an open crucible and placed in a muffle furnace that was
heated to 600 ± 10 °C for 4 h. The weight was noted after
the crucible was cooled (ASTM-D 3174-04, 2009) [22–24].
Finally, tomeasure the volatile matter, 1.0 g of test sample was
placed in a muffle furnace that was heated to 950 ± 10 °C for
7 min (ASTM-D 3175-07) [22–24]. The total fixed carbon
was determined by the difference from 100, considering the
percentile amounts of moisture, volatile matter, and ash

content. Energy value was determined using a Parr adiabatic
bomb calorimeter (Parr Oxygen Bomb Model 1341EB,
Calorimeter Thermometer Model 6772, Parr Instrument
Company, Moline, IL, USA) to calculate calorific value as
previously described [25, 26].

2.5 Scanning electron microscope (SEM)

The raw fish waste samples and recovered hydrochar at vari-
ous operating conditions were analyzed for their surface mor-
phology and microstructure by a Hitachi TM-3000 (Tokyo,
Japan) scanning electron microscope for comparative micro-
structural analysis. Varying resolutions from 50× to 1500×
was used to analyze the morphological structure.

3 Results and discussion

3.1 Optimization of CHTC process parameters

From previous studies, it was known that biomass-water ratio
had invariable effect on the yield of hydrochar during MHTC
of seafood wastes such as fish and shrimp wastes [14, 15].
Further, we confirmed that this holds true for CHTC of fish
waste (Supplementary Fig. S1). Previous studies using other
feedstocks have foundmixed effects of biomass-water ratio on
the yield of hydrochar. For instance, biomass-water ratio did
not significantly affect the yield of hydrochar resulting from
HTC of paper mill sludge [27]. Further, biomass-water ratio
did not affect the elemental, proximate, and energy value of
the resulting hydrochar [27]. HTC of sunflower stem and wal-
nut shell has found that higher biomass-water ratios have been
detrimental to the yield of hydrochar, where increasing the
biomass-water ratio resulted in lower yields [28]. The
hydrochar produced from walnut shell at higher biomass-
water ratio possessed higher calorific value [28]. The effects
of biomass-water ratio on other feedstocks such as food waste,
sewage, and municipal wastes are yet to be conclusively de-
termined. Taken together, these results suggest that biomass-
water ratio may or may not affect the HTC process depending
on the feedstock used. In this study, due to the insignificant
effect of biomass-water ratio on the yield of hydrochar from
fish waste (Supplementary Fig. S1), for further optimization
and characterization studies, this parameter was not
considered.

Response surface methodology (face-centered central
composite design) with two independent variables (holding
temperature and time) was performed with the goal of maxi-
mizing the hydrochar yield. Face-centered central composite
design (Fig. 2a) was adapted in this study due to technical
limitations, as CHTC equipment used in this study cannot
hold the biomass at temperatures higher than 210 °C reliably.
Therefore, the use of star points that could facilitate more
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sophisticated rotatable design could not be implemented.
Further, having the same study design enabled us to compare
the results obtained in this study with our previous study
where MHTC of fish waste was conducted [14].

The response surface plot (Fig. 2b) shows that the
hydrochar yield initially increases upon increasing the
CHTC process parameters, i.e., holding temperature and time,
and the yield decreases upon increasing the process parame-
ters further. Firstly, upon examining the effect of the process
parameters individually, we found that both the holding tem-
perature (F(1,11) = 6.09; P = 0.04) and holding time (F(1,11) =
32.57; P = 0.001) significantly affected the hydrochar yield.
Secondly, it was a surprise to note the lack of a significant
interaction effect of holding temperature and time (F(1,11) =
1.45; P = 0.27). Thirdly, the curvature term (temperature ×
temperature effect) was found to exhibit a significant effect
on the yield (F(1,11) = 88.39; P < 0.0001), which is not surpris-
ing after noting that the response surface of the hydrochar
yield exhibited a curved surface (Fig. 2b). Such a curved sur-
face is formed due to the fact that the hydrochar yield at the
center point (180 °C and 90 min) falls on a different surface
plane than the surface plane that fits the four corner points.
The CCD design response surface model significantly fitted
(P = 0.0005) the experimental yield as is depicted by a high
value of R2 (0.96). The percentage error between the actual
and predicted hydrochar yield values ranged between 0.1 and

