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Hydrochars, perspective adsorbents of heavy metals: 
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ABSTRACT 

As an alternative to dry pyrolysis, hydrothermal carbonization has been proposed as a promising 
route for conversion of different wastes into biofuels, adsorbents and specific chemicals. Herein, 
the application of a wide range of waste biomasses as precursors to obtain hydrochars - efficient 
adsorbents of heavy metals from wastewaters, using hydrothermal conversion, was reviewed. The 
efficiency of biosorbents has been discussed with respect to the structural characteristics, reaction 
parameters, sorption capacities and mechanisms, as well as proposed methods of improving 
hydrochar´s surface reactivity. Altogether, biosorption with hydrochars has been identified as a 
proper alternative to the existing technologies applied for the removal of toxic metal ions from 
wastewater streams. 
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1. INTRODUCTION 

Large-scale technological activities, primarily 
mining and metal processing, generate significant 
quantities of industrial effluents. The increased re-
lease of heavy metals into watercourses has dama-
ging effects to biota worldwide [1]. Lead, cadmium, 
cobalt, nickel, etc., can affect the formation of blood 
cells, cause malfunctions in the liver, kidneys, the 
circulatory system, and the movement of nerve sig-
nals. Some heavy metals are highly cancerogenic. 
However, the environmental contamination and 
human exposure to toxic metals have dramatically 
increased during the past century [2]. Along with 
the persistence against chemical and biological 
degradation, heavy metals have high environ-
mental mobility and ability for bioaccumulation in 
the food chain [3]. 

Therefore, nowadays, more attention is direc-
ted towards discovery of more efficient waste-
waters treatments. Conventional wastewater treat-
ments have proved to be more inimical than 
beneficial [4]. Hence, in the past two decades raise 
of the environmental awareness led to the 
development of new, eco-friendly technologies for 
wastewater purification. This period can be 
considered as the beginning of biosorption [1-8]. 
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Utilization of different biological materials for 
removing pollutants from aqueous solutions has 
been suggested to have numerous advantages in 
relation to the conventional methods like selectivity, 
effectiveness at low concentration of pollutants, 
low-price, and sustainability [4]. Expended biomass 
sometimes can be regenerated, reused, or its effe-
ctiveness can be increased using different physical 
and/or chemical treatments [8-12]. Therefore, a 
number of raw industrial and agricultural residues 
have been tested as low cost sorbents of heavy 
metals from wastewaters [1-15]. However, a major 
drawback for almost all raw biosorbents is the 
release of organic components that may cause 
secondary pollution and oxygen reduction in water 
[16]. One of the proposed pathways of overcoming 
this issue is the use of different carbonization 
techniques of raw biomass [17]. 

The renaissance of research on conversion 
processes and their products has been driven by 
current world initiative of development “green” 
technologies to reduce global warming [17, 18]. 
One of such technologies is hydrothermal carbo-
nization (HTC) also known as wet pyrolysis. 
Proposed back in the early 20

th
 Century [19], this 

process, described as a simulation of the natural 
formation of coal, after recent studies on chemistry 
of the resulting products suddenly revived interest. 
During HTC, biomass heated between 180°C and 
300°C in the closed system at autogenic pressure, 
undergoes a thermochemical transformation into 
carbonaceous solid, hydrochar (HC) [20]. The 
major advantage of HTC over the other two most 
commonly used biomass conversion technologies, 
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dry pyrolysis and gasification, is that HTC does not 
require pre-drying of raw material, which signifi-
cantly facilitates its implementation and opens up a 
wider field of potential feedstock. Unlike conversion 
by dry pyrolysis, which is limited to usage of 
biomass with low water content such as woods and 
some agricultural residues, HTC feedstock except 
lignocellulosic residues can be unconventional bio-
masses such as animal manures, sewage sludge, 
municipal solid waste, as well as different aquacul-
tures [17, 20-22]. This is very important since these 
continuously generated wastes require proper 
treatment and management anyway. Furthermore, 
the HTC process converts record high content of 
carbon from biomass to the coal, with no methane 
or CO2 release into the atmosphere [20]. 

So far, HTC has been utilized on various feed-
stocks [10, 21-44]. The resulting HC, created via 
reactions between subcritical water and biomass, is 
coal like solid material with specific physiochemical 
properties which affected its potential applications, 
including carbon sequestration, soil amelioration, 
bioenergy production, and wastewater pollution re-
mediation [18, 20]. Aside from the solid, this pro-
cess generates larger quantities process water and 
smaller amount of the gaseous phase. 

