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Abstract: Because of the world's rapid expansion, more biomass waste 
is being produced as a result of increased agricultural and industrial 
processing activities. It is imperative that these waste materials be 
transformed into a product that can stimulate the economy and create 
wealth. In this task, African elemi shells are hydrothermally carbonized 
to produce hydro-char using locally sourced biomass waste. In order to 
create a hydro-char of higher quality for the adsorbent, the Response 
Surface Method was used to design the experiment. A design expert 
chose the parameters based on temperature, residence time, and W-B 
ratio. The combination of 220 °C reaction temperature, 90 minutes’ 
residence time, and 12 grams W-B ratio produced the hydro-char with 
the largest specific surface area (976.3 m2/g) and pore volume (2.25 
cc/g). The combination of 180 °C reaction temperature, 30 minutes’ 
residence time, and 8 grams’ water-biomass ratio produced the hydro-
char with the smallest specific surface area and pore volume (156.2 
m2g-1 and 0.13 cc/g, respectively). According to the findings, the 
hydrochar made from HTC of African Elemi Shell at reaction 
temperatures of 2180C, residence times of 86 minutes, and a water-to-
biomass ratio of 10.3 grams can be used as an adsorbent for CO2 
capture. 
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INTRODUCTION 

The conversion of industrial and agricultural biomass wastes into value-added products 

like hydrochar and biochar has been the subject of much research due to the growing demand 

for affordable and sustainable carbon materials. Global environmental issues such as increasing 

CO2 emissions, climate change, and industrial pollution are major contributors to this growing 

interest [1]. With a variety of uses in energy-related technologies, pollution control, and carbon 

sequestration, biomass-derived carbons are appealing due to their renewable nature, economic 

viability, and environmental friendliness [2]. The type of biomass feedstock has a significant 

impact on the characteristics and functionality of biochar and hydrochar because carbon-rich 

materials like forestry wastes, animal byproducts, urban biomass, and agricultural residues 

typically produce higher-quality carbon products [3]. The most popular thermochemical 

conversion processes for turning biomass into useful carbonaceous materials are pyrolysis and 

hydrothermal carbonization (HTC) [4]. HTC is especially useful for wet biomass because it 

doesn't require energy-intensive drying and can function in an aqueous environment at 

relatively mild temperatures (180–260 °C and 2–6 MPa) [5,6]. Hydrochar is produced during 

HTC, along with bio-oil and other trace gaseous products, by processes like hydrolysis, 

dehydration, decarboxylation, and condensation [7]. Hydrochar is a promising material for CO₂ 

adsorption and carbon capture applications because it usually retains a sizable portion of the 

initial biomass carbon and energy content [8–10]. Processing parameters such as reaction 

temperature, residence time, water-to-biomass ratio, feedstock type, and catalyst presence, 

which together control yield, surface area, and pore structure, have a significant impact on its 

adsorption performance [11,12]. Even though pristine hydrochar frequently has low surface 

area and microporosity, these issues can be resolved by optimizing the process or by using post-

treatment and activation techniques [13]. Nigeria, Ghana, Cameroon, and other parts of West 

and Central Africa are home to the tropical tree known as the African elemi (Canarium 

schweinfurthii) [14]. Locally referred to as "Ube" or "Atili," its fruits are eaten for their edible 

pulp, producing copious amounts of hard, carbon-rich shells that are usually thrown away as 

waste [15]. Considering their high carbon content and large availability, African elemi shells are 

very promising but largely underexploited source of hydrochar produced by the hydrothermal 

carbonization process (HTC). The valorization of this specific biomass is not only highly 

relevant in helping to alleviate the environmental burden usually associated with the disposal 

of agricultural waste, but also greatly contributes to overall strategies for sustainable carbon 

capture and climate change alleviation. In the present comprehensive study, hydrochar was 

produced from the African elemi shells via HTCW process and had its yield as well as textural 

properties (pore structure mostly) affected by a number of key parameters that were 

systematically and painstakingly evaluated. Additionally, the adsorption ability of the resultant 

hydrochar towards carbon dioxide (CO2 ) is systematically accessed, which will supply 

valuable information for the sustainable use of local biomass resources in effective 

environmental management. 
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Figure 1. African Elemi (Canarium schweinfurthii) 

