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Hydrothermal Carbonisation: An
Eco-Friendly Method for the Production
of Carbon Adsorbents
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and Delia Omenat-Morán

Abstract The hydrothermal carbonisation process has attracted great interest in

recent years, as it is an eco-friendly method for obtaining carbonaceous materials.

This method consists of heating an organic material in the presence of water in a

closed vessel at temperatures above 100 �C. The pressure generated by the water

vapour next to a heat supply gives rise to the reactions necessary to form hydro-

thermal carbon (HTC). This chapter describes the manufacture of these materials

and their application as adsorbents of contaminants in the aqueous phase. The

manufacturing method differs from the classic pyrolysis method because of its

lower power consumption, higher yield, and drastic reduction of pollutant emis-

sions. HTCs are chars with high oxygen content, a large number of functional

groups, and low porous development. They have been used to remove numerous

contaminants of all types, but they are especially suitable for the removal of heavy

metals.

Keywords Hydrothermal carbonization • Adsorbents • Water pollution • Heavy

metals

Contents

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.2 Hydrothermal Carbon Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.2.1 Precursors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.2.2 Hydrothermal Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

C.J. Durán-Valle (*)

Departamento de Quı́mica Orgánica e Inorgánica, Universidad de Extremadura, Avda. de

Elvas, s/n, 06006, Badajoz, Spain

Instituto Universitario de Investigación del Agua, Cambio Climático y Sostenibilidad,
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4.1 Introduction

Carbonaceous materials have numerous applications that have been known for

some time. The two most important purposes (depending on the amount used) are

as fuel or as adsorbent. As an adsorbent, the employment of activated carbons is

important, which are usually obtained from charcoal (or biochar) that is obtained

from the biomass.

The traditional method of carbonisation is pyrolysis of the biomass. In general

terms, it consists of heating a lignocellulosic biomass at elevated temperatures

(400–1000 �C) for several hours, or even days. This method poses some problems:

• The use of high temperatures requires a large amount of energy, in addition to

the hazardous process and the wear on the materials employed (by both high

temperatures and corrosive by-products).

• Biomass drying also requires energy, as the presence of liquid water consider-

ably increases energy consumption.

• An environmental problem is the production of high amounts of pyroligneous

acid, tar, and contaminating gases, which do not allow the process to be

classified as environmental friendly.

• Lastly, pyrolysis yield, though variable, is usually very low.

This is where hydrothermal carbonisation comes into play. Hydrothermal car-

bons (HTCs) can be obtained from a biomass and water at mild temperatures

(typically 200 �C) under water-generated pressure. Their advantages are:

• The raw material does not need to be dried because of the fact that it will be

mixed with liquid water. Together with mild temperatures, both factors represent

significant savings on energy expenditure.
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• Consequently, a “wet” biomass, such as grass, leaves, or a glucose solution can

be used.

• No gases are released, no tar is produced, and the liquid obtained is not

particularly polluting and very easy to handle later.

• In addition, the yield is higher, about twice as high as in pyrolysis (Kumar et al.

2011).

Therefore, it is a method of carbonisation that will be used frequently in the

future. This process has been known, as the early 1900s (Bergius and Specht 1913),

for making synthetic coal at low temperatures and was recently rediscovered for the

preparation of chars.

The product obtained has only one property in which it is expected to be inferior

to the pyrolytic coal: its heat capacity, which will be somewhat less per unit mass.

But there are many applications (Hu et al. 2008; Titirici and Antonietti 2010;

Titirici 2012; Titirici et al. 2012) for which this carbonaceous material has been

successfully tested. In this chapter, we will focus on obtaining HTCs and their use

in the purification of contaminated water.

4.2 Hydrothermal Carbon Preparation

The properties of an HTC depend on factors such as the precursor selected, hydro-

thermal process conditions, and the use of templates or solids to coat. Subsequently,

HTCs can be activated or functionalized in several ways. Figure 4.1 shows a diagram

of the possible processes taken into account in the manufacture of HTCs.

