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Abstract: Legume wastes, pinto bean peel (PBP) and pea shell (PS), were hydrothermally carbonized in subcritical water at various 

temperatures (200-240 °C) with the aim of obtaining a solid fuel, hydrochar. Fuel characteristics and chemical properties of hydrochars 

were determined by standard fuel analysis methods. Hydrochar yield decreased sharply with the increase of temperature due to the 

enhanced degradation of legume wastes. The weight percent of initial carbon in the legume wastes retained in the obtained hydrochars 

was lower than those in the literature due to the low hydrochar yields. The effect of temperature on carbon content and hence higher 

heating value (HHV) of hydrochar became noticable at 240°C. As a result of this effect, bituminous coal-like and lignite-like hydrochars 

with HHV of 31.2 and 28.1 MJ.kg-1were obtained from PBP and PS, respectively. Hydrochars obtained at 220 °C were chemically activated 

with ZnCl2 to produce activated carbons (PBP-AHC and PS-AHC). The activated carbons were characterized by elemental analysis, FTIR 

spectroscopy, BET surface area analysis and Scanning Electron Microscopy (SEM). BET surface area, total pore volume, and mesopore 

volume of PS-HC were determined as 1205 m2. g-1, 0.686 m3. g-1 and 0.144 m3. g-1, respectively.  PBP-AHC was found to have higher BET 

surface area (1350 m2. g-1), total pore volume (0.723 m3. g-1), and mesopore volume (0.249 m3. g-1) than PS-AHC. Activated carbons were 

tested as adsorbent for removal of amoxicillin (AMX) from aqueous solutions with the batch adsorption studies carried out at different 

initial concentrations, adsorbent dosage, and contact time. The compatibility of the adsorption data with the Langmuir and Freundlich 

isotherm models was checked to determine the adsorption capacity of activated carbons. The maximum Langmuir adsorption capacity 

(Qmax) was calculated as 188.7 and 70.9 mg. g-1 for PBP-AHC and PS-AHC, respectively. Adsorption kinetic analysis revealed that AMX 

adsorption on PBP-AHC and PS-AHC best fits with the pseudo-second order kinetic model. AMX adsorption was found to be faster on 

PBP-AHC than PS-AHC due to its higher surface area and more mesoporous character. ZnCl2 activation of PBP-derived hydrochar 

produced a potential adsorbent for amoxicillin removal. 
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1. Introduction 
Renewable energy is a fast growing energy sector and 

biomass is the only renewable energy source that can be 

used as a carbon-based fuel. However, the direct use of 

biomass as fuel is not economical due to its high pre-

treatment cost, low energy density and low calorific value 

(Akogun and Waheed, 2019). In order for all kinds of 

biomass to be processed in the same combustion plant, 

they need to have a homogeneous structure and 

converting them into biochar would provide this 

condition. Two different thermochemical processes, dry 

and wet carbonization, are generally applied at low 

temperatures to transform biomass into stable, energy-

intensive solid, biochar. With dry carbonization (DC), 

biomass is thermally decomposed in an inert gas 

atmosphere at low temperatures (200-300 °C) in short 

residence times (30-60 minutes). At the end of the 

process, biochar with a mass yield of 60-90% and an 

energy yield of 80-95% is obtained. Various studies exist 

in the literature which investigated the effects of 

parameters such as process temperature, heating rate and 

residence time on the mass yield, physicochemical 

properties and fuel properties of biochar obtained from 

different types of biomass (Yan et al., 2009; Ciolkosz and 

Wallace, 2011; Larsson et al., 2013; Satpathy et al., 2014). 

Production of biochar with DC of biomass with high water 

content is limited by the cost of pre-drying of the biomass. 

On the other hand, using wet carbonization method, also 

known as hydrothermal carbonization (HTC), it is possible 

to convert biomass containing up to 80% water to 

hydrochar, which has a higher energy density than 

biomass, under subcritical water conditions (usually in 

the temperature range of 180-260 °C, ambient 

pressure<22.1 MPa), under inert gas atmosphere and with 

short residence times without the need for drying. The 

resulting hydrochars have combustion characteristics and 

caloric values similar to lignite coal, and also better 

dewatering properties (Funke et al., 2013). Temperature 
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is the most effective process parameter in HTC. Residence 

time and the biomass: water ratio of the fed waste are the 

other parameters effective on the fuel characteristics of 

the produced hydrochar (Heilmann et al., 2010, 2011). 

Since water is a very good solvent under subcritical 

conditions, it can dissolve inorganic substances in 

biomass. Therefore, it is possible to obtain hydrochars 

with low ash content after HTC (Pala et al., 2014). Low ash 

content will reduce the tendency of hydrochars to cause 

problems such as fouling and slagging in combustion 

systems and will increase their preferability as a solid fuel. 

Dried legumes are used as a cheap protein and calorie 

source worldwide and especially in developing countries. 

Pinto bean (Phaseolus vulgaris L.) and pea (Pisum sativum 

Linn.) are the most widely grown legumes worldwide 

(Verma et al., 2011). They are also grown in abundance in 

Türkiye. The peel remaining after the separation of pinto 

bean (PBP) has a dietary fiber content of approximately 

67% (Martínez-Castaño et al., 2020). It has been stated 

that the remaining part of the shell after the separation of 

pea grain (PS) has a dietary fiber content of approximately 

50% and is a perishable waste (Mateos-Aparicio et al., 

2010). PBP and PS to be used in the study are both 

lignocellulosic wastes and have high water content 

(~77%). These features make these wastes interesting as 

raw material for the production of solid fuel, hydrochar, 

by HTC. While there is no study on the HTC of PBP in the 

literature, only one study on the HTC of PS exist in the 

literature (Dong et al., 2019). 

There are many studies in the literature on the production 

of activated carbon from different biomass/waste until 

today (Horikawa et al., 2010; Lim et al., 2010; Rashid et al., 

2016; Limousy et al., 2017; Rodrigues et al., 2020; Yi et al., 

2021). The common goal in these studies was generally to 

reduce the cost of activated carbon production. In the 

production of activated carbon from biomass, two 

methods are generally applied, namely chemical 

activation and physical activation. Physical activation 

method is applied in commercial activated carbon 

production (Yi et al., 2021). However, more studies on 

chemical activation exist in the literature due to its 

advantages such as lower process temperature, higher 

efficiency, more controllable pore formation and size 

compared to physical activation. In these studies, H3PO4, 

ZnCl2 and alkali hydroxides were generally used as 

chemical activators (Limousy et al., 2017; Rodrigues et al., 

2020; Rashid et al., 2016). 

