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A B S T R A C T   

The isotherm, kinetics, and thermodynamics parameters, and mechanisms involved in the adsorption of Pb2+ and 
Cu2+ ions from an aqueous solution using engineered hydrochar were investigated. The hydrochar was produced 
through catalytic hydrothermal carbonization of rice straw at 200 ◦C with (engineered hydrochar) and without 
(hydrochar) FeCl3 (1.2 %) as iron catalyst which has been reported to have the ability to enhance surface 
properties. Batch experiments were conducted to examine the effect of sorbent dosage, pH, and initial metal ion 
concentration on the adsorptive performance. The results obtained revealed that the addition of iron catalyst 
increased the surface functional groups, and exhibit better adsorptive performance compared to non-treated 
hydrochar. The adsorptive performance of engineered hydrochar was higher for Pb2+ compared to Cu2+, 
which can be explained by surface complexation, cationic- π interaction, and mass diffusion process with the 
initial removal performance limited by mass transfer process. The Langmuir isotherm model gave the best fit for 
the adsorption of both metals compared to the other models tested. The adsorption kinetics followed the 
Lagergren’s pseudo-second order model. Thermodynamic parameters revealed that Pb2+ and Cu2+ adsorption by 
engineered hydrochar is a spontaneous and endothermic process. Moreover, this study created new knowledge 
by providing an in-depth understanding of the effect of iron catalyst on the functional properties of engineered 
hydrochar and its adsorption mechanisms. Research on the use of catalysts in engineered hydrochar for pollutant 
removal is very limited. In addition, the study outcomes would contribute to the production of highly efficient 
magnetic hydrochars.   

1. Introduction 

Hydrochar has attracted the interest of the scientific community 
because of its notable properties as an environmentally friendly, and 
cost-effective adsorbent for the removal of pollutants from the aqueous 
phase [1–4]. Several different feedstock biomass have been used for 
hydrochar production, including a variety of agricultural wastes [5], 
sewage sludge [6], manure [7], and microalgae [8]. Hydrochar is pro-
duced via hydrothermal carbonisation of biomass at the temperature 
range of 180− 240 ◦C in the presence of hot compressed water. Hydro-
char is rich in surface functional groups due to the hydrolysis and 
recombination reactions of biomass monomers [7]. This enhances the 

removal of water pollutants via adsorption. Hydrochar produced from 
rice straw has been reported to be highly efficient for adsorbing some 
organic compounds and heavy metals [6,9–11], when 
oxygen-containing functional groups on its surface are increased by 
microwave oxidation [12], or functionalized by tailoring their physi-
cochemical properties [9]. Some studies have suggested that the sorp-
tion capacity of hydrochar for heavy metals is lower compared to 
pyrolyzed biochar, because of its lower content of mineral components 
and oxygen-containing functional groups [13–15]. In agreement with 
these results, a significant amount of studies have been devoted to 
improve the adsorption behaviour of hydrochar with encouraging re-
sults, particularly when iron is used to modify its surface properties 
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[16–18]. However, the production of engineered hydrochar with 
enhanced functional properties using catalysts still has significant 
knowledge gaps and requires further in-depth investigations. 

Despite the wide variety of studies highlighting the significant effect 
on surface characteristics of hydrochar by the introduction of iron spe-
cies, relatively little is known about isotherm, kinetics, and thermody-
namics parameters, or mechanisms involved in the adsorption process in 
the removal of heavy metals from an aqueous solution using hydrochar 
engineered with iron. This study focused on the use of engineered 
hydrochar for pollutant removal in preference to biochar and activated 
carbon due to the relatively high production cost of the latter products. 
The study assessed the potential of engineered hydrochar prepared from 
rice straw for the removal of Pb2+, and Cu2+, two heavy metals that are 
commonly present in aquatic environments which are discharged by 
industries such as metal plating and the manufacture of alloys and paints 
and pigments with concentrations varying widely according to the 
production methods used. Biosorbents are generally used to treat 
wastewater containing Cu2+ and Pb2+ ions in the lower concentration 
range of 1− 100 mg/L. Furthermore, the influence of surface functional 
properties of hydrochar on the adsorption process, and the assessment of 
the detailed kinetics, isotherms, and thermodynamic parameters were 
undertaken to understand the adsorption mechanisms of the removal 
process in order to create new knowledge on hydrochar science. 

2. Materials and methods 

2.1. Materials 

All chemical reagents including iron chloride hexahydrate 
(FeCl3

• 6H2O), Pb2+, Cu2+ (primary standards), hydrochloric acid (HCl), 
and sodium hydroxide (NaOH) were of high purity grade obtained from 
Sigma Aldrich. These were used as received, without further 
purification. 

2.2. Hydrochar production 

The rice straw, which was obtained from Queensland, Australia, was 
sieved using an aperture size 1− 2 cm to remove all inert materials, 
chopped into 2− 7 cm pieces and milled in a biomass milling machine 
coupled with a 2 mm sieve (Retsch SM100, Retsch GmBH, Germany) to a 
particle size ≤ 2 mm. The homogenized biomass material was used for 
the HTC process. In the case of iron-modified hydrochar, the milled 
biomass was mixed using a 1:3 (W/V) ratio with 1.2 % FeCl3 solution 
[63]. This selection of 1:3 ratio was made based on past rsearch litera-
ture as lower solid: liquid ratio results in wastewater disposal problems 
[63]. The rice straw and the rice straw-iron mix was transferred to a 
tubular sealed reactor (GC-3 gasket closure reactor) and placed in the 
fluidized sand bath at 200 ◦C for a residence time of 3 h. This temper-
ature of 200 ◦C was selected based on preliminary investigations un-
dertaken to identify the optimum temperature for hydrochar production 
where the biomass was subjected to different temperatures ranging from 
120 ◦C to 280 ◦C in steps of 40 ◦C. The profiles of temperature and 
pressure were monitored every 60 min during the complete HTC pro-
cess. At the end of the process, the reactor and its contents were placed 
in cold water to end the reactions. The contents were then processed by 
washing with deionized water and drying at 45 ◦C in a vacuum oven for 
characterisation. 

