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Abstract
The present study addresses the production of hydrochars from brown seaweed (Fucus serratus) (FS-HCs), coconut shell 
(CS-HCs), and oak (Oak-HCs) as potential adsorbents using hydrothermal carbonisation (HTC). The effect of HTC processing 
temperature on the physicochemical adsorbent characteristics of the hydrochars is investigated at different tempera-
tures (200, 220, 250 °C) using a hydrothermal batch reactor. Increasing HTC temperature causes the formation of many 
spheres in CS-HCs and Oak-HCs, increasing their porosity, except FS-HCs. The surface area of the hydrochars increases 
with increasing HTC temperature; 10.93–12.78 m2/g for FS-HCs, 2.18–21.94 m2/g for CS-HCs, except for Oak-HCs which 
decreases from 4.89 to 3.09 m2/g. Increasing HTC temperature decreases volatile matter content in the hydrochars, 
increases fixed carbon content, and decreases H/C ratio (except for FS-HCs) and O/C ratio of the hydrochars. For all the 
hydrochars, increasing the HTC temperature results in a slight decrease in zeta potential magnitude, with negatively 
charged surfaces, making them potential adsorbents for cationic pollutants. The study confirms that the HTC process 
improves key chemical and physical characteristics of the hydrochars compared to the original biomass, and that the 
physicochemical adsorbent characteristics are enhanced as the processing temperature increases.
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• Hydrochars produced by hydrothermal carbonisation of 
seaweed, coconut shell and oak have improved physico-
chemical adsorbent characteristics.
• Increasing temperature results in a decrease in O/C ratio 
in the hydrochars, indicating a decrease in oxygenated 
functional groups.

• Physicochemical adsorbent characteristics of the hydro-
chars are influenced by the type of biomass feedstock and 
the processing temperature utilised.
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1  Introduction

Adsorption technology has shown to be a promising 
approach for the removal of inorganic and organic con-
taminants from aqueous media due to its safety, sim-
plicity and ease of operation, high availability, and high 
efficiency [1–4]. Activated carbon is the most commonly 
used adsorbents for removing pollutants from wastewa-
ters [5]. However, the associated high costs in relation 
to the extremely high processing temperatures (up to 
1000 °C) and low conversion efficiency to produce the 
activated carbon inhibit its exploration [6, 7]. Hence, 
because charring generally eliminates the release of 
secondary pollutants into the wastewater stream [8], a 
number of low-cost alternatives have been investigated, 
including the production of biochar, which is the solids 
product of slow pyrolysis [9, 10]. However, like activated 
carbons, the process requires very high temperatures 
(> 500 °C) and the solids yield is low (about 35%) [11], 
although the yields are higher than those obtained from 
the production of activated carbons. Therefore, the focus 
in recent times has been to use inexpensive and more 
efficient processes that can produce higher carbonised 
solids yields in an environmentally friendly and sustain-
able manner.

Currently, “hydrochar”, the solids product of hydro-
thermal carbonisation (HTC) process has gained inter-
est for use as an adsorbent. Hydrochars are similar to but 
less stable than biochars and thermally activated car-
bons before the activation stage. HTC requires heating 
of the biomass submerged in water to 180–250 °C under 
pressure for several minutes to several hours, reducing 
both the hydrogen and oxygen content of the biomass 
through a series of complex reactions such as hydrolysis, 
dehydration, decarboxylation, aromatisation, and poly-
merisation [12–14]. Hydrochars derived from lignocel-
lulosic biomass such as pine needles, pine cones, and 
oak leaves treated at 200 °C for 12 h have been reported 
to have highly hydrophilic spheres at their surfaces mak-
ing them water dispersible and desirable for ion binding, 
and hence, have the potential for use as adsorbents [15]. 
Román et al. [16] produced hydrochars from pistachio 
shells using HTC at 220 °C for 20 h and found the forma-
tion and abundance of oxygenated functional groups 
including hydroxyl (O-H) and carbonyl (C=O). In a recent 
study, the adsorption potential of hydrochars produced 
at 200 °C for 20 h and derived from different biomass 
feedstocks including egg shell, lemon peel, rice husk, 
coconut peat and coconut shell were investigated, which 
identified O–H and carboxyl (COOH) as the major func-
tional groups and varying surfaces areas [17]. It is evi-
dence from these studies that the type of the biomass 

material influences the surface structure and function-
ality of the produced hydrochar. Activation has been 
found to influence the adsorption properties of hydro-
chars. For instance, HTC of cow manure was investigated 
at 190 and 230 °C, with or without pyrolysis post-treat-
ment as potential adsorbent materials, and revealed that 
the pyrolysing the hydrochars at 600 °C for 30 min sig-
nificantly increased the surface area of the hydrochars, 
but their adsorption capacity was three times lower than 
the non-pyrolysed ones [18]. However, methylene blue 
adsorption using NaOH-activated coconut shell derived 
hydrochar produced at 200 °C for a residence time of 
2 h showed that NaOH-activation can improve the BET 
surface area and adsorption capacity of the produced 
hydrochars [19]. The addition of surfactant, sodium 
dodecylbenzenesulfonate, has been found to increase 
the surface area of hydrochar derived from coconut shell 
at an HTC temperature of 210 °C for 30 min residence 
time [20]. However, most of these studies did not inves-
tigate some of the essential parameters that could help 
to better understand characteristics of the adsorbents 
such as the elemental (CHNO) compositions, proximate 
analysis, and zeta potential of the hydrochars. Besides 
feedstock characteristics, HTC process conditions also 
influence the properties of hydrochars, which need fur-
ther investigations. A study by Elaigwu and Greenway 
[21] conducted microwave-assisted HTC of coconut shell 
at different HTC process conditions by varying the reac-
tion temperature from 150 to 200 °C and residence time 
from 5 to 30 min. Their study revealed that HTC led to 
changes in the chemical and structural compositions as 
well as improved the energy properties of the produced 
hydrochars. However, while conventional HTC is known 
to improve the BET surface area of hydrochars [17, 19], 
the formation of tarry substances during the microwave-
assisted HTC contaminated the hydrochar by blocking 
the pores, resulting in a small BET surface area [21]. A 
recent study on the adsorption capacity of orange peel 
and grape skin derived hydrochars produced at HTC 
temperatures between 180 and 250 °C have shown that 
hydrochars produced at lower temperature (180 °C) have 
low surface area, but adsorption of methylene blue is the 
highest, because of their maximum density of total oxy-
gen functional groups, which decrease with the increase 
in HTC temperature [22]. The findings from these stud-
ies revealed that HTC process conditions and the initial 
composition and structure of the biomass material can 
greatly influence the shape, size, surface structure, and 
adsorption characteristics of the final hydrochar. Hence, 
a full investigation of the physicochemical adsorbent 
characteristics of hydrochars derived from a variety 
of biomass feedstock at different HTC temperatures is 
required.
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The development of practical and efficient adsorbents 
from readily available and low-cost materials is desirable. 
In this present work, brown seaweed (Fucus serratus), 
coconut shell and oak sawdust were carbonised to pro-
duce hydrochars to study their physicochemical sorption 
characteristics. Seaweed is a widely available macroalgae 
found on the shores of the North Atlantic Ocean [23] and 
can be cultivated on many coastlines; hence it does not 
compete for land with food crops. About 62 million metric 
tons of coconut waste is produced annually [24], of which 
the shell represents approximately 18 million tonnes [25]. 
Sawdust, including oak derived types are wastes gener-
ated from sawmills and the furniture industry, which 
makes it a readily available biomass source. Converting 
these biomass wastes to hydrochars for use as adsorbents, 
especially oak sawdust and coconut shell, would prevent 
biodegradation of the biomass that could have caused the 
emission of greenhouse gases and that is, contribute to 
global warming.