The properties required in activated carbon depend on its 

application area. For example, high mesoporosity is 

required for its usage as adsorbent in dye adsorption 

(Swan and Zaini, 2019), while surface functional groups 

are required for metal adsorption (Yang et al., 2019). It has 

been observed in the previous studies that pre-treatment 

of the biomass before activation improves the surface 

properties of the obtained activated carbon. It has been 

determined that the activation of biochar obtained by dry 

carbonization with strong acids forms carboxylic groups 

on its surface and increases the surface area due to its 

micropores (Hadjittofi et al., 2014; Qian et al., 2013; 

Iriarte-Velasco et al., 2016). For example, it was observed 

that the activation of biochar obtained from cactus fibers 

with HNO3 increased the carboxyl groups on the surface, 

increasing the Cu2+ binding capacity (Hadjittofi et al., 

2014). On the other hand, it has been reported that the 

activation of biochar obtained from glass wood with H2O2 

increases the adsorption capacity of metal ions by 

increasing the cation exchange capacity due to the 

oxygenated groups on the surface (Huff and Lee, 2016). 

Similarly, activation of biochar with metal hydroxides has 

been observed to increase the adsorption capacity of 

metal ions by increasing the number of oxygenated 

groups, surface area and porosity in the obtained 

activated carbon (Petrovic´ et al., 2016; Goswami et al., 

2016; Hamid et al., 2014). In the studies of Angin et al., 

activated carbons with a surface area of 1277 m2 g-1 and a 

surface area of 801 m2 g-1 were obtained from biochars 

activated with KOH, H3PO4 and ZnCl2, and these active 

carbons has been effective in removing reactive dyestuffs 

from water (Angın et al., 2013a, 2013b). 

In addition to biochars, hydrochar can also be used as raw 

material in the production of activated carbon. The 

difference of hydrochars from biochars is that they have 

less aromatic structure and generally more alkyl groups. A 

study by Sun et al. showed that hydrochars have the 

capacity to adsorb more amount of polar and non-polar 

organics than biochars (Sun et al., 2011). In some of the 

studies, hydrochars were directly used in the removal of 

dyestuffs (Parshetti et al., 2014; Flora et al., 2013), copper 

and cadmium (Regmi et al., 2012), and Pb2+ and Cd2+ 

(Elaigwu et al., 2014) from water. Studies focusing on the 

activation of hydrochars also exists in literature. Roman et 

al. found that the production of activated carbon with 

controlled surface chemistry and porosity from hydrochar 

can be achieved by physical activation with carbon dioxide 

(Roman et al., 2013). Pari et al also produced porous 

carbon spheres from hydrochars by chemical activation 

with KOH (Pari et al., 2014). Similarly, Laginhas et al. 

reported that a combination of HTC and CaCO3 or K2CO3 

activation can successfully produce activated carbon from 

chitosan (Laginhas et al., 2016). Sevilla and Fuertes 

reported that activated carbons with very high surface 

area can be produced by HTC of polysaccharide and wood 

powder followed by chemical activation with KOH (Sevilla 

and Fuertes, 2011).  

Considering other studies on the production of activated 

carbon by chemical activation of hydrochars, it was found 

that NaOH activation of coconut shell hydrochar produced 

activated carbon suitable for cationic dye adsorption 

(Islam et al., 2017); FeCl3 activation of Salix psammophila 

hydrochar produced activated carbon with high 

mesoporosity and a surface area of 349 m2.g-1 (Zhu et al., 

2014); H3PO4 activation of orange peel hydrochar 

produced activated carbon with mesopore volume of 

0.102 cm3.g-1 (Fernandez et al., 2015); NaOH activation of 

waste tea hydrochar produced activated carbon with 

mesopore volume of 0.21 cm3.g-1 and surface area of 
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368.92 m2.g-1 (Islam et al., 2015). Unlike the above studies, 

when wet carbonization of coconut shell in the presence 

of ZnCl2 was performed, it was found that the mesopore 

volume increased by 67% (Jain et al., 2014). Eom et al., in 

his study, impregnated hydrochar obtained from brewed 

black tea waste at 200 °C for 12 hours with KOH in varying 

ratios of hydrochar: activating agent (between 1:2 and 

1:4) and activated them at pyrolysis temperatures of 600 

°C and 700 °C (Eom et al., 2021). As a result of activation, 

they have obtained active carbons with BET surface area 

varying in the 174 to 1398 m2.g-1 range and micropore 

volume varying in the 0.05 to 0.69 cm3.g-1 range. PBP and 

PS, which are the wastes to be used in this study with high 

water content (>77%), can be similarly evaluated as 

feedstock in the production of activated carbon with a 

two-step process. 

Pharmaceutical compounds, especially antibiotics, are 

widely used in medical treatment of both humans and 

animals throughout the world and have emerged as a new 

class of pollutants. They bio-accumulate in the waters and 

pose a risk to the aquatic ecosystem, since they are 

released to water sources without being completely 

metabolized in the human/animal body and degrade very 

little after they are released (Yu et al., 2016; Garoma et al., 

2010). Therefore, it is necessary to remove 

pharmaceutical substances from wastewater. Methods 

used for the removal of pharmaceuticals from wastewater 

include techniques such as ozonation, membrane 

filtration, photodegradation and biological treatment. The 

adsorption technique, which is more advantageous in 

terms of efficiency and cost compared to these techniques, 

is also frequently used for the removal of pharmaceutical 

substances from wastewater (Hayati et al., 2018). It is also 

stated in the literature that especially activated carbon 

adsorption is an effective approach in the removal of 

pharmaceuticals from wastewater (Redding et al., 2009).  