3.6% with mean percentage error of 1.4%. However, it is
noteworthy that the difference between the actual and
predicted hydrochar yield was not significantly different
(P = 0.50, matched-pairs t test). The quadratic model fit
of the hydrochar yield is depicted by the equation below
(T—temperature, t—time),

Hydrochar yield %ð Þ ¼ 1:8088 T

þ 0:0559 t−0:0005 Tt−0:0048 T 2

þ 0:0005 t2−138:9142
ð3Þ

Based on surface plot as shown in Fig. 2b, for the tested
process parameter space, the maximal yield of hydrochar from
fish waste (~ 34.5%) was obtained by conducting CHTC at
holding temperature of 180 °C and holding time of 120 min.
On comparing this result to the results obtained from a previ-
ous study that employed MHTC of fish waste in a similar
response surface experimental design, it was found that both
MHTC and CHTC resulted in a maximal yield of
hydrochar (~ 35%). However, on first impression, the
results suggested that the optimized CHTC process pa-
rameters were found to be better, as the maximum
hydrochar yield was obtained at a lower holding temperature
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(180 °C) than MHTC (200 °C), and for a similar holding time
of (~ 120 min) (Supplementary data Table S4). Despite this
advantage, one of the concerns that is often associated with
conventional methods of heating is the longer come-up time,
which increases the total experimental time. This is true in this
study as the come-up time of the CHTC to reach 150, 180, and
at 210 °C was found to be about 3–4 times more than that of
the MHTC (150 °C: CHTC = 30.33 ± 1.20 min, MHTC =
8.67 ± 0.89 min, P = 0.0007, Student’s t test; 180 °C:
CHTC = 41.33 ± 1.45 min, MHTC = 12.61 ± 0.88 min, P =
0.0005, Student’s t test; 210 °C: CHTC = 63.33 ± 1.20 min,
MHTC = 16.33 ± 0.88 min, P < 0.0001, Student’s t test).
These results suggest that CHTC andMHTC have advantages
and disadvantages when it comes to achieving a certain yield
of hydrochar. MHTC greatly reduces the come-up time, which
will result in shorter process times, despite having a higher
operating temperature than CHTC. In a previous comparative
study where MHTC and CHTC of lignocellulosic biomass
was evaluated, it was found that the hydrochar yield produced
from both these processes were comparable [29]. However,
the same study reported that MHTC greatly reduces the pro-
cess time [29]. Further, another comparative study which eval-
uated the effect of CHTC and MHTC on human biowaste
reported that the yield of the hydrochar were similar irrespective
of the heating method [30]. These results strongly suggest that
the final yield of the hydrochar produced does not vary greatly
depending on the heating method employed. However, different
heating medium may impose different optimal process condi-
tions to achieve a certain yield of the hydrochar during HTC. It
is possible that for some feedstocks this notionmay very well not
hold true. A study which evaluated the effect of feedstock cate-
gories, i.e., carbohydrates, proteins, and fatty oils, on the yield
and energy properties found that yield and energy properties are
dependent on the type of feedstock categories being carbonized
[31]. Taken together, in order to determine which technique is
better for processing fish waste, future experiments should focus
on solving the energy and mass balance of the CHTC and
MHTC processes. Also, one may need to take into account the
material, elemental, proximate, and morphological differences in
the hydrochar that is made from these processes to decide on the
best process that suits their needs.

3.2 Elemental analysis of fish waste hydrochar

The trend of elemental composition of the dry hydrochar ob-
tained from fish waste at various operating conditions of
CHTC and that of raw fish waste (before enzyme pre-
treatment) is shown in Fig. 3a and Supplementary data
Table S1. As the holding temperature and holding time of
CHTC increased from 150 °C and 60 min to 210 °C and
120 min, the amount of atomic carbon in the hydrochar ob-
tained increased from ~ 38 to ~ 51%. The maximal atomic
carbon in the hydrochar (~ 52%) is obtained at CHTC

operating parameters of 210 °C and 90 min. Atomic oxygen
content followed an opposite trend compared to that of the
atomic carbon. With increase in holding temperature and time
from 150 °C and 60min to 210 °C and 90min, atomic oxygen
in hydrochar varied from 51 to 37%. Atomic hydrogen and
nitrogen in hydrochar mildly increased upon increasing the
holding temperature from 150 to 210 °C. Sulfur composition
is negligible at different operating conditions of the CHTC.
These results indicate that hydrochar is formed by the enrich-
ment of atomic carbon and by the removal of atomic oxygen
simultaneously, possibly by decarboxylation, demethylation,
and dehydration reactions as suggested by the Van Krevelen
diagram (Fig. 3b), during CHTC in a holding time and