4.2.1 Precursors

Several precursors have been employed as a source of carbon in the preparation of

these materials, as shown in Fig. 4.2. A typical option is to use pure compounds

from the biomass, such as glucose (Sevilla and Fuertes 2009; Chen et al. 2011; Yu

et al. 2014; Martı́n-Jimeno et al. 2015; Roldán et al. 2016), starch, sucrose (Sevilla

and Fuertes 2009), or fructose (Alatalo et al. 2016). The selection of these com-

pounds is because of the simplicity of the process, as the reactions involved can be

studied more easily. There are numerous bibliographical references that try to

understand the hydrothermal process (Titirici 2012), and they usually use a simple

compound, such as glucose. One advantage of these substances is that they are very

abundant and inexpensive. For example, glucose is the most abundant carbohydrate

unit in biomass. When using glucose, HTC is obtained in spherical forms, which

grow in size with increasing carbonisation time. Chen et al. (2011) tested several

compounds (glucose, sucrose, starch, and cellulose) as precursors, but glucose was

finally selected because the result has more carboxylic groups.
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Fig. 4.2 Main origins of hydrothermal carbons, with examples

Fig. 4.1 Diagram of processes in hydrothermal carbons synthesis
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An intermediate choice between the use of pure compounds and an unmodified

biomass is the use of biomass extracts. For example, bayberry tannin has also been

used (Li et al. 2014). Lignocellulosic materials are very common as raw materials

for charcoals or activated carbon manufacturing. They are composed of three main

components: cellulose, hemicellulose, and lignin. As cited in Sect. 4.1, one advan-

tage of HTC is its ability to utilise biomass feedstock without drying before or

during the process. It has an edge in terms of energy savings over pyrolytic

carbonisation. Obviously, lignocellulosic materials have been widely used in

HTC preparation (Hu et al. 2008). Other materials that have been used include

switchgrass Panicum virgatum (Kumar et al. 2011; Regmi et al. 2012), pine needles

Salix psammophila K (Liu et al. 2013; Zhu et al. 2014), wood (Laube and Reza

2016), pinewood (Liu et al. 2010), pinewood sawdust, rice husks (Liu and Zhang

2009, 2011), walnut shells, sunflower stems, olive stones (Román et al. 2013), rice

straw (Dai et al. 2014), wheat straw, sawdust, corn stalks (Sun et al. 2015), and

peanut hulls (Xue et al. 2012). The effect of removing lignin (Liu and Guo 2015)

has also been studied, and it has been concluded that lignin, more stable than

cellulose and hemicellulose, protects the other two from heat treatment. A sample

of lignin-free wood carbonises faster than normal wood. It has been observed

(Hu et al. 2008) that soft plant tissues, without an extended crystalline cellulose

scaffold, yield globular carbonaceous nanoparticles; however, hard plant tissues

with structural crystalline cellulose scaffolds can preserve their outer shape.

A less common option is the use of microorganisms. An industrial microorgan-

ism (Saccharomyces cerevisiae) has been used to obtain HTC (Li et al. 2016).

Another source of carbonisable biomass is waste products. These can be industrial,

such as beer waste (Hao et al. 2014), or livestock waste, such as swine manure (Cao

et al. 2011). Another biomass residue of animal origin is prawn shells, which are a

source of chitin (poly-β-(1-4)-N-acetyl-D-glucosamine). Chitin can be deacetylated

to give rise to chitosan (Zhang et al. 2014a; Shen et al. 2016), which can also be

carbonised. These cases have the advantages of eliminating and valuing wastes,

which are usually considered zero-cost raw materials, and of creating an extra

environmental profit. We can also work with compounds that do not come from a

biomass, such as glyoxal and acrylonitrile (Yang et al. 2014).

4.2.2 Hydrothermal Process

The hydrothermal process is characterised by moderate temperatures (<300 �C)
and high pressure, as the water included in the reactor increases the pressure when it

exceeds 100 �C (autogenous pressure). This reaction can also be performed by

raising the pressure externally, for instance, by using a pressurised gas. But if it is

done in equipment without a pressure measurement appliance, the temperature

must be monitored because of the fact that pressure increases very quickly.