Amoxicillin (AMX) is a common penicillin-type antibiotic 

which is used in a wide spectrum against various bacteria 

in both human and veterinary medicine. It was reported 

to be present in surface water, domestic, industrial and 

hospital wastewater in concentration ranges of ng L−1 to 

mg L−1 (Elmolla and Chaudhuri, 2010; Zuccato et al., 2010; 

Serna-Galvis et al, 2017). As mentioned for 

pharmaceuticals removal above, adsorption process was 

reported to be more efficient than the other methods also 

for AMX removal. A number of studies exist in literature 

using different adsorbents including commercial granular 

activated carbon (De Franco et al., 2017), lignocellulosic 

waste based activated carbon (Pezoti et al., 2016; Laksaci 

et al., 2023; Limousy et al., 2017), carbon nanotubes 

(Balarak et al., 2016; Unutkan et al., 2018; Fazelirad et al., 

2015), magnetic activated carbon (Saucier et al., 2017), 

magnetic graphene oxide (Moradi, 2015; Kerkez-

Kuyumcu et al., 2016), metal-organic framework (Abazari 

and Mahjoub, 2018) and activated hydrochar (Ajala et al., 

2023; Li et al., 2017). However, using activated hydrochar 

obtained from PBP and PS as adsorbent for AMX removal 

has not been studied before. 

In this study, utilization of PBP and PS as energy feedstock 

and adsorbent was aimed by the application of a two-step 

process which followed the hydrothermal carbonization 

and chemical activation sequence. The aim of first step 

was to homogenize these wastes by converting them into 

hydrochars and to examine the feasibility of their direct 

use as fuel or use as precursor for activated carbon 

production. Variation of the fuel characteristics of derived 

hydrochars was investigated with respect to temperature. 

In the second step, feasibility of producing activated 

carbon from hydrochar by ZnCl2 activation was 

investigated with the motivation of using it as adsorbent 

in treatment of wastewater streams. The chemical and 

morphological properties of activated hydrochars were 

compared according to the legume waste type. 

Additionally, AMX adsorption studies were carried out to 

check the potential of activated hydrochars as adsorbent 

and to examine the relation between their properties and 

AMX adsorption capacities. 

 

2. Materials and Methods 
2.1. Materials 

All the chemicals and reagents used in this research were 

of analytical grade. The legume wastes, PBP and PS, were 

supplied by a local restaurant in Bornova, Izmir. PBP and 

PS had solid content of 19.6% and 22.9%, respectively. 

The legume wastes were dried at 60 °C overnight. Some 

properties of dried legume wastes were given in Table 1.  

 

Table 1. Some properties of legume wastes 

Legume 

waste 

Proximate analysis, (dry basis, wt. %)  Ultimate analysis, (dry basis, wt. %)   

HHV 

(MJ/kg) 

Volatile 

matter 
Ash 

Fixed 

carbon 

Fuel 

ratio 
 C H N S O  

PBP 78.4 3.8 17.8 0.23  44.04 6.06 1.07 0.00 43.79  22.30 

PS 77.5 5.0 17.5 0.23  43.39 5.75 4.19 0.02 42.85  21.41 

HHV= higher heating value 

 

As can be seen from Table 1, legume wastes have high 

volatile matter content and low fixed carbon content. High 

volatile matter contents of legume wastes is a 

disadvantage for their utilization as feedstock in existing 

gasification plants since it leads to tar formation (Maitlo et 

al., 2022). High volatile matter might cause a rapid and 

incomplete burning and hence emissions of high amount 

of pollutants such as CO, polycyclic aromatic 
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hydrocarbons, unburned products, etc. (Vassilev et al., 

2015). 

2.2. Hydrothermal Carbonization Experiments 

A 0.5 L stainless steel autoclave with a magnetic stirrer 

was used for HTC experiments (Balmuk et al., 2023). Both 

heating and cooling system exists in the oven. A PID 

controller regulates and fixes the process temperature. It 

was observed in a previous study that HTC of biomass at 

temperature below 200 oC led to ineffective carbonization 

of biomass and produced hydrochar which had TG curve 

similar to that of biomass (Kantarli et al., 2016). Therefore, 

HTC experiments were performed at reaction 

temperature of 200, 220 and 240 °C at autogeneous 

pressure as duplicates. The heating rate was 5 °C. min-1. 

The water: solid ratio was selected as 7: 1 in order to 

provide homogenous stirring of the mixture in autoclave 

reactor. 25 g of dried legume waste was mixed with 175 

mL of distilled water. After loading the dried legume waste 

+ water mixture to the reactor, the reactor was sealed. 

Next, the sealed reactor was purged with N2 to remove the 

air inside, heated to the pre-determined temperature and 

held at this temperature for 60 min. At the end of 60 min., 

the reactor was cooled and the gaseous products were 

released to the atmosphere. The solid product, hydrochar, 

was seperated from aqueous phase by filtration of the 

slurry mixture inside the reactor. The hydrochar was 

washed with 100 mL water and dried at 105 ° C for 24 h. 

The dried hydrochar was weighed and the mass yield was 

calculated accordingly. Hydrochars were abbreviated in 

the order of “feedstock type-HC-temperature”. For 

example, PBP-HC-200 corresponds to the hydrochar 

obtained from pinto bean peel at 200 °C for 60 min. 

2.3. Chemical Activation of Hydrochars 

Hydrochars derived from legume wastes, PBP-HC-220 and 

PS-HC-220, were chemically activated by ZnCl2. ZnCl2 

activation experiments were done once without 

replications. ZnCl2:precursor ratio was chosen as 1:1 in 

order to consume less chemical. As the first step of 

activation, ZnCl2 solution was prepared by dissolving 10 g 

of ZnCl2 in approximately 20 mL of water. 10 g of 

hydrochar was impregnated with the ZnCl2 solution. The 

mixture was dried in an oven at 100 °C overnight. The 

dried mixture was loaded in a pyroysis reactor and 

activated at 500 °C under N2 flow (100 mL/min) for 1 h. At 

the end of 1 h, the reactor was cooled. Then, the reactor 

residue was collected in a boiling flask, mixed with 150 mL 

of 10% HCl solution and refluxed for 1 h. Next, the mixture 

was filtered under vacuum. The acid treated solid residue 

separated from the mixture was washed with hot distilled 

water until no chloride ions was observed in filtrate. 

Finally, the activated hydrochar samples (PBP-AHC and 

PS-AHC) were dried at 100 °C for 24 h and sieved to the 

particle size <100 μm for AMX batch adsorption studies.  