 

MATERIALS AND METHODS 

We collected African elemi shells (Canarium schweinfurthii) from agricultural waste 

sites in Aku, Igbo Etiti Local Government Area, Enugu State, Nigeria. First, we cleaned the raw 

shells to get rid of dirt and any leftover material. After that, we left out in the sun for three days 

to dry. Once they dried out, we broke them up with a hammer. To remove any lingering 

pigments or impurities, we soaked the shells in a sodium hydroxide solution (4 g/dm³) for 

another three days. Then we rinsed them and let them dry again under the sun for 72 hours to 

cut down the moisture. After all that, we used an industrial ball mill to grind the shells into 

powder and sieved them until we got a consistent particle size of 300 µm. We set aside 50 grams 

of this prepared sample to use for hydrochar synthesis. 

 

Research Design for HTC of Hydro-Char  

1. Production of hydrochar from African elemi shell 

 Hydrochar was produced from African elemi shells according to the defined 

experimental conditions. A measured amount (50 g) of the prepared biomass was mixed with 

water in a sealed hydrothermal reactor and heated to the desired temperature for a 

predetermined time. After cooling, the solid and liquid products were separated, and the 

recovered hydrochar was washed and sun-dried for 72 hours. The synthesis was repeated at 

different temperatures and reaction times under a constant heating rate, as illustrated in Figure 

2. 

     

2. Research Design for Hydro-Char Production 

Hydrothermal carbonization (HTC) experiments were planned and optimized using 

Response Surface Methodology (RSM) with a Central Composite Design (CCD). Design Expert 

software (Version 13) was employed to assess the effects of reaction temperature, reaction 

time, and water-to-biomass ratio on key responses, including char yield, oil yield, surface area, 

pore volume, and pore size. Fifteen experimental runs were conducted using different 

combinations of these variables. 

 

Table 1. 

Design Factors and Their Maximum and Minimum Values for HTC 

Factor Name of factor  Unit minimum level maximum level 

A Reaction Temperature o C 180.00 220.00 

B W-B Ratio g 8.00 12.00 

C Reaction Time min 30.00 90.00 
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Research Design Response Analysis  

To figure out the texture of the hydrochars, we used nitrogen adsorption–desorption 

with a Gemini Surface Area Analyzer (Micromeritics, USA), following the BET method [16-19]. 

First, we took about 0.15 grams of each sample and vacuum-degassed them at 250 °C. That step 

gets rid of any moisture or gas trapped inside. Then, we ran the measurements at liquid 

nitrogen temperature. We pulled specific surface area, pore volume, and pore size data from 

the results, using the BET and BJH models. For BET, we focused on a relative pressure range of 

0 to 0.38. The BJH model helped us look at mesopore distribution, especially in the 2-50 nm 

range. Out of all the samples, we picked the hydrochar with the largest surface area and the best 

pore structure as the top choice for CO₂ adsorption. 

 

RESULT AND DISCUSSION 

Analysis of the Results  

The hydrochar yield for each experiment was measured using a digital balance and 

expressed as a weight percentage relative to the initial biomass mass. Yield calculations were 

carried out using standard equations commonly applied in hydrothermal carbonization (HTC) 

studies, as presented below. 

 