Table 4.1 shows pressure data obtained autogenously as a function of temperature,

calculated according to the Clausius-Clapeyron Eq. (4.1).
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where P1 and P2 are the water vapour pressures at temperatures T1 and T2,
respectively, ΔHvap is the water vaporisation enthalpy (40,650 J mol�1), and R is

the gas constant (8.314 J K�1 mol�1).

If 374 �C and 22.1 MPa are exceeded, water will behave as a supercritical fluid.

In this situation, mainly liquid and gaseous fuels are obtained, and it is denominated

by hydrothermal liquefaction or hydrothermal gasification. At very high tempera-

tures (Kruse et al. 2013), the formation of gases like H2 and CH4 is favoured. At

intermediate temperatures, hydrolysis of the biomass occurs, and medium mole-

cules, such as ketones, carboxylic acids, or phenols, are obtained, from which

bio-oil can be prepared. At lower temperatures, the hydrolysis reaction decreases

and dehydration is favoured, so the main product is a solid, HTC. As the solid

product (char) will be analysed in this chapter, we will limit ourselves to studying

the subcritical conditions of hydrothermal carbonisation below 300 �C.
It should be kept in mind that if substances other than water are used that can reach

the vapour state (Yang et al. 2014), the partial pressures of each of these substances

will be added together to give rise to a greater pressure than expected. This fact must

be considered in order to avoid accidents and to compare different reagents under the

same conditions. One factor that can explain this water reactivity, besides the energy

supplied by the heating, is the increase of the water ionisation constant when

the temperature increases (Bandura and Lvov 2006), causing a higher concentration

of H+ and OH� that can catalyse the dehydration reaction. This effect is slightly

amplified by the increase in pressure. In Table 4.2, some of the parameters of

hydrothermal carbonisation used in published works are shown.

Table 4.1 Autogenous

pressure (vapour pressure)

of water

Temperature (�C) Pressure (MPa)

100 0.10

120 0.20

140 0.36

160 0.62

180 1.03

200 1.62

220 2.46

240 3.62

260 5.18

280 7.22

300 9.83

320 13.11

340 17.16

360 22.08

380 27.97

400 34.94
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As shown in Table 4.2, in most cases, temperatures of 180–200 �C are reached,

with varying times between 10 and 24 h. When heating to higher temperatures (Liu

and Zhang 2009, 2011; Liu et al. 2010; Kumar et al. 2011; Regmi et al. 2012), the

preparation time can be considerably reduced. Although this can be considered an

advantage, it must be taken into account that the autogenous pressure produced by

raising the temperature from 200 �C to 300 �C is multiplied several times

(Table 4.1) and that certain commonly used materials, such as Teflon, cannot be

used at that temperature. Higher temperatures mean more energy expenditure,

which can be compensated for by the brevity of the process. These issues should

be considered if HTC production is intended to reach an industrial scale, but are not

the most relevant for laboratory research. More important could be the influence of

temperature on the porous and chemical structures of the HTC.

Table 4.2 Main experimental parameters of hydrothermal carbonisation

Temp

(�C)
Heating rate

(�C/min)

Time

(h)

Biomass

(g)

Rate

(biomass/

water) References

140–200 – 10 10 1/5 Shen et al. (2016)

160 – 18 1 1/40 Zhao et al. (2016)

180 – 24 2 1/7.5 Yu et al. (2014)

180 5 24 20 1/3.5 Chen et al. (2011)

180 1.5 12 5 1/6 Li et al. (2016)

180 2.5 48 16 1/4 Song et al. (2012)

180 – 16 2 1/7.5 Zhang et al. (2013), Zhou

et al. (2015)

180 1.5 24 20 1/3.75 Wang et al. (2012)

180 1.5 24 12.7 1/4.72 Yang et al. (2014)

180 1.5 24 20.8 1/2.40 Yang et al. (2014)