a

b

Fig. 3 Chemical characterization of hydrochar. a Elemental composition
of dry hydrochar from duplicate experiments; RFW, raw fishwaste. bThe
Van Krevelen diagram of hydrochar obtained at different CHTC
operating conditions
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temperature-dependent manner. In our previous study, we
found that MHTC of fish waste resulted in a similar trend of
atomic elements as seen in the hydrochar produced by the
CHTC of fish waste [14]. Similar trends in the atomic ele-
ments were observed in a variety of feedstocks including sev-
eral lignocellulosic raw materials [32–36] and mixed waste
such as sewage sludge [37] and food waste [38–40]. For in-
stance, in food waste derived hydrochar, the elemental com-
position was found to be 38–65% carbon, 5–7% hydrogen,
0.5–6% nitrogen, 24–55% oxygen, and insignificant amounts
of sulfur [40]. The higher carbon content with food waste
could be attributed to the higher holding temperature used
(350°C) [40]. In sewage waste derived hydrochar, the elemen-
tal composition was found to be 37–39% carbon, 5–6% hy-
drogen, 2–5% nitrogen, and 52–54% oxygen [37]. These col-
lectively suggest that the hydrochar derived from fish waste
during CHTC is largely comparable to other feedstocks.

At the optimal process conditions, i.e., a holding tempera-
ture of 180 °C and a holding time of 120 min, the CHTC
hydrochar produced consisted of ~ 42% of atomic carbon, ~
48% of atomic oxygen, ~ 5% of atomic hydrogen, ~ 6% of
atomic nitrogen, and ~ 0.1% of atomic sulfur (Supplementary
data Table S4). At similar process conditions ofMHTC of fish
waste, (180 °C and 120 min), the hydrochar produced
consisted of ~ 48% of atomic carbon, ~ 39% of atomic oxy-
gen, ~ 5% of atomic hydrogen, ~ 7% of atomic nitrogen, and
~ 0.4% of atomic sulfur (Supplementary data Table S4) [14].
On comparing these two results, it is clear that the elemental
properties are largely similar, with percentage difference of
less than 15% in every atomic element. These results strongly
argue that with respect to the elemental composition of the
hydrochar, either the CHTC or MHTC of fish waste results
in a similar quality.

We then computed H/C and O/C atomic ratios to better
understand the reaction pathways that might underlie
hydrochar production and plotted the Van Krevelen diagram
(Fig. 3b and Supplementary data Table S1). At holding tem-
perature of 150 °C, upon increasing the holding time, there
was an increase in the demethylation reaction, represented by
a shift to the right in the O/C ratio. Similarly, upon increasing
the holding temperature to 180 °C, there was an increase in the
demethylation reactions at all holding times tested as depicted
by the higher O/C values for the hydrochar compared to that
of the raw fish waste. Such demethylation reactions are known
to occur in other feedstocks [41]. It is also possible that at
these temperatures other uncharacterized reactions may occur
in the raw material. Further increase in temperature to 210 °C
suggested that the decarboxylation reactions are clearly evi-
dent during CHTC of fish waste as indicated by lower O/C
values of hydrochar compared to raw fish waste. Irrespective
of the holding temperature or time, the lower H/C atomic ratio
compared to raw waste depicts the occurrence of dehydration
reaction during CHTC at all holding temperatures and times.

These results suggest that underlying reactions during CHTC
of non-lignocellulosic waste might be more complex than that
of the lignocellulosic material especially at lower holding tem-
peratures. Similarly, decarboxylation, demethylation, or dehy-
dration reactions occur either exclusively or in combination
during MHTC of fish waste [14], shrimp waste [15], and sev-
eral lignocellulosic materials and mixed waste streams such as
food waste, municipal, sewage, and human biowaste [29,
32–34, 37, 40, 42]. For instance, in food waste decarboxyl-
ation, demethylation and dehydration reaction was observed
in hydrochars derived from both enzyme pre-treated and un-
treated food waste during HTC at temperatures 150 to 350 °C.
Comparing this to our results, it is suggestive that at the least at
high holding temperatures, the reactions that take place during
the formation of hydrochar might be similar.