Although the composition of seaweeds is complex 
compared with lignocellulosic biomass, studies into the 
sorption potential of non-carbonised seaweeds for pollut-
ant removal has gain research interest in recent times, and 
have shown to have distinct sorption characteristics [26, 
27]. However, studies into the sorption characteristics of 
seaweed-derived hydrochars are limited in the literature, 
and further studies are required to fully understand the 
impact of carbonisation on their physicochemical sorption 
characteristics in comparison to their raw biomass feed-
stocks. Coconut shell and oak are lignocellulosic biomass, 
but their compositions vary depending on the species. 
Hence, it is important to understand the physicochemical 
sorption characteristics of hydrochars derived from both 
feedstocks. Coconut shell contains 15–27% of cellulose, 
41–45% of lignin, and 18–40% of hemicellulose [19, 28, 
29]. Oak wood is mainly composed of cellulose (38–46%), 
hemicellulose (19–30%) and lignin (22–29%), while French 
oak comprises of cellulose (22–50%), hemicellulose 
(17–30%) and lignin (17–30%) [30]. Although studies on 
the adsorption properties and physicochemical sorption 
characteristics of hydrochars derived from coconut shell 
and oak are available in the literature, most of the phys-
icochemical sorption characteristics have not been fully 
reported; therefore, further investigations are required in 
these areas.

The aim of this study was to investigate the hydrochar 
properties relevant to its potential physicochemical adsor-
bent characteristics from a range of feedstocks including 
brown seaweed (F. serratus), coconut shell and oak wood 
sawdust. In addition to the fact that information on the 
physicochemical sorption characteristics of coconut shell 
and oak hydrochars have not been fully reported, both 
biomass materials being mainly lignocellulosic were 

included for comparison with seaweed, which has a rather 
complex composition. The hydrochars were characterised 
using elemental analysis, proximate analysis, Fourier trans-
form infrared (FTIR), scanning electron microscopy (SEM), 
Brunauer–Emmett–Teller (BET) surface area, and zeta 
potential. The effect of HTC temperature on the physico-
chemical adsorbent characteristics has been investigated 
to increase the understanding of the best conditions to 
produced hydrochars with improved functionality.

In the next section, we describe the raw materials used 
and experimental and characterisation methods. Section 3 
presents the results and the discussion the interpretation 
of the experimental results. In Sect. 4, we present a conclu-
sion of the experimental findings.

2 � Materials and methods

2.1 � Raw materials

The F. serratus was collected by hand near Aberystwyth, 
UK (52° 25′ 11′′ N, 4° 05′ 16′′ W) in July 2019. Samples were 
initially frozen and then subsequently freeze dried. The 
coconut shell was obtained by de-shelling whole coconut 
purchased at the local supermarket in Leeds, UK. After the 
coconut water and flesh were removed, the shells were 
broken into small pieces with a hammer. The oak wood 
was collected from Holm Oak trees, debarked and chipped 
into pieces of about 1.0 cm. The two lignocellulosic bio-
mass samples were air-dried at room temperature in a 
fume cupboard for 2 days to remove the moisture to aid 
milling. Each dried biomass was separately milled with a 
Retsch Cutting Mill SM300 at 1500 RPM to reduce the par-
ticle size to between 0.1 and 1.0 mm, and then separately 
stored in sealed containers to prevent contamination.

2.2 � Production of hydrochars

HTC was conducted in a 2-l batch autoclave (Parr USA) in 
quartz glass inserts. A biomass-to-water ratio of about 1:4 
(w/v) was used to obtain a solid loading of approximately 
20%. Higher solid loading greater than 15% lead greater 
extent of carbonisation [37]. The mixture was mixed com-
pletely to submerge the biomass, and then heated at three 
different temperatures of 200 °C, 220 °C and 250 °C for 
a residence time of 2 h. The temperature fluctuation on 
the HTC reactor was ± 5°C. After a completion of each run, 
the reactor was allowed to cool to room temperature, and 
the vapour phase was vented in a fume cupboard. The 
mixture was filtered using a Whatman filter paper Grade 1 
(with 11 μm pores) and a Büchner funnel to separate the 
hydrochar from the liquid by-product. During filtration, the 
hydrochar was washed with deionised waster to remove 
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any remaining process water. The hydrochar was then 
allowed to dry at room temperature for 2 days to remove 
any residual moisture and then weighed to determine the 
mass of the hydrochar. The HTC process was repeated for 
each biomass feedstock at each reaction temperature. The 
hydrochars were classified according to the HTC tempera-
ture as follows: FS-HC200, FS-HC220, and FS-HC250 for the 
F. serratus hydrochars (FS-HC); CS-HC200, CS-HC220, and 
CS-HC250 for the coconut shell hydrochars (CS-HC); and 
Oak-HC200, Oak-HC220, and Oak-HC250 for the oak hydro-
chars (Oak-HC). The hydrochar mass yield was calculated 
according to Eq. (1):

Liquid yield was calculated by difference between mass 
of initial water and the filtrate plus the water lost in the 
char during drying. Gas yield was estimated by subtract-
ing the sum of hydrochar yield and liquid yield from 100.