180 – 12 2 1/9 Zhang et al. (2014b)

190 – 16 – 1/10 Demir-Cakan et al. (2009)

200 – 16 3 1/10 Liu et al. (2013)

200 – 20 5 1/12 Sun et al. (2015)

200 – 16 2 1/9 Martı́n-Jimeno et al. (2015)

200 – 4–14 3 1/10a Dai et al. (2014)

220 – 20 5 1/20 Román et al. (2013)

230 2 6 1000 1/8 Laube and Reza (2016)

250 0.7 20 – 1/4 Cao et al. (2011)

250 – 20 11.6 1/4 Sun et al. (2011)

300 7 0.5 – 1/7 Regmi et al. (2012), Kumar

et al. (2011)

300 10 0.33 5 1/6 Liu and Zhang (2009, 2011),

Liu et al. (2010)

300 – 5 60 1/6.7 Xue et al. (2012)

300 – – – 1/12.5 Zhu et al. (2014)
aWater solutions, but not pure water
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The experiments shown in this study have been done on a scale of a few

grammes, except Laube and Reza (2016). Apparently, this kind of study is still in

the laboratory phase, and there does not seem to be any interest in obtaining

medium- to large-scale adsorbents.

A parameter with greater variation is the biomass/water ratio, which varies from

1:2.4 to 1:40. No exhaustive studies have been done on the influence of this

proportion, although there is one reference (Sevilla and Fuertes 2009) in which a

higher yield and larger size of the spheres obtained were observed by increasing the

concentration of glucose. But this result does not allow conclusions to be drawn

when using other materials, such as a ligand-cellulosic biomass. It should be

remembered that the presence of water is crucial to this synthesis method, as it

generates autogenous pressure and reacts with the parting material to produce

carbonisation.

One problem posed by HTCs at the end of the hydrothermal carbonisation

process is that they have very low porosity. Several strategies have been put into

place to introduce micro- and mesopores and thus increase the specific surface area.

The most common method and the one used with pyrolysed carbons is activation

(see Sect. 4.2.5), but templates have also been used to improve this property (see

Sect. 4.2.3).

Some authors add a small amount of acid, as it favours the dehydration processes

of some organic molecules, such as carbohydrates (Cao et al. 2011; Liu et al. 2013;

Zhang et al. 2014b). On the other hand, Dai et al. (2014) observed that increasing

the hydrothermal treatment time from 4 to 14 h hardly changed the composition of

the final product, although it must be considered that they used a solution of LaCl3
and KOH instead of distilled water. The presence of these compounds can catalyse

the hydrothermal process (Hu et al. 2008) in such a way that extended time does not

make a big difference. Slight carbon enrichment and a decrease in the content of

hydrogen and oxygen can be observed. There is a large difference (Dai et al. 2014)

when varying the composition of the raw material, but there are only small

differences between HTCs prepared at different temperatures from the same

precursor.

Sevilla and Fuertes (2009) carried out an extensive study on the effect of

preparation conditions (temperature, time, and concentration) on the properties of

HTC, using glucose, sucrose, and starch. The yield obtained in the hydrothermal

process increased with increased temperature (in the range of 170–240 �C), with
longer treatment time (from 0.5 to 15 h), and with higher concentration of the

carbohydrate in water. Similarly, the average size of the HTC spheres obtained

varied. However, Shen et al. (2016) have reported a decrease in yield from 78.8% to

35.2% when increasing the temperature from 140 �C to 220 �C. The influence of

hydrothermal treatment conditions on the properties of the HTC is a complex

subject and seems to depend heavily on the raw material used.

Sevilla and Fuertes (2009) detected the existence of a large number of functional

groups, but they were unevenly distributed. The nucleus of the spheres is highly

aromatic with stable oxygen groups (ether, quinone, pyrone, etc.), while the shell

contains a high density of functional groups (hydroxyl, phenol, carboxylic, etc.).
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Thus, the exterior would be hydrophilic, while the interior would be hydrophobic.