3.3 Proximate analysis of hydrochar

Proximate analysis results for the dry hydrochar produced at
different operating conditions of CHTC hydrochar and raw
fish waste are summarized in Fig. 4a, b. The amount of fixed
carbon in the hydrochar increases with increase in holding
temperature. For instance, when the temperature increases
from 150 to 210 °C (at holding time of 60 min), the fixed
carbon content in the hydrochar increases from 15.97 ±
1.14% to 30.89 ± 0.98%. Further at a particular holding tem-
perature, increasing the holding time from 60 to 120 min in-
creases the fixed carbon in the hydrochar (Fig. 4a and
Supplementary data Table S2). For instance, at the holding
temperature of 210 °C, the fixed carbon increases from
30.89 ± 0.98% to 35.16 ± 1.54% as the holding time increases
from 60 to 120 min. On the other hand, volatile matter follow-
ed an opposite trend, where it decreases as the holding tem-
perature and time increases during CHTC. The volatile matter
decreased from 46.23 ± 1.08 to 38.76 ± 0.94% as the holding
temperature and time increases from 150 °C, 60 min to
210 °C, 120 min respectively. The increase in the fixed carbon
content could be attributed to the removal of the volatile mat-
ter and the mass conversion that occurs during CHTC [43].
The ash content of the hydrochar followed a trend similar to
that of the volatile matter, where it decreases with increasing
holding temperature and holding time. Ash content decreased
from 31.54 ± 1.30 to 22.54 ± 1.90% as the holding time and
temperature increase from 150 °C, 60 min to 210 °C, 120 min
respectively. This trend of ash content suggests that the inor-
ganics present in the fish waste is being leached more at a
higher holding temperature in a holding time dependent man-
ner [44]. We then computed the fuel ratio [43] (fuel ratio =
fixed carbon / volatile matter) to understand the fuel charac-
teristics of the hydrochar produced. As the holding tempera-
ture and time increases from 150 °C, 60 min to 210 °C,
120 min, the fuel ratio (Fig. 4c) increases from 0.35 to 0.91,
indicating that the fuel characteristics of hydrochar improve at
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higher holding temperature and time. The hydrochar produced
at a temperature of 210 °C and holding time of 120 min ex-
hibits highest fixed carbon (35.15 ± 1.54%) and contains low-
est volatile matter (38.76 ± 0.94%), which explains the highest
fuel ratio (0.91) obtained in the tested parameter space. With
respect to the feedstock used, similar trends of fixed carbon,
ash content, and volatile matter have been observed in MHTC
of shrimp waste [15], several lignocellulosic materials and
mixed waste streams such as sewage, municipal, food, and
human biowastes [29, 32–34, 37, 40, 42]. For instance, the
proximate composition of the hydrochar derived from sewage
waste was found to be 3–5% moisture, 25–39% ash, 55–75%
volatile matter, and 1–6% fixed carbon.

The optimal CHTC process conditions to produce maximal
yield, which is a holding temperature of 180 °C and a holding
time of 120 min, result in hydrochar that comprises of ~ 26%
of fixed carbon, ~ 44% of volatile matter, ~ 27% of ash con-
tent, and ~ 3% of moisture content (Supplementary data
Table S4). Upon MHTC of fish waste, the hydrochar
produced exhibits similar trends of increase or decrease in
the fixed carbon, volatile matter, and ash content [14]
(Supplementary data Table S4). At a similar operating condi-
tion, i.e., at a holding temperature of 180 °C and a holding
time of 120 min,MHTC of fish waste produces hydrochar that
consists of ~ 19% of fixed carbon, ~ 59% of volatile matter, ~
20% of ash content, and ~ 2% of moisture content [14]
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(Supplementary data Table S4). On comparing these two
hydrochars, CHTC hydrochar has ~ 36, ~ 35, and 10% more
fixed carbon, ash content, and moisture content, respectively,
than that of MHTC hydrochar (Supplementary data Table S4).
On the other hand, CHTC hydrochar has lower volatile matter
(34% less) MHTC hydrochar (Supplementary data Table S4).
These results suggest that the distribution of materials during
HTCmay depend on the medium of heat used. Despite CHTC
hydrochar having high fixed carbon content, the energy
values, as reported in the next section, determined by the
bomb calorimeter were indifferent. These results taken togeth-
er suggest that the energy value may strongly depend not only
on the carbon value but also on the volatile matter, ash, and
moisture content.