Although literature suggests that HCs are valu-
able resources superior to biochar [18], characte-
rization of these materials is relatively at its begin-
nings. Therefore, effective utilization of HCs requi-
res further investigations of the structure and un-
derlying action mechanisms, especially when it 
comes to biosorption studies that are still in 
developing phase. 

This review focuses on to date present know-
ledge regarding the application of HCs as adsor-
bents of heavy metals from aqueous solution with 
an emphasis on relevant physical and structural 
characteristics of the solid, biosorption potential, 
mechanisms of metal binding, and tailoring the 
structure of HCs in order to improve its adsorption 
abilities. 

2. PHYSICAL AND STRUCTURAL 
CHARACTERISTICS OF HYDROCHARS 

Feedstock types and reaction conditions (pro-
cess temperature and reaction time) are main de-
terminants affecting the HC resulting composition. 
Potential biomasses used for production of HC, 
and following HCs characteristics are given in 
Table 1. 

Similar to other thermochemical conversion 
processes, hydrothermal reconstruction of the bio-
mass is driven by different chemical mechanisms, 
decarboxylation, dehydration, condensation, aro-
matization, etc., except that during HTC hydrolysis 
of biomacromolecules is determining first step [29, 
30]. Free-radical mechanisms, characteristic for dry 
pyrolysis, are overcomed in subcritical hot water in 
favor of ionic reactions. Therefore, HC is largely 
formed by recondensation reactions and exhibits 

distinct characteristics from dry pyrolysis biochar 
[17]. 

Although in both conversion procesess solid 
yield decreases with the inreasing of the reaction 
temperature, likewise H/C and O/C ratios, carbon 
conversion eficiency is more pronounced in HTC 
[33]. Usually, in dry pyrolysis about 50% of the bio-
mass carbon is converted to solids, while in HTC it 
is between 60-86% [17, 21]. By default, HC from 
waste feedstock has a correspondingly lower 
carbon content (Table 1). 

Despite a significant carbon recovery during 
HTC, in HCs only about half of carbons are aro-
matic [33]. This explains relatively high O/C and 
H/C ratio of HCs in comparison to biochars, which 
is attributed to the abundance of oxygenated fun-
ctional groups (OFGs) such as hydroxyl, carbo-
xylate and carbonyl group [27, 33, 34]. Hitherto, 
two types of structrural models have been pro-
posed explaining physicochemical characteristics 
of HCs [45]. The first model proposes a structure of 
HC as a polyaromatic lignin-type matrix with a 
shape very similar to that of a microsphere, built of 
a hydrophobic-core (composed of stable oxygen 
groups like ether, quinone, pyrone) and a hydro-
philic-shell (composed of a large number of reac-
tive oxygen functional groups like hydroxyl/ phe-
nolic,carbonyl,or carboxylic) [33]. The second one 
have revealed that most of the carbon atoms in a 
HC samples are cross-linked directly via either sp

2
 

or sp
3
 type carbon groups, in a similar way to that 

of a furan ring structure and dominated alkyl 
moieties [46, 47]. Such structure has been sugge-
sted to provide the increased surface reactivity, 
although HCs have generally lower porosity and 
surface area than biochars carbonized at tempera-
tures above 400°C. These features are deemed to 
be benificial for sorption especially of positively 
charged contaminants such as heavy metals [16, 
21, 23, 32-37]. 

3. BIOSORPTION OF HEAVY METALS 

Although HCs exhibit relatively undeveloped 
porous structure and surface chemistry with acidic 
properties, high O/C ratio of HCs obtained at lower 
HTC temperatures indicate greater abundance of 
surface OFGs. Therefore, the heavy metal 
adsorption ability of HC has been reported to be 
noteworthy [36, 48]. 