% 𝑌𝑖𝑒𝑙𝑑𝐻𝐶 =
𝑀𝑎𝑠𝑠 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜−𝑐ℎ𝑎𝑟

𝑀𝑎𝑠𝑠 𝑜𝑓 𝐵𝑖𝑜𝑚𝑎𝑠𝑠
 × 100         

% 𝑌𝑖𝑒𝑙𝑑𝐵𝑂 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝐵𝑖𝑜−𝑂𝐼𝑙

𝑀𝑎𝑠𝑠 𝑜𝑓 𝐵𝑖𝑜𝑚𝑎𝑠𝑠
 × 100                

% 𝑌𝑖𝑒𝑙𝑑𝑔𝑎𝑠&𝑤𝑎𝑡𝑒𝑟 = 100% − %𝑌𝑖𝑒𝑙𝑑𝐵𝑂 − %𝑌𝑖𝑒𝑙𝑑𝐻𝐶     

Where  %𝑌𝑖𝑒𝑙𝑑𝐻𝐶 , %𝑌𝑖𝑒𝑙𝑑𝐵𝑂, %𝑌𝑖𝑒𝑙𝑑𝑔𝑎𝑠 & 𝑤𝑎𝑡𝑒𝑟   

 

Table 2. 

HTC Research Design Factors and Responses 

std Reaction 
Temperature 
(oC) 

Residence 
Time 
(min) 

W-B 
Ratio 
(g) 

Surface 
Area 
(m2/g) 

  Pore size 
    (nm) 

Pore Volume 
 (cc/g) 

1 180 30 8 156.2 1.58 0.13 
2 220 30 8 527.6 2.13 0.26 
3 180 90 8 264.1 1.83 0.15 
4 220 90 8 857.6 2.22 0.30 
5 180 30 12 226.2 1.62 0.14 
6 220 30 12 606.0 2.36 0.28 
7 180 90 12 295.3 1.90 0.15 
8 220 90 12 976.3 2.25 0.32 
9 180 60 10 212.6 1.78 0.14 
10 220 60 10 615.4 2.26 0.29 

11 200 30 10 417.0 2.04 0.16 
12 200 90 12 736.5 2.21 0.24 
13 200 30 8 328.7 1.96 0.15 
14 200 60 12 562.8 2.16 0.20 
15 200 60 10 507.0 2.10 0.19 
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Hydrochar Characterization Techniques 

a. Elemental Analysis 

Elemental analysis of the hydrochar was performed to assess its chemical composition. 

Nitrogen was determined by the Kjeldahl method, while carbon, hydrogen, and sulfur were 

analyzed using a CHNS analyzer (LECO CHNS 628, ASTM D5373). Oxygen content was 

calculated by difference, and H/C and O/C ratios were derived to assess carbonization. 

Inorganic elements were further identified using EDXRF (ARL QUANT’X Analyzer). 

 

b. Moisture Content of the Samples 

Moisture content was determined by drying finely ground samples in a pre-weighed 

stainless-steel container at 105 °C using a Memmert oven. The samples were cooled to room 

temperature and reweighed, and the heating–cooling cycle was repeated until a constant mass 

was achieved. All measurements were performed in replicates, and the average constant weight 

was used for analysis. 

Moisture content (%) =
Wi−Wf

Wi
× 100                                                         

Where Wi = initial mass of the sample, Wf  = final mass of the sample after drying. 

 

c. Volatile Matter of the samples 

Volatile matter content was evaluated using the Meynell method. Samples dried during 

moisture analysis were first heated at 280 °C for 2 hours to remove volatile components, 

followed by further heating at 450 °C for 2 hours to complete oxidation and ash formation. After 

cooling, the remaining mass was measured and used to calculate the volatile matter content. 

 

Volatile Matter= Winitial − Wafter heating  

% Volatile  Matter =  
Wrd− Wds

Wst
 × 100                              

Where Wrd = mass due to removal of the volatile matter, Wds = mass of dry sample after 

heating, Wst =mass of dry sample collected 

 

d. Ash Content of the samples. 

One gram of each dried sample was heated in a furnace at 630°C for approximately one 

hour. Following heating, the materials were cooled until they reached room temperature within 

a desiccator and then weighed. This procedure was conducted for all samples, and the average 

weight was taken as the final ash content 

Ash content (%) =
Wa

Wi 
 ×   100                           

Where, Wa = mass of the ash, Wi = initial mass of dried sample. 