3.4 Energy values of hydrochar

The energy value determined from analytical bomb calorime-
try experiments for the fish waste dry hydrochar derived after
CHTC are reported in Fig. 5a and in Supplementary data
Table S2. It is evident that the calorific value increases from
21.45 ± 0.06 to 24.99 ± 0.14MJ/kg as the CHTC holding tem-
perature increases from 150 °C, 60 min to 210 °C, 120 min.
The highest calorific value (25.64 ± 0.80MJ/kg) was obtained
from hydrochar produced at holding temperature of 180 °C
and time of 90 min. The hydrochar derived from the CHTC
optimal conditions (180 °C and 120 min) has an energy value
of 23.92 ± 1.04 MJ/kg. From our previous study, MHTC
hydrochar derived at a similar condition (180 °C and
120 min) has an energy value of 22.76 ± 0.11 MJ/kg [14].
These results indicate that the energy values of hydrochar
produced from fish waste at optimal conditions in CHTC or
at similar conditions in MHTC are largely similar.

The energy value of hydrochar produced from several other
feedstocks including lignocellulosic [45], agricultural [46],
and sewage sludge [17] has been found to correlate with atom-
ic carbon content obtained from the elemental analysis of the
hydrochar. We wondered if the carbon content in hydrochar
produced from fish waste CHTC correlates with the energy
value. Figure 5b indicates that the total carbon content in the
hydrochar does not correlate with the calorific value as com-
puted from bomb calorimetry. The R2 value of the best-fit line
is 0.13, which is not significantly correlated to the observed
calorific value (P = 0.14). However, the carbon content in the
hydrochar produced from MHTC of fish waste was found to
be good predictor of the heating value [14].

We then computed energy enrichment factor (EEF = calo-
rific value of hydrochar/calorific value of raw fish waste), a
parameter that measures the energy densification in
hydrochar. EEF value of > 1 represents improved energy den-
sification in hydrochar. EEF value of hydrochar produced at
all tested holding temperatures (150–210 °C) and holding time
(60–120 min) were above 1 (Supplementary data Table S2),

indicating a good energy densification of hydrochar produced
by CHTC. Similar to the energy value, the EEF factor of
hydrochar from CHTC (~ 1.19) optimal conditions is largely
comparable to MHTC hydrochar (~ 1.15 produced at near
optimal conditions. Subsequently, we computed energy yield
(energy yield = hydrochar yield × EEF) for hydrochar made at
different operating conditions and the results are depicted in
Fig. 6. We found that energy yield increased from 29.33 to
36.31% as the holding temperature and holding time increases
from 150 °C, 60min to 210 °C, 120min (Fig. 6). This increase
in energy yield is attributed to the increasing hydrochar yield
with increasing holding temperature and time. On comparing
the energy yield between CHTC andMHTC, it was found that
they exhibited similar and comparable energy yield owing to
similar yield and similar energy values.

Owing to the ease of use of mathematical models to deter-
mine the energy value, several models have been developed
and employed for the determination of energy value based on
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the elemental and proximate analysis data. One such common
way used to estimate the calorific value is based on the unified
model developed by Channiwala and Parikh 2002, which is
based on the elemental and proximate analysis of fuels that
encompasses a wide variety of biomass including lignocellu-
losic waste such as agricultural waste, woody biomass, and
also mixed waste such as sewage sludge, animal waste, and
municipal waste [47]. The model equation is as below (C—
carbon, H—hydrogen, S—sulfur, O—oxygen, N—nitrogen,
A—ash content).

Gross calorific value ¼ 0:3491Cþ 1:1783Hþ 0:1005S

−0:1034O−0:0151N−0:0211A MJ=kgð Þ
ð4Þ

The above equationwas used to compute the gross calorific
values (also known as high heating value) based on the prox-
imate analysis of the hydrochar produced from fish waste. It
was noted that the gross calorific value calculated from above
equation and the actual calorific value calculated from bomb
calorimetry matched poorly as depicted by poor R2 value
(R2 = 0.19; P = 0.42; Supplementary data Fig. S3a, b).
Further, due to poor prediction, the values of percentage error
ranged from 0.05 to 26%. This is an alarming overestimation
of the energy value for the hydrochar derived from fish waste.
These results suggest that the equation that are mostly used to
estimate the energy value of mostly lignocellulosic wastes and
mixed wastes may not necessarily be good to predict the en-
ergy value of the fish waste hydrochar derived from CHTC.
With respect to the type of feedstock used, CHTC produced
hydrochar of calorific value that is comparable to the
hydrochar obtained from lignocellulosic biomass (24–
30 MJ/kg) [48], food waste (15–27 MJ/kg) [40], sewage
sludge (15–16 MJ/kg) [42], and human biowaste (22–

25 MJ/kg) [42]. Based on the calorific value obtained
from bomb calorimetry, CHTC fish waste hydrochar
resembles lignite [43].

