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Although there are many possible routes for the desorption of pollutants, reuse and regeneration of the 

used adsorbents, the performance and the adsorption capacity is not restored fully and after several cycles 

again the adsorbent becomes a waste and finally an environmental concern. Thus an alternative route to 

handle this problem of disposal of used adsorbents, especially for heavy metal adsorption is needed. An 

attempt is made to use the biochar obtained from hydrothermal carbonization of Prosopis juliflora 

woody biomass using 5 wt% KOH alkali catalyst. Response surface methodology was used to obtain the 

optimum conditions for the hydrothermal carbonization process by changing the process parameters such 

as temperature (200-300 ), reaction time (15-45 min), and water loading in biomass (4-8 mL g-1) to 

maximize mass yield and carbonization ratio. This biochar produced had good adsorption behaviour for 

Cu(II) and Zn(II) ions from its aqueous solutions with adsorption capacity of 217.39 mg g-1 and 149.25 

mg g-1 respectively. The Copper and Zinc adsorbed hydrothermal carbonized biochar were further used 

as an active material for the supercapacitor and it was observed to possess good specific capacitance of 

144.48 F g-1 and 104.56 F g-1 respectively. This study suggests a possible route to utilize the spent 

adsorbent as an energy storage material. 

 

 

Keywords: Used adsorbent, Hydrothermal carbonization, Copper and Zinc adsorption, Supercapacitor 

material 

 

 

1. INTRODUCTION  

Supercapacitors act as the energy storage device that can store and release a large amount of 

energy compared to that of the conventional capacitors and can replace the batteries in near future. They 

have a higher power output with high cyclicality and long-term stability [1]. Carbon is the most 
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commonly used electrode material in forming the electrical double layer (EDL) of electrochemical 

capacitors and it is the most preferred material because of its less cost, commercial availability, and large 

specific surface area. The porous carbon is very much suitable for EDL formation as it has a lack of 

space charge with dynamic charge propagation and a good attraction of ions along the pore walls [2]. 

Biomass is a naturally abundant renewable resource and it acts as the source of porous carbon. Biomass 

is derived from both plants and animals which is rich in carbon and used in the production of heat and 

electricity. They include woody plant wastes, forest residues, wastes from farm crops,  algae, industry 

wastes, and domestic wastes [3]. This biomass is converted into biochar employing thermochemical 

techniques such as pyrolysis, gasification, hydrothermal conversion (carbonization, liquefaction, 

gasification) and microwave treatment and the produced biochar has various applications in wastewater 

treatment, agricultural soil rejuvenation, syngas production, trans-esterification, etc., and its derived 

composites are used in electrochemical energy storage materials such as fuel cells, Supercapacitors, and 

batteries [4][5][6][7]. 

Hydrothermal carbonization (HTC) is the thermochemical conversion of biomass into a solid-

phase rich in carbon called hydrochar or biochar, liquid phase i.e bio-oil and gaseous product rich in 

carbon-di-oxide at a temperature of 180-250  and pressure of 10-50 bar in the sub-critical water 

environment [8]. The hydrochar obtained from this process had less ash content compared to that 

obtained from torrefaction and it also resulted in a product with more a dispersed structure [9]. The 

hydrochar showed higher affinity towards dyes and heavy metal adsorption when compared with 

pyrolysis biochar and this is due to its ion exchange and complexation property, but commercially 

available activated carbon showed a higher adsorption capacity compared to the hydrochar [10][11]. The 

main advantage of the biochar obtained from hydrothermal carbonization is that it is very easily 

biodegradable with a half-life of 0.7-2.1 years compared to that of pyrolysis biochar which is 19.7-44.5 

years; and also with biological post-treatment (i.e bio-composting), the minimal genotoxic and 

phytotoxic effect is neutralized [12][13]. A maximum yield of biochar of 67.94 % is achieved through 

hydrothermal carbonization and with enhanced residence time till 10 h showed significant change in 

morphology with better porosity [14].  

Prosopis juliflora is one of the most dominant weeds of the worldôs 100 most invasive species 

and an intelligent survey on climatic suitability and projective modeling of biodiversity for India 

suggests that North, North-western, and Southern India are more vulnerable and has the most suitable 

condition for a wide spread of this weed and warns that these dangerous species need to be managed at 

the earliest [15]. A survey between January 2018 and July 2019 in the protected areas of three forest 

reservesðGuindy National Park, Point Calimere Wildlife Sanctuary, and Sathyamangalam Tiger 

Reserve for spatial detectability and density distribution of blackbuck Antilope cervicapra showed that 

the alien invasion of Prosopis juliflora has reduced the extent of grassland, habitat openness and grass 

productivity leading to poor living condition for the large herbivores in the region [16]. Another study 

at Point Calimere Wildlife Sanctuary on soil ecosystem showed that the presence of Prosopis juliflora 

has decreased the composition of the local plant community, soil microbial respiration, and enzyme 

activity in the soil and when removed indicated an increase in the ground vegetation cover along with 