2.3. Hydrochar characterisation 

2.3.1. Surface area and surface charge analyses 
Surface area, pore volume and pore size distribution of the hydrochar 

produced was measured using Tristar II Series instrument coupled with 
degasser (Micrometrics, USA) from the adsorption of nitrogen at 77 K in 
the relative pressure range of 0.01− 0.3. Samples were prepared by 
degassing overnight (16 h) at 150 ◦C under vacuum to remove air 

trapped in the hydrochar. The samples were then subjected to 99 point 
BET surface area analysis. The BET equation was used to evaluate the 
adsorption process [19]. Furthermore, mesoporous volume distribution 
was calculated as a function of pore size based on 
Barrett-Joyner-Halenda (BJH) method [20]. Data collected was pro-
cessed using Microactive 2 software. 

The point of zero charge (pzc) analysis of the hydrochar was esti-
mated using the pH drift method [21]. Briefly, a 0.01 M NaCl solution 
was used and either HCl or NaOH was used to adjust the pH values 
between 3–11, after stabilising the suspension by gas bubbling for the 
removal of dissolved carbon dioxide. The hydrochar samples (0.5 g) 
were added to 50 mL of the prepared solutions with different pH values. 
The final pH values were recorded after 24 h. The initial and final pH 
values were used to identify pzc as the point at which values were equal. 

2.3.2. Surface functional group analysis 
The FTIR analysis was carried out using Alpha Fourier Transform 

Infrared (FTIR) spectrometer coupled with single layer diamond acces-
sory (Madison, WI, USA). Spectra were collected within the 4000 to 525 
cm− 1 spectral range using 64 scans at 4 cm-1 resolution. The background 
spectra was also set to correct the adsorption spectra of the samples, and 
it was subtracted from the FTIR spectrum. Collected FTIR spectra were 
interpreted using Galactic 187 Industries Corporation GRAMs32 soft-
ware package (Salem, NH, USA). 

2.3.3. Surface morphological analysis 
The surface morphology of hydrochar samples was investigated 

using a Zeiss Sigma VP field emission scanning electron microscope 
coupled with energy dispersive X-ray analyser (FEI Company, Hillsboro, 
Oregon, USA). The hydrochar samples were held in a carbon tape with 
stainless steel stabs and were coated with a thin layer of gold under 
vacuum conditions (Leica Microsystems, Germany). The SE2 detector 
was operated at 2.5 kV and working distance of 8 mm for investigating 
the surface properties. The crystallographic features of the hydrochar 
was determined by X-ray diffraction (XRD, D8 Advance, Bucker, Ger-
many) with a CuKal radiation source at 40 kV (Rigaku,USA), and pro-
cessing current of 40 mA. Data was acquired processing the samples in 
the 2θ range from 3 to 60◦ in steps of 0.01. 

2.3.4. Isotherm, kinetics, thermodynamics and rate limiting factor analyses 
Three different isotherm models (Langmuir, Freundlich and Temkin) 

were employed in order to study the nature of the adsorption (mono-
layer/multilayer) on the hydrochar surface and to assess the effect of 
surface energy on the adsorption process. For kinetics analysis, the 
Lagergren models (pseudo-first and pseudo-second order) were used to 
study the adsorption rate and the effect of equilibrium concentration on 
the overall removal performance of the engineered hydrochar. In addi-
tion, rate limiting analysis was performed using the Weber-Morris 
method [22]. Thermodynamic analysis was performed at temperatures 
of 30, 40, 50 and 60◦ C by measuring the adsorptive performance of the 
engineered hydrochar. This temperature range of 30− 60 ◦C was selected 
to suit the temperature of wastewater streams which are generally 
warmer on discharge [64]. This range of 30− 60 ◦C has already been 
used by previous researchers as well [65]. The applicable equations are 
given in the Supplementary information. 

2.3.5. Adsorption experiments 
Batch adsorption experiments were conducted using 20 mL flat- 

bottom glass bottles where the required amount of adsorbent was 
added according to the experimental conditions (initial pH, adsorbent 
dosage, temperature, initial heavy metal concentration) in order to 
understand the overall adsorption mechanism for Pb2+ and Cu2+ ions 
(initial concentration 50 mg/L). The selection of initial concentration of 
50 mg/L was based on preliminary investigations beforehand. More-
over, the initial concentration of 50 mg/ L was selected for detailed 
study as higher concentrations yielded lower performances as discussed 
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in Section, 3.2.2. The mixture was agitated at 150 rpm in an Orbital 
Mixer (Ratek OM, Australia). Experiments were carried out for 25 h to 
ensure that adsorption equilibrium was reached in the kinetics analysis. 
For kinetic investigations, 0.2 mL of solution was taken out at different 
time intervals and for metal removal tests a volume of 1 mL was taken to 
minimize experimental error. 

The samples were centrifuged at 10,000 rpm for 3 min to remove any 
remaining adsorbent and metal ion concentration was measured using 
ICP-OES (Varian Vista-MPX, USA). The effect of hydrochar dosage on 
metal ion removal was studied at 30 ◦C using 50 mg/L initial heavy 
metal concentration at pH = 6, and hydrochar dosage ranging from 1–15 
g/L. The effect of pH on the adsorption process was assessed using 8 g/L 
of adsorbent dosage. The pH range tested was 2− 7 and pH values higher 
than 7 were not selected as it can significantly influence the adsorption 
process due to the formation of metal hydroxide precipitates which is 
clearly evident from Pourbaix diagrams [66], and the initial heavy metal 
concentration range was 10–100 mg/L. Metal removal percentage and 
adsorption capacity were determined using Eq.s (1) and (2) as given 
below. Isotherm study was performed with initial metal concentration 
range of 10–100 mg/L with pH of 6 and adsorbent dosage of 8 g/L, 
whilst kinetic investigations were undertaken with initial concentra-
tions of 30, 50 and 70 mg/L, pH of 6 and adsorbent dosage of 8 g/L. 

Metal removal % =
Ci − Ct

Ci
× 100 (1)  

qt =
Ci − Ct

m
× v (2)  

Where, Ci is the initial metal concentration (mg/L), Ct is the free metal 
ion concentration in the solution at the sampling time (mg/L), v is the 
volume of metal solution (mL) and m is the mass of adsorbent (g) used. 
When the adsorption reached equilibrium, the free heavy metal con-
centration was defined as Ce and the amount of metal ion adsorbed per 
unit of adsorbent is qe. 