This hydrophilic outer surface favours the dispersion of the HTC particles in water.

At the end of the hydrothermal treatment, the product must be ovendried before

being used. Numerous authors have previously performed washing with acetone to

remove organic substances soluble in this solvent. The reason comes from the fact

that the hydrothermal treatment was initially used for gasification and liquefaction

of the organic matter, and the liquid produced when washing it with acetone is a

biofuel. Except for a decrease in the contribution of functional groups (Cao et al.

2011), no major structural changes in the HTCs thus treated have been described.

4.2.3 Templates

One of the main disadvantages of the use of HTCs in adsorption is that they present

both limited porosity and surface area. This is also true of pyrolytic carbons, and

activation is used to improve their properties. Activation can also be used in HTCs

and will be discussed in Sect. 4.2.5.

Another method to increase porosity is the use of templates in the hydrothermal

process. One of the templates employed (Martı́n-Jimeno et al. 2015) is graphene

oxide. It presents several interesting characteristics: good dispersibility in water and

organic solvents, greater reactivity than non-oxidized graphene, and a tendency to

form monolithic gels. Thus, a suspension of graphene oxide was prepared in which

glucose was dissolved. This mixture was heated in an autoclave at 200 �C for 16 h,

yielding a carbonaceous hydrogel that was dried and subsequently activated. This

method allows to obtain a monolith instead of the usual powder formed by the

spheres characteristic of this process. The density of the monolith increases as the

glucose concentration increases, indicating that the carbonisation must be incorpo-

rated into the template structure. It could also be considered to be an example of

coating (see Sect. 4.2.4).

A reagent frequently dealt with in chemical activation is ZnCl2. Roldán et al.

(2016) introduced it into the mixture before the hydrothermal process, employing

the “salt-templating” methodology. The basic concept is that the hypersaline

conditions stabilise the surface of the first small nanoparticles, avoiding Ostwald

ripening or excessive particle growth. These particles turn collectively unstable at

sufficiently high concentrations, undergoing spinodal phase separation and cross-

linking towards the final porous carbon gels. The more salt is added, the smaller the

primary particles are and, hence, the higher the surface area is. The HTC prepared

with ZnCl2 presents a greater specific surface once the hydrothermal process is

finished. But when washing the carbon to remove the Zn and when performing the

pyrolysis of the HTC to activate it thermally, the specific surface increases consid-

erably, whether ZnCl2 has been used or not, but with narrower pores in this case.

There is a big difference when the HTC is not washed before the pyrolysis because,

in that case, a much higher specific surface is obtained because of the activation

process. Note that it has already been mentioned that ZnCl2 is usually used in the
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chemical activation of pyrolytic carbons. This, in fact, does not imply an improve-

ment in the adsorption capacity of dyes, which are the pollutants with which they

have been tested, being more effective the introduction of N and S heteroatoms.

The same method of “salt templating” was exercised with a LiCl-ZnCl2 mixture

(Alatalo et al. 2016). Micro-/mesoporous HTCs were thus achieved with a specific

surface area greater than 400 m2/g obtained with BET method. Another common

template (Hu et al. 2008) for pyrolytic carbons that could be brought into play here

is silica. By modifying the polarity of the silica surface, porous structures of various

sizes and shapes could be synthesised.

4.2.4 Coating

One possibility offered by the HTC method, when employing water-soluble sub-

stances such as glucose, is the possibility of coating carbonaceous shells on a

structured surface. The coating process is dependent (Titirici 2012) on the surface

properties, hydrothermal carbonisation time, and concentration. It is mainly used to

coat nanostructures and in applications related to energy storage. This technique is

not usually applied to make adsorbent materials, although there are some examples.

Zhao et al. (2016) used polyacrylonitrile fibres as a template. First, they

reinforced the bond between the fibres with ethylenediamine and ethylene glycol.

Then, they added these fibres to a glucose solution and performed the hydrothermal

carbonisation of the carbohydrate, which was deposited on the fibre structure.