38% increase in the species richness [17]. Thus this invasive species can be effectively used as a source 

of biochar.  
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Prosopis juliflora has been used to produce solid biofuel by the following torrefaction at 230 to 

310  for 30 min using bench-scale apparatus in an inert atmosphere giving high heat energy between 

18.3 and 23.1 MJ kg-1 [18]. The alarming increase of the invasive species in Ethiopia has led to the 

carbonization of Prosopis juliflora at 300ï600  and time 60ï180 min which resulted in charcoal with 

a high heating value of 24.43 MJ kg-1 and has been used as carbon-neutral alternated fuel for cement 

factories [19]. It was observed that for Prosopis juliflora when carbonization temperature was increased 

from 400 to 700 , the higher heating value (HHV) increased from 17.75 MJ kg-1 to 31.90 MJ kg-1 using 

an Improved Natural Draft Retort Reactor and this charcoal can be effectively used as fuel for smelting 

and barbecue [20]. The fast pyrolysis of Prosopis juliflora at 450 ÁC using a continuous Blade type 

reactor resulted in 50% bio-oil, 31% biochar, and the remaining 19% syngas, in which the bio-oil was 

tested for FTIR, TGA, GC-MS, 1H NMR and 13C NMR and reported to have organic compounds like 

phenolic, carbonyl, furfural and toluene which made it suitable to use as 35% diesel blend with 

performance slightly higher than that of the pure fossil diesel [21]. The subcritical hydrothermal 

treatment of Prosopis juliflora at 278 , biomass to water loading of 20.13 % w/v, and time of 60 min 

in a 50 mL hydrothermal bomb resulted in a bio-oil containing long-chain alkanes, amines, carboxylic 

acids, ketones and phenols [22]. Thus thermochemical conversion of Prosopis juliflora can result in high 

energy-dense biochar and byproduct as bio-oil that can be used as a diesel blend.  

Biomass-derived biochar from HTC has required porosity, surface properties, conductivity, and 

both physical and chemical stability to use it as an adsorbent and energy storage material. The use of 

catalysts during HTC enhances the degree of carbonization and provides better surface characteristics 

for the addition of key heteroatoms that significantly enhances the performance of the biochar [23][24]. 

The activated hydrothermal char produced from swine manure when used as an adsorbent to remove 

Pb(II) from aqueous solution exhibited a better adsorption capacity of 211.8 mg g-1 and also provided a 

good specific capacitance of 278 F g-1 at 0.5 A g-1 in 6 M KOH electrolyte when used as a supercapacitor 

material [25]. Waste termite biomass on carbonization at 900 °C, 9 h, and with a 3:1 KOH catalyst 

resulted in an activated carbon electrode having high specific capacitance of 91.76 F gī1 at 0.5 A gī1 in 

1 M H2SO4 and 62.35 F gī1 at 0.5 A gī1 in 1 M ionic liquid as electrolyte [26]. The activated carbon 

synthesized from oil palm kernel shell was pyrolyzed and KOH activated was studied for 

electrochemical performance in three different aqueous electrolytes 1 M H2SO4, 1 M Na2SO4, and 6 M 

KOH, and produced a potential difference of 1.0 V, 1.2 V, and 2.0 V respectively with a high energy 

density of 7.4 Wh/kg with 1 M Na2SO4, but shown good capacitive retention for 6 M KOH [27]. Corn 

cob wastes obtained at 1000 °C from a gasifier showed higher micropore volume and high specific 

capacitance of  130 F gī1 (20 mV sī1) when tested using the 3 and 2 electrodes electrochemical 

workstation [28].  

This study aims at utilizing the alkali catalyzed hydrothermal biochar as an adsorbent for heavy 

metals such as Copper and Zinc and the suitability of used adsorbents as active material in 

supercapacitors.  
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2. MATERIALS & METHODS  

2.1. Materials 

Prosopis juliflora wood cutting obtained from Thoppupalayam, Perundurai, Tamil Nadu, India 

(Coordinates: 11°16'47.0"N 77°36'41.8"E) was cleaned using a blade to remove the exterior branches 

and spikes. The dried wood cutting was further broken into smaller pieces and was grounded in a hammer 

mill. The resulting product with particles of size 1 mm to 0.6 mm that passes through British Standard 

Mesh #16 and retained in #25 was separated in a sieve shaker and packed as 20 grams each in an air-

tight polyethylene pouch. Other chemicals required are NaOH, KOH (Merck); HCl, H2SO4 (Surya Fine 

Chem, Pune), ZnCl2, CuCl2.2H2O (Labo Chemie Pvt. Ltd., Mumbai), and Rubber solution No.4 

(Paramount Industries, Chennai). All chemicals used are of analytical grade. 