3. Results and discussion 

3.1. Hydrochar characterisation 

3.1.1. Surface functional groups, surface area and surface charge 
The FTIR analysis of the hydrochar produced with and without iron 

modification is shown in Fig. 1 and Fig. S1 in Supplementary informa-
tion. As shown, addition of FeCl3, generated significant changes 
particularly for the bands correlated with oxygen-containing functional 
groups such as carbonyl, alcoholic − OH stretching, located within the 
1,240− 1,670 cm− 1 range. Moreover, detailed interpretation of the 

changes especially in the region 1240− 1670 cm-1 is given in Table S1 in 
Supplementary information. These functional groups are considered 
very important for surface complexation processes [23]. The addition of 
iron catalyst can induce polymerization and re-arrangement reactions of 
monomers as well as highly active functional groups on the surface of 
the hydrochar, as shown in Fig. 1. The increase in electron donating sites 
on the surface of hydrochar would be expected to increase the removal 
efficiency of heavy metals [12]. The addition of the iron catalyst was 
also observed to enhance the intensity of the band of aromatic -C = C- 
and -C = O groups in the 1,584− 1,685 cm-1 region in agreement with 
past studies [23]. These oxygen containing functional groups are 
enriched in hydrochar and are clearly visible at 1586 and 1669 cm-1 in 
the FTIR spectra given in Fig. 1. 

The bands in the region 1302 and 1706 cm− 1 in Fig. 1, suggested the 
presence of organic residues (partially carbonized material and poly 
saccharrides) and carboxylic functional groups on the surface of the 
hydrochar due to the addition of iron catalyst together with a little in-
crease in the surface area to 44.3 m2/g (RSH200− 1.2FeCl3) compared to 
39.9 m2/g of non-catalysed hydrochar (RSH200). This increase in the 
surface area was due to the development of microspheres on the surface 
of the iron cataytic hydrochar and it was clearly observed on SEM im-
ages of the hydrochar shown in Fig. 2. Moreover, it has been reported 
that an increase in surface area was observed in hydrochars derived from 
orange peel in the presence of iron catalyst. At the same time, untreated 
hydrochars yielded lower surface area due to incomplete carbonization 
and the presence of disorganized matter restraining the development of 
a porous structure while the deposition of iron oxide particles raised the 
surface area [67]. These enhanced functional groups would be expected 
to contribute to relatively better pollutant removal performance of 
hydrochar produced through iron catalytic conversion of rice straw 
biomass to hydrochar compared to non-catalytic hydrochar. 

3.1.2. Surface morphology 
The images generated from SEM analysis of the non-catalysed and 

the catalysed hydrochar before and after metal adsorption are shown in 
Fig. 2. Addition of iron catalyst was found to result in the formation of 
microspheres (see Fig. 2b) due to enhanced recombination reactions of 
biomass monomers. It is hypothesised that the microsphere formation 
contributed to the enhancement of the surface area described above in 
the case of the catalysed hydrochar, which in turn would increase its 
adsorptive performance. Moreover, an interesting morphological dif-
ference was noted in the hydrochar before and after adsorption of metal 
ions. A higher amount of deposits were observed on the hydrochar 
surface after the adsorption of heavy metal ions which resembles cluster 
layer appearance as shown in Fig. 2c. The difference in smoothness 
between pristine and used material could be useful to support deposits 
on the surface of the hydrochar. Making the hydrochar surface rough has 
been reported to enhance pollutant removal performance due to the 
development of microspheres which can act as sites for surface func-
tional groups. These increased surface functional groups can contribute 
to increased adsorptive performance of engineered hydrochar [24,25]. 
The similar observation was also made in this study as shown in the 
Fig. 2 (b). 

3.1.3. Carbon structure of hydrochar 
Fig. 3 shows the XRD spectrum of catalysed and non-catalysed 

hydrochar, as well as the catalysed hydrochar material before and 
after adsorption of Pb2+. The signal identified as shown in Fig. 3 at 2θ =
15.1◦ and 22.4◦ was found to correspond to the cellulose structure [3]. 
The signal located at 26.6◦ was assigned to graphite (002), while other 
weak signals in the diffraction pattern was related to calcite [1,26]. 
From Fig. 3a, it is evident that the addition of iron catalyst reduced the 
cellulose content. However, it did not completely remove the cellulose 
from the hydrochar during the HTC process. Moreover, broadening of 
the XRD signal around 22.4◦ is due to the presence of Fe2O3− CHC 
groups [62]. As the cellulosic compound has active − OH functionalities, Fig. 1. FTIR analysis of catalysed and non- catalysed hydrochar.  
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it is also expected will contribute to the surface complexation process for 
metal removal. 

The XRD analysis after the adsorption of Pb2+ shown in Fig. 3b, 
indicated a change in the signals assigned to microcrystalline structure 
of cellulose, suggesting that this cellulosic structure was involved in the 
metal adsorption process as reported elsewhere [27]. The cellulosic 
compounds with active − OH functional groups was found to be actively 
participating in the surface complexation process. Therefore, the com-
plete destruction of microcrystalline cellulose should be avoided during 
catalytic HTC process to retain active surface functional groups required 
for efficient surface complexation process. 

In the HTC process, cellulose decomposition of biomass feedstock has 
been suggested to start at temperatures over 220 ◦C and such cellulose 
decomposition reaction will be complete above 260 ◦C [3]. In this study, 
the HTC process was run at 200 ◦C, allowing interaction between metal 
ions and the material structure. The involvement of oxygen-containing 
functional groups in the cellulose microcrystalline structure of hydro-
char for the adsorption of Pb2+ was investigated by Jiang et al. [3] using 

XPS analysis. They found an increase in oxygen-containing groups on 
the hydrochar surface as the reason for the exceptional performance of 
biochars modified using polyethyleneimine and phosphoric acid for the 
adsorption of Pb2+ in water. Based on the FTIR analysis, in the current 
study, it was identified that increased oxygen-containing functional 
groups were responsible for the high removal rates due to the addition of 
iron catalyst. The − OH groups present in the cellulosic compound can 
also contribute to the total number of functional groups present on the 
surface of the hydrochar. 

3.2. Heavy metals removal 

The adsorptive performance of rice straw (RS), non-catalysed 
(RSH200) and catalysed (RSH200− 1.2FeCl3) hydrochar for the 
removal of Pb2+ and Cu2+ ions is shown in Fig. 4. The adsorptive per-
formance of RSH200− 1.2FeCl3 for Pb2+ and Cu2+ ions are higher 
compared to RS and RSH200 because of enhanced surface functional 
properties of the hydrochar. The removal percentage of RS, RSH200 and 

Fig. 2. SEM images of hydrochar; (a) non-catalysed: (b) before: (c) after Pb2+adsorption.  