 

e. Fixed Carbon Content of the samples 

The fixed carbon content of the sample was calculated with the following equation. Fixed 

carbon represents the solid carbon residue remaining in the biomass after the release of volatile 

matter during devolatilization. [17]:  

Fixed carbon content (%) = 100% − (%AC − %VM − %MC)                                       

Where, AC = Ash content, VM = Volatile Matter, MC = Moisture Content. 
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f. H/C and O/C Ratio 

The carbon, hydrogen, and oxygen contents from the samples were determined through 

CHNSO analysis. These values were subsequently used for determining the hydrogen-to-carbon 

(H/C) and oxygen-to-carbon (O/C) molar ratios for the African Elemi Shell, hydrochar, and 

activated hydrochar samples. The calculations were carried out following equations (8) and (9) 

as outlined by [17]:  

 

H/C =
Percentage Weight of Hydrogen

Molar  Weight  of  Hydrogen⁄

Percentage Weight of Carbon
Molar Weight of Carbon⁄

      

O/C =
Percentage Weight of   Oxygen

Molar Weight of Oxygen⁄

Percentage Weight of Carbon
Molar Weight of Carbon⁄

                

 

Results of the experiments and Discussion 

1.  Result of the Hydr-ochar Production 

 Figure 3 shows some hydrochar samples, while Table 2 summarizes the production 

results. The highest surface area (976.3 m²/g) and pore volume (0.32 cc/g) were obtained at 

220 °C, 90 minutes, and 12 g of water, whereas the lowest (156.2 m²/g and 0.13 cc/g) occurred 

at 180 °C, 30 minutes, and 8 g of water. 

 

2.  Result of the variables on surface area 

a. Result of reaction temperature & residence time with specific surface area 

 Higher temperatures and longer reaction times markedly increase the hydrochar’s 

surface area. Temperature has the greatest effect on yield and structural properties. As shown 

in Figure 4(a), higher temperature and longer duration enhance surface area due to molecular 

breakdown and reorganization. The contour plot in Figure 4(b) shows the maximum surface 

area (800 m²/g) at 218 °C and 86 minutes, and the minimum (200 m²/g) at 184 °C and 40 

minutes. Extended reaction times aid thermal decomposition, remove volatiles, and enhance 

porosity, improving CO₂ adsorption capacity. 

 

b. Result of temperature and W-B ratio with surface area 

Figure 5 shows the combined effect of temperature and water-to-biomass (W–B) ratio 

on hydrochar surface area. As seen in Figure 5(a), temperature strongly affects surface area, 

while the W–B ratio has minimal influence. At higher temperatures, pore development and 

aromatic structure expansion enhance surface area [13]. The contour plot in Figure 5(b) shows 

the smallest surface area (400 m²/g) at 180 °C and 9.8 g W–B ratio, and the largest (800 m²/g) 

at 216 °C and 10.3 g W–B ratio. Thus, rising temperature markedly improves surface area, 

consistent with earlier studies [20]. 

 

c. Result of residence time and W-B ratio with surface area 

Figure 6 lays out how both residence time and the water-to-biomass (W-B) ratio shape 

the surface area of hydrochar. They each play a decent role, but neither one completely takes 

over. If you look at Figure 6(b), you see the lowest surface area 100 m²/g shows up at 33 
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minutes with a W-B ratio of 8.5 g. On the other hand, when the process runs for 90 minutes and 

the W-B ratio hits 11.8 g, surface area jumps up to 400 m²/g. 

 

3. Effect of the factors on Pore Volume 

a. Result of temperature and residence time with Pore Volume 

Take a look at Figures 7(a) and 7(b), which lay out how both temperature and residence 

time affect hydrochar pore volume during HTC. Temperature really takes the lead here, shaping 

the pore structure much more than how long the process runs. As the temperature goes up, so 

does the pore volume. You see the lowest pore volume, about 0.15 m³, at 180 °C after 60 

minutes. Push the temperature to 213 °C and wait 62 minutes, and you get the highest value, 

0.25 m³. These findings back up what earlier studies found: temperature is the main player 

when it comes to making a better hydrochar pore structure [21] [22] [23]. 