 

2.2. Experimental Procedure 

2.2.1. HTC of Biomass 

A typical HTC process of wet biomass is done at an elevated temperature of 180 to 260 , high 

pressure of 2ï15 MPa, and reaction time from 5 min to several hours [29]. Although the reaction 

temperature and time are influencing parameters, the temperature is the most prominent and important 

parameter that alters the characteristics of the HTC products [30]. The biomass to water loading in a 

typical HTC process ranges from 3 to 10 times the dry mass of biomass [31][32]. HTC was performed 

with 20 g biomass and a specified amount of water (4 to 8 water loading in biomass mL g-1) at different 

temperatures from 200 to 300  in a 600 mL closed hydrothermal bomb. The experiments were also 

performed with 5 wt% loading of KOH alkali catalyst and the resulting biochar is represented as PJ250-

KOH HTC denoting that the hydrothermal biochar from Prosopis juliflora was obtained at 250  in the 

presence of KOH as the catalyst. 

Kambo. H and Dutta. A [33] identified some of the important parameters, especially for 

hydrothermal carbonization like mass yield, and carbonation ratio was calculated using the following 

Equations. (1) and (2). 

 

ὓὥίί ὣὭὩὰὨ Ϸ
ὓὥίί έὪ ὨὶὭὩὨ ὦὭέὧὬὥὶ

ὓὥίί έὪ ὨὶὭὩὨ ὶὥύ ὪὩὩὨίὸέὧὯ
 ρππ (1) 

ὅὥὶὦέὲὭᾀὥὸὭέὲ ὙὥὸὭέ
Ϸὅὥὶὦέὲ Ὥὲ ὸὬὩ ὦὭέὧὬὥὶ

Ϸὅὥὶὦέὲ Ὥὲ ὸὬὩ ὪὩὩὨ
  

ὓὥίί έὪ ὨὶὭὩὨ ὦὭέὧὬὥὶ

ὓὥίί έὪ ὨὶὭὩὨ ὶὥύ ὪὩὩὨίὸέὧὯ
 

(2) 

 

2.2.2. Effect of process parameters and process optimization using response surface methodology  

Although the parameters temperature, reaction time, and water loading in biomass can be studied 

separately, the Response surface methodology helps us to understand both the individual and the 

interactive nature of these parameters over mass yield and carbonization ratio. Table 1 shows the 17 
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experimental runs with 5 central points computed by three-factor Box-Behnken Design (BBD) using 

Design Expert 8.0.7.1 software (Stat-Ease, Minneapolis, USA) by fixing the -1 and +1 levels of the 

independent variables i.e Factor 1 ï Temperature: 200°C and 300°C, Factor 2 ï Reaction time: 15 min 

and 45 min and, Factor 3 ï Water Loading: 4 and 8 mL per g of biomass. In this design, the middle i.e. 

0 level is the arithmetic mean of the extreme values. 

A second-order polynomial equation used to calculate the response surface to all linear, square, 

and interaction terms is given as Equation. (3). 

Ὑ ‌ ‌ὼ ‌ὼ ‌ ὼὼ ‐ (3) 

where R is the response for mass yield (MY) and carbonization ratio (CR); Ŭ0 is the intercept 

coefficient; Ŭl, Ŭll, and Ŭlm are interaction coefficients for linear, quadratic, and second-order terms of the 

developed model respectively; xli, and xmi are process variables (l and m range from 1 to k); k is the 

number of independent parameters and Ůi is the error [34]. 

The final model equation for three independent process parameters (k) i.e. temperature, reaction 

time, and water loading in biomass with the error term is given by Equation. (4). 

 

Ὑ ‌ ‌ὼ ‌ὼ ‌ὼ ‌ ὼ ‌ ὼ ‌ ὼ ‌ ὼὼ

‌ ὼὼ ‌ ὼὼ ‐ 

(4) 

The adequacy of the model is also checked with Analysis of Variance (ANOVA) and the 

interaction of each parameter is also found from the F-values and the significance of terms is found from 

the p-value which must be below 0.05.  

 

2.2.3. Adsorption studies and characterization of used adsorbent  

Adsorption studies were carried out using a 60 mg L-1 aqueous solution of Copper and Zinc 

chloride prepared from the standard stock solution. 0.1 g of adsorbent was used to treat 250 mL of the 

solution and the equilibrium adsorption studies were carried out at different adsorption times i.e. 15, 30, 

60, 90, 120, 150, 240, and 1440 min; an initial concentration of 15, 30, 60, 100, 200 and 300 mg L-1. 

The solution was then filtered using 0.4 ɛm Whatman filter paper and was tested using Atomic 

Absorption flame Spectrophotometry (AAS) to measure the adsorption capacity of biochar and its 

removal percentage of Copper and Zinc respectively. The adsorption studies were performed at a pH of 

6.0 for Copper and a pH of 7.0 for Zinc because the adsorbent surface becomes more positive charged 

at lower pH and on the increase of pH to 6.0 ï 7.0 it made the adsorbent surface negatively charged 

aiding more removal of M(II) ions [35][36][37]. The pH adjustment of the initial aqueous solution was 

done using 0.1 M HCl and 0.1 M NaOH. Once the hollow cathode lamp was lit the system was allowed 

for 30 min warm-up and the blank solution was aspirated to set the zero. A five-point calibration using 