Fig. 3. (a) XRD spectrum for catalysed and non-catalysed hydrochar; and (b) catalysed hydrochar before and after Pb2+ adsorption.  
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RSH200− 1.2FeCl3 for Pb2+ was 54.32 ± 1.24, 76.4 ± 0.84 and 87.7 ±
1.55, respectively. Moreover, the removal percentage of RS, RSH200 
and RSH200− 1.2FeCl3 for Cu2+ was 33.4 ± 0.56, 47.0 ± 0.84 and 51.4 
± 1.41, respectively. However, the addition of iron catalyst improved 
the adsorptive performance of the engineered hydrochar for Pb2+ ions 
compared to Cu2+ions. This is attributed to the development of 
enhanced surface functional groups. The difference in adsorptive per-
formance is attributed to the differences in ionic structure and hydration 
energy of Pb2+ and Cu2+ ions. Moreover, the iron catalyst has enriched 
the hydrochar with highly reactive oxygen-containing functional groups 
(carbonyl, carboxylic and anhydride) required for efficient removal of 
metal ions because of enhanced polymerization, condensation, and 
dehydration reactions of monomers derived from the hydrolysis of 
biomass structural compounds including cellulose, hemicellulose and 
lignin. The performance of engineered hydrochar was found to be 
relatively less effective for Cu2+ removal compared to non-catalysed 
hydrochar. This is attributed to the relatively higher hydration energy 
of Cu2+ (2010 kJ/mol) ions compared to Pb2+ (1425 kJ/mol) ions. 

It is important to note that the initial metal ion concentration 
selected for this study was intended to evaluate the performance of the 
novel engineered hydrochar under controlled experimental conditions. 
From the results shown in Fig. 4, it can be observed that this novel 
engineered hydrochar derived from rice straw biomass exhibited the 
potential for removal of Pb2+ and Cu2+ ions. However, future studies 
need to be undertaken with real wastewater containing such metal ions 
to derive a more detailed understanding about the removal performance 
of engineered hydrochar in terms of the permissible levels of metal ions. 
Using the best material and adsorption conditions tested, the engineered 
biochar produced in this study would be able to remove Pb2+ and Cu2+

ions from water samples to generate treated effluent with metal ion 
concentrations below the maximum permissible level recommended by 
WHO (0.01 and 1.3 mg/L for Pb2+ and Cu2+, respectively) [71] when 
used to treat water with initial Pb2+ and Cu2+ initial concentration as 
high as 1 and 2.6 mg/L, respectively, which are in the same order of 
magnitude usually reported for surface water samples [68,69]. 

3.2.1. Influence of initial pH 
The influence of initial pH on Pb2+ and Cu2+ adsorption was inves-

tigated using an initial pH range between 2.0 and 7.0 as shown in Fig. 5. 
It is important to note that pH values higher than 7 were not selected for 
this analysis as it can lead to the development of metal hydroxide pre-
cipitates which significantly hinders the adsorption process. In general, 
it was found that heavy metal adsorption was highly dependent on 
initial pH and its influence was higher for Pb2+ compared to Cu2+

adsorption. For both metals, the removal capacity was found to be very 
low at pH = 2.0, increasing with the increase in initial pH, reaching a 
maximum value at initial pH = 6. This low removal performance at pH =
2 can be explained by the different pzc values of the tested hydrochar. 

The pzc value observed was 5.5 based on Fig. S4 in the Supplementary 
information, meaning that, below this value (e.g. pH = 2), the surface of 
the hydrochar will remain positively charged likely generating repulsion 
with the metal ions and impeding their effective removal from water. As 
the initial pH of the mixture approaches pzc, the interaction between the 
surface and the ions change until pH reaches values over 5.5, where the 
surface charge of the hydrochar is expected to become negative, and 
increases the interaction with the ions. 

These results agree with past studies in relation to the removal of 
Pb2+ reported for chars derived from Prosopis africana shell via hydro-
thermal carbonization [28], and others where Pb2+ ion adsorption was 
found to be the highest at pH 6 in experiments conducted with activated 
carbon derived from apricot stone [29]. In the same way, similar results 
for Pb2+ adsorption were obtained for corn Stover hydrochar modified 
using polyethyleneimine or phosphoric acid, where the optimum 
Pb2+adsorption was reported at pH = 6 [3]. At initial pH > 6, the 
decreasing Pb2+adsorption trend is attributed to the formation of metal 
hydroxyl complexes of Pb2+ and Cu2+ ions [30,31], reducing the 
availability of the metal ions for adsorption on the surface of the 
hydrochar. However, the overall trend showed a reduced capacity of the 
hydrochar for Cu2+ removal compared to Pb2+, which can be explained 
considering hydration energy. 

Hydration energy is the energy generated due to the formation of 
aqua-metal complexes during the dissolution of metal ions in water. The 
energy released by Cu dissolution is higher (2010 kJ/mol) than by Pb 
(1425 kJ/mol). Therefore, more energy is required to separate water 
molecules from the aqua-Cu complex in order to facilitate the surface 
complexation process with hydrochar. Moreover, Cu2+ ions will ther-
modynamically prefer to remain in solution rather than detaching water 
molecules for effective surface complexation process, resulting in lower 
removal efficiency. Hence, for the efficient removal of Cu2+ ions, the 
strength of the attractive forces should be further increased. 

3.2.2. Effect of initial metal ion concentration 
Fig. 6 shows the effect of initial Pb2+ and Cu2+ concentration on the 

adsorption process at 30 ◦C. For both metal ions, adsorption efficiency 
increased with the increase in the initial concentration in solution. This 
is attributed to the high contact probability between hydrochar and the 
metal ions (Pb2+ and Cu2+). The high removal capacity of hydrochar for 
Pb2+ ions over Cu2+ ions can be explained by chemical hardness of Pb2+

and Cu2+ ions which indicates the ability of metal ions to form strong 
bonds with various adsorbents [32]. 

The metal ions with high H values are able to form ionic bonds while 
metal ions with low H values can form covalent bonds [32]. As a result, 

Fig. 4. Removal of Pb2+ and Cu2+ ions by RS, non-catalysed and cata-
lysed hydrochar. 