2.3 � Characterisation of the hydrochars

Elemental carbon, hydrogen, and nitrogen (CHN) in the 
raw biomass and the hydrochars were determined using 
a Flash EA112 Elemental Analyser (Thermo Scientific, 
Rodana, Italy) in line with ASTM D5373-08 [31]. Residual 
moisture, volatile matter, and ash were measured using a 
thermogravimetric analyser (TGA-Q5000, TA Instruments, 
UK) according to ASTM method D7582-10 [32].

FTIR spectra were obtained at a wavelength from 4000 
to 400 cm−1 using an FTIR spectrometer (Spotlight 400 N 
FT-NIR, PerkinElmer, UK) to analyse organic functional 
groups of the hydrochars.

Zeta potential of the hydrochars was analysed using a 
zeta potential analyser (Zetasizer Nano ZS, Malvern, UK). To 
perform the analyses, the milled samples were suspended 
in water at a concentration of 0.5% (wt). An extract of the 

(1)

Solid yield(%) =
Mass of solids remaining after drying

Mass of biomass feedstock
× 100

suspension was injected into the capillary cell and inserted 
in the Zetasizer and analysed for the zeta potential. The 
method was repeated for all the remaining samples.

The surface morphology of the raw biomass and the 
hydrochars was analysed using a Hitachi TM3030Plus SEM. 
The sample holder was covered in conductive graphite 
tape with adhesive sides after which a small amount of the 
sample was carefully and evenly placed onto the graphite 
tape avoiding large piles. The sample holder was placed 
into the chamber of the microscope and the air within was 
removed with a vacuum pump. Images were taken using 
secondary electrons produced by a 15 kV electron beam at 
magnifications of ×100, ×500, ×2000, and ×5000.

The surface area and pore volume of all the hydrochars 
were measured from nitrogen isotherms using a surface 
area analyser (Quantachrome NOVA 2200, Quantachrome 
Instruments, US).

3 � Results and discussion

3.1 � HTC tests

The solid, liquid and gas yields of the HTC tests were 
calculated for each biomass from the weights that were 
recorded after the experiments. Table 1 reports the yield 
of the hydrochar, the liquid by-products, and gas at the 
different HTC process temperatures (200, 220, and 250 °C).

As shown in Table 1, the oak produced the highest sol-
ids followed by the coconut shell and then the F. serratus. 
This may be caused by the variation in the composition of 
the three biomass feedstocks. Coconut shell and oak are 
lignocellulosic biomass comprising of lignin, hemicellu-
lose and cellulose [19, 28, 29]. The higher yield of Oak-HCs 
means that the oak used has a high lignin content, which 
decomposes at higher temperatures [33]. Lignin has a 
more stable phenolic structure, which requires higher pro-
cessing temperature above the range of temperature used 

Table 1   Solid, liquid and gas 
yield after HTC experiments

Gas yield = 100 – (hydrochar yield + liquid yield)

Feedstock HTC temperature 
(°C)

Solid yield (%) Liquid yield (%) Gas yield (%)

Fucus serratus 200 39.58 50.35 10.07
Fucus serratus 220 41.11 45.49 13.41
Fucus serratus 250 38.65 47.42 13.92
Coconut shell 200 64.57 30.61 4.82
Coconut shell 220 63.30 29.05 7.65
Coconut shell 250 55.59 31.83 12.58
Oak wood 200 71.79 21.55 6.66
Oak wood 220 71.20 19.41 9.38
Oak wood 250 78.09 9.66 12.25
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in this study to breakdown [33, 34]. Feedstock with higher 
percentage of lignin is found to produce higher solid yields 
[35, 36]. Coconut shell produced intermediate solid yields, 
which means its cellulose fraction was only partially bro-
ken down at the processing temperatures below 220 °C 
due to its crystalline structure, and when the temperature 
was increased to 250 °C the yield significantly reduced as 
the lignin component started to decompose. The results 
of coconut shell solid yields are supported by the findings 
of Volpe et al. [36]. In their study cellulose decomposed 
above 220 °C, with a significant decreased in hydrochar 
yield of 53.4% obtained at 230 °C compared with 82.4% 
at 220 °C, and a more thermally stable solid product was 
formed between 240 and 280 °C.

With increasing temperatures above 220 °C, that is 
increasing the reaction severity, there was a reduction in 
solid yield as the cellulose began to decompose and more 
material was converted into gas [14, 22, 36]. This explains 
the increased in gas yield when there was a rise in the HTC 
processing temperatures. The decreased in solid yield at 
higher temperatures was also caused by loss of the feed-
stock to the liquid products due to the increased rates and 
extent of reaction [6, 37], resulting in an increase in the 
liquid yield.

