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Abstract In this study, a sustainable and easily prepared hydrochar from wood waste 24 

was studied to adsorb and recover the rare earth element cerium (Ce(III)) from an aqueous 25 
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solution. The results revealed that the hydrochar contains several surface functional 26 

groups (e.g., C–O, C=O, OH, COOH), which largely influenced its adsorption capacity. 27 

The effect of pH strongly influenced the Ce(III) removal, achieving its maximum removal 28 

efficiency at pH 6.0 and very low adsorption capacity under an acidic solution. The 29 

hydrochar proved to be highly efficient in Ce(III) adsorption reaching a maximum 30 

adsorption capacity of 327.9 mg g-1 at 298 K. The kinetic and equilibrium process were 31 

better fitted by the General order and Liu isotherm model, respectively. Possible 32 

mechanisms of Ce(III) adsorption on the hydrochar structure could be explained by 33 

electrostatic interactions and chelation between surface functional groups and the Ce(III). 34 

Furthermore, the hydrochar exhibited an excellent regeneration capacity upon using 1 35 

mol L-1 of sulfuric acid (H2SO4) as eluent, and it was reused for three cycles without 36 

losing its adsorption performance. This research proposes a sustainable approach for 37 

developing an efficient adsorbent with excellent physicochemical and adsorption 38 

properties for Ce(III) removal. 39 

 40 

Keywords Wood waste; Hydrochar; Sustainable material; Rare earth element;  41 

Cerium; Adsorption; Recovery. 42 

 43 

Introduction 44 

 45 

Waste management and water pollution are serious issues that most affect the 46 

environment and the living; therefore, proper management is mandatory to pursue 47 

improved life indicators (Bhatnagar et al. 2014). Human activities intrinsically generate 48 

vast amounts of waste, especially bio-based wastes, and many of these wastes are not 49 

properly managed, which provokes serious environmental contamination and 50 
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considerable economic losses (Taelman et al. 2018). However, while biomass waste can 51 

be a source of pollution, it can also be a valuable renewable resource for many 52 

applications, for example, energy production and materials synthesis (dos Reis et al. 53 

2021a; dos Reis et al. 2021b). Over the last few decades, biomass waste has been 54 

successfully employed as precursors for functional bio-based materials synthesis because 55 

of their intrinsic structure, abundance, wide availability worldwide, and low cost (dos 56 

Reis et al. 2022a; Georgin et al. 2020; Georgin et al. 2019). Due to its rich and various 57 

architectures, biomass-advanced carbon materials have evolved into several functional 58 

carbons, such as activated carbons and biochars, carbon fibers and gels, and hydrochars 59 

(Jiang et al. 2018; Netto et al. 2022).  60 

Hydrochars are produced by hydrothermal carbonization (HTC), a heating 61 

method that converts wet biomass at a temperature range of 180–220 °C under subcritical 62 

water in saturated pressure conditions (Lima et al. 2022; Azzaz et al. 2020). HTC is a 63 

promising method for treating organic wet waste to turn them into functional hydrochar 64 

materials (Lima et al. 2022; Netto et al. 2022). However, the successful employment of 65 

HTC to produce hydrochars depend on some process factors, including solid/liquid 66 

temperatures, holding time, the ratio of water/biomass, and pH of the system 67 

biomass/water/solution, where temperature and time have shown to be the most 68 

significant factors (Lima et al. 2022; Azzaz et al. 2020; Wang et al. 2018). For example, 69 

higher temperatures produced lower solid yields with a higher proportion of gaseous 70 

compounds (Yan et al. 2018; Wang et al. 2018), while the residence time plays a huge 71 

influence in the distribution and quality of solid, liquid, and gaseous products (Wang et 72 

al. 2018).  73 

Hydrochars have been widely employed as an efficient material for amendment 74 

and improving polluted soils (Wang et al. 2018). However, in recent years, numerous 75 
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works have used hydrochars as bio-adsorbents to remove organic and inorganic 76 

compounds through adsorption processes (Kabir et al., 2022a; Kabir et al., 2022b; Kabir 77 

et al., 2021; Kabir et al., 2019), mainly due to the large presence of surface functional 78 

groups (e.g., COOH, OH, C-O, C=O, etc.) which are responsible for binding pollutants 79 

including ions such rare earth elements (REEs), through the electrostatic attraction, ion 80 

exchange, and surface complexation (Netto et al. 2022; Xiao et al. 2020; Azzaz et al. 81 