In recent years, there is an exponential incre-
ase in the number of studies dealing with the use of 
different HCs as adsorbents of heavy metals. 
Influence of various reaction parameters on the 
biosorption as well as results of modeling, kinetic 
and thermodynamic of heavy metals adsorption 
using HCs obtained from various biomasses 
presented so far in the literature is summarized in 
Table 2. 
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Table 2 - Adsoption parameters of HTC feedstock 

HTC Adsorption parameters 

Feedstock 
Temp 

(°C) 
Time Metal pH 

Temp. 
(°C) 

Contact 
time 

qeq 

(mg/g) 
Isotherm 

model 
Kinetic model 

Thermo-
dynamics 

Pinewood 
[16,36] 

300 20 min 
Pb2+ 5 45 5h 4.13 

Langmuir Pseudo 2nd order 
Endotermic 

Spontaneous Cu2+ 6.2 25 5h 4.46 

Rice husk [16] 300 20 min Pb2+ 5 45 5h 2.40 Langmuir Pseudo 2nd order 
Endotermic 

Spontaneous 

Switchgrass 
 [23, 32] 

300 30 min 

Cu2+ 
5 23 24h 

4.00 
NM NM NM 

Cd2+ 1.50 

U6+ 6.2 23 34h 2.12 Langmuir NM NM 

Prospis Africa-
na shell [48] 

200 20 min 
Pb2+ 6 

22 30 min 
45.3 

Langmuir Pseudo 2nd order 
Endotermic 

Spontaneous Cd2+ 8 38.3 

Anaerobicaly 
digested 
sludge[35] 

200 24 h 

Pb2+ 5 

NS 24h 

~11 Sips Pseudo 2nd order 

NM 

Cr3+ ND ND NM NM 

Cr6+ 3 N NM NM 

As3+ 3 N NM NM 

As5+ 3 N NM NM 

Pulp and paper 
industrial 
sludge [35] 

200 24 h 

Pb2+ 5 NS 

24h 

~11 Sips Pseudo 2nd order NM 

Cr3+ ND NS ND NM NM NM 

Cr6+ 3 NS N NM NM NM 

As3+ 3 NS ND NM NM NM 

As5+ 3 NS ND NM NM NM 

Sewage sludge 
[21] 

NS NS Cu2+ 5 NS 16h 15.7 Langmuir Pseudo 2nd order NM 

ND-not detected, NM-not measured, NS-not specified, N- negligible 

In two separate studies Liu et al. [36, 37] have 
characterized and investigated Pb

2+
 and Cu

2+
 

adsorption properties of pinewood HCs. The results 
indicated the existence of a large amount of OFGs 
on the HCs surface responsible for removal 
capacities of 4.25 and 4.21 mg/g for Pb

2+
 and Cu

2+
, 

respectively. In comparison with raw pinewood, 
HTC increased total OFGs for 95% in resulted 
solid, while pyrolized pinewood biochar exhibited 
significantly lower OFGs content. Same authors 
have used HC of rice husk prepared under similar 
conditions and reported adsorption of Pb

2+
 from 

aqueous solution of 2.40 mg/g. The adsorption 
data have been well described by Langmuir 
isotherm model and pseudo second order kinetics. 

Similar conclusions have been reported by 
Elaigwu et al. [48] using HC prepared from 
microwave-assisted HTC of Prospis afficana shell 
for the removal of Pb

2+
 and Cd

2+
 from aqueous 

solution performed in batch experiments [48]. 
Maximum adsorption capacities for HC of 45.3 
mg/g for Pb

2+
 and 38.3 mg/g for Cd

2+
 were higher 

than that of correspondent biochars. Higher 
adsorption of Pb

2+
 in comparison to Cd

2+
 have 

been attributed to better electrostatic interaction 
with OFGs of the chars due to smaller ionic radius 
of the hydrated Pb

2+
. 

Hydrochar produced from switchgrass have 
been used for removal of Cu

2+
 and Cd

2+
 from a 

single component solution system [23]. Reported 
adsorption capacities have been 4.0 and 1.5 mg/g 
for Cu

2+
 and Cd

2+
, respectively. The importance of 

the presence of OFGs on the HC surface has been 
again confirmed, since the powdered activated 
carbon has exibited lower affinity for both metals 
(1.8 for Cu

2+
 and 1.5 mg/g for Cd

2+
) although it has 

had more than twenty times greater surface area 
than of switchgrass HC. Kumar et al. [32] also 
investigated hydrothermally treated switchgrass as 
an adsorbent of U

6+ 
(Table 2). The adsorption data 

have been followed Langmuir isotherm model and 
the sorption capacity of HC has been reported to 
be 2.12 mg of U per g of HC. The biosorption has 
been reported to be strongly pH dependent and 
towards neutral pH has resulted in the maximum 
U

6+
 adsorption of 4 mg/g. 