Oak and F. serratus did not follow the trend of decreas-
ing solid yield with rising HTC temperature. Oak solid yield 
increased at 250 °C, which may be due to polymerisation 
reactions leading to the continued reaction of the lignin 
intermediates to secondary hydrochar [38], as well as 
extensive condensation/intermolecular dehydration and 
formation of polymers (polymerised product) [39]. Sevilla 
and Fuertes [40] reported a small increase in hydrochar 
yield produced from cellulose when the temperature 
was increased from 230 to 250 °C. Zhu et al. [41] found 
similar results, in which a porous carbon with relatively 
high hydrochar yield was derived from Salix psammophila 
at a high HTC peak temperature and retention time and 
explained that more stable hydrochar appears to resist 
chemical activation. Unlike coconut shell and oak which 
are lignocellulosic, F. serratus has a rather different and 
complex composition and contains different carbohy-
drates including laminarin, alginates, mannitol and sul-
phated fucoidan. Fucus serratus also contains high levels 
of polyphenols and higher protein content and ash con-
tent [42, 43]. It is clear that there was significant decom-
position of the carbohydrates at 200 °C, which resulted 
in more transfer of the decomposed materials to the liq-
uid phase. As the HTC temperature was increased to 220 
°C, there was an increase in solid yield with a reduction 
in liquid yield, which may be caused by polymerisation 
reactions and recombination of the materials to char [38, 
39]. As the temperature was further increased to 250 °C, 

the materials decomposed, resulting in a slight decrease 
in the solid yield.

In comparison, due to the extremely higher tempera-
tures used in pyrolysis, solid yields of biochar are much 
lower than hydrochar, as low as 20–30% for similar bio-
mass feedstocks [44]. Including an additional activation 
step to produce activated carbons, reduces the solid yields 
further to 15–20% [45, 46]. This means hydrochars are 
potentially a much better option for producing carbonised 
solids. However, evaluation of the other characteristics of 
the hydrochars and adsorption analyses of the materials 
are required in order to choose hydrochars as better adsor-
bents over biochars or activated carbons.

3.2 � Surface structure

SEM images showing the surface structure of the prepared 
hydrochar and their corresponding raw biomass are pre-
sented in Figs. 1, 2 and 3. The SEM images did not show 
very noticeable differences between the raw F. serratus and 
its hydrochars. However, a close comparison between the 
raw sample (Fig. 1a) to the hydrochars shows that some 
solid-to-solid conversion can be observed at magnifica-
tion ×500 (Fig. 1b–d), which do not show the presence of 
microspheres. This suggests that microspheres were not 
produced in this biomass. This is due to the low concen-
tration of cellulose in F. serratus resulting in a lack of inter-
mediary molecules for polymerisation. Figure 1b–d show 
many nanometres (nm) sized particles, which were absent 
in the raw F. serratus and are probably similar in composi-
tion to the microspheres.

Figure 1b–d show that there is some change in the sur-
face structure of the FS-HCs when increasing HTC temper-
ature, though there seems to be a little change, making 
it difficult to notice a clear trend. Figure 1e shows some 
deposits on the raw F. serratus, which may be KCl and NaCl 
salts because the sample was collected from the ocean 
[47]. The salts will cause secondary pollution modifying 
the treated water if raw F. serratus is used as adsorbent for 
wastewater treatment [48]. Also, the Na Alginate and man-
nitol would also dissolve [42, 49]. The hydrochar shows one 
of the few collections of microspheres, which is probably 
due to carbonisation of the alginate (Fig. 1f ).

Figure 2 shows the SEM images of the raw coconut 
shell and its hydrochars. The hydrochar produced at 
200 °C (CS-HC200) (Fig. 2a) indicates that solid-to-solid 
conversion started to form on some parts of the sample 
while some microspheres begin to form. Only a small 
fraction of the microspheres were present at this tem-
perature as cellulose, which starts to decompose at 
temperatures above 220 °C. In Fig. 2c, the hydrochar 
produced at 220 °C (CS-HC220) shows the formation of 
pores within the structure. These pores within CS-HC220 
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suggests that solid-to-solid conversion occurred 
simultaneously.

In Fig. 2d, the increase in temperature to 250 °C causes 
further polymerisation of the coconut shell. This resulted 
in increasing formation of pores in the CS-HC sample as 
the HTC temperature was increased. The presence of pores 
were an indication of solid-to-solid conversion; however, 
polymerisation of the microspheres was found to be the 
dominant mechanism for CS-HC formation.

Figure 2e and f show more magnified images of the 
CS-H220 and CS-H250 hydrochars, which shows about 
2 nm pores in Fig. 2f, which suggest that increasing HTC 
temperature leads to increasing pores formation in the 
CS-HCs. This supports the pore volume results in Sect. 3.3.

The SEM structure of raw oak biomass is shown in 
Fig.  3a. HTC temperature at 200 °C was insufficient to 
hydrolyse the lignin content; hence, in Oak-HC200 the 
structure of the original biomass is largely maintained. 
However, carbon-rich materials are formed onto this 

Fig. 1   SEM images at ×500 magnification of a raw F. serratus, b FS-HC200, c FS-HC220, and d FS-HC250. At ×2000 magnification are images 
of e deposits on raw F. serratus, and f small cluster of microspheres formed with FS-HC250
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skeleton in the form of small spheres (shown in Fig. 3b). 
This microsphere formation is clearly seen in Fig. 3c as the 
HTC temperature was increased to 220 °C. It has previ-
ously been reported that these microspheres are formed 
via the polymerisation of 5-hydroxymethylfurfural (HMF) 
within the aqueous phase, formed following hydrolysis 

of cellulose during HTC [15]. The microspheres nucleate 
from the liquid intermediates onto the lignin skeleton, 
which undergoes minimal degradation during the HTC 
process and grow into carbon-rich spheres with a hydro-
philic surface [35]. The hydrophilicity of the spheres makes 
them very easy to disperse within water when used as 

Fig. 2   SEM images at ×500 magnification of a  raw coconut shell, b CS-HC200, c CS-HC220, and d CS-HC250. At ×2000 magnification are 
images of e microsphere formation on the surface of CS-H220, and f microsphere and pore formation on the surface of CS-HC250



Vol:.(1234567890)

Research Article	 SN Applied Sciences           (2022) 4:203  | https://doi.org/10.1007/s42452-022-05085-x

adsorbents [15]. Figure 3d indicates that the hydrochar 
produced from HTC at 250 °C (Oak-HC250) shows a high 
abundance of microspheres, rather than a structure that is 
broken down, which may become less porous, and hence, 
might have a comparatively reduced surface area. This 
according to Kang et al. [35], this is due to a solid-solid 
heterogenous carbonisation of the non-dissolved compo-
nents to form a polyaromatic char.