 

b. Result of temperature and W-B ratio with Pore Volume 

Take a look at Figure 8. It lays out how temperature and the water-to-biomass (W-B) 

ratio affect the pore volume in hydrochar. In Figure 8(a), temperature stands out as having a 

much bigger influence than the W-B ratio. When you turn up the heat, pore volume goes up too 

[24]. Moving to Figure 8(b), the contour plot makes it pretty clear: you get the highest pore 

volume, about 0.25 m³, at 213 °C and a W-B ratio of 10.1. On the flip side, the lowest value, 

around 0.15 m³, pops up at 185 °C and 10. This lines up with what Lehmann and colleagues 

found in 2015; they pointed out that temperature really drives pore formation [25]. 

 

c. Results of residence time and W-B ratio with Pore Volume 

Figure 9 shows the combined effect of residence time and water-to-biomass (W-B) ratio 

on hydrochar pore volume, with temperature held constant. The interaction has only a slight 

impact on pore development. As seen in Figure 9(a), pore volume increases slightly with longer 

residence times. The contour plot in Figure 9(b) indicates the lowest pore volume (0.11 m³) at 

8.6 g W-B ratio and 34 minutes, and the highest (0.15 m³) at 10.6 g and 84 minutes [26]. 

 

     
(a)                                                                             (b) 

                                                                                   

Figure 3. 

(a) powder African Elemi shell and (b) African Elemi shell hydrochar samples. 
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   (a)       (b) 

Figure 4. 

(a) response surface diagram and (b) profile plot of reaction temperature and residence 

time on the surface area of char 

              
(a)       (b) 

Figure 5. 

(a) response surface diagram and (b) profile plot of reaction temperature and water-

biomass ratio on the surface area 

                
                               (a)       (b) 

Figure 6. 

(a) response surface diagram and (b) profile plot of residence time and water-biomass 

ratio on surface area 
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                                   (a)      (b) 

Figure 7. 

(a) response surface diagram and (b) profile plot of temperature and residence time on 

the pore volume 

                         
   (a)      (b) 

Figure 8.  

(a) response surface diagram and (b) profile plot of temperature and water-biomass 

ratio on the pore volume 

                   
   (a)        (b) 

Figure 9. 

(a) response surface diagram and (b) profile plot of residence time and water-biomass 

ratio on the pore volume 
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4. Characterization of AES and produced hydrochar 

a. Comparative Analysis of Ultimate and Proximate Results 

Ultimate and proximate analyses were conducted on the African fan palm shell (AES) 

and its hydrochar (AESH). The ultimate analysis determined elemental composition (C, H, N, S, 

O) and atomic ratios (H/C, O/C), while the proximate analysis measured moisture, ash, volatile 

matter, and fixed carbon. The results are summarized in Figure 10. 

 
Figure 10. Comparison of the samples Ultimate and Proximate Analysis  

 

b. Ultimate Analysis 

The ultimate analysis reveals the elemental composition of the samples (C, H, N, S, and 

O). AESH220 (90 minutes) shows the highest carbon content, while the raw AES has the lowest. 

The rise in carbon content at higher temperatures is a result of dehydration and polymerization 

during hydrothermal carbonization, producing a carbon-rich material. In contrast, oxygen 

content decreases with increasing temperature, with raw AES showing the highest level. 

 

c. Proximate Analysis 

Table 3 and Figure 10 present the proximate and ultimate analysis results. The bar chart 

compares moisture content (MC), ash content (AC), volatile matter (VM), and fixed carbon (FC) 

across samples. Moisture content is highest in the raw material, decreases during 

carbonization, and slightly rises at higher HTC temperatures. Ash content increases with 

temperature, while volatile matter decreases, indicating reduced carbon loss and effective 

carbon retention in the hydrochar during HTC. 