2.4. Analysis 

The ash content and the volatile matter content of legume 

wastes and their hydrochars were determined according 

to the standard methods NREL/TP-510-42622 and ASTM 

D3175-89a, respectively. C, H, N, S content of legume 

wastes and their hydrochars were determined by a 

ELEMENTAR Vario Micro Cube Organic elemental 

analyzer. The higher heating value (HHV) of legume 

wastes and their hydrochars were calculated according to 

the Equation 1 given in the literature (Channiwala and 

Parikh, 2002), which is as follows (equation 1): 

 

𝐻𝐻𝑉, (
𝑀𝐽

𝑘𝑔
) =  0.3491 ∗ 𝐶 +  1.1783 ∗ 𝐻 +  0.1005 ∗ 𝑆 −

 0.1034 ∗ 𝑂 −  0.0151 ∗ 𝑁 − 0.0211 ∗  𝐴𝑠ℎ                      (1) 

 

C, H, O, N, S, and Ash correspond to the mass percentages 

of carbon, hydrogen, oxygen, nitrogen, sulphur, and ash in 

the sample, respectively. 

The FTIR spectra of legume wastes, hydrochars and 

activated carbons were taken with ATR-FTIR 

spectrometer (Spectrum 100, PerkinElmer, Waltham, MA, 

USA). Brunauer, Emmett and Teller (BET) surface area 

and pore volume of activated carbons were analyzed by 

performing N2 adsorption at 77 K (Micrometrics Gemini 

V). Degassing of activated carbon was carried out at 300 

◦C for a duration of 3 h before the measurement. The 

surface morphologies of legume wastes, hydrochars, and 

activated carbons were examined by Scanning Electron 

Microscope (SEM). A FEI QUANTA 250 FEG was used to 

take SEM images of samples at different magnitudes. 

2.5. Adsorption Tests 

The potential of activated hydrochars for AMX removal 

was checked with the batch adsorption studies carried out 

at different initial concentrations (75–250 mg.L-1), times 

(5 min−1440 min) and activated carbon dosage (0.5–3 g.L-

1). 

In each experiment, 25 mL of AMX solution was poured 

into a 50 mL flask containing activated carbon and no pH 

adjustment was done. The suspensions were placed on an 

orbital shaker and shaken at 200 rpm at room 

temperature for pre-determined period of time. At the end 

of time period, the suspension was filtered through a filter 

paper for separation of activated carbon from solution of 

residual AMX, filtrate. The filtrates was analyzed for 

residual AMX concentration using a UV–vis spectrometer 

(UV-160A, Shimadzu) at a wavelength of 196 nm.  

The adsorbed amount of AMX per unit mass of activated 

carbon at any time t (Qt) and the percentage of removal 

efficiency were calculated by equations 2 and 3 as follows 

(Liu et al., 2016): 

 

𝑄𝑡 =  
𝐶𝑖−𝐶𝑓

𝑚
 × 𝑉                                                                                (2) 

 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦, % = 100 ×
𝐶𝑖−𝐶𝑓

𝐶𝑖
                               (3) 

 

where Ci (mg.L-1) is initial concentration, Cf (mg.L-1) is the 

concentration at the end of batch experiment, V(L) is the 

volume of AMX solution and m (g) is the mass of activated 

carbon. 

Kinetic data was obtained by batch experiments varying 

the time from 5 to 1440 min and analysed using pseudo-

first order kinetic model, pseudo-second order kinetic 
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models and intra-particle diffusion model. The 

mathematical equations of pseudo-first order kinetic 

model, pseudo-second order kinetic model and intra-

particle diffusion kinetic model are given in equations 4, 5, 

6, respectively, as follows (Chayid and Ahmed, 2015): 

 

ln(𝑄𝑒 − 𝑄𝑡) = 𝑙𝑛𝑄𝑒 − 𝑘1𝑡                                                            (4) 

 
𝑡

𝑄𝑡
=  

1

𝑘2𝑄𝑒
2 −

𝑡

𝑄𝑒
                                                                                (5) 

 

𝑄𝑡 =  𝑘𝑖𝑡0.5 +  𝐶𝑖                                                                          (6) 

 

Qt and Qe (mg.g-1) are amount of AMX adsorbed at any time 

t (min) and at equilibrium time, respectively. k1, k2 and ki 

are rate constants of first order, pseudo second order, and 

intra-particle diffusion kinetic model, respectively. Ci 

(mg.g-1) is the boundary layer thickness. 

 

Adsorption equilibrium experiments were carried out 

with AMX solutions at different initial concentrations (75-

250 mg.L-1) for an equilibrium time of 24 h in order to 

determine the AMX adsorption capacity of activated 

carbons in equilibrium state. At the end of experiments, 

AMX equilibrium concentration, Ce and quantity of AMX 

adsorbed by 1 g activated carbon, Qe were determined. 

The relation between Ce and Qe was established using 

Equations 7 and 8 specific to Freundlich and Langmuir 

adsorption isotherm models, respectively, given as 

follows (Moussavi et al., 2013):  

 

𝐶𝑒

𝑄𝑒
=

1

𝐾𝐿𝑄𝑚𝑎𝑥
+

1

𝑄𝑚𝑎𝑥
𝐶𝑒                                                                          (7) 

 

log 𝑄𝑒 = log 𝐾𝐹 +  
1

𝑛
log 𝐶𝑒                                                           (8) 

 

where Qmax is the maximum monolayer adsorption 

capacity, KL is the equilibrium constant, KF is the 

Freundlich constant, an empirical parameter related with 

the adsorption capacity, and 1/n is the heterogeneity 

factor taking values usually in the range of 0-1. The 1/n 

values closer to 0 indicates a more heterogeneous 

adsorbent surface (Edet and Ifelebuegu, 2020). In 

addition, separation factor (RL), which is specific to 

Langmuir model, was calculated by equation 9 given 

below (Moussavi et al., 2013):  

 

𝑅𝐿 =
1

1+𝐶𝑖𝐾𝐿
                                                                                      (9) 

 

The value of RL helps to identify adsorption process as 

irreversible (RL = 0), favorable (0 < RL < 1), linear (RL = 1), 

or unfavorable (RL>1) (Araújo et al., 2021). 