20, 10, 5, 2.5, and 1.25 mg L-1 standard solutions was made and the system was calibrated before 

aspirating the unknown samples. The amount of Copper or Zinc adsorbed by the Prosopis juliflora HTC 

biochar (PJ250-CuAD and PJ250-ZnAD) and metal removal percentage was calculated using the 

Equations. (5) and (6). 
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ὃὨίέὶὴὸὭέὲ ὅὥὴὥὧὭὸώȟὗὩ άὫ ὒ
ὅ ὅ

ά
ὠ 

(5) 

ὓὩὸὥὰ ὙὩάέὺὥὰ ὖὩὶὧὩὲὸὥὫὩ Ϸ  
ὅ ὅ

ὅ
ρππ (6) 

Where, m (g) is the dosage of biochar adsorbent, V (L) is the volume of solution, CO (mg L-1) is 

the initial metal concentration of the solution and Ce (mg L-1) is the metal concentration of the solution 

at the state of equilibrium. 

The data obtained at 25  were fitted to isotherm models, i.e. Langmuir and Freundlich, which 

are explained in Equations. (7)-(9). The pseudo-first-order kinetic model, pseudo-second-order kinetic 

model, and factorial power model were used to study the adsorption kinetics of Cu(II) and Zn(II), which 

are given as Equations. (10), (11), and (12) respectively. 

 
ὅ

ή

ρ

ὦ ή

ὅ

ή
 (7) 
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ρ

ρ ὦ ὅ
 (8) 

ή Ὧὅ
Ⱦ

 (9) 

ÌÏÇή ή  ÌÏÇ ή
Ὧ ὸ

ςȢσπσ
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ὸ

ή

ρ

Ὧή

ὸ

ή
 (11) 

ÌÎήὸÌÎὑ  ÌÎὸ (12)ד 

where qe is the adsorption capacity (mg g-1) at equilibrium which is the amount of metal ion 

adsorbed (mg g-1) at any instant of time, Ce is the concentration of the solution at equilibrium, qmax 

represents the maximum adsorption capacity and b is the Langmuir constant, C0 is the initial 

concentration of the Cu(II) and Zn(II) aqueous solution. The value KL indicates the type of isotherm and 

for it to be reversible (KL=0), favorable (0< KL<1), linear (KL=1), or unfavorable (KL>1); kF and n are 

Freundlich constants; kad (L min-1) is the rate constant of the pseudo-first-order adsorption process, k2 

(L min-1) is the rate constant of the pseudo-second-order adsorption process, ◓ and K are constants of 

factorial power model. 

0.5 g of used adsorbent i.e. the preadsorbed biochar was taken in 100 ml of 0.1 N H2SO4 for 

copper and 0.1 N HCl for zinc with the pH of 2 and shaken at 120 rpm for 6 h. The desorbed adsorbent 

was washed repeatedly 5 times with distilled water to remove any residual desorbing solution and dried 

is placed into an aqueous metal solution for the next adsorption cycle [38][39]. 

 

2.2.4. Fabrication of Supercapacitor electrodes 

The used adsorbent collected as a residue during filtration was dried at 150°C in a hot air oven; 

ground and stored. The Prosopis juliflora  HTC biochar (without catalyst), KOH catalyzed HTC biochar, 

Copper adsorbed KOH HTC biochar (CuAD5) and Zinc adsorbed KOH HTC biochar (ZnAD5) powders 

as an active material for the supercapacitor electrode. The working electrode was assembled along with 

Ag / AgCl as reference electrode and Platinum (Pt) wire as counter electrode in a 3 electrode system 
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with 6 M KOH as the electrolyte to perform the electrochemical analysis [40]. The working electrode 

was prepared by mixing the active material (about 250 ɛg) with the Rubber solution No.4 in a weight 

ratio of 40:60.  The semi-solid mixture was coated using a brush on a graphite lead electrode, which acts 

as the current collector and it was dried at room temperature for 30 min [41]. The electrochemical 

properties of this composite were tested for Cyclic Voltammetry (CV), Galvanostatic Charge-Discharge 

(GCD), and Electrochemical Impedance Spectroscopy (EIS) in a potential range of -1.5 to 2 V using an 

electrochemical workstation (OrigaFlex - OGF500, France, potentiostat-galvanostat). Some of the 

important electrochemical terms and formulas representing the electrochemical properties are given 

below in Equations. (13) to (16). 