Fig. 5. Effect of initial pH on Pb2+ and Cu2+ adsorption to engineered hydro-
char, RSH200-1.2FeCl3 (qe = quantity adsorbed in mg/g). 
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the increase in metal ion availability in the sorption system may have 
less impact on the removal performance. Based on the H values of Pb2+

and Cu2+, the trend indicated in Fig. 6 can be explained. The H value of 
Pb2+ ions (6.69) is greater than the H value of Cu2+ ions (2.68) [32]. 
Therefore, the possibility for Pb2+ ions to develop an association with 
hydrochar is higher compared to Cu2+ ions with increasing solution 
concentration. In addition, the availability of adsorption sites on 
hydrochar is higher at lower metal concentration because it can lead to 
increased surface complexation. However, the adsorptive performance 
in terms of removal percentage for both metals drop as metal ion con-
centration increases because of the saturation of active functional 
groups present on the hydrochar surface. This is in agreement with past 
studies where decreasing adsorptive performance was observed in ex-
periments conducted with hydrochar derived from Prosopis africana 
shell for the removal of Pb2+ and Cd2+ ions [28]. 

3.2.3. Influence of adsorbent dosage 
The outcomes of the study on the effect of sorbent dosage on the 

removal of Pb2+ and Cu 2+ ions are illustrated in Fig. 7. As shown, the 
adsorption capacities for both metal ions drop gradually with increasing 
sorbent dosage as per the definition of adsorption capacity as mg of 
metal ions removed per g of adsorbent. When a lower dosage is used, 
hydrochar exhibited excellent sorption performance for both metals, 
showing high absorption capacity for both Pb2+ and Cu2+ ions. 

The higher mass of adsorbent available for metal ions complexation 
depends primarily on adsorbent dosage, facilitating the development of 
attractive forces for effective sorption [28]. No further change in the 
removal performance for both metal ions was observed for dosage values 
higher than 8 g/L. Moreover, the removal capacity for Pb2+ ions was 
higher than for Cu2+ ions with increasing sorbent dosage, in agreement 
with another study where similar observations were noted for Pb2+

removal by hydrochar derived from dehydrated banana peel prepared 
via hydrothermal carbonization, which was attributed to the differences 
in ionic characteristics between Pb2+ and Cu2+ ions [33]. 

Despite the fact that the number of active sites increased with 
increasing sorbent dosage, removal of Cu2+ ions was observed to be 
difficult compared to Pb2+ removal. This is attributed to the stronger 
ionic bonding of Cu2+ with water compared to Pb2+ ions as discussed 
previously [32]. Consequently, it is possible to have unused reactive 
sites on the surface of the hydrochar at higher adsorbent dosage when 
used for the removal of Cu2+ ions. 

3.2.4. Adsorption isotherms 
Three isotherm models (Langmuir, Freundlich, and Temkin) were 

applied to evaluate sorption capacity, adsorption intensity, and heat of 
sorption of the hydrochars used for the removal of Pb2+ and Cu2+ ions in 
aqueous solutions. The study results are given in Table 1. 

As shown in Table 1 and Fig.S5, the Langmuir model gave the best fit 
(RL

2 of Pb2+ = 0.997; RL
2 of Cu2+ = 0.994) for both metal ions compared 

to Freundlich and Temkin models. Therefore, the Langmuir model pa-
rameters were taken into account for developing insights into the 
adsorption mechanism of engineered hydrochar for Pb2+ and Cu2+ ions. 
The Langmuir model parameters, qL, kL and RL

2 represent equilibrium 
adsorption capacity (mg/L), Langmuir constant related to energy of 
sorption (L/mg) and regression coefficient, respectively. Moreover, 
outcomes of the Langmuir analysis can be applied to study the nature of 
the deposition of metal ions on the surface of the engineered hydrochar. 

The Langmuir constant (kL) was estimated as 0.3 and 0.06 L/mg for 
Pb2+ and Cu2+, respectively, suggesting that the bonding energy for 
Pb2+ adsorption to hydrochar is greater than the bonding energy for 
Cu2+ ions. The results also suggest the association of Pb2+ions with 
hydrochar is stronger compared to Cu2+ ions, which supports the results 
of better removal performance for Pb2+ ions [34]. The better fit of the 
Langmuir model also indicated monolayer adsorption of the two metal 
ions to hydrochar and it is in agreement with other studies reporting the 
adsorption of Pb2+ to biochar from fresh and dehydrated banana peel 
[33] and pomegranate peel [35]. Moreover, this monolayer adsorption 
is significant as it develops strong association between the surface of the 
hydrochar and metal ions to provide better adsorptive performance. 

3.2.5. Adsorption kinetics 
The results obtained after applying pseudo-first and pseudo-second 

order kinetics for fitting of the experimental results on Pb2+ and Cu2+

adsorption to hydrochar are shown in Table 2. As shown, the pseudo- 
second order kinetic model was found with the best correlation coeffi-
cient values. Moreover, in pseudo-second order analysis, the influence of 
equilibrium concentration has been eliminated to obtain a better un-
derstanding of the adsorption mechanism. As chemisorption process 
occurs during adsorption of metal ions, it takes a relatively longer time 
to reach equilibrium and will generate poor fit for the kinetic analysis. 

The qe2, R2
2, and k2 values were used for the interpretation of kinetic 

analysis outcomes as shown in Table 2. Fig. S2 and S3 in Supplementary 
information show the outcomes of the pseudo second order kinetics 
obtained for Pb2+ and Cu2+ ions. As indicated in Table 2, the R2

2 values 
obtained from Fig. S2 and Fig. S3 using linear regression for both metal 
ions at different initial concentrations are near to 1.0, which indicates 
that the removal rate is influenced by the equilibrium concentration, 
and there is involvement of the chemisorption process during 
adsorption. 

Moreover, qe2 values obtained for Cu2+ and Pb2+ ions are 

Fig. 6. Effect of initial Pb2+ and Cu2+ concentration in adsorption to engi-
neered hydrochar, RSH200-1.2FeCl3 (qe-quantity adsorbed in mg/g). 