 

3. Results and Discussion 
3.1. Mass Yields and Carbon Recovery of Hydrochars 

The mass yield and carbon recovery of hydrochars 

produced from legume wastes at different process 

temperature is given in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Mass yield and carbon recovery of hydrochars produced from dried legume wastes at different temperatures 

(dry basis) (wt.%). 

 

As can be seen from Figure 1, a sharp decrease is observed 

in hydrochar yield with the increase of process 

temperature. It must be noted that PBP and PS have high 

holocellulose content which were reported as 79% (De Sa 

et al., 2022) and 61% (Verma et al., 2011) in the literature, 

respectively. Therefore, the sharp decrease of hydrochar 

yield with increasing process temperature was attributed 

to the enhanced degradation of legume wastes occuring 
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mainly as the hydrolysis of hemicellulose and cellulose in 

legume wastes (Kambo and Dutta, 2015; Makela et al., 

2015). The carbon recovery of hydrochars was also shown 

in Figure 1. The weight percentage of carbon in legume 

waste recovered in hydrochar varied in the range of 48-57 

wt% and 44-63 wt% in case of PBP and PS, respectively. 

These values were found to be lower than the carbon 

recovery results given in the literature (Kantarli, 2023; 

Balmuk et al., 2023; Pala et al., 2014; Hoffmann et al., 

2019) mainly due to the lower hydrochar yields obtained 

as a result of degradation of the higher holocellulose 

content of legume wastes in this study.  

3.2. Fuel Properties of Hydrochars 

Proximate, elemental, and energy analysis results of 

hydrochars derived from legume wastes at different 

process temperatures are given in Table 2. 
 

Table 2. Proximate, elemental and energy analysis of hydrochars (dry basis) 

 
Proximate analysis, %wt., 

dry basis 
Elemental analysis, %wt., dry basis Energy analysis 

  Ash VM FC FR C H N S O 
HHV 

[MJ/kg] 
EDR EY 

PBP-HC-200 1.0 72.9 26.1 0.36 56.86 5.98 1.12 0.00 31.55 26.76 1.20 53.29 

PBP-HC-220 1.1 67.9 30.9 0.45 58.26 5.68 1.10 0.00 29.56 26.89 1.20 48.97 

PBP-HC-240 1.2 59.8 39.0 0.65 70.12 5.86 1.49 0.00 18.05 31.21 1.40 42.46 

PS-HC-200 4.5 67.9 27.6 0.41 57.13 5.38 3.97 0.00 32.50 25.77 1.21 58.19 

PS-HC-220 5.4 65.5 29.1 0.44 57.66 5.61 3.42 0.00 32.17 26.27 1.23 49.42 

PS-HC-240 4.5 65.5 30.0 0.46 63.07 5.57 4.14 0.01 26.01 28.06 1.31 39.97 

VM= volatile matter; FC= fixed carbon; FR (Fuel ratio)= FC / VM; HHV= higher heating value; EDR (energy densification ratio)= 

HHVhydrochar/ HHVbiomass; EY (energy yield) = mass yield × EDR; O% = 100 – (C+H+N+S+Ash). 

 

The ash contents of PBP-derived hydrochars were lower 

than that of PBP owing to the solubility of inorganics 

under subcritical water conditions (Tables 1-2). 

Calculations depending on the hydrochar yield and ash 

contents revealed that 12-9 % of initial ash in PBP were 

retained in the resultant hydrochar depending on the 

process temperature. On the contrary to PBP-derived 

hydrochars, PS-derived hydrochars had ash contents only 

slightly lower/higher than that of PS due to the less 

solubility of inorganics under subcritical water conditions. 

Therefore, percentage of initial ash retained in PS-derived 

hydrochars were calculated to be in the range of 43-27% 

which were much higher than that retained in PBP-

derived hydrochars. As can be seen from Table 2, HTC 

decreased the VM content of legume wastes, while it 

increased the FC content of legume wastes. This indicated 

the improvement of the carbon stability by HTC treatment. 

In case of PS, VM content of obtained hydrochar decreased 

only slightly (from 67.9% to 65.5%) and its FC content 

increased slightly (from 27.6% to 30.0%) with increasing 

temperature from 200 oC to 240 oC. Hence, HTC of PS led 

to the limited increase of FR of raw waste only from 0.23 

to 0.44 which was still lower than 0.6 reported for lignite 

coal (Odeh, 2015). Compared to PS, VM content of PBP-

derived hydrochar decreased pronouncedly from 72.9% 

to 59.8%, while its FC content increased pronouncedly 

from 26.1% to 39.0% with increasing temperature from 

200oC to 240oC. HTC of PBP led to a higher increase of FR 

of raw biomass from 0.23 to 0.65 which is even higher 

than 0.6 reported for lignite coal (Odeh, 2015). 

Hydrochars had higher carbon content and lower oxygen 

content than legume wastes as a result of HTC. The effect 

of HTC temperature on carbon content of hydrochar was 

noticable at 240 °C. C content of PBP-derived hydrochar 

and PS-derived hydrochar increased to 70.1% and 63.1% 

with the increase of HTC temperature to 240 °C, 

respectively. C content of PS-HC-240 was found to be 

higher than those of hydrochars obtained from pea pods 

at 230 °C for a duration of 30-480 min (Dong et al., 2019). 

The variation of HHV and ED of hydrochars showed 

similarity with the variation of carbon content. HHV of 

PBP-HC-240 was found to be higher than that of PS-HC-

240 due to its higher C content. Comparision of the results 

with those in literature revealed that HHV of PBP-HC-240 

was comparable to HHVs of hydrochars obtained by HTC 

of two-phase olive mill waste at 240-260 °C for 1-4 h 

(Balmuk et al., 2023), walnut and hazelnut shells at 250 °C 

for 24 h. (Pavkov et al., 2022) and from food waste at 230-

260 °C for 30 min. (McGaughy and Reza, 2018) and higher 

than HHVs of hydrochars obtained by HTC of hornbeam 

wood at 275 °C for 1 h (Ercan et al., 2023), pineapple 

peelings at 250-270 °C for 5h (Bote et al., 2023), loquat 

seeds at 150-250 °C for 2-6 h ( Kalderis et al., 2023), 

sunflower stalks at 180-280 °C for 45 min. (Nawaz and 

Kumar, 2023), cannabis waste at 170-230 °C for 1 h 

(Kanchanatip et al., 2022) and agricultural wastes at 180-

260 °C for 1 h. (Wu et al., 2023). EY of PBP-derived 

hydrochars and PS-derived hydrochars decreased from 

53.3% to 42.5% and from 58.2 % to 40.0 % with 

increasing temperature. The decreasing trend of EY with 

the increase of temperature, which was consistent with 

the literature (Kanchanatip et al., 2022; Kalderis et al., 

2023), was mainly attributed to the dominance of 

reduction in mass yield over the increase of ED. EY values 

of hydrochars obtained in this study was similar to those 

observed by Kalderis et al. (2023) owing to the low mass 
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yield, while they were lower than those observed by 