 

ὅὬὥὶὫὩ ὃ
ὍὲὸὩὶὫὶὥὰ ὃὶὩὥ έὪ ὸὬὩ ὅὠ ὧόὶὺὩ

ς Ὓὧὥὲ ὙὥὸὩ
 (13) 

ὅὥὴὥὧὭὸὥὲὧὩ
ὅὬὥὶὫὩ

ὖέὸὩὲὸὭὥὰ ύὭὲὨέύ
 (14) 

ὛὴὩὧὭὪὭὧ ὧὥὴὥὧὭὸὥὲὧὩ Ὂ Ὣ
ὅὥὴὥὧὭὸὥὲὧὩ

ὓὥίί έὪ ὥὧὸὭὺὩ άὥὸὩὶὭὥὰ
 (15) 

ὛὴὩὧὭὪὭὧ ὧὥὴὥὧὭὸὥὲὧὩ Ὂ Ὣ
ὅὬὥὶὫὩέὶὈὭίὧὬὥὶὫὩ ὧόὶὶὩὲὸ ὈὭίὧὬὥὶὫὩ ὸὭάὩ 

ὓὥίί έὪ ὩὰὩὧὸὶέὨὩ ὖέὸὩὲὸὭὥὰ ύὭὲὨέύ
 

(16) 

 

 

 

3. RESULTS & DISCUSSION 

3.1. HTC-BBD Model fitting 

Table 1. HTC-BBD Experimental Runs and Model Responses 

 

Run 

Number 

Factor 1- A: 

Temperature 

( ) 

Factor 2-B: 

Reaction Time 

(min) 

Factor 3-C: 

Water Loading 

(mL g-1)  

Actual 

Mass 

Yield (%) 

Actual 

Mass 

Yield (%) 

Actual 

Carbonizati

on Ratio 

Predicted 

Carbonization 

Ratio 

1 200 45 6 57.4 58.34 1.1 1.1 

2* 250 30 6 54.45 54.13 1.19 1.2 

3 300 15 6 43.1 42.16 1.21 1.21 

4 250 45 8 51 50.3 1.2 1.2 

5* 250 30 6 53.85 54.13 1.2 1.2 

6 250 15 4 51.1 51.8 1.15 1.15 

7 300 45 6 36.17 36.44 1.26 1.26 

8* 250 30 6 53.69 54.13 1.2 1.2 

9 200 30 4 57.1 56.67 1.08 1.08 

10 200 30 8 57.2 56.96 1.07 1.08 

11 300 30 4 36.84 37.08 1.26 1.25 

12 250 45 4 49.8 49.29 1.16 1.16 

13 200 15 6 58.1 57.83 1.05 1.05 

14* 250 30 6 54.05 54.13 1.2 1.2 

15* 250 30 6 54.62 54.13 1.19 1.2 

16 300 30 8 38.56 38.99 1.24 1.24 

17 250 15 8 52.5 53.01 1.11 1.11 

* Central Points 
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The process parameters such as temperature ( ), reaction time (min), and water loading in 

biomass (mL g-1) were analyzed, where the experimental mass yield (response 1) and carbonization ratio 

(response 2) were determined for the set of process 17 runs in total including 5 central points derived 

from the Box Behnken Design of experiments and were fed as inputs to obtain the mathematical model 

whose predicted values are given in Table 1. 

The model adequacy was confirmed by fitting the experimental responses i.e mass yield and 

carbonization ratio with four polynomial models namely: linear, 2-factor interactive (2FI), quadratic and 

cubic models using the sequential sum of squares method and statistics tests where the results are given 

in the Model Summary Table 2. The model fitting study suggested that the quadratic model for both 

mass yield and carbonization ratio was highly suited for the hydrothermal carbonization study with a 

probability p-value less than 0.0001 and had maximum F-values of 61.24 and 36.39, while the cubic 

model was said to be aliased. P<0.0001 suggests that the model is statistically highly significant with 

the chance of being wrong being less than one in ten thousand[42]. Although the cubic model is aliased, 

solving such higher-order equations involves a further more complex process called quadrangulation 

and it resulted in many contortions [43]. 

 

 

Table 2. Sequential Model Summary for HTC Response Models 

 
Source Sum of 

Squares 

df Mean Square F Value p-value  

Prob > F 

HTC Model 1 ï Mass Yield 

Mean vs Total 43458.34 1 43458.34   

Linear vs Mean 721.60 3 240.53 23.493 < 0.0001 

2FI vs Linear 10.37 3 3.4564 0.281 0.8375 

Quadratic vs 2FI 118.26 3 39.4084 61.245 < 0.0001 

Cubic vs Quadratic 3.88 3 1.2944 8.339 0.0339 

Residual 0.62 4 0.1552   

Total 44313.05 17 2606.64   

HTC Model 2 ï Carbonization Ratio 

Mean vs Total 23.2245 1 23.22   

Linear vs Mean 0.06123 3 0.02040 36.089 < 0.0001 

2FI vs Linear 0.00162 3 0.00054 0.946 0.4548 

Quadratic vs 2FI 0.00538 3 0.00179 36.3964 < 0.0001 

Cubic vs Quadratic 0.00022 3 7.5E-05 2.5 0.1985 

Residual 0.00012 4 3E-05   

Total 23.2931 17 1.37018   

 

The second-order polynomial equations for HTC Models i.e. mass yield (MY) and carbonization 

ratio (CR) in terms of coded values X1-Temperature, X2 - Reaction Time, and X3-Water loading are 

given in the Equations. (17) and (18). 