Fig. 7. Effect of adsorbent dosage on Pb2+ and Cu2+ adsorption to engineered 
hydrochar, RSH200-1.2FeCl3 (qe - quantity adsorbed in mg/g). 
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comparable with experimental values using different initial concentra-
tions as indicated in Table 2. Furthermore, the qe2 values obtained for 
the pseudo-second order kinetics are comparable with previous studies. 
For example, Singh et al. [36] used a low-cost char synthesized from 
waste polyvinyl chloride, polyethylene terephthalate, and polyethylene 
for adsorbing arsenic. They also found the pseudo-second order kinetics 
model gave the best fit for the experimental results and obtained qe2 
values in the range 1.8–1.9 mg/g and k2 values in the range 1-1.4 min− 1, 
depending on the char type, which is in the same order of magnitude 
reported here. In another study, Liu et al. [10] used corn straw and 
corncob biomass to generate hydrochar and tested for Cd2+ and Cr(VI) 
adsorption. Liu et al. [10] suggested that the good performance of the 
hydrochars tested for the removal of Cr(VI) was probably related to the 
number of oxygenated functional groups on the surface of the 
hydrochar. 

Moreover, the high content of oxygenated functional groups on the 
surface of the hydrochar investigated in this study could be also be the 
cause of the similar results achieved and mechanisms identified for Pb2+

and Cu2+ removal. However, more detailed investigations are needed to 
confirm this hypothesis. 

3.2.6. Adsorption thermodynamics 
The study on adsorption thermodynamics of the engineered hydro-

char was beneficial to investigate the effect of adsorption temperature 
on the removal performance and to study whether the adsorption is 
endothermic or spontaneous in nature. Thermodynamic parameters 
such as Gibbs free energy (ΔGo), change in enthalpy (ΔHo) and entropy 
(ΔSo) for Pb2+ and Cu2+ adsorption was analysed and are shown in 
Table 3. The value of ΔGo was estimated because it is important to study 
the spontaneous nature and type of adsorption process involved in the 

removal of Pb2+ and Cu2+ ions [37]. Furthermore, this parameter is also 
used to distinguish physisorption and chemisorption processes respon-
sible for the surface complexation process [38]. 

The negative value of ΔGo for both metals at all levels of temperature 
indicates the spontaneous nature of adsorption of Pb2+ and Cu2+ ions to 
the surface of the hydrochar. The higher negative ΔGo of Pb2+ ions 
suggest greater spontaneity compared to Cu2+ ions during the adsorp-
tion process [38]. Furthermore, the positive value of ΔHo observed 
suggest that the adsorption was an endothermic process, meaning that 
the removal efficiency of the two metals can be increased by increasing 
the temperature of the system up to a limit [39]. These effects were 
confirmed by the experimental values obtained for both metal ions. As 
ΔGo values obtained for both metals was less than − 40 kJ/mol, there is 
the possibility of the involvement of physisorption process after the 
formation of surface monolayer on the hydrochar surface. The positive 
value of ΔSo in Table 3 suggests that the affinity of hydrochar for both 
metal ions was strong and the adsorption of these metal ions to the 
surface of the hydrochar may lead to some structural changes [40]. 
Moreover, the higher positive value of ΔSo for Pb2+ ions compared to 
Cu2+ ions suggests stronger association of Pb2+ ions with the surface of 
the hydrochar. Furthermore, positive value of ΔSo also reflects 
increasing randomness at the solid/ liquid interface during the sorption 
of both metal ions to the surface of the hydrochar [40]. This increasing 
randomness is higher for Pb2+ ions compared to Cu2+ ions due to higher 
ΔSo value for Pb2+ adsorption. These values are in conformity with re-
ported past research results on the thermodynamics of heavy metal 
adsorption [28]. 

3.2.7. Rate limiting factor analysis 
The movement of heavy metal ions to the surface and into the pore 

spaces of hydrochar is influenced by the rate limiting effect. Therefore, 
the analysis of the rate limiting effect is important to identify the most 
significant rate limiting process during the adsorption of Pb2+ and Cu2+

ions. The kinetics model described by Weber-Morris graphical method 
was used to undertake the rate limiting factor analysis for Pb2+ and Cu 
2+ ions, which assumes that, if the rate limiting step of the process is 
intraparticle diffusion, a plot of solute sorbent against square root of 
contact time should yield a straight line passing through the origin [41]. 
The Weber-Morris parameters, namely, adsorption capacity (qt, mg/g), 
intraparticle diffusion rate constant (Kwm, mg/g. min1/2), and the 
intercept (I, mg/g) estimated for Pb2+ and Cu2+ analysis are shown in 
Fig. 8. The values for Kwm and I were obtained from the slope and 
intercept for three different concentrations as shown in Fig. 8. 

As shown in Fig. 8, both metal ions (Pb2+ and Cu2+) produced a 
similar pattern at different initial concentrations in the Weber-Morris 
analysis. The relationship between qt and t1/2 was not linear over the 
whole time period considered. Furthermore, the linearity test was per-
formed separately for the different scenarios as indicated in Fig. 8. Two 
distinctly different phases were evident from the Weber- Morris analysis 
for Pb2+ and Cu2+ ions. The first linear portion of the qt versus t1/2 plot 
represents metal ions mass movement from the solution to the surface of 
the hydrochar and the second linear portion is associated with the 
movement of metal ions into the surface and internal openings of the 
hydrochar. Furthermore, the higher slope for the first portion suggested 
the rapid movement of metal ions from the solution to the surface of the 
hydrochar due to attractive forces developed by surface functionalities 
of the hydrochar [41]. 

The lower slopes of the second linear portion of the Weber-Morris 

Table 1 
Parameters for Langmuir, Freundlich and Temkin isotherm models for Pb2+ and Cu2+ adsorption to hydrochar.  

Metal ion Langmuir Freundlich Temkin  

qL kL RL
2 n kF RF

2 AT BT RT
2 

Pb2+ 6.75 0.31 0.997 2.50 1.30 0.860 4.39 1.19 0.930 
Cu2+ 4.0 0.06 0.994 2.19 0.74 0.877 0.91 0.75 0.917  

Table 2 
Parameters of pseudo-first and pseudo-second order kinetics models for Pb2+

and Cu2+ adsorption to customized hydrochar.  

Ion Ci, 
mg/L 

pseudo-first order pseudo-second order   

qe1, 
mg/g 

k1, 
min− 1 

R1
2 qe2, 

mg/g 
k2, g/mg 
min 

R2
2 

Pb2+ 30 1.2 0.001 0.81 3.60 0.005 0.99  
50 1.5 0.002 0.67 5.70 0.003 0.99  
70 1.1 0.002 0.60 6.25 0.005 0.99 

Cu2+ 30 0.9 0.002 0.76 2.32 0.014 0.99  
50 1.1 0.002 0.75 3.30 0.008 0.99  
70 1.1 0.002 0.80 3.41 0.008 1.00  

Table 3 
Thermodynamic parameters of Pb2+ and Cu2+ adsorption to customized 
hydrochar.  