Kanchanatip et al. (2022) owing to much higher mass yield 

obtained in their study. The atomic H/C ratio versus O/C 

ratio of hydrochars were plotted on the van Krevelen 

diagram, given in Figure 2, in order to follow the 

carbonization degree and identify the main reaction 

pathways during HTC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Van Krevelen diagram of hydrochars produced from legume wastes at different temperatures. 

 

Examination of Figure 2 shows that dehydration reactions 

mainly occur at 200 °C, while decarboxylation reactions 

start to accompany dehydration reactions at 220 °C during 

HTC of PS. On the other hand, decarboxylation reactions 

accompany dehydration reactions at each temperature 

during HTC of PBP. Therefore, PBP-derived hydrochars 

had better carbonization degree than PS-derived 

hydrochars. As can be seen from Figure 2, PBP-HC-240 fall 

within the H/C and O/C ratio range of bituminous coal, 

while PS-HC-240 could only fall within the H/C and O/C 

ratio range of lignite. PS-HC-200 and PS-HC-220 fall in the 

region of peat which is consistent with the results 

obtained from HTC of pea pods at less severe conditions 

by Dong et al. (2019). 

3.3 Activated Carbon Characteristics  

PBP-HC-220 and PS-HC-220 were selected as activated 

carbon precursor in the ZnCl2 activation experiments at 

500 °C in order to obtain activated carbon with developed 

porosity at acceptable yield. Activated carbons obtained 

from PBP-derived and PS-derived hydrochars were 

abbreviated as PBP-AHC and PS-AHC, respectively.  

3.3.1. Elemental composition and yields of activated 

carbons 

Elemental analysis and mass yields of PBP-AHC and PS-

AHC are presented in Table 3. Mass yield of activated 

carbon was calculated as the ratio of weight of activated 

carbon to weight of dried legume waste. 

 

Table 3. Elemental analysis and mass yields of PBP-AHC and PS-AHC 

 Elemental analysis, wt% 
Yield, wt% 

 C H N O 

PBP-AHC 88.43 2.59 1.86 7.12 21.2 

PS-AHC 82.02 2.91 4.63 10.44 22.6 

 

The mass yields of PBP-AHC and PS-AHC were found as 

21.2 and 22.6 %, respectively (Table 3). These mass yields 

were lower than those obtained by chemical activation of 

lignocellulosic waste-derived hydrochars given in the 

literature (Kantarli, 2023; Chen et al., 2017). Activation of 

hydrochars resulted in further increase of C contents 

accompanied by the decrease of H and O contents of 

resultant activated carbons which implied the 

enhancement of aromaticity in hydrochars. 

 

3.3.2. BET surface area and pore volumes of activated 

carbons 

BET surface area, mesopore volumes, and pore volumes of 

PBP-AHC and PS-AHC are given in Table 4. ZnCl2 activation 

seems to be effective on the porosity development of 

legume waste-derived hydrochars (Table 4). As a result, 

both of the activated carbons had high surface area and 

total pore volume, which were comparable to or higher 

than those of activated carbons obtained by ZnCl2 

activation of wood sawdust hydrochar (Nirmaladevi and 
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Palanisamy, 2021), brewed tea waste hydrochar (Kantarli, 

2023); KOH activation of garlic peel hydrochars (Huang et 

al., 2019) and raw coffee husk hydrochar (Tran et al, 

2021) and K2CO3 activation of rice straw hydrochar (Liu et 

al., 2014). PBP-AHC was found to have a higher BET 

surface area and more developed porosity than PS-AHC. 

This result was consistent with the higher C content 

observed for PBP-AHC (Table 3). 

 

Table 4. BET surface area, mesopore volume, and pore volumes of PBP-AHC and PS-AHC 

 
BET Surface area  

(m2.g-1) 

Mesopore area  

(m2.g-1) 

Total pore volume  

(cm3.g-1) 

Mesopore volume  

(cm3.g-1) 

PBP-AHC 1350 399 0.723 0.249 

PS-AHC 1205 152 0.686 0.144 

 

3.4. FTIR Analysis of Legume Wastes, Hydrochars and 

Activated Carbons 

FTIR analysis of legume wastes, their hydrochars obtained 

at 200°C and activated carbons was performed in order to 

detect the changes of chemical structure during HTC of 

legume wastes and chemical activation of hydrochars, 

respectively. FTIR spectra of legume wastes, their 

hydrochars, and activated carbon are given in Figure 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. FTIR spectra of (a)PBP, PBP-HC-200, and PBP-AHC; (b)PS, PS-HC-200, and PS-AHC. 

 

A wide peak was noticed in the spectra of PBP, PS, and all 

hydrochars at 3160-3600 cm-1. This peak was attributed 

to the O-H stretching of the hydroxyl or carboxyl group. It 

must be noted that this peak was weaker in the spectra of 

hydrochars as a result of dehydration during HTC and 

almost disappeared after ZnCl2 activation. The peak at 

2925-2850 cm-1 was more strongly observed in the 

spectra of PBP and its hydrochar and attributed to the 
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aliphatic C-H stretching vibration of methylene groups of 

lignin (Missaoui et al., 2017). The existence of this peak in 

the spectra of both hydrochars implied that lignin was not 

completely decomposed during HTC. After activation, this 

peak was observed to be very weak which implied that 

further degradation of lignin occured during activation. 