3.3 � Surface area and pore volume

The surface area and pore volume of the hydrochars are 
presented in Table 2. All the raw biomass samples have 
low surface area and were found to be non-porous based 
on their surface area measurements. Hence, the data on 
pore volume and radius were not calculated for the raw 
biomass. After HTC, the surface area of the hydrochar 
increased with reaction severity, with the exception of 
Oak-HCs. Higher surface area than those obtained in this 
study has been reported for hydrochars derived from 
hazelnut shell (45.00 m2/g) carbonised at 180 °C for 4 h [50], walnut shell (31.00 m2/g) and sunflower stem (27.00 

Fig. 3   SEM images at ×2000 magnification of a  raw oak, b  Oak-HC200 structure breakdown and microsphere formation, c Oak-HC220 
microsphere formation, and d Oak-HC250 porous structure

Table 2   Surface area, pore volume and zeta potential of hydrochars

ND not determined, Raw FS non-carbonised Fucus serratus, Raw CS   
non-carbonised coconut shell, Raw Oak non-carbonised oak

Material Surface area 
(m2/g)

Pore volume 
(cm3/g)

Zeta 
potential 
(mV)

Raw FS 0.48 – − 35.25
FS-HC200 ND ND − 29.90
FS-HC220 10.93 0.05 − 29.78
FS-HC250 12.78 0.04 − 27.22
Raw CS 1.12 – − 37.35
CS-HC200 2.81 0.01 − 31.45
CS-HC220 9.63 0.02 − 29.42
CS-HC250 21.94 0.03 − 31.08
Raw Oak 0.78 – − 23.67
Oak-HC200 ND ND − 28.22
Oak-HC220 4.89 0.03 − 26.63
Oak-HC250 3.31 0.01 − 24.52
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m2/g) carbonised at 220 °C for 20 h [51]. The higher sur-
face areas obtained at comparatively lower HTC tempera-
tures may be due to the differences in the lignocellulosic 
compositions of hazelnut and walnut as compared to the 
lignocellulosic compositions of the feedstock used in this 
study, particularly the coconut shell and oak as explained 
in Sect. 3.1. Hazelnut shell contains high fraction of hemi-
cellulose (28.20% wt.) than cellulose (24.20% wt.) and high 
lignin content of 34.64% (wt.) [52]. Hemicellulose decom-
poses at lower temperatures than cellulose and lignin [33, 
34] resulting in higher surface area compared with the CS-
HCs and Oak-HCs, which were mainly cellulose and lignin, 
respectively (as explained in Sect. 3.1). Walnut shell simi-
larly contains hemicellulose (24.90% wt.), cellulose (30.40% 
wt.) and lignin (35.00% wt.) [53], whilst sunflower stalk 
comprises of 34–42% (wt.) cellulose, 19–33% (wt.) hemicel-
lulose, and 12–30% (wt.) lignin [54]. Hence, the high hemi-
cellulose and cellulose fractions will decompose at the HTC 
temperature of 220 °C, resulting in hydrochars of high sur-
face areas, compared to the high cellulose- and lignin-rich 
CS-HCs and Oak-HCs. As explained in Sect. 3.1, FS has a 
different composition than lignocellulosic biomass; so, it 
would be difficult to make a direct comparison. Islam et al. 
[19] reported surface area of 876.14 m2/g for NaOH-acti-
vated coconut shell hydrochar carbonised at 200 °C for 2 h. 
Tu et al. [20] found that addition of the surfactant, sodium 
dodecylbenzenesulfonate, during HTC of coconut shell 
at 210 °C for 2 h increase the surface area of hydrochar 
from 4.93 to 41.43 m2/g. Although the hydrochars in this 
present work were not chemically activated, a comparison 
with these studies is useful to understand the influence of 
different chemical activations on the surface area of coco-
nut shell. The surface area of CS- HC200, Oak-HC200 and 
Oak-HC250 are much lower, but are higher than the value 
of 1.30 m2/g obtained for peanut hull hydrochar carbon-
ised at 300 °C for 5 h [55], and within the range of values 
obtained for coconut peat hydrochar (2.14 m2/g) carbon-
ised at 200 °C for 20 h [17], and eucalyptus (4.40 m2/g) 
carbonised at 250 °C for 2 h [56]. The low surface area of 
peanut hull is surprising, as it is highly cellulosic, contain-
ing cellulose (40.5% wt.), lignin (26.4% wt.), and hemicel-
luloses (14.7% wt.) [57], which should have decomposed at 
the HTC temperature of 300 °C applied. The surface area of 
CS-HC250 is similar to the value of 21.82 m2/g obtained for 
a coconut shell hydrochar in a previous study conducted 
at the same 200 °C HTC temperature but at an extremely 
20 h residence time [17], 21.00 m2/g for pinewood hydro-
char carbonised at 300 °C for 20 min [51], and olive stone 
hydrochar (22.00 m2/g) carbonised at 220 °C for residence 
time of 20 h [58], whiles those for CS-HC220, FS-HC220 
and FS-HC250 are within the range of values (8.30–15.74 
m2/g) reported for barley straw carbonised at 250 °C for 2 h 
[56], and rice husk hydrochar carbonised at 200 °C for 20 h 

residence time [17]. These may be due to the similarities in 
their lignocellulosic compositions. Like coconut shell (see 
Sect. 3.1), olive stone, barley straw and rice husk contain 
high fractions of cellulose. Olive stone comprises of cel-
lulose (31.90% wt.) than hemicellulose (21.90% wt.) and 
lignin (26.50% wt.) [59], whiles barley straw contains cel-
lulose (37.60% wt.), hemicellulose (34.90% wt.) and lignin 
(15.80% wt.) [60], and rice husk includes cellulose (33.00% 
wt.), hemicellulose (26.00% wt.) and lignin (7.00% wt.) [61]. 
The cellulose should decompose above 220 °C [36]; hence, 
the similar surface areas of the olive stone and rice husk 
hydrochars may be attributed to the severe residence time 
of 20 h applied, compared to 2 h for CS-HC250 (at 250 °C) 
and CS-HC220 (at 220 °C). For the barley straw, the surface 
area may be due to the HTC temperature of 220 °C applied, 
which is similar to that applied in this study for CS-HC220.