Metal ion Temperature, K Thermodynamic parameters   

ΔGo, kJ/mol ΔHo, kJ/mol ΔSo, J/mol K 

Pb2+ 303 − 29.16 15.13 46.71  
313 − 29.63    
323 − 30.10    
333 − 30.50   

Cu2+ 303 − 14.56 10.18 14.45  
313 − 14.70    
323 − 14.80    
333 − 14.90    
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analysis show the effect of intraparticle diffusion rate after a long re-
action time. As evident from the analysis of Kwm (Fig. 8b and 8d), the 
influence of the boundary layer is stronger in the second phase of 
adsorption for both metal ions, resulting in low Kwm values. When more 
molecules were available in the system, intraparticle diffusion rate was 
also higher. However, it reduced significantly as the thickness of the 
boundary layer increased. It has been suggested that the intraparticle 
diffusion rate could be increased by breaking the boundary layer, but 
this is only possible when enough internal openings are available in the 
hydrochar to accommodate metal ions [41]. It has been further reported 
that intercept value I > 1.0 suggests that the rate limiting effect is 
controlled by both, boundary layer thickness and intraparticle diffusion 
rate [42]. Therefore, values obtained for I from the second phase of 
adsorption of both metal ions at different concentrations suggest the 
influence of both, boundary layer and intraparticle diffusion on the 
overall removal performance. 

3.2.8. Adsorption mechanism 
An understanding of the adsorption mechanism of engineered 

hydrochar for Pb2+ and Cu2+ ions is very important for enhanced custom 
design of the surface properties of engineered hydrochar. Among the 
different adsorption mechanisms, surface complexation is a dominant 
process that is actively involved in metal removal by hydrochar. 
Accordingly, the surface complexation process was evaluated using the 
changes in FTIR spectra after the adsorption of Cu2+ and Pb2+ ions. 
Addition of iron catalyst has the ability to enhance oxygen containing 
functional groups on the surface of the hydrochar due to enhanced 
polymerization and recombination reactions of monomers. FTIR anal-
ysis was also performed before and after adsorption in order to study the 
involvement of surface functionalities in the removal of heavy metal 

ions from water. The changes in the FTIR spectra due to adsorption of 
Pb2+ and Cu2+ ions are shown in Fig. 9. This clearly indicates the 
involvement of oxygen-containing functional groups, anhydride groups 
and -C = C- groups in the removal process of Pb2+ and Cu2+ ions. 

Wang et al. [12] suggested that Pb2+ removal is related with the 
increase in coverage of surface hydroxyl groups in chars modified with 
mineral oxides, which was also found to decrease the pH at the point of 
zero charge. In the past, comparatively better Pb2+ removal due to 
increased O-containing functional groups for chars modified with iron, 
particularly biochars, has been reported [43,44]. The signal at 1,678, 1, 
609, and 1620 cm− 1 attributed to C––C was also identified as prominent 
in the removal of heavy metal ions from aqueous solution and changes in 
band intensities responsible for C––C have been observed to be related to 
the adsorption of Cu2+ and Pb2+ ions [45]. These observations are in 
conformity with the observations made in this study in terms of the 
development of oxygen containing groups and their involvement in the 
metal removal process. 

The interaction of the metals with the different functional groups on 
the surface of the hydrochar can be observed as band intensities at 1462 
(aromatic C––H stretching), 3316 (free and H bonded − OH groups), 
1080 (-RO stretch) and 781 cm− 1 (aromatic − CH3) changed after the 
adsorption of metal ions Pb2+ and Cu2+ as indicated in Fig. 9. The effect 
seems to be more prominent for Pb2+ ions compared to Cu2+, which is 
attributed to the higher affinity of the former with ketone, ether, and 
hydroxyl groups while Cu2+ has been suggested to have higher prefer-
ence for acidic functional groups [33]. Band intensities for strong sur-
face functionalities, 1830 cm− 1 (anhydride -C = O), 1773 cm− 1 

(conjugated anhydride − CO), and 1430 cm− 1 (acid − OH bending) also 
changed after metal ion adsorption. The interaction of metal ions with 
the strong surface oxygen-containing functionalities (carbonyl, 

Fig. 8. Rate limiting factor analysis of Pb2+ (a and b) and Cu2+ (c and d) adsorption by hydrochar.  
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carboxylic and anhydride) caused changes in band intensities as shown 
in Fig. 9, suggesting surface complexation being one of the mechanisms 
involved in the adsorption process, in agreement with past studies [46]. 

The observed changes in the band intensities of aromatic -C = C 
suggest that heavy metal ion-π interaction can be another sorption 
mechanism which is also involved in the removal process. Carbon- 
carbon double bonds are rich in π-electrons which interact with metal 
ions to generate strong interactions generally involving D-orbitals in 
metal ions and π-electrons of aromatic rings in unsaturated aromatic 
systems of the heterocyclic region of hydrochar [12,46]. Similar obser-
vations have been made by past researchers who have used these 
changes as evidence to explain the involvement of different surface 
functional groups in the removal of heavy metal ions by various ad-
sorbents [47–49]. 

The peaks represent aromatic -C = O and C––C functional groups 
which occur at 1404 cm− 1 before and 1412 cm− 1 after adsorption [48]. 
The bands at 1172 cm− 1 and 1157 cm-1 correspond to − CO stretching in 
alcohols and phenols before and after adsorption, respectively [46]. 
Strong peaks at 983 cm− 1 and 985 cm− 1 are assigned to aromatic rings in 
biochar before and after adsorption, respectively [50]. Therefore, it can 

be concluded that carbonyl, anhydride, hydroxyl, alkane and alkene 
(aromatic and aliphatic) groups participate in the adsorption of heavy 
metals. This observation reflects the complex nature of the association 
between metal ions and surface functionalities of hydrochar. Hence, the 
enrichment of such functional groups can increase the adsorptive per-
formance of engineered hydrochar. 