The opposite process can also be performed: depositing certain compounds on

the HTC, for which the existence of oxygenated functional groups is very helpful.

This process should not be confused with functionalisation, and sometimes it is

difficult to establish a limit between the two. We can consider the process to be

coating when it forms a species with its own crystallinity and functionalisation if a

molecule binds to the HTC by a covalent bond and acts as an organic functional

group of the corresponding graphene molecule. An example of coating is the

deposition of noble metal nanoparticles on carbonaceous nanofibers (Quian et al.

2007). These materials are often used in catalysis.

4.2.5 Activation

The activation process is added to improve the porous structure of the carbonaceous

materials, i.e., increase the volume of the pores and the specific surface. There are

two main types: chemical activation and physical activation. The main difference

between the two is the reactivity of the compounds used as activating agents. The

activation process is important when HTC adsorbents are prepared because their

capacity is often related to their specific surface and their porous structure. This

aspect is more important in adsorption than in other applications of HTCs.
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4.2.5.1 Chemical Activation

One of the methods used is chemical activation. The compounds employed are

more reactive than those employed in physical activation, and the temperature

range is wide, ranging from room temperature to about 800 �C. Activation time is

usually from 1 to 2 h. It must be taken into account that the use of high temperatures

(>400 �C) can destroy existing functional groups, so in many applications, it is

necessary to evaluate if it is convenient to increase porosity and specific surface

area by modifying the surface chemistry.

One of the most common reagents is KOH. Thus, Martı́n-Jimeno et al. (2015)

activated an HTC obtained with templates of graphene oxide, treating it with KOH

at temperatures of 700 �C and 800 �C. Regmi et al. (2012) also performed a

treatment with a KOH solution at room temperature. Although the treatment entails

an improvement in the adsorption of Cu(II) and Cd(II), it hardly implies a change

when the concentration of the KOH solution oscillates between 0.5 and 2.0 N.

Activation under these conditions gives rise to very high yields (Sun et al. 2015)

with little loss of mass. But it does change the PZC of the HTCs obtained from

acidic to slightly basic. This implies a change in the electrical charge of the surface

as a function of pH, which is different from the usual behaviour of the HTCs. Also,

a NaOH 1 M solution can be used as an activating agent (Zhao et al. 2016).

On the other hand, Hao et al. (2014) used H3PO4 to activate an HTC obtained

from beer waste. In this case, they studied the influence of different variables of the

activation process on the product obtained. These variables were the activation

temperature (600–700 �C), the activation time, the concentration of H3PO4, and the

flow rate of N2.

4.2.5.2 Physical and Thermal Activation

The other habitual method of activation is physical activation, which consists of

heating the sample in the presence of a gas, the most common gases being air,

carbon dioxide, and water vapour. The observed changes are those usually

described in the activation of pyrolytic carbons; however, lower performance

(greater burn-off) has been reported as compared to the activation of pyrolytic

carbons. This is not a surprise, as hydrothermal carbonisation results in a carbona-

ceous material richer in oxygen than pyrolytic carbon. This implies that it contains

more volatile matter and that a greater proportion is lost than the fixed carbon in the

activation treatment.

Thus, by activating an HTCwith carbon dioxide at 800 �C during a variable period

of time (Liu and Zhang 2011), there is an increase in the ash content and a decrease in

the yield as the activation time is increased. At the same time, there is an increase of

the specific surface. An increase in the proportion of wide pores (meso- and

macropores) also occurs (and this does not always happen with pyrolytic carbons).
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When comparing the activation of HTCs from different materials with air and

carbon dioxide (Román et al. 2013), it is observed that the specific surface and

volume of micropores, which are two related parameters in activated carbon, are

always higher when using CO2. In contrast, different results are obtained in the

volume of meso- and macropores. In both activation processes, micropores are

created, and the specific surface area increases.

A variation of this method is thermal activation, which consists of heating the

HTC in the presence of an inert gas. In this case, the activation is produced by the

temperature and not by the reaction with the gas, as it only serves as a carrier of the

by-products formed. Although some authors (Zhu et al. 2014) use it as an activation

method (N2, from 300 �C to 700 �C), one should consider whether a second

pyrolysis-type carbonisation or an actual activation is actually being performed.