Goldfarb et al. [18] reported that pyrolysed hydrochars 
derived from cow manure showed a surface area three 
orders of magnitude higher (157.70–236.50 m2/g) than the 
corresponding untreated hydrochars (11.40–22.60 m2/g), 
but their adsorption capacity was significantly lower. The 
best adsorption capacity was found for the hydrochar pro-
duced at lower HTC reaction temperature (190 °C) showing 
the lowest surface area and porosity, thus apparently in 
contrast to what is generally reported by other studies. 
Hence, the increased in adsorption capacity was related 
to the higher degree of functional groups at the surface 
of the hydrochar produced at the lower HTC temperature, 
even though the hydrochar was found to have low sur-
face area and porosity. Similar results were found in this 
study. With the exception of FS-HCs, which did show any 
significance variation in the surface functional groups with 
changes in the HTC temperature, CS-HCs and Oak-HCs 
contain abundant surface functional groups at lower HTC 
temperature of 200 °C (see Sects. 3.5 and 3.7 for a detailed 
discussion).

Oak-HCs showed a decrease in pore volume as the 
HTC temperature was increased while that of the CS-HCs 
increased. The reduction in pore volume of the hydro-
chars with rising HTC temperature could be caused by the 
increased formation of microspheres within the pores at 
higher temperatures, which reduced the porosity rather 
than forming more surface area. It has been reported that 
hydrochar microspheres exhibit very low porosity [62] as 
the microspheres (polymerised hydrochar) are secondary 
hydrochar from polymerisation of monomers and dis-
solved fragment/polymers in the aqueous phase [40, 63]. 
For the CS-HCs, due to the large density of microspheres 
seen in the SEM images, new spheres formed on the sur-
face of old ones while the pores increased slightly.

The pores of the Oak-HCs were about 3 nm in diam-
eter while the other hydrochars had pores that were only 
1.5 nm in diameter. Both sizes make the pores at the upper 
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end of the microporous or lower end of mesoporous. The 
smaller range of pore volumes suggests that most of the 
surface area of the adsorbents does not come from the 
pores.

3.4 � Zeta potential

As shown in Table 2, the HTC process resulted in a decrease 
in the magnitude of the zeta potential for the F. serra-
tus and coconut shell, while that of the oak increased. 
However, for all the hydrochars, increasing tempera-
ture resulted in a decrease in zeta potential magnitude, 
although not very large. The negative values indicate that 
the hydrochars have negatively charged surfaces making 
them suitable adsorbents for cationic pollutants. Particles 
with zeta potentials more positive than + 30 mV or more 
negative than − 30 mV form stable suspensions [64] as a 
high zeta potential is required in order to stabilise sus-
pended particles in water due to mutual repulsion [65, 66]. 
The raw F. serratus and coconut shell have zeta potentials 
above the − 30 mV flocculation limit; hence, their suspen-
sions will be stable and without the occurrence of floc-
culation. However, although stable solutions are good for 
the short term to provide good contact with the solution, 
high capital costs are required to remove the hydrochars 
from the water.

CS-HC200 and CS-HC250 have zeta potentials slightly 
above the − 30 mV flocculation limit; so, their suspen-
sions will be a little stable and will not likely flocculate, 
whereas all the other hydrochars will flocculate in solu-
tion. The zeta potential values therefore mean that, prob-
ably except CS-HC200 and CS-HC250, flocculation can be 

utilised for natural separation of the hydrochars from the 
aqueous solution, which is preferrable. This is because the 
electrostatic interactions between the hydrochar particles 
will be reduced allowing the particles to come together 
and flocculate [64, 65]. Zeta potential values for hydro-
char derived from sewage sludge at 210 °C and residence 
time of 5 h have been reported to be − 15 mV, which was 
increased to − 13 mV following KOH activation [67]. Zeta 
potential of glucose-derived hydrochar carbonised at 195 
°C for a residence time of 2 h ranges between − 48.90 and 
− 2.67 mV over a pH range of 0.2–8.28 [68]. Although these 
findings are useful, the influence of HTC temperature on 
zeta potential of the hydrochars was not studied, and zeta 
potential values of biomass feedstock used in the present 
work have not been reported.

3.5 � Elemental composition

As shown in Table 3, the carbon content of the raw bio-
mass improved following HTC. During HTC, reactions such 
as hydrolysis, dehydration, decarboxylation and aromati-
sation occur in parallel [12, 14], removing hydrogen and 
oxygen to produce a carbon-rich hydrochar. For F. serratus, 
the larger increase in carbon content at 200 °C shows that 
its carbohydrates were completely broken down at this 
temperature, without further improvement in carbon con-
tent as the temperature was increased.

Cellulose breaks down at the HTC temperatures used, 
accelerating at 220 °C, after which it shows a strong sen-
sitivity to the change in processing conditions [36, 69]. 
Hence, the rapid increase in carbon content of CS-HC220 
and CS-HC250 suggest that coconut shell is a cellulose 

Table 3   Elemental and 
proximate analysis of 
adsorbents

Raw non-carbonised Fucus serratus, Raw CS non-carbonised coconut shell, Raw Oak non-carbonised oak. 
O = 100 – (C + H + N + Ash). Fixed carbon = 100 – (moisture + volatile matter + ash). Results of moisture 
content were not included

Material Elemental composition (%) Proximate analysis (%)