2020).  82 

REEs are essential elements to modern industries, including semi- and 83 

superconductors, lasers, fiber optics, batteries, catalysts, etc., and due to their wide range 84 

of applications, large amounts of REEs wastes, solids, and liquids are generated (Balaram 85 

2019; Fernandez 2017). Especially the mining of REEs can result in large amounts of 86 

tailing, and using elution chemical reagents generates wastewater rich in REEs (Balaram 87 

2019; Fernandez 2017). Thus, it is imperative to treat wastewater containing REEs and 88 

recover it for later applications (dos Reis et al. 2022b). Many methods exist to treat and 89 

recover REEs from mining and industrial wastewater. However, many face serious 90 

drawbacks, such as high energy and chemical consumption and increasing operational 91 

costs. However, adsorption appears suitable because of its high effectiveness, easy 92 

operation, and low cost (dos Reis et al. 2022b; Azzaz et al. 2020).  93 

Since efficient and cost-effective strategies are required for the future industrial 94 

applications of developed sorbents, they allow the building of sustainable adsorbent 95 

materials with enhanced microstructural, morphological, and adsorptive properties. Using 96 

a sustainable wood waste alternative precursor and an easy and low-cost synthesis 97 

approach to increase the share of sustainable raw materials in adsorbent production. This 98 

study presents the preparation of a highly efficient hydrochar adsorbent using a 99 

sustainable and abundant precursor for removing Ce(III) from an aqueous solution. Very 100 
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few reports have dealt with hydrochar for REEs uptake, which further justifies this work. 101 

This work aims to produce an eco-friendly and efficient hydrochar to recover an REE 102 

(Ce(III)) from synthetic effluents. The physicochemical properties of the hydrochar are 103 

thoroughly investigated and correlated to its ability to treat and recover Ce(III) from an 104 

aqueous solution. In practice, the idea is to develop a sustainable and green strategy to 105 

produce high-performance biomass adsorbent materials to remove REEs from real 106 

wastewater. 107 

 108 

Materials and methods  109 

  110 

Preparation and characterization of the wood waste-based hydrochar (WWH) 111 

The hydrochar was prepared using Prunus serrulata bark as a biomass precursor. The 112 

residues were collected on a farm in the region of Santa Maria in Rio Grande do Sul, 113 

located in the south of Brazil. The biomass was dried at 105 °C until constant weight and 114 

ground using a knife mill machine at particle size under 60 mesh (250 μm). Afterward, 115 

20 grams of milled biomass was mixed in a 100 mL sulfuric acid solution (40%wt.) and 116 

stirred for 1.5 hours. Next, the mixture was inserted into a stainless-steel autoclave, 117 

internally coated with polypropylene, which was sealed and then treated at 200 °C for six 118 

hours. The slurry was then centrifugated to separate solid/liquid fractions from obtaining 119 

the hydrochar. After centrifugation, the solid part was dried at 60 °C for 48 h and 120 

repeatedly washed until stable pH (around 6). 121 

 For the physicochemical characterization of the hydrochar, it was subjected to N2 122 

adsorption-desorption isotherms, point of zero charges, Fourier-transform infrared 123 

spectroscopy (FTIR), X-ray diffraction (XRD), and scanning electron microscopy (SEM). 124 
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These characterizations were carried out according to the early works of the ENGEPAC 125 

group (Netto et al. 2022; Georgin et al. 2020; Georgin et al. 2019). 126 

 127 

Adsorption experiments for Ce(III) uptake 128 

A stock solution of 1000.0 mg L-1 of Ce(III) (from Cerium(III) nitrate hexahydrate, 129 

Merck) was prepared and diluted to working solutions (0–500 mg L-1) for the adsorption 130 

tests. 20 mg of hydrochar was placed in 50 mL Falcon tubes with  20 mL of  Ce(III) and 131 

agitated at different times (0–240 min). The effect of the initial pH solution on Ce(III) 132 

was also evaluated from initial pH varying from 1.0 to 7.0. The effect of the temperature 133 