 

ὓὣ υτȢρσςωȢσωρςυὢ ρȢσπσχυὢ πȢυυςυὢ

ρȢυυχυὢὢ πȢτπυὢὢ πȢπυὢὢ τȢυυχςυὢ πȢψψςςυὢ

(17) 
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ςȢρτωχυὢ   

 

ὅὙ ρȢρωφπȢπψσχυὢ πȢπςυὢ πȢππσχυὢ πȢππςυὢὢ

πȢπςὢὢ πȢπρφχυὢ πȢπςτςυὢ πȢπρφχυὢ   

(18) 

 

Table 3. ANOVA for Response Surface Quadratic Models MY and CR 

 

Response 1 Mass Yield (MR) 

Source 

Sum of 

Squares df Mean Square F Value 

p-value 

Prob > F  

Model 850.1995 9 94.46661546 146.8125 < 0.0001 significant 

ὢ-Temperature 705.5646 1 705.5646125 1096.532 < 0.0001  

ὢ-Reaction Time 13.59811 1 13.5981125 21.13311 0.0025  

ὢ-Water Loading in 

Biomass 2.44205 1 2.44205 3.79524 0.0924  

ὢὢ 9.703225 1 9.703225 15.07998 0.0060  

ὢὢ 0.6561 1 0.6561 1.019659 0.3462  

ὢὢ 0.01 1 0.01 0.015541 0.9043  

ὢ  87.44643 1 87.44643184 135.9023 < 0.0001  

ὢ  3.277327 1 3.277326579 5.093361 0.0586  

ὢ  19.45863 1 19.45863184 30.24106 0.0009  

Residual 4.504155 7 0.643450714    

Lack of Fit 3.883275 3 1.294425 8.339293 0.0339 significant 

Pure Error 0.62088 4 0.15522    

Cor Total 854.7037 16     

Response 2 Carbonization Ratio (CR) 

Source 

Sum of 

Squares df Mean Square F Value 

p-value 

Prob > F  

Model 0.068231 9 0.007581275 153.823 < 0.0001 significant 

ὢ-Temperature 0.056113 1 0.0561125 1138.514 < 0.0001  

ὢ-Reaction Time 0.005 1 0.005 101.4493 < 0.0001  

ὢ-Water Loading in 

Biomass 0.000113 1 0.0001125 2.282609 0.1746  

ὢὢ 0 1 0 0 1.0000  

ὢὢ 2.5E-05 1 2.5E-05 0.507246 0.4994  

ὢὢ 0.0016 1 0.0016 32.46377 0.0007  

ὢ  0.001181 1 0.001181316 23.96873 0.0018  

ὢ  0.002476 1 0.002476053 50.23875 0.0002  

ὢ  0.001181 1 0.001181316 23.96873 0.0018  

Residual 0.000345 7 4.92857E-05    

Lack of Fit 0.000225 3 7.5E-05 2.5 0.1985 

not 

significant 

Pure Error 0.00012 4 0.00003    

Cor Total 0.068576 16     

 

The model equations (19) and (20) providing the relationship between the process parameters 

(temperature-X1, reaction time-X2, and water loading in biomass-X3) and the responses MY and CR 

were said to be adequate with F-values 146.81 and 153.82 respectively from the results obtained from 
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the ANOVA as given in Table 3. The second order-quadratic models for mass yield and carbonization 

ratio were found to have "Adjusted R-Squared" values (98.79, 98.85)% and "Predicted R-Squared" 

(92.61, 94.47)% with less than 10% deviation suggesting a better model equation can be developed for 

the given dataset with minimum error [44]. A minimum F-value was obtained during the lack of fit test 

for the quadratic models MY and CR indicating that they were having insignificant lack of fit of 8.34 

and 2.5. This denotes that the models were studied relative to the pure error and the p-value from this 

test also suggested that there was a 3.39 and 19.85 % chance of insignificance for MY and CR 

respectively. These values are large which might be due to noise and thus the models were found to be 

fit [45]. The coefficient of determination (R2) for MY and CR were 99.47 and 99.5%, which ensured 

that there is a satisfactory adjustment of the obtained quadratic models and thus the experimental data 

was said to have a high correlation with the predicted values as given in Table 1. 

 

3.2. Effect of process parameters on hydrothermal carbonization 

Both the individual and interaction of the process parameters were studied. Figures 1 (a), (b), and 

(c) provides the single factor influence on mass yield, and Figures 1 (e), (f), and (g) provide the single 

factor influence on carbonization yield for X1, X2, and X3 respectively with other two kept constant.  
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Figure 1 a), b), c) One-factor analysis of HTC on mass yield d), e), f) One-factor analysis of HTC on 

carbonization ratio 

 

From the Figures 1 (a) and (d) it can be observed that the mass yield of the biochar decreases 

while the carbonization ratio increases in the biochar when the temperature is increased from 200 to 

300  at a constant reaction time of 30 min and water loading in biomass at 6 mL g-1. Similar 

observations were made for hydrothermal carbonization of waste wood i.e. on an increase of temperature 

from 180 to 260  the mass yield of the biochar decreased from 81.2 to 38.7%[46]. The same trend is 

observed in Figures 1 (b) and (e) when the reaction time is increased from 15 to 45 min at a constant 

temperature of 250  and water loading in biomass 6 mL g-1. The increase in the reaction time resulted 

in decreases in the mass yield, an increase in carbon content, and an increase in the porosity[11][47]. 