Anaerobically digested municipal sludge (ADS) 
and pulp and paper industrial sludge (INS) have 
been investigated in study of Alatalo et al. [35] as 
precursors for hydrothermal production of heavy 
metal sorbents. The adsorption efficiencies of both 
HCs have been reported for Pb

2+
, As

3+
, As

5+
, Cr

3+
 

and Cr
6+

(Table 2). Both materials have exhibited 
relatively high adsorption capacity for Pb

2+
 (around 

11 mg/g) but much smaller for other investigated 
heavy metals (Table 2). The adsorption data have 
showed best fit to Sips isotherm model and pseudo 
second order kinetic model, and intraparticle 
diffusion have been partially involved in the 
adsorption process [35]. 

Application of HCs obtained from sewage 
sludge has also been tested as a potential sorbent 
of Cu

2+
 from aqueous solutions [21]. Removal of 

Cu
2+

 have been 15.67 mg/g at optimum experimen-
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tal conditions of pH 5 and 70 mg/L metal con-
centration (Table 2). Pseudo second order of the 
kinetics and Langmuir isotherm model has showed 
best fit with the obtained experimantal data. 

4. MECHANISMS OF METAL BINDING 

All the mentioned authors, who have examined 
biosorption of heavy metals using different HCs, 
were concordant in claiming that large surface area 
and well developed porosity does not always 
indicate greater biosorption ability, and that in the 
adsorption, besides the structural morphology, 
surface functional groups perform essential role. In 
the main, resulting findings indicate that in the 
removal of heavy metals, amount of the surface 
OFGs are closely correlated to the adsorption 
capacity of HCs. 

Investigating the mechanism of biochar's 
adsorption of Pb

2+
 from the solution, Wang et al. 

[49] have reported the possible coordination of 
metal ions due to surface complexation with 
carboxyl (-COOH) and/or hydroxyl (-OH) functional 
groups. This has been confirmed through FT-IR 
analysis of biochars after Pb

2+
 sorption. Furthe-

rmore, biochars pyrolized at higher temperatures 
(above 500°C) have not undergone changes of the 
characteristic –COOH and –OH bands after sorp-
tion, probably due to the lack of these functional 
groups [49].The coordination between OFGs and 
metal ions is typically followed by the release of 
hydrogen ions and thus the reduction of solution 
pH, which turned out to be characteristic in test so-
lutions during biosorption of metals with HCs [50]. 
Similar mechanism for Pb

2+
 sorption with switch-

grass HC has been proposed by Regmi et al. [23]. 

In the latter study, FT-IR spectra and NMR 
analysis have showed that more than 45% of the 
functional groups of switchgrass HCs are aromatic 
carbons [23]. The aromatic π- system behaves as 
an electron donor, and this feature increases with 
the number of associated rings [51]. Therefore, 
another proposed mechanism of metal binding 
assumes the possibility of establishing a cationic π 
- interaction between the metal and aromatics in 
chars. FT-IR analysis of biochars conducted by 
Wang et al. [50]  have revealed changes in aro-
matic C=C and C=O vibrational bands before and 
after Pb

2+
 sorption, implying that Pb

2+
-π intera-

ctions might be responsible for metal binding 
together with the coordination of the d-electron 
metal to the C=C (π - electron) bond of the 
unsaturated and aromatic systems [52]. 

In studies of Lima et al. [53] and Mohan et al. 
[54], the adsorption of heavy metals on broiler litter 
and alfalfa stems biochars, and pellets from fired 
coal fly ash was predominantly attributed to ion 
exchange mechanism. Similar conclusion have 

reported Lu et al. [55] in whose study FT-IR 
analysis have showed the possible presence of 
ion-exchange between Pb

2+
 and cations containing 

functional groups (R-O-M
+
 or R-COO-M

+
). This 

type of mechanism have also suggested by Regmi 
et al. [23] although that mechanisms of surface 
complexation and cationic π - interaction could not 
be neglected. 

However, in the literature that deals with the 
phenomenon of heavy metal sorption on HCs, 
background mechanisms of metal binding are 
insufficiently elucidated, and therefore, further 
examinations regarding its relative contribution in 
overall adsorption process are highly needed. 

5. SURFACE ACTIVATION 

Recent advances in the synthesis of carbon 
materials using HTC have shown the possibility of 
tailoring HCs surface structure and chemical 
proprieties, thereby enhancing its efficiency as 
heavy metal sorbents. 