(298 K–328K) on Ce(III) was also evaluated. The tubes were agitated at 200 rpm, and 134 

after respective kinetic and equilibrium times, the hydrochar loaded with Ce(III) was 135 

separated from the remaining liquid by centrifugation (4000 rpm for 5 min). The 136 

concentration of solutions with residual Ce(III) was then subjected to inductively coupled 137 

plasma optical emission spectrometry (ICP–OES) (Perkin-Elmer, Waltham, MA, United 138 

States) for quantification. The adsorptive performance of the hydrochar was evaluated in 139 

terms of the amount of Ce(III) adsorbed per g of adsorbent (q, mg g-1) (Supplementary 140 

material). All experiments were duplicated, and blank tests were conducted to check for 141 

deviations. 142 

 143 

Kinetic, equilibrium, and thermodynamics of Ce(III) adsorption on WWH  144 

The kinetic adsorption data were evaluated using pseudo-first-order (PFO), pseudo-145 

second-order (PSO), and General order models (Guy et al. 2022; Cimirro et al. 2022; 146 

Cunha et al. 2020). The isotherms were explored using the nonlinear isotherm models of 147 

Freundlich, Langmuir, and Liu (Cimirro et al., 2022; Cunha et al., 2020). The Van't Hoff 148 

approach was used to find the adsorption thermodynamic parameters. In this case, the 149 
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equilibrium constant was obtained from the best equilibrium constant found in the 150 

isotherms from 298-328 K (dos Reis et al. 2022b; Yamil et al. 2020). Details of these 151 

models are given in the Supplementary material. 152 

 153 

Desorption and regeneration tests 154 

The WWH regeneration was tested in consecutive adsorption-desorption cycles as 155 

follows: Firstly, Ce(III) (500 mg L-1) was adsorbed in 1 g L-1 WWH solution at 298 K, 156 

pH of 6, 250 rpm for 6 h. This experiment led to an adsorption capacity of 312 mg g-1. 157 

Then, desorption was performed using 3 g of the Ce(III) loaded WWH, inserted in 100 158 

mL of H2SO4 solution, and stirred for 1 h at 300 rpm. The effect of H2SO4 concentration 159 

was tested from 0.1 to 5 mol L-1. These adsorption-desorption cycles were performed 6 160 

times.  161 

 162 

Application in real wastewater 163 

The real wastewater used in this work was a leached liquor of PG (phosphogypsum). The 164 

liquor contains Ce (195.0 mg L-1), Dy (3.0 mg L-1), Er (0.8 mg L-1), Eu (2.0 mg L-1), Gd 165 

(7.0 mg L-1), La (86.0 mg L-1), Nd (99.0 mg L-1), Pr (18.0 mg L-1), Sm (12.5 mg L-1) and 166 

Y (8.5 mg L-1) diluted in citric acid. The liquor also contains phosphates, carbonates, 167 

calcium, and iron (Lütke et al., 2022). The adsorption tests in the PG liquor were 168 

performed using hydrochar dosages from 1 to 8 g L-1, 200 rpm for 240 min at 298 K. 169 

REEs quantification was performed by inductively coupled plasma optical emission 170 

spectrometry (ICP–OES) (Lütke et al., 2022). 171 

Results and Discussion  172 

 173 

WWH characteristics  174 
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The surface morphological structure of the hydrochar was obtained by the SEM (see Fig. 175 

1). The surface of the hydrochar seems to have a high degree of roughness and a very 176 

irregular surface. No apparent cavities or holes were observed, suggesting a low porosity 177 

degree. The SSA values corroborate this statement. The surface area and pore volume of 178 

the hydrochar were measured with 8.8 m2 g−1 and 0.003 cm3 g−1, respectively. These 179 

values follow what is reported in the literature. For instance, Khoshbouy et al. (2019) 180 

prepared hydrochar with an SSA value was 6.3 m2 g−1. Feng et al. (2019) produced several 181 

hydrochars based on food wastes, and their SSA values ranged from 0.25 to 4.75 m2 g−1. 182 

In another work, Li et al. (2022) used bamboo as feedstock to produce hydrochar, and its 183 