From Figures 1 (c) and (f) it can be observed that the mass yield and carbonization ratio are almost the 

same and are not affected by the change in water loading in biomass from 4 to 8 mL g-1 at a constant 

temperature of 250  and reaction time 30 min. Furthermore, an increase in water loading might cause 

the shift of the process from carbonization to liquefaction[48]. From the ANOVA results the significant 

terms for the mass yield HTC model were X1, X2, X12, X1
2, and X3

2 while for the carbonization ratio 

HTC model the significant terms were X1, X2, X23, X1
2, X2

2, and X3
2 with p-value less than 0.05. It is 

evident that from Figures 2 (a) and (d) when the temperature and reaction time was increased from 200 

to 300  and 15 to 45 min respectively by keeping water loading in biomass as 6 mL g-1, a negative 

effect i.e decrease in mass yield is observed while in contrary maximum carbonization ratio of 1.26 is 

obtained for the same condition suggesting the positive effect and both the factors are significant 

individually and are more interactive as reported by Mohammed et.al [49]. 
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a)   

 

d) 

 
b) 

 

e) 

 
c) 

 

f) 

 

 

Figure 2 a),b),c) 3D Response Surface Plot for Mass Yield; d),e),f) 3D Response Surface Plot for 

Carbonization Ratio 

 

The 3D response plots in Figs. 2 (b) and (e) demonstrate the mass yield decreased and 

carbonization ratio increased when the temperature and water loading in biomass was increased from 

200 to 300  and 4 to 8 respectively by keeping reaction time as 30 min, where maximum mass yield 

was 58.1 % and the more significant factor is temperature and there is less interaction between 

temperature and water loading in biomass in the given range of study. The 3D response plots in Figures 

2 (c) and (f) show that the when the reaction time and water loading in biomass were varied from 15 to 

45 min and 4 to 8 mL g-1 at constant temperature i.e. 250  affects both mass yield and carbonization 

ratio in such a way that reaction time has a positive effect on carbonization ratio and negative effect on 

mass yield with good interaction with p-value less than 0.05 as confirmed from the ANOVA 

results[50][51]. 
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3.3. Optimization of process parameters  

The optimization study for the HTC of Prosopis juliflora was carried out to obtain the maximum 

mass yield and maximum carbonization ratio within the given range of process parameters. The process 

optimization of parameters: temperature (X1), reaction time (X2), and water loading in biomass (X3) was 

done by solving the response Equations (19) and (20) for the given process conditions. The desirability 

was tested to find the optimum process condition to obtain both the objectives i.e. maximum mass yield 

and maximum carbonization ratio, which is more significant when there is more than one objective [22]. 

The process parameters X1, X2, and X3 were kept in range with fixed importance of "+++", while the 

objectives were kept to maximize mass yield (lower limit: 36.17, higher limit: 58.1) and maximize 

carbonization ratio (lower limit: 1.05, higher limit: 1.26) with importance ñ+++++ò. The optimization 

resulted in 75.9 % desirability at a temperature of 250.09°C, a reaction time of 33.65 min, and water 

loading in biomass of 6.17 %w/v with a maximum mass yield of 53.77 % and maximum carbonization 

ratio of 1.20 as shown in Figure 3. Rather than showing the individual significance of temperature, 

reaction time and water loading in biomass towards the implementation of desirability function to the 

response surface methodology helped in getting a significant result on optimization with a good yield of 

biochar (53.77%) and with better carbonization ratio (1.2)[52]. The HTC was performed in triplets for 

the optimum conditions and the mass yield and carbonization ratio were confirmed as 53.5 ± 1.4 % and 

1.2 ± 0.04. 

 
 

Figure 3. Desirability  contour plot 

 

3.4. Copper and Zinc Adsorption Studies 

The alkali catalyzed HTC biochar was characterized by morphological characteristics, elemental 

metal composition, BET surface area, and its suitability for acting as an adsorbent were studied.  

 

Adsorption studies were carried out using 250 mL aqueous solution of 60 ppm Copper and Zinc 

chloride with 0.1 g of adsorbent for different adsorption times i.e. 15, 30, 60, 90, 120, 150, 240, and 

1440 min. The residual concentration of Cu(II) and Zn(II) in 60 ppm initial concentration aqueous 
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solution and respective removal percentage for various times (15, 30, 60, 90, 120, 150, 240, and 1440 

min ) using PJ250-KOH HTC biochar is illustrated in Figure 5 and it shows that within 120 min about 

68.33% of Cu(II) and 60% Zn(II) is removed. The equilibrium concentration of the Cu(II) and Zn(II) 

adsorption were measured at 1440 min which is 12 and 18 ppm respectively. Adsorption studies were 

also carried out for different initial concentrations (15, 30, 60, 100, 200, and 300 ppm), and the respective 

adsorption capacity for 0.1 g adsorbent in 250 mL aqueous solution is determined and plotted in Figure 

4. The adsorption capacity of Cu(II) and Zn(II) onto PJ250-KOH HTC biochar is given in Figure 5. 

 
Figure 4 Residual concentration of Cu(II) and Zn(II) in solution and respective removal percentage for 

various times using PJ250-KOH HTC biochar 

 
Figure 5 Cu(II) and Zn(II) adsorption capacity onto PJ250-KOH HTC biochar for various initial metal 

concentrations. 