The intensity of the peak around 1030 cm−1 corresponding 

to the C-O stretching of hemicellulose and cellulose 

(Missaoui et al., 2017) weakened as a result of their partial 

degradation during HTC. This peak almost disappeared 

after ZnCl2 activation showing that degradation of 

holocellulose in legume wastes was almost completed. 

The peak at 1740 cm−1 existing in the spectra of legume 

wastes corresponds to the C=O stretching of ester group 

of hemicellulose. This peak disappeared due to the 

degradation of hemicellulose after HTC (Dong et al., 2019) 

and a new peak appeared at 1690 cm−1 implying the 

formation of carbonyl/carboxyl groups conjugated to a 

benzene ring or C=C bond. The peak which was observed 

at 1635 cm−1 in the spectrum of legume wastes and shifted 

to 1610 cm−1 in the spectra of hydrochars was assigned to 

C=C aromatic stretching (Wang et al., 2018; Dong et al., 

2019). The C=O peaks disappeared and C=C peaks shifted 

to lower wavenumbers after ZnCl2 activation of both type 

of hydrochars implying the enhancement of 

decarboxylation and improvement of aromaticity.  

3.5. SEM Analysis of Legume Wastes, Hydrochars and 

Activated Carbons 

The SEM images of legume wastes, their hydrochars, and 

activated carbons taken at × 2500 magnitude are given in 

Figure 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4. SEM images of legume wastes, their hydrochars, and activated carbons (×2500 magnitude). 

 

The changes in morphologies of legume wastes after HTC 

and ZnCl2 activation can be followed from SEM images 

given in Figure 4. The surface of legume wastes was 

smooth. On the other hand, the surface of hydrochars was 

observed to be relatively rough and deformed compared 

to that of legume wastes which was attributed to the 

degradation of hemicellulose and cellulose into smaller 

fragments during HTC (Hamid and Subramaniam, 2022). 

According to Chen et al. (2017), these smaller fragments 

might combine to form spherical particles on the surface 
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of hydrochars during HTC. Similarly, a number of 

spherical particles was detected on the surface of 

hydrochars in this study. Also, a small number of 

rudimentary pores was observed on the surface of 

hydrochars which might have occured through removal of 

internal volatile fraction in legume wastes. Further 

treatment of hydrochars by ZnCl2 activation resulted in 

more porous morphology as can be seen from SEM images 

of activated carbons given in Figure 4. Spherical particles 

seems to retain on the surface even after activation of 

hydrochars. 

3.6. AMX Adsorption Study  

3.6.1. Effect of time on AMX removal efficiency and 

adsorption kinetics  

Batch adsorption experiments were carried out for PBP-

AHC and PS-AHC at adsorption times varying between 1 

and 24 h with an amount of 0.075 g (3 g.L-1) in a 25 mL of 

200 ppm AMX solution in order to determine the 

equilibrium time. Variation of removal efficiency with 

time was presented in Table 5. PBP-AHC showed higher 

removal efficiency in shorter adsorption time probably 

due to its higher surface area which probably enabled a 

faster mass transfer (Table 5). Therefore, AMX removal 

efficiency of PBP-AHC changed very slightly with the 

increase of adsorption time. None of the activated carbons 

was able to achieve a removal efficiency of 100% even for 

an adsorption time of 24 h which was attributed to the 

high initial concentration of AMX. 24 h was chosen as the 

equilibrium time in order to guarantee the establishment 

of adsorption equilibrium for both activated carbons. 

 

Table 5. Removal efficiency of activated carbon at different adsorption times, % 

  
Adsorption time, hour 

1 2 4 6 24 

Removal efficiency (%) 
PBP-AHC 86.9 87.4 87.9 88.2 89.7 

PS-AHC 77.2 81.8 83.1 84.1 87.3 

 

Adsorption kinetic study was carried out at an initial AMX 

concentration of 200 ppm varying the time between 10 

and 1440 minutes. Qt versus time was plotted using the 

data obtained and was shown in Figure 5. As can be seen 

from the figure, AMX adsorption rate was fast at the initial 

stage of adsorption and got slower with the increase of 

time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Plot of adsorbed amount of AMX per unit mass of activated carbon (Qt) versus time. 

 

Kinetic parameters of AMX adsorption on PBP-AHC and 

PS-AHC obtained from the analysis of kinetic data using 

pseudo-first order kinetic model, pseudo-second order 

kinetic model and intra-particle diffusion kinetic model 

were presented in Table 6.  

The comparison of R2 values in Table 6 revealed that AMX 

adsorption on PBP-AHC and PS-AHC best fits with the 

pseudo-second order kinetic model and hence AMX 

adsorption rate is controlled mainly by chemisorption. Qe,2 

values calculated from pseudo-second order model were 

found to be more proximate to Qe,experimental values than Qe 

values calculated from other models. Comparison of k2 

values showed that AMX adsorption rate of PBP-AHC was 

faster than that of PS-AHC. The compatibility of pseudo-

second order kinetic model for AMX adsorption on 

activated carbon was also reported by other researchers 

in the literature (Chayid and Ahmed, 2015; Budyanto et al., 

2008; Moussavi et al., 2013). 

3.6.2. Effect of activated carbon dosage on AMX 

removal efficiency 

Effect of activated carbon dosage on AMX removal 

efficiency of both activated carbon was investigated and 

depicted in Figure 6. As can be seen from Figure 6, removal 

efficiency of AMX increased proportionally (from 30.0% 

and 28.8% to 82.8% and 83.0% for PBP-AHC and PS-AHC, 

respectively) with increasing activated carbon dosage 
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from 0.5 to 2 g.L-1. Further increase of activated carbon 

dosage caused only a slight increase in removal efficiency 

of AMX without achieving 100% removal. 

3.6.3. Adsorption isotherms  

Adsorption isotherm study was performed at an activated 

carbon dosage of 3 g. L-1 at varying initial AMX 

concentrations (75 - 250 ppm) for an equilibrium time of 

24 h. Activated carbon dosage was selected as 3 g. L-1, 

since maximum AMX removal efficiency was achieved at 

this dosage (Figure 6). Isotherm constants and R2 values 

of Langmuir and Freundlich models obtained by 

application of Equations 7 and 8 to the Ce and Qe values 

determined at different initial concentrations are given in 

Table 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Effect of activated carbon dosage on removal efficiency of AMX. 