SSA and pore volume were 2.2699 m2 g−1 and 0.006424 cm3 g−1, respectively. Therefore, 184 

the hydrochar presented herein has slightly higher SSA values than some reports in the 185 

literature. SSA is an important parameter that may boost the adsorption capacities of the 186 

adsorbents. 187 

 188 

Fig. 1. SEM images of hydrochar at different magnifications. 189 

 190 

Still, the SSA value is low compared to other bio-based adsorbents (such as 191 

activated carbons and biochars). However, the surface of hydrochar contains many 192 

surface functional groups responsible for boosting its adsorption capacity, especially for 193 
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removing rare earth elements like cerium through electrostatic attraction, ion exchange, 194 

and surface complexation.  195 

FTIR was performed to examine the surface properties of the hydrochar adsorbent 196 

(see Fig. 2a). The spectrum shows that oxygen-containing groups were observed on the 197 

hydrochar's surface, which is one of the most important factors affecting the adsorption 198 

capacity of REEs (Gonzalez-Hourcade et al. 2022; Li et al. 2022). The FTIR spectrum of 199 

hydrochar displayed signals corresponding to; aliphatic C-, aromatic C=O, alkane group, 200 

and –OH. Firstly, the bands at 3445 cm-1 were attributed to O-H vibrations of hydroxyl 201 

groups from adsorbed water molecules. Besides, the band at 1743 cm-1 possibly belongs 202 

to C=O bonds from ester groups. In addition, the signal at 1617 cm-1 is related to the 203 

aromatic C=C bond in the hydrochar structure. The bands at around 1050 cm-1 could be 204 

related to stretching vibrations of C-H, C-O, and C-C-O stretching vibration of cellulose, 205 

hemicellulose, and lignin moieties (Netto et al., 2022; Li et al., 2022). A band at 776 cm−1 206 

was also observed, corresponding to the aromatic C–H out-of-plane deformation (Li et 207 

al., 2022).  208 

The XRD pattern of hydrochar, obtained in the 2θ range of 5 to 85° is shown in 209 

Fig. 2b. The sharp peak around 20° indicates a crystalline region of cellulose (Keiluweit 210 

et al. 2010), which suggests that the HTC treatment was not enough to disrupt crystalline 211 

cellulose. 212 



10 
 

 213 

Fig. 2. FTIR a) and XRD pattern b) of hydrochar. 214 

 215 

Zeta potential (pHpzc) and pH effect on Ce(III) removal 216 

The pHpzc of the hydrochar was assessed, indicating the point where the hydrochar's 217 

surface potential equals zero, which also indicates that values under pHpzc the hydrochar 218 

surface charge is positive and above is negative (Lima et al. 2022; dos Reis et al. 2022b). 219 

In the case of WWH, a value of 5.1 was found. Therefore, the hydrochar's surface is 220 

neutral at pH 5.1. Therefore, at pH values higher than 5.1, the positively charged Ce(III) 221 

is easily attracted to the negatively charged hydrochar by a strong electrostatic attraction 222 

or chelation (Lima et al. 2022; dos Reis et al. 2022b). Thus, the electrostatic attraction or 223 

chelation should be the main mechanism of Ce(III) adsorption. 224 

The pH of a solution is one of the most important parameters affecting the 225 

adsorption capacity and equilibrium in wastewater treatment (Lima et al. 2022; dos Reis 226 

et al. 2022b) because it not only controls the speciation o pollutants such as rare earth 227 

(Ce(III)) but also affect the adsorbent's surface charge. The pH of the Ce(III) solution 228 

varied from 1 to 7, and the results are shown in Fig. 3. The results show that the adsorption 229 

capacity of the hydrochar was strongly affected by the pH solution as it increased with 230 

increasing pH. For example, at pH 1, only 15.7 % was removed; at pH 2, the removal 231 
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increased to 25.8%. At pHs 3, 4, 5, and 6, the percentage removals were 48.5%, 54.4%, 232 