C H N O H/C
ratio

O/C
ratio

Volatile matter Fixed carbon Ash

Raw FS 34.16 3.75 2.04 44.97 1.32 1.76 67.92 11.47 15.07
FS-HC200 52.20 5.82 2.76 24.06 1.34 0.62 63.28 18.66 15.17
FS-HC220 50.82 5.93 2.64 24.65 1.40 0.65 63.09 18.31 15.96
FS-HC250 52.67 7.44 2.64 19.20 1.70 0.49 60.15 19.24 18.05
Raw CS 48.57 6.79 0.92 37.58 1.68 1.03 72.19 17.90 6.15
CS-HC200 53.83 6.98 1.48 33.44 1.56 0.83 68.31 24.14 4.27
CS-HC220 59.34 7.06 0.83 28.16 1.43 0.63 63.51 28.69 4.63
CS-HC250 68.40 7.64 4.39 15.83 1.34 0.31 50.26 43.46 3.74
Raw Oak 46.61 6.86 0.73 42.20 1.77 1.21 81.90 9.56 3.60
Oak-HC200 52.95 6.28 1.35 32.70 1.42 0.82 73.51 16.96 6.73
Oak-HC220 53.44 6.28 1.00 31.11 1.41 0.78 67.39 22.00 8.17
Oak-HC250 56.02 6.43 1.42 17.42 1.38 0.42 51.04 28.13 18.72
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rich biomass [29]. The oak biomass is suggested to be a 
lignin rich biomass as a relatively considerable increase 
in the carbon content was obtained at 250 °C; since ther-
mal decomposition of lignin has been found to occur at 
higher temperatures [33, 34].

As the HTC temperature was increased, there was a 
reduction in the oxygen content in all the hydrochars. 
This was caused by the release of oxygen to the liquid 
and gaseous fractions through the formation of species 
such as H2O and CO2 [12] via dehydration, decarboxyla-
tion and deoxygenation reactions. At high temperatures, 
the oxygen containing surface compounds were con-
sumed more easily. As reported by Martinez-Mendoza 
et al. [70], this generates spaces in the structure through 
which fixed carbon is consumed allowing the widening 
of the pores. This is because intramolecular dehydration 
reactions [71] followed by decarboxylation reactions 
take place in the solid-to-solid conversion pathway [72].

Hydrogen content did not correlate with the expected 
volatile matter release as the temperature was increased. 
The loss in solid matter caused an overall increase in 
hydrogen content as the HTC temperature increased. The 
sharp increase in H content in FS-HC200 could be due to 
the considerable decomposition of the carbohydrates at 
200 °C (as discussed in Sect. 3.1) cause by dehydration 
reactions. Apart from FS-HCs, H/C ratio decreased with 
an increase in HTC temperature, indicating that dehy-
dration reaction occurred. There is a significant decrease 
in O/C ratio following carbonisation and reduced as 
the HTC temperature was increased. Lower H/C in the 
hydrochars indicate high degree of aromaticity, while 
lower O/C ratio represents low polarity and a decrease 
in the oxygen functional groups, making the hydrochars 
more hydrophobic [14, 73, 74] as the dehydration reac-
tions removed the hydrophilic hydroxyl groups as the 
HTC temperature was increased. Also, the decrease in 
H/C and O/C atomic ratios at higher temperatures indi-
cate an increase in the degree of condensation of the 
hydrochar materials [40]. The reduction of H/C and O/C 
atomic ratios as HTC temperature is increased have been 
reported for hydrochars derived from pure cellulose 
between 160 and 280 °C (i.e., H/C of 1.45–0.65, O/C of 
0.82–0.23) [36], organic sludge carbonised between 180 
and 240 °C (i.e., H/C of 2.08–1.58, O/C of 0.58–0.33) [75], 
and paper board mill sludge carbonised at temperatures 
ranging from 180 to 240 °C (i.e., H/C ratio of 1.52–1.09, 
O/C ratio of 0.60–0.36) [76]. The H/C and O/C ratios of 
Oak-HCs were within the range of values reported by 
Volpe et al. [36], and the H/C ratios of CS-HCs were simi-
lar to those reported by Oumabady et al. [76], whilst the 
O/C ratios of CS-HCs were within in the range of values 
reported by Volpe et al. [36].

3.6 � Proximate analysis

As shown in Table 3, volatile matter of all the biomass 
reduced after carbonisation, and the content in the 
hydrochars further decreased as the HTC temperature was 
increased, producing more stable hydrochars less likely to 
contribute to any secondary pollution. HTC resulted in an 
increase in the fixed carbon content and the levels in the 
hydrochars increased with a rise in the HTC temperature. 
Martinez-Mendoza et al. [70] found that fixed carbon and 
volatile matter suggest the extent of carbonisation and 
relate to porosity development in the hydrochars, while 
an additional activation stage consumes fixed carbon from 
the char walls, causing them to widen. However, there was 
no activation process in this present study. During the HTC 
process, the volatile matter was converted into gases or 
more carbon rich products resulting in the formation of 
porosity of the hydrochars. Except for CS-HCs that saw a 
decrease in ash content following HTC and an increase 
in temperature, the ash content of FS-HCs and Oak-HCs 
increased with temperature. The very high increased in the 
ash content of the Oak-HC250 may be due to the precipi-
tation of inorganic salts on the hydrochar during HTC at 
higher temperature [77], which correlated with the higher 
yield of the Oak-HC250 hydrochar (Table 1), caused by pol-
ymerisation reactions leading to continues reaction of the 
lignin intermediates to char [38]. High levels of ash con-
tent are undesirable as it blocks the micropores (< 10 nm), 
creating inactive sites [70], and reducing the mechanical 
properties of the adsorbents.

3.7 � Functional groups

FTIR spectra of raw and produced hydrochars are pre-
sented in Figs. S13 to S15 (in the Supplementary Mate-
rial). HTC resulted in significant changes to the surface 
functional groups of F. serratus, however, increasing HTC 
temperature did not have any further effect (shown in 
Fig. S13). This supports the explanation in Sect. 3.1 that 
the material is mainly comprised of alginates, laminarin, 
mannitol and fucoidan [42, 43], which was completely 
broken down at 200 °C. This is indicated by the broad 
and sharp band around 1047 cm−1 that is caused by gly-
cosidic (C–O–C) bonds found in hemicellulose structures 
that decreased in intensity following the HTC process. 
One notable change caused by the HTC process is the 
broad reduction in the band at 3280 cm−1, which cor-
responds to the O–H bonds in the materials. The raw F. 
serratus has bands at 1440 cm−1 and 1700 cm−1 that cor-
respond to carboxylic acid groups [78]. However, the size 
of this band reduced during HTC. The band at 2970 cm−1 
suggests the presence of stretching mode of aromatic 
C–C bonds, while the bands at 825 and 660 cm−1, which 



Vol:.(1234567890)

Research Article	 SN Applied Sciences           (2022) 4:203  | https://doi.org/10.1007/s42452-022-05085-x

is hardly visible in the spectra, relate to the bending 
modes of aromatic rings. A change of these modes could 
suggest a change in aromatic character during HTC of 
FS. Feng et al. [79] attributed a similar absorbance at 
828 cm−1 to the –CH bend in aromatics.