3.5 SEM analysis of hydrochar

The microstructure of CHTC fish waste hydrochar was
assessed by performing SEM experiments and the micro-
graphs of hydrochar obtained at varying operating conditions
are shown in Fig. 7. The SEM micrographs reveal interesting
features of the surface morphology of the hydrochar. At first
glance, compared to raw fish waste, hydrochar irrespective of
the operating conditions looks different. The raw material has
no defined structure as it is flaky and appeared as blobs of
clumped up biomass. However, at CHTC holding tempera-
ture of 150 °C, carbonization process has resulted in the
transformation of the surface morphology of hydrochar as is
evident from the improved surface structure of the hydrochar.
In particular, higher holding times produced microspheres
that are typical of hydrochar produced from lignocellulosic
wastes [49]. However, upon increasing the holding tempera-
ture of the CHTC process from 150 to 180 and 210°C, the
microspheres formed during carbonization are more clearly
visible. Interestingly, microspheres were formed separately
and also were observed on top of the plate like structures with
few cracks. Such cracks are likely to be formed during the
release of volatile substances during CHTC. These transfor-
mations are very interesting and thus indicate the decompo-
sition of the monomers of the complex macromolecules that
fish waste is composed of such as carbohydrates, proteins,
and lipids and subsequent precipitation and growth into
spheres. Different microstructures of hydrochar due to differ-
ent operating conditions are also seen in other types of bio-
mass such as lignocellulosic biomass [49]. A similar micro-
structure of hydrochar has been observed during MHTC of
sewage sludge and human biowaste [42]. Clear microspheres
were also observed in hydrochar derived from kitchen waste
[50]. In our previous study, a similar and a better evolution of
hydrochar surface properties evolved with increase in holding
temperature and holding time [14]. Microspheres of different
sizes were more prominently and frequently observed in
hydrochar produced from MHTC of fish waste [14]. Taken
together, these results indicate that MHTC might produce
hydrochar with more microspheres which may result in better
surface characteristics. MHTC has a much lower come-up
time compared to CHTC, which also increases the total pro-
cess time of the CHTC. These results strongly suggest that
the better microspherical structure of hydrochar observed
during MHTC could be potentially attributed to both
the faster come-up time and a quicker total process
time.

This study primarily focussed on the optimization of the
hydrochar yield during CHTC of fish waste and then further
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characterized and compared the elemental, proximate, mor-
phological, and energy quality of CHTC hydrochar with
MHTC hydrochar. It should be noted that the liquid end prod-
uct of the hydrochar is not characterized in this study. This end
product should be further characterized as it may be of com-
mercial interest due to the presence of dissolved organic com-
pounds that occurred during HTC. The coffee-like scent of the
liquid is a good indication of the presence of aromatic organic
compounds. In previous studies, in other feed stocks such as
food waste, the liquid end product has been found to contain
many organic compounds, especially was enriched in 5-
hydroxy methyl furfural [40]. The maximal solid yield recov-
ered in this study was about ~ 35%, which suggests the rest of
the matter is either present in the liquid or the gaseous phase.
Therefore, in future studies a thorough characterization and
quantification of components in the liquid product is needed.
The gaseous products during HTC are often considered very
little if any and should also be characterized in future studies
[13]. This is of particular interest not only for the realistic
assessment of mass balance in this process but also to evaluate
the cost-benefit analysis, as liquid product might hold equal or
more commercial value than the solid hydrochar.