77.1%, and 98.6%, respectively, and finally constant at pH 7 (98.6%). This trend suggests 233 

that the Ce(III) removal was strongly affected by electrostatic interactions since pH 234 

strongly influenced it. The low adsorption capacity of REEs at lower pHs can be caused 235 

by the protonation of carboxyl groups, which may act as repulsing the Ce ions. Adversely, 236 

with increasing pH, the adsorption capacity improved due to increased surface 237 

electronegativity that favors and enhances Ce(III) uptake by the hydrochar's surface 238 

through electrostatic attraction. 239 

 240 

Fig. 3. Effect of pH on Ce(III) removal onto hydrochar.  241 

 242 

Kinetic study of Ce(III) onto hydrochar   243 

The kinetic of adsorption is an important step to elucidate the adsorption mechanism of 244 

the adsorbate binding process and to understand the rate-controlling adsorption steps 245 
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involved in the solid-liquid interaction. The kinetic data of Ce(III) uptake on hydrochar 246 

adsorbent was presented in Fig. 4, and the kinetic parameters are shown in Table 1.  247 

R2
adj and SD values were assessed to evaluate the suitability of the kinetic models. 248 

The best kinetic fitted model must give the highest R2
adj and lowest SD values. Lower SD 249 

and higher R2
Adj values suggest a smaller disparity between experimental and theoretical 250 

q values (Guy et al. 2022; dos Reis et al. 2022c; Lima et al. 2022b). The experimental 251 

data seems to follow the General order. By studying the R2
adj and SD values in Table 1, 252 

they indicate that General order was the most appropriate model to describe the 253 

experimental data. Applying the General order model suggests that Ce(III) adsorption on 254 

hydrochar is complex or has multiple pathways. The general order equation shows 255 

different n (order of adsorption rate) values depending on the adsorbate concentration, 256 

which makes the comparison of different kinetic parameters of the model highly difficult 257 

(dos reis et al. 2022; dos Reis et al. 2021; Teixeira et al. 2021). 258 

 259 

Fig. 4. Kinetic curves of Ce(III) adsorption onto hydrochar. 260 
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Notwithstanding, for increased understanding of the kinetic process, parameters 261 

such as t1/2 and t0.95 mean the time necessary to attain 50% (t0.5) and 95% (t0.95) of 262 

maximum adsorption capacity, respectively, were evaluated. It could be concluded that 263 

the time to reach 50% and 95% of the maximum capacity (qe) of the hydrochar for Ce(III) 264 

were 19.7 and 71.6 min for 50 mg L-1; 13.6 and 53.1 min for 100 mg L-1; 13.9 and 88.4 265 

min for 200 mg L-1; 12.5 and 71.0 min for 300 mg L-1; 8.6 and 41.0 min for 400 mg L-1; 266 

and 6.7 and 27.1 min for 500 mg L-1, respectively. These results show that most Ce(III) 267 

is adsorbed in the first hour regardless of the initial concentration, showcasing the high 268 

affinity between hydrochar and Ce(III). 269 

 270 

Table 1. Kinetic parameters for Ce(III) adsorption onto hydrochar. 271 

Model 

Ce(III)  initial concentration (mg L-1) 

  

50 100 200 300 400 500 

Pseudo-first order      

q1 (mg g-1) 50.65 100.11 193.05 281.36 309.90 314.86 

k1 (min-1) 0.0371 0.0518 0.0490 0.0540 0.0776 0.1060 

R2
adj 0.9908 0.9969 0.9911 0.9930 0.9974 0.9916 

SD (mg g-1) 1.65 1.78 5.80 7.18 4.64 8.29 

Pseudo-second order      

q2 (mg g-1) 58.20 111.10 215.90 310.00 334.00 334.00 

k2 (g mg-1 min-1) 0.00007489 0.0006149 0.0002929 0.0002412 0.0003537 0.0005322 

R2
adj 0.9661 0.9725 0.9911 0.9886 0.9801 0.9511 

SD (mg g-1) 3.34 5.61 6.11 9.68 13.54 20.98 

General order       

qn (mg g-1) 50.33 99.77 198.50 285.20 310.60 314.50 

kn (min-1 (g mg-1 )n-1) 0.0560 0.0732 0.0089 0.0159 0.0564 0.1310 

n (-) 0.881 0.916 1.346 1.235 1.061 0.960 

R2
adj 0.9942 0.9981 0.9954 0.9952 0.9976 0.9930 

t0.5 (hour) 19.7 13.6 13.9 12.5 8.6 6.7 

T0.95 (hour) 71.6 53.1 88.4 71.0 41.0 27.1 

SD (mg g-1) 1.37 1.44 4.38 6.27 6.78 7.96 

 272 

Isotherms and thermodynamics results for Ce(III) adsorption on the WWH  273 

To further evaluate the relationship between Ce(III) and hydrochar, isotherms of 274 