 

5. Surface morphologies and textural characterization 

The SEM images of raw African Elemi Shell (AES) and the hydrochars made at 180 °C 

and 220 °C (see Figures 11a-c) tell a pretty clear story. You get these porous, rough, and fibrous 

surfaces just what you’d expect from carbon materials. The raw AES looks fractured and 

fibrous, almost like flakes. When you bump the temperature up to 220 °C (AESH220), the 

structure gets a dense core with broken edges. At 180 °C (AESH180), it turns into this porous 

clump with finer bits scattered around, which points to a partial reaction. Then there’s the EDS 

data (Table 4). Carbon really takes over as the temperature goes up, 54.79% in raw AES, then 

jumping to 85.27% at 180 °C and all the way to 88.27% at 220 °C. That’s solid evidence that the 

material carbonizes more at higher temperatures. Nitrogen, on the other hand, drops fast: it 

AES
0

20

40

60

80

100

H S N O C H/C O/C MC AC VM FC

AES

AESH180
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starts at 42.30% and drops to 14.19% at 180 °C, then down to 10.88% at 220 °C. You also start 

spotting trace elements like sodium, iron, and magnesium, mostly in the 220 °C sample. Most of 

the other minor elements from the raw biomass end up leaching out into the process liquid. 

 

                                                       
(a)                                                       (b)                                              (c) 

Figure 11. Comparison of the samples' SEM at 220 ᵒC and 180 ᵒC 

 

a. FTIR analysis of AESH 

The FTIR spectrum in Figure 13 shows some important functional groups popping up in 

the hydrochar. You can see a medium band at 3347.37 cm⁻¹ that’s the N-H stretch from primary 

amines, which ties back to dehydration reactions. This fits with the lower H/C and O/C ratios 

compared to the original biomass [27]. There’s another peak at 2087.13 cm⁻¹. That one points 

to C≡C stretching in mono-substituted alkynes, which show up after decarboxylation and other 

changes during HTC [28,29]. Then, at 1636.17 cm⁻¹, you get N-H bending, hinting at polymer 

breakdown and the formation of more aliphatic structures [30]. So, the FTIR data really 

confirms you’ve got alcohols, alkenes, alkynes, and amines in the mix. All these changes show 

how HTC reshapes the material, making the hydrochar better for things like carbon capture or 

improving soil. 

 

 
Figure 12.  FTIR spectra of AESH. 

 

b. Thermogravimetric analyses of AESH 

Take a look at Figures 14a and 14b they lay out the TGA/DTA results for AES and AESH. 

Right away, the TGA curves show a small weight drop, just 2-3%, which comes from moisture 

leaving the samples. The real action happens between 300 and 500°C, where most of the 
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material breaks down. AES goes through a single-phase degradation, peaking at 400°C. AESH, 

on the other hand, breaks down in two steps, between 330 and 350°C. After all’s said and done, 

AES leaves behind 26% residue, while AESH’s residue is just 13.6%. So, AES packs in more 

inorganic material, while AESH shows more of the organics breaking down. The DTA curves 

back this up: AES degrades in one go, but AESH takes a multi-step path [31]. 

                                     
                    Figure 14a.  TGA/DTA curve of AES     Figure 14b.  TGA/DTA curve of AESH. 

 

Conclusion 

This study looks at how African Elemi Shell (AES), which usually gets tossed out as 

agricultural waste, can turn into something valuable porous hydrochar and biofuel using 

hydrothermal carbonization (HTC). Instead of just adding to the trash pile, AES gets a new life 

as a carbon-rich material that actually grabs onto CO₂, which is great news for the environment. 

The hydrochar that comes out of this process isn’t just any old carbon it has a high surface area, 

lots of little pores, and special groups like methyl amine that help it capture even more CO₂. 

Here’s how the team did it: they ran the process in a stainless-steel autoclave (tiny, about 0.001 

cubic meters) at some serious heat and pressure 500°C and 240 bars. But the sweet spot turned 

out to be 220°C for 65 minutes. That’s when they got the best mix of surface area and pore 

structure. To really nail down what they’d made, they used SEM-EDS, TGA/DTA, and both 

proximate and ultimate analyses. The results? This hydrochar acts a lot like coal, but with extra 

benefits. Bottom line: AES isn’t just waste. It’s a solid renewable feedstock for making 

sustainable carbon materials that work in energy and environmental tech. 
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