 

Table 6. Kinetic parameters of AMX adsorption on PBP-AHC and PS-AHC. 

 PBP-AHC PS-AHC 

Qe,exp 59.79 58.18 

Pseudo-first order model 

k1 0.0103 0.0049 

Qe1 (mg.g-1) 7.79 10.25 

R2 0.664 0.883 

Pseudo-second order model 

k2 0.0084 0.0048 

Qe2 (mg.g-1) 59.17 56.49 

R2 0.999 0.999 

Intra-particle diffusion model 

Ci1(mg.g-1) 39.32 41.46 

Ci2(mg.g-1) 57.24 51.05 

ki1 2.81 1.41 

ki2 0.09 0.27 

R21 0.962 0.892 

R22 0.987 0.895 

Qe,exp (mg.g-1)= amount of AMX adsorbed at equilibrium obtained in experiments, k
1
,= pseudo-first order, model rate constant,Q

e1
 (mg.g-

1)= amount of AMX adsorbed at equilibrium time calculated by pseudo-first, order model, k
2
,= pseudo-second order model rate 

constant, Qe2
 (mg.g-1)= amount of AMX adsorbed, at equilibrium time calculated by pseudo-second order model, k

i1
= intra-particle 

diffusion model first, stage rate constant, k
i2

= intra-particle diffusion model second stage rate constant, Ci1 (mg.g-1)= the first, stage 

boundary layer thickness, Ci2 (mg.g-1)= the second stage boundary layer thickness. 
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Table 7. Langmuir and Freundlich isotherm constants and R2 values for AMX adsorption on PBP-AHC and PS-AHC 

 PBP-AHC PS-AHC 

Langmuir 

Qmax, (mg.g-1) 188.7 70.9 

KL, (L.mg-1) 0.02 0.23 

RL 0.155 0.017 

R2 0.96 0.98 

Freundlich 

1/n, (mg.g-1) 0.73 0.29 

KF, (L.mg-1) 6.26 22.85 

R2 0.99 0.95 

Qmax= maximum monolayer adsorption capacity, KL= equilibrium constant, RL: separation factor, KF= Freundlich constant, 

1/n= heterogeneity factor. 

 

R2 values of Langmuir and Freundlich isotherms 

presented in Table 7 indicated that experimental isotherm 

data of PBP-AHC and PS-AHC were highly correlated with 

both of the models. In case of AMX adsorption on PS-AHC, 

Freundlich isotherm showed more satisfactory fit with the 

experimental data. This indicated that adsorption took 

place on the surface of PS-AHC which was еnеrgetically 

hеtеrogeneous. On the other hand, Langmuir isotherm 

was found to be more compatible with the experimental 

data of PBP-AHC indicating that AMX molecules covered 

the surface of PBP-AHC, which was homogeneous, as 

monolayer.  

Examination of Langmuir isotherm constants revealed 

that AMX adsorption onto PBP-AHC was favorable (0 < RL 

< 1), while that on PS-AHC was nearly irreversible (RL ≈ 0) 

(Araújo et al., 2021). Similarly, 1/n values calculated from 

Freundlich isotherm model also indicated a favorable 

AMX adsorption on both activated carbons (Kalam et al., 

2021). 

Qmax values are known to be very useful for determination 

and comparison of adsorption capacities of adsorbents. As 

can be seen from Table 7, PBP-AHC has much higher AMX 

adsorption capacity than PS-AHC due to its more 

developed porosity with more mesoporous character and 

higher surface area. Rodrigues et al. stated that 

predominantly mesoporous activated carbons having 

oxygenated groups in abundance and high specific area 

shows an efficient and fast AMX adsorption (Rodrigues et 

al., 2020). Hence, it can be stated that PBP derived 

hydrochar is a more promising precursor in production of 

activated carbon with a good AMX adsorption capacity. 

Qmax of AMX on other activated carbons was calculated as 

345 mg. g-1 for KOH activated giant reed (Chayid and 

Ahmed, 2015); 233 mg.g-1 for coconut shell based 

commercial activated carbon (Budyanto et al., 2008); 439 

mg.g-1 for NH4Cl activated pomegranate wood (Moussavi 

et al., 2013); 175 and 268 mg.g-1 for two types of magnetic 

activated carbon (Saucier et al., 2017); 122 and 132 mg.g-

1 for Mn-impregnated Phragmites australis based 

activated carbons (Liu et al., 2016) and 130 and 176 mg.g-

1 for two types of ZnCl2 activated solid olive-mill waste 

(Rodrigues et al., 2020) in literature. Depending on the 

literature results, KOH or NH4Cl activation of PBP-HC-220 

and PS-HC-220 can be investigated in further studies to 

obtain a higher AMX adsorption capacity.  

 

4. Conclusion 
In this study, use of hydrochars obtained from legume 

wastes as fuel and their conversion into activated carbon 

for amoxicillin removal was investigated. Two types of 

legume wastes, pinto bean peels and pea shells, were used 

for hydrochar production. Hydrothermal carbonization of 

legume wastes was carried out at different temperatures 

in order to examine its effect on fuel properties of derived 

hydrochars. Hydrothermal carbonization at 240 ◦C had 

significant effect on the enhancement of hydrochar fuel 

properties such as higher heating value and fuel ratio. This 

effect was more noticeable in case of pinto bean shells. Van 

Krevelen Diagram depicted the formation of bituminous 

coal-like and lignite-like hydrochars from pinto bean peels 

and pea shells at 240 ◦C, respectively. Initial ash in pinto 

bean peels retained in the resultant hydrochar was lower 

than that in pea shell retained in the resultant hydrochar. 

This was attributed to the difference in ash composition of 

legume wastes. ZnCl2 activation of hydrochars obtained at 

220 °C produced activated carbons with enhanced surface 

area and pore volume that varied according to the legume 

waste type. Pinto bean peel yielded an activated carbon 

with higher BET surface area, total pore volume, 

mesopore volume and hence maximum amoxicilline 

adsorption capacity and rate. Overall, it can be concluded 

that hydrothermal carbonization can be considered as a 

promising treatment method of legume wastes for 

enhancing their fuel properties and as a promising 

pretreatment method of legume wastes for activated 

carbon production by chemical activation. 
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