adsorption were used. Three isotherm models, e.g., Langmuir, Freundlich, and Liu, were 275 
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used to assess the fitness of the experimental equilibrium adsorption process (Feitoza et 276 

al. 2022; Teixeira et al. 2021).  277 

 278 

Fig. 5. Isotherms of Ce(III) adsorption on hydrochar at different temperatures; a) 298K, 279 

b) 308 K, c) 318 K, and d) 328 (adsorbent dosage of 1.0 g L-1, pH of 6.0). 280 

 281 

Furthermore, the isotherms were also evaluated at different temperatures varying 282 

from 298K to 328K (see Fig. 5). The curves show that with the temperature increase, the 283 

adsorption capacities decreased. However, even so, the hydrochar exhibited very high 284 

adsorption capacities suggesting a high affinity between hydrochar and cerium. 285 

Furthermore, the high hydrochar efficiency on cerium removal can be related to the large 286 

presence of functionalities on its surface, previously shown in FTIR analysis. A detailed 287 

explanation of the effect of temperature on Ce(III) uptake is further examined in the later 288 
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section, the thermodynamic studies. However, this section remains focused solely on the 289 

equilibrium process. 290 

Table 2. Isotherm parameters for Ce(III) adsorption onto hydrochar adsorbent. 291 

 298K 308K 318K 328K 

Langmuir 

Qmax (mg g-1) 309.4 351.3 344.1 362.2 

KL (L mg-1) 0.6601 0.0427 0.0356 0.0108 

R2
adj 0.9586 0.9771 0.9442 0.9732 

SD (mg g-1) 26.40 18.50 27.42 16.55 

Freundlich 

KF (mg g-1 (mg L-1)-1/nF) 155.3 53.7 43.0 16.5 

nF 6.734 2.899 2.711 1.961 

R2
adj 0.9170 0.8790 0.8429 0.9179 

SD (mg g-1) 37.34 42.55 46.01 28.99 

Liu 

Qmax (mg g-1) 327.9 307.1 284.3 272.2 

Kg (L mg-1) 0.5737 0.0571 0.0441 0.0189 

nL 0.706 1.609 2.110 1.687 

R2
adj 0.9604 0.9986 0.9966 0.9951 

SD (mg g-1) 25.78 4.64 6.72 7.09 
 292 

Evaluating the suitability of the isotherm models, based on the same kinetic 293 

parameters (R2
adj and SD), the Liu model was the most suitable because it presented the 294 

highest R2
adj and the lowest SD, showing the best fit to the experimental values. 295 

Nevertheless, the Langmuir model presented R2
adj and SD values close to Liu, suggesting 296 

that Ce(III) uptake onto hydrochar displays some homogeneity in the process. 297 

Table 3 reports the studies comparing the performance of various adsorbents for 298 

cerium uptake. The data show that the qmax of Hydrochar is the highest among all 299 

adsorbents presented in Table 3. However, the second highest qmax value was obtained 300 

from Sporopollenin bio-hydrogel (278.2 m2 g-1), which makes its synthesis process more 301 

complex and costs much higher than the hydrochar prepared in this work. Thus, 302 

considering that the cost of the adsorbent fabrication is an important parameter to observe, 303 
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our hydrochar can be considered an effective adsorbent to adsorb Ce(III) from an aqueous 304 

solution. 305 

Table 3. Comparison of the qmax for Ce(III) dye using different adsorbents. 306 

Adsorbents qmax (mg g1 ) pH Reference 

Pinus brutia leaf powder 17.2 4.0 Kütahyali et al. (2010) 

Modified Pinus brutia leaf powder 62.1 6.0 Kütahyali et al. (2012) 

Multi-walled carbon nanotubes 92.59 5.0 Behdani et al. (2013) 

Xylan bio-hydrogel 180.4 6.0 Varsihini et al. (2015) 

Sporopollenin bio-hydrogel 278.2 6.0 Varsihini et al. (2015) 

Poly (allylamine)/silica composite 111.8 5.0 Zhou et al. (2015) 