In addition to functional groups, the surface area of non-catalysed 
and optimized hydrochar was 39.9 and 44.3 m2/g, respectively. How-
ever, the increase in surface area is not significant due to the addition of 
iron catalyst. Hence, the development of surface functional groups is the 
key factor that contributed to the enhanced removal performance of the 
catalysed hydrochar. Jain et al. [51] have collated information about the 
BET surface area of hydrochars obtained from different feedstock ma-
terials, methods and catalyst employed. They reported values ranging 
from 0.2–673 m2/g for hydrochar obtained from orange peel and 
glucose, respectively. 

The BET surface area of the material obtained in this study is com-
parable with those reported for hydrochar using pine cone and citric 
acid as catalyst (BET = 34 m2/g [52]), walnut shells (BET = 31 m2/g 
[53]), and hazelnut shells (BET = 45 m2/g [54]). The pzc of the obtained 

Fig. 9. FTIR analysis for Pb2+ (a and b) and Cu2+ (c and d) adsorption.  
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materials was 5.5, which is also comparable with other studies. For 
example, Huangfu et al. [55] reported a pzc value of 5.8 for hydrochar 
produced from rice hull at low temperature (<100 ◦C) and atmospheric 
pressure. In agreement with these results, it is expected that the engi-
neered hydrochar used in this study will remain positively charged 
below the identified pzc value and became negatively charged as the pH 
of the suspension increases above 5.5 [56]. However, for the efficient 
removal of Pb2+ and Cu2+ ions, the surface of the hydrochar should be 
kept negative so as to attract positively charged metal ions effectively. 
Hence, keeping the pH value above 5.5 is ideal to keep the surface of the 
hydrochar negative. Research literature has reported that biochar sur-
face is negatively charged as pH of the medium is greater than pzc [60]. 
However, for this study engineered hydrochar was used rather than 
biochar due to low production costs [51]. 

Based on isotherm, kinetic and thermodynamic analyses, a simplified 
model was developed to suggest key mechanistic processes involved in 
the removal of heavy metal ions by the hydrochar used in this study. The 
microspheres observed on the surface of the hydrochar are considered to 
provide an effective surface area and active sites for the interaction of 
reactive functional groups with metal ions in the adsorption process as 
shown in Fig. 10. Hydrochar materials generally include hydrophobic 
sites, partially carbonized portion, carbonized portion, pore spaces and 
organized aromatic rings (Loblolly) which act as functional pockets and 
exert significant influence on the removal of pollutants from aqueous 
solutions. 

Non-carbonized portion and hydrophobic sites of hydrochar have 
been suggested as the main structures responsible for the removal of 
pollutants by adsorption [51]. The major processes contributing to the 
removal of metal ions are suggested to include surface complexation and 
metal ion- π interaction, the former is considered mainly due to the 
reactive surface functional groups present on the surface of the hydro-
char [57]. Different oxygen containing functional groups have been 
identified on the surface of the hydrochar as discussed previously. 
Among these, some functional groups are stronger. For example, 
carbonyl and carboxylic functional groups are generally classified as 

having the ability to strongly associate with heavy metal ions present in 
solution [58]. 

However, the ability of the two metal ions studied to generate 
stronger inner sphere and outer sphere metal-aqua complexes with 
water was also found to play a significant role in the removal process. 
The relatively higher capability of Cu2+ ions to generate outer sphere 
metal-aqua complexes may be considered as a rational way to explain 
why its removal is more difficult compared with Pb2+ ions. Surface 
complexation can be related to both, strong attractive forces contrib-
uting to generate a monolayer on the surface of the hydrochar and weak 
attractive forces responsible for forming sorbate-sorbent network once 
the monolayer has been created. 

Generally, strong attractive forces are involved in the chemisorption 
process, while weak attractive forces are involved in the physisorption 
process [59]. Participation of the strong oxygen functional groups in the 
monolayer formation on the hydrochar surface is evidenced by the 
isotherm models and FTIR analysis as discussed above and these func-
tional groups are hydrophilic in nature. This hydrophilicity can signifi-
cantly contribute to the overall metal removal performance [60,61]. The 
ionic layers formed over the initial monolayer is expected to participate 
in the physisorption process which is weak and liable to be dissociated, 
which is in line with the results from FTIR analysis and in agreement 
with past studies [46]. 

4. Conclusions 

Based on the results obtained from this study, it can be concluded 
that the adsorptive performance of the engineered hydrochar for Pb2+

and Cu2+ ions improved significantly compared to raw biomass due to 
the enhanced surface properties, surface functional groups and con-
stricted carbon structure. The results of the XRD, SEM and FTIR analyses 
of the engineered hydrochar before and after the adsorption of Pb2+ ions 
showed the involvement of microcrystalline cellulose in metal binding 
process, developments of surface deposits due to metal ion deposition 
and the involvement of highly reactive surface functional groups, 

Fig. 10. Model for explaining heavy metal adsorption to hydrochar.  
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namely, hydrophilic (carbonyl, carboxylic and anhydride) and hydro-
phobic (aromatic) groups in the surface complexation process of metal 
ions. It is evident from the in-depth investigation, that for the enhanced 
adsorptive performance, surface functional groups (carbonyl and car-
boxylic) and surface microspheres need to be developed on the surface 
of the engineered hydrochar for the removal of Pb2+ and Cu2+ irons 
from aqueous phase together with optimum adsorption parameters ob-
tained in this study, adsorbent dosage of 8 g/L, pH of 6 and initial metal 
concentration of 50 mg/L. 

These results are very important in the study of the metal binding 
mechanism of engineered hydrochar during adsorption. Moreover, the 
sorption isotherms of Pb2+ and Cu2+ ions were well described by the 
Langmuir model, while kinetics of Pb2+ and Cu2+ removal followed the 
pseudo second order model. The thermodynamic studies revealed that 
the adsorption of Pb2+ and Cu2+ ions on engineered hydrochar is a 
spontaneous and endothermic process. Therefore, the study results 
suggest that the catalytic production of engineered hydrochar from rice 
straw biomass can be an efficient way to convert waste rice straw 
biomass into an efficient low-cost hydrochar for the removal of metal 
ions from wastewater. Considering the optimum adsorption conditions 
identified in this study, the best material identified would be capable of 
reducing the concentration of both, Pb2+ and Cu2+ ions below, for 
example, the maximum discharge limits stablished by the U.S. Envi-
ronmental Protection Agency (1.0 mg/L in both cases) [70] for waste-
water effluent with initial concentration of Pb2+ and Cu2+ as high as 8 
mg/L. However, further modification of this hydrochar is required to 
improve its adsorptive capacity to suit industrial applications. 
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