The coconut shell spectrum (shown in Fig. S14) shows 
the hydrolysis of hemicellulose represented by the band at 
1040 cm−1, which broaden in the raw sample and shorten 
in CS-HC200. The spectra of CS-HC200 and CS-HC220 
are very comparable because of the stability of the cel-
lulose at 200 and 220 °C. At 250 °C (i.e., CS-HC250), cel-
lulose is broken down causing the band at 1040 cm−1 to 
disappear, leaving the glucose ring asymmetric valence 
vibration (C–O–C) shown by the band at 1106 cm−1 [80] 
and the bands at 1200, 1600, and 1700 cm−1. The bands at 
1200 and 1700 cm−1 could be attributed to the C=O car-
bonyl [36] due to the breakdown of lignin in the CS-H250 
hydrochar at higher temperatures [33, 34]. The band at 
1600 cm−1 decreased in intensity with an increase in tem-
perature; this represents the aromatic groups. Increas-
ing temperature to 250 °C decreased the intensity of the 
bands at 3280–3400 cm−1 in the hydrochars, which repre-
sent the O–H bonds found in alcohol that could provide 
sites for cationic pollutants to exchange onto. The reduc-
tion in O–H bonds suggests the occurrence of dehydration 
reactions during the carbonisation process [78].

The raw oak spectrum (Fig. S15) has a broad and sharp 
band around 1047  cm−1 that represents C–O–C (ether 
group) stretching vibrations caused by glycosidic bonds 
found in hemicellulose [80]. Once the oak was HTC treated, 
the hemicellulose was hydrolysed causing the band to 
become broader and smoother. According to Wang et al. 
[81], this band resembles the shape of cellulose which 
includes the band for ring vibration within its crystal 
structure. The band between 1000 and 1200 cm−1 repre-
sent C–O–C glycosidic bond vibration in cellulose, which 
remained almost the same between Oak-HC200 and Oak-
HC220 but changed as the temperature was increased 
to 250 °C (i.e., in Oak-HC250). Liu et al. [82] reported that 
the region between 1000 and 1150 cm−1 corresponds to 
the strength vibration and the C–O–C glycosidic bond 
vibration, which is similar to bands between 1000 and 
1200 cm−1 in Fig. S15. The band at 1106 cm−1 represents 
C–O–C ether group due to glucose ring asymmetric 
valence vibration [80], which means that some of struc-
ture of cellulose remained in the hydrochar although the 
intensity of the band at 1040 cm−1 representing C–O–C 
ether bond decreased suggesting that most of the cellu-
lose has been hydrolysed. The bands found at 1700, 1600 
and 1200 cm−1 were present in all the samples. The band 
at 1700 cm−1 represents C=O carboxylate groups [36], and 
1600 cm−1 corresponds to aromatic C=C bond that make 
up a large amount of lignin’s ring structure [80, 83].

Both groups were produced during the HTC process. 
Increasing temperature resulted in the production of glu-
cose monomers from cellulose creating more C=O bonds 
[30]. The band at 1200 cm−1 corresponds to the C–O bond 
found in phenols and ethers, which remains in all the 
hydrochars. The broad band at 2900 cm−1 corresponds to 
aliphatic C-H bonds indicating that some fraction of the 
hydrochars remains unconverted to aromatic structures. 
At 250 °C, the Oak-HC250 band started to separate into 
two bands, corresponding to CH3 and CH2 of aliphatic 
chains, which can be linked to the breaking of lignocel-
lulosic chains into aliphatic chains with increasing of 
temperature. The broad bands at 3280–3400 cm−1 show a 
large concentration of O–H bonds from water and alcohols 
present in the samples [81], which are not affected by the 
HTC temperature. The band at 1440 cm−1 corresponds to 
O–H carboxylic acid groups [81], which were found in all 
the oak samples.

4 � Conclusions

This study has demonstrated that hydrochars prepared 
from F. serratus (FS-HCs), coconut shell (CS-HCs) and oak 
(Oak-HCs) through hydrothermal carbonisation (HTC) 
at different temperatures have different physicochemi-
cal adsorbent characteristics. HTC improved the surface 
area of the biomass with a further increased in the sur-
face area of the produced hydrochars as the HTC tem-
perature was increased to 250 °C (10.93–12.78 m2/g for 
FS-HCs, 2.18–21.94 m2/g for CS-HCs), with the exception 
of Oak-HCs that saw a decrease at higher HT temperatures 
(4.89–3.09 m2/g). The decreased in the surface areas of 
Oak-HCs was as a result of the high abundance of micro-
spheres which were caused by a solid-to-solid carbonisa-
tion of the non-dissolved components to form polymeric 
char. Increasing HTC temperature decreased volatile mat-
ter content in the hydrochars (53.28–60.15% for FS-HCS, 
68.31–50.26% for CS-HCs, 73.51–51.04% for Oak-HCs) 
and increased fixed carbon (18.66–19.24% for FS-HCs, 
24.14–43.46% for CS-HCs, 16.96–28.13% for Oak-HCs), 
resulting in more stable and porous hydrochars. Dehydra-
tion and decarboxylation reactions caused a decrease in 
H/C ratio (except for FS-HCs) and a reduction in O/C, which 
further decreased with increasing HTC temperature, indi-
cating a high degree of aromaticity and low polarity, and a 
decreased in the amount of oxygenated surface functional 
groups. The study confirms that physicochemical adsor-
bent characteristics of hydrochars depend on the type of 
biomass feedstock and the HTC processing temperature 
utilised. However, a further study on adsorption of pollut-
ants using these hydrochars is required to fully understand 
their sorption capacity, kinetics and isotherms.
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