EDTA-cross-linked -cyclodextrin 

biopolymer 

49.42 4.0 Zhao et al. (2016) 

Chitosan/Polyvinyl alcohol/3-

mercaptopropyltrimethoxysilane 

251.4 6.0 Najafi Lahiji et al. (2016) 

Zn/Al Layered double hydroxide 

intercalated cellulose 

96.25 5.0 Iftekhar et al. (2017) 

Hydrochar 327.9 6.0 This work 

 307 

Table 4 depicts the thermodynamic adsorption data for Ce(III) onto hydrochar 308 

adsorbent.  309 

 310 

Table 4. Thermodynamic parameters of Ce(III) on hydrochar material. 311 

T (K) K (-) ΔG0 (kJ mol-1) ΔH0 (kJ mol-1) ΔS0 (kJ mol-1 K-1) 

298 80384.5 -27.98 

-86.02 0.198 308 8000.6 -23.01 

318 6179.1 -23.08 

328 2648.2 -21.50   

 312 

As can be seen, the K parameter is reduced as the temperature increases, indicating 313 

that the adsorption of Ce(III) onto the hydrochar was not favored at high temperatures. 314 

However, according to the thermodynamic equilibrium data, the adsorption process was 315 

spontaneous and favorable (298-328 K), with a value of G° < 0. Furthermore, the 316 

adsorption process was exothermic (H° < 0) (Lima et al. 2020). In addition, the enthalpy 317 

values are compatible with electrostatic attraction or chelation. Therefore these are the 318 
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major Ce(III) mechanisms of interaction with our hydrochar, although other mechanisms 319 

could be involved in minor importance (Chang and Thoman-Jr 2014; Lima et al. 2021a). 320 

Finally, the S° > 0 indicates that Ce(III) was adsorbed at disorganized sites, possibly 321 

due to the different surface functionalities (Lima et al. 2021). 322 

 323 

Ce(III) desorption studies and reusability of hydrochar 324 

As discussed earlier in this paper, the solution pH significantly affects Ce(III) uptake with 325 

a largely reduced capacity at acidic pH; hence, the desorption process of Ce(III) was 326 

performed by varying the solution of H2SO4 from 0.1 to 5 mol L-1. In addition, the Ce(III)-327 

loaded hydrochar was subjected to desorption tests to examine the degree of recovery of  328 

Ce(III) and the potential reusability of hydrochar, making the process even more 329 

sustainable and cheaper. 330 

 331 

 332 

Fig. 6. Desorption tests under different acid concentration solutions (a) and reusability 333 

tests for 5 cycles (b). 334 

 335 

The desorption tests were conducted at 25 °C using a Ce(III)-loaded hydrochar 336 

(312 mg g-1) and a total mass (hydrochar+Ce(III)) of 3.0g in an eluent volume of 100 mL. 337 

The desorption tests were stirred for 1 hour. The results showed that the lower H2SO4 338 
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concentrations, 0.1 and 0.5 mol L-1 were insufficient to desorb the Ce(III) from hydrochar 339 

structure (See Fig.6a). However, at higher concentrations (>1.0 mol L-1), the Ce(III) was 340 

almost completely desorbed reaching a value of 95.5%, showing to be an extremely 341 

efficient approach (see Fig.6a).  342 

The adsorbed Cerium extraction from hydrochar structure might be governed by 343 

a cation-exchange mechanism which implies that for the desorption process (Gaete et al. 344 

2021), it is necessary to change the chemical equilibrium by using a strong acid agent 345 

(H2SO4), which liberates of Ce(III) in the aqueous phase, for easy recovery. Since the 346 

difference between desorption percentages was smaller than 2% between 1, 2, and 5 mol 347 

L-1, this first one was chosen to study the cyclability tests because it would reduce the 348 

costs of the process using lower acid solution concentration. The hydrochar loaded with 349 

Ce(III) was subjected to six adsorption-desorption cycles, and the results demonstrated 350 

that until the third cycle, the adsorption capacity was almost constant (nearly 100%) and 351 

suffered an extreme reduction in the fourth cycle (see Fig.6b). 352 

Hydrochar as an adsorbent is already a sustainable and efficient approach for 353 

water decontamination, and the reusability in several cycles, as demonstrated in this work, 354 

further improves the sustainability and environmental friendliness of the application. 355 