The carbons derived from pine wood and rice 
husk HCs, after pyrolysis (800 °C) and following 
CO2-activation, have exhibited significantly higher 
adsorption capacities for Cu

2+
 of 25.18 and 22.62 

mg/g, respectively, in comparison to untreated HCs 
(~4 mg/g) Table 2 [36, 37].  

In the work of Xue et al. [50], batch experi-
ments have been conducted to investigate the 
effect of 10% H2O2 solution treatment on peanut 
hull HC to remove heavy metals. Obtained results 
have showed that Pb

2+
 sorption ability of modified 

HCs (22.82 mg/g) was twentyfold higher than that 
of untreated HCs (0.88 mg/g). These results have 
been confirmed when HCs have been used as 
filters in following column experiments. The acti-
vated HC except Pb

2+
 has effectively removed 

other heavy metals (Cu
2+

, Ni
2+

 and Cd
2+

) from 
water flow [50]. 

The cold alkali activation process proposed by 
Regmi et al. [23] using 2M KOH solution has been 
developed to enhance the porous structure and 
sorption properties of HC. As it was foreseeable, 
activated switchgrass HC exhibited much higher 
adsorption potential for Cu

2+
 and Cd

2+
 (of 31 and 

34 mg/g, respectively) than untreated HC (of 4 and 
1.5 mg/g, respectively, Table 2) and activated 
carbon (1.8 and 1.5 mg/g, respectively) [23]. 
Results of the same method of activation using 
sawdust, wheat straw and corn stalk HCs, have 
been reported by Sun et al. [44]. Their investigation 
showed that KOH treatment have increased the 
aromatic and OFGs in HCs, which resulted in more 
than a double efficient removal of Cd

2+ 
from the 

aqueous solution (between 30.40-40.78 mg/g) in 
comparison with untreated HCs (between 13.92-
14.52 mg/g). 
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More complex process of HC modification, 
have been presented recently by Chen et al. [56]. 
They have presented sorption performance of ultra-
high efficient and Pb

2+
 selective amino-functio-

nalized HC (AFHC), synthesized via HTC of water-
melon extract and ammonium hydroxide. Pb

2+
 

removal capacity of AFHC has been reported to be 
1000 mg/g, with preserved efficiency even at lower 
Pb

2+
 concentrations. Reported results have 

indicated that excellent features of AFHC may be 
attributed to the formation and growth of rod-like 
hydroxypyromorphite crystals on AFHC surface, 
during which amino groups serves as bridges to 
interact with the crystal nucleus of Pb [56].  

6. FUTURE TENDENCIES 

Despite the still present knowledge gap bet-
ween HC properties, specific utilization and 
environmental impact, there is growing number of 
studies that are nowadays focused on the gene-
ration of a variety of tailor-designed hydrophilic 
nanostructured carbon and hybrid materials using 
HTC. Although in the beginning, presented investi-
gations suggested that HTC have a great potential 
as a method of conversion of residual lignocellulo-
sic and unconventional biomasses, in the produ-
ction of new generation of efficient low-cost heavy 
metal sorbents. These continuing experimental 
trials will very soon lead to an understanding of 
resolute HC traits, allowing processes to be desig-
ned to achieve the required product characteristics. 
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IZVOD 

HIDROČAĐI, PERSPEKTIVNI ADSORBENTI TEŠKIH METALA: 
- PREGLED AKTUELNIH PRAVACA U ISTRAŽIVANJIMA 

Kao alternativa pirolizi, hidrotermalna karbonizacija je predložena kao perspektivan pravac 

konverzije širokog spektra otpadnih biomasa u biogoriva, adsorbente i specifične hemikalije. U 

ovom preglednom radu predstavljena su aktuelna istraživanja primene različitih otpadnih biomasa, 

kao prekursora za dobijanje hidročađi - efikasnih adsorbenata teških metala iz otpadnih voda 

postupkom hidrotermalne konverzije. Efikasnost biosorbenata je diskutovana u odnosu na 

strukturne karakteristike, reakcione parametre, sorpcione kapacitete i mehanizme, kao i 

predložene metode poboljšanja površinske reaktivnosti hidročađi. Sveukupno, biosorpcija 

hidročađima je identifikovana kao dobra alternativa konvencionalnim tehnologijama uklanjanja 

toksičnih metalnih jona iz otpadnih voda. 

Ključne reči: hidročađi, teški metali, adsorpcija, aktivacija. 
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