This study has devised an efficient stand-alone or supple-
mental technology to completely utilize the fish wastes to

produce end products that are of commercial interest. First,
the yield of hydrochar obtained from a non-conventional bio-
mass for HTC, i.e., non-lignocellulosic fish waste is largely
comparable to certain lignocellulosic wastes, food wastes, and
sewage wastes. Thus, this study would expand the feedstock
pool that is available for HTC, which now can also include
non-lignocellulosic wastes such as seafood waste and meat
waste. Second, the hydrochar produced from fish waste pos-
sesses energy value and carbon content comparable to other
hydrochars derived from traditionally used feedstock includ-
ing certain lignocellulosic wastes, sewage, food waste, and
even low-grade coals such as lignite. This suggests that
hydrochar could potentially be used as a solid fuel.
However, further thorough characterization of the fuel prop-
erties and emission properties are needed to conclusively de-
termine the applicability of the hydrochar as a solid fuel.
Previous studies that evaluated the co-combustion of
hydrochars derived from coconut fiber and eucalyptus leaves
with lignite have shown that such blends increase the energy
conversion efficiency [51]. Third, hydrochars can be poten-
tially used in a variety of fields such as carbon sequestration,
catalytic, electronic, and biological applications. Field studies
have shownmixed results where hydrochar has been shown to
improve the carbon stability or decrease it [52]. Further, fish
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210 °C

RFW
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b

Fig. 7 Scanning electron
micrographs. a, b Micro-
structural analysis of dry
hydrochar and raw fish waste
(RFW). Scale bar 10 μm
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waste hydrochar also contains nitrogen, which may lead to the
release of greenhouse gases [53]. Alternately, the nitrogen
could also be beneficial as it will lead to a higher C/N ratio
than most hydrochars and may potentially lead to better nitro-
gen availability to plants [54]. One other factor that could
affect the suitability of fish waste hydrochar is the heavy
metals that might potentially be present in the char. Further
experimentation in the field and heavy metal characterization
is necessary to assess the suitability of the hydrochar as carbon
sequestering agent. Fourth, many studies have shown that
HTC provides a green pathway for the synthesis of hydrochar
containing micro and nanospheres [52]. These properties
make hydrochar suitable for use as anode material in lithium
ion batteries [52]. It has been shown that hydrochar exhibits
higher cycling performance and conductivity in batteries as
compared to biochar and coal [52]. The spheres in the
hydrochar can also be used as support for catalysts through
either impregnation of nanoparticles or through modification
of surface functional groups [52]. Finally, hydrochar has
also been shown to serve as potential adsorbents for the
removal of heavy metals such as lead from water owing
to their oxygen-rich functional groups that can selective-
ly target positive ions [55]. It is noteworthy that the
other end product, the liquid end product, could also
be a good source of organic compounds that could of
potential interest [40]. Therefore, HTC can provide a
method to convert a low-value fish waste into two very
attractive end products that may find applications not
only as a source of energy or a sequestering agent but
also for the production of variety of carbon materials
including anodes in batteries and fuel cells.

4 Conclusions

In this study, we have optimized the CHTC of fish waste to
maximize the yield of hydrochar using a response surface
design. We found that the maximal yield of hydrochar was
obtained at a holding temperature of 180 °C and 120 min,
i.e., at a lower holding temperature compared to the MHTC
of fish waste. Further, the yield of hydrochar produced at
varying conditions of CHTC of fish waste is comparable to
the yield of hydrochar achieved by MHTC at similar condi-
tions. However, CHTC exhibits a come-up time that is 3–4
times more than that of the MHTC come-up time for fish
waste. This suggests that MHTCmight be preferable if shorter
process times are key to the process engineer. Future experi-
ments should aim to evaluate the energy and mass balance of
these processes to decipher the suitability of these processes
for large-scale manufacturing. This is very important as
MHTC operates at a higher optimal process temperature of
200 °C, than CHTC that operates at 180 °C for carbonizing
fish waste. This study adds one more proof to the new idea

that the non-lignocellulosic wastes such as fish waste could be
utilized for energy purposes by HTC irrespective of the
heating medium used. Upon comparing the properties of
hydrochar produced by CHTC and MHTC, i.e., the elemental
and proximate composition, energy value, and the morpholog-
ical properties, it is clear that there are no major differences.
The end use of the hydrochar will also determine the medium
of heating and processing conditions that one should consider
in the treatment of the feedstock. For instance, if hydrochar
with structurally well-formed microspheres are preferred,
then MHTC has edge over CHTC. Therefore, further
experiments are needed to assess additional properties
of hydrochar such as porosity to assess its suitability
to be adsorbent, fuel combustion properties to assess
its suitability as energy source, and heavy metal and
greenhouse gas emission to assess its environmental
suitability. Such experiments could pave way for an
engineer to make an informed choice on the technology
and process requirements for HTC.
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