 356 

Mechanism of Ce(III) adsorption 357 

Based on the results of the characterization of hydrochar and the kinetics, equilibrium, 358 

thermodynamic, and desorption data, a possible mechanism of adsorption is proposed 359 

(See Fig. 7). Electrostatic interaction was found to be an important adsorption mechanism 360 

ruling Ce(III) and hydrochar's surface interactions due to the attraction of positively 361 

charged Ce(III) to the hydrochar's surface. At the same time, other interactions also took 362 

place, such as surface precipitation that may occur between Ce(III) and some anionic 363 
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groups on the hydrochar surface (e.g., OH and COOH ). For the surface complexation, 364 

the hydroxyl groups on the adsorbent surface interact with Ce(III), subsequently leading 365 

to surface complexation (Huang et al. 2021; Li et al. 2021). 366 

 367 

Fig. 7. Main Ce(III) adsorption mechanism onto hydrochar surface. 368 

 369 

A hydrochar surface rich in oxygen-containing groups (e.g., OH and COOH) 370 

promote surface reactions, and complexation may have an important role in the Ce(III) 371 

uptaken due to the amphoteric behavior of hydroxyl groups (Huang et al. 2021). Also, the 372 

abundant oxygen-containing groups on the hydrochar surface are conducive to attracting 373 

and adsorbing Ce(III) through surface complexes and precipitates. The hydrochar regions 374 

of π-electrons, lone pair electrons, and electron donors in aliphatic C-, C=C, aromatic 375 

C=O, and alkane groups are also likely to interact with Ce(III) (Li et al. 2021). Zhu et al. 376 

(2020) reported that functionalities such as C-H and C=O play an important role in heavy 377 

metal adsorption through π-bonding. 378 

 379 

Results of the real wastewater treatment 380 

The results of Ce uptake from the real wastewater using the hydrochar are depicted in 381 

Fig. 8. As we can see, the hydrochar dosage increase caused an increase in the Ce uptake 382 
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from the effluent. Hydrochar dosages until 4 g L-1 provided maximum uptakes of 20%. 383 

Also, dosages until 7 g L-1 provided uptake until 60%. These poor results could be 384 

explained by the complex features of the wastewater, which contains several rare earths, 385 

phosphates, carbonates, calcium, and iron. On the other hand, using 8 g L-1 of the 386 

hydrochar provided a Ce uptake of 86%. So, the hydrochar proved efficient in treating 387 

real wastewater containing a complex composition. 388 
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 389 

Fig. 8. Ce uptake from the real wastewater using different adsorbent dosages (200 rpm, 390 

240 min, 298 K). 391 

 392 

Conclusion 393 

 394 
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Natural biomass material was subjected to HTC treatment to produce a sustainable 395 

hydrochar adsorbent for rare earth element Ce(III) adsorption and recovery. The 396 

hydrochar exhibited a very low BET surface area (8.8 m2 g−1) but was extremely rich in 397 

functional groups on its surface. Assays of the effect of the initial pH on Ce(III) removal 398 

indicated that the highest Ce(III) removal was obtained at pH 6.0. The kinetics and 399 

equilibrium data showed the best fit using the General order and Liu equilibrium model, 400 

respectively. The adsorption capacity of hydrochar for Ce(III) reached 327.9 mg g−1, 401 

higher than many reported adsorbents. The thermodynamic parameters for Ce(III) 402 

removal were obtained based on the Liu equilibrium data. The Ce(III) removal using our 403 

hydrochar was favorable and spontaneous (G°<0) ( -21.50 to -27.08 kJ mol-1), and 404 

exothermic (H°<0), indicating that electrostatic attraction was the main mechanism as 405 

well with surface complexation and ion exchange. The desorption tests indicated that a 1 406 

mol L-1 H2SO4 was enough to desorb nearly 100% of the adsorbed Ce(III). The reusability 407 

tests proved that the hydrochar could be used three times without losing adsorptive 408 

performance. Finally, the material efficiently treated a real wastewater sample reaching a 409 

Ce uptake of 86%. Hydrochar as an adsorbent is already a sustainable and efficient 410 

material for adsorbing ions, but the ability to use it several times makes the technology 411 

much more sustainable and environmentally friendly. 412 
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