 

The equilibrium data were analyzed for PJ250-KOH HTC biochar as adsorbents for both Cu(II) 

and Zn(II) aqueous solutions and investigated using Freundlich and Langmuir isotherms and the 

constants are given in Table 4. 

It was observed that the adsorption process was a very good fit for Langmuir isotherm and the 

maximum adsorption capacity of PJ250-KOH HTC biochar was found to be 217.39 mg g-1 and 149.25 

mg g-1 for Cu(II) and Zn(II) aqueous solutions respectively. This value is less when compared to 

hydrochar produced from miscanthus obtained at 180  with qmax as 301 mg gī1 for copper adsorption 

but more than that of hydrochar produced from Nannochloropsis sp. at 250  with qmax as 12.56 mg gī1 
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[53][54]. While another study shows that modified hydrochar with polyethyleneimine resulted in an 

adsorption capacity of 56.1 mg g-1 of Cu(II) and 207.6 mg g-1 of Zn(II) respectively [55]. The adsorption 

kinetics such as pseudo-first-order, pseudo-second-order, and factorial power model was also studied 

and the constants are given in Table 5 which shows that both copper and zinc adsorption follows pseudo-

second-order kinetics. 

 

Table 4. Isotherm constants for absorption of Cu(II) and Zn(II) onto HTC PJ250-KOH biochar 

 

Isotherm  

Parameters 

Langmuir Freundlich 

qmax (mg g
ī1) KL R2 kF (L g

ī1) n R2 

Cu(II) 217.39 0.015 0.9904 10.373 1.89 0.9066 

Zn(II) 149.25 0.025 0.9911 12.514 2.24 0.8482 

 

 

Table 5. Kinetic constants for absorption of Cu(II) and Zn(II) onto HTC PJ250-KOH biochar 

 
Kinetic 

Models/  

Parameters 

Pseudo First Order Pseudo Second Order Factorial Power 

qe  

(mg gī1) 

kad  
(minī1) 

R2 qe  

(mg gī1) 

k2  
(minī1) 

R2 K 

(mg gī1) 

◓ R2 

Cu(II) 38203.22 0.02764 0.9557 121.95 3439.92 0.9991 19.95 0.3048 0.8005 

Zn(II) 33790.92 0.02556 0.9874 107.53 3850.16 0.9987 15.82 0.2957 0.7350 

 

The desorption studies were performed for both PJ250-CuAD and PJ250-ZnAD and it was found 

that for every subsequent cycle of reused biochar efficiency decreased [56]. It was found that for PJ250-

CuAD the Cu removal percentage reduced from 80% to 70.2% and for PJ250-CuAD the Cu removal 

percentage reduced from 73.33% to 59.5% after 5 cycles of recycling and reuse. Thus there is about a 

12-19% reduction in the efficiency and these adsorbents (PJ250-CuAD5 and PJ250-ZnAD5) are hence 

not advised to be further used for the adsorption process. It is evident that the reusing of adsorbent 

reduces its efficacy during reuse but can produce a substance that might apply to some other application 

i.e. mercury adsorbed super adsorbent used as a catalyst for the transformation of phenylacetylene to 

acetophenone with a yield of 52% and Cadmium adsorbed fly ash composite material used as 

photocatalyst for methylene blue dye degradation [57][58]. 

 

a) 

 

b) 

 
 

Figure 6 HTC-PJ250-KOH Biochar a) SEM Analysis Image b) EDAX spectrum 
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Figure 7 N2 adsorption isotherms of Prosopis juliflora HTC Biochar PJ250 ï HTC without KOH, PJ250 

ï HTC with KOH catalyst, PJ250 ï Cu Adsorbed biochar, and PJ250 ï Zn Adsorbed biochar 

 

 

 
a)    b) 

 
c)    d) 

 

Figure 8 Prosopis juliflora KOH catalyzed HTC adsorbent produced at optimum conditions a) SEM 

analysis after Copper adsorption b) EDAX and mapping after Copper adsorption c) SEM analysis 

after Zinc adsorption d) EDAX and mapping after Zinc adsorption 

 

 

The morphological surface of HTC char (PJ250), KOH catalyzed HTC char (PJ250-KOH), Cu 

adsorbed (PJ250-CuAD5) and Zn (PJ250-ZnAD5) adsorbed biochar derived from Prosopis juliflora is 

illustrated in the Figures 6 (a), 8 (a) and (c) respectively. The pores developed on the PJ250 are primarily 