As mentioned above, HTCs differ from pyrolytic carbons because of their low

porous development. In the work of Zhu et al. (2014), the evolution of the

composition of the chars according to temperature is as expected: an increase of

the carbon content and a reduction of the hydrogen and (especially) oxygen content.

This variation is important when starting the heat treatment (up to 300 �C) and also
between the temperatures of 400 �C and 600 �C. In the first step, it can be assumed

that changes in composition are mainly because of water loss (desorption or

dehydration). And between 400 �C and 600 �C, changes are because of the

pyrolysis process. A consequence of this variation in the oxygen ratio is that the

pH changes from slightly acidic in the HTC (5.2) to very alkaline in the sample

treated at 700 �C (pH 11.8).

Table 4.3 summarises some of the activation methods found in the literature.

Chemical activation methods (with liquid or solid reagents) predominate over

physical activation methods (using gaseous reagents). The activation times are, in

general, shorter than those of hydrothermal carbonisation. There may be large

variations in the conditions under which the activation is carried out.

4.2.6 Functionalisation

There are many methods of changing the surface chemistry of a carbonaceous

material, and some of them have been used with HTC. Activation can modify the

functional groups of the carbonaceous material, but its main function is to improve

the porosity. For this reason, activation methods will not be dealt with in this

section.

Before modifying the surface chemistry of an HTC, its properties must be taken

into account. If it is obtained from a biomass, it must be assumed that the raw

material contains a large amount of oxygen in its composition. Most of the starting

materials (carbohydrates and lignocellulosic materials) have an oxygen content

approaching 50% by weight, excluding moisture. As high temperatures have not

been used, many of the original functional groups have not been destroyed. We

have, therefore, a carbonaceous material with a high number of functional groups.
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4.2.6.1 Functionalisation During the Hydrothermal Process (One Step)

Functionalisation can begin during the hydrothermal process. Thus, Roldán et al.

(2016) used glucose as a source of carbon and used either pyrrole-2-carboxaldehyde

to add nitrogen atoms or 2-thiophenecarboxaldehyde atoms to add sulphur atoms.

Nitrogen atoms may be included in the HTC if they already exist in the raw

material, for example, in chitin (White et al. 2009). Functionalised HTC with

fructose and 2-thiophenecarboxaldehyde (Alatalo et al. 2016) has also been pre-

pared. Note that glucose has been mixed with phosphoric acid (Zhang et al. 2014a).

We can observe another example in the use of an alkaline solution of LaCl3 instead

of water to obtain a lanthanide-doped HTC (Dai et al. 2014). Demir-Cakan et al.

(2009) used acrylic acid mixed with glucose to obtain a high number of carboxyl

groups in the HTC.

Functionalisation can be carried out by choosing the appropriate starting mate-

rial. A work has been previously cited (Chen et al. 2011) comparing HTCs prepared

from glucose, sucrose, starch, and microcrystalline cellulose. HTCs with different

numbers of carboxyl groups were obtained, despite using the same conditions in the

hydrothermal process.

4.2.6.2 Post-functionalisation (Two Steps)

Chemical modification of the surface can be done after obtaining the HTC. The

methods followed are similar to those employed for activated carbons of pyrolytic

origin.

Table 4.3 Main experimental parameters of activation of HTCs

Temp

(�C)
Heating rate

(�C/min)

Isotherm

time (h)

Activating

agent

Rate (agent/

HTC) References

Room – 1 KOH 2M 250 mL/g Regmi et al. (2012),

Sun et al. (2015)

700–800 – 0.5 KOHa 1/1 and ¼
weight

Martı́n-Jimeno et al.

(2015)

600–700 10 3 H3PO4

45–80%

4 mL/g Hao et al. (2014)

Room – 2 NaOH 1M 750 mL/g Zhao et al. (2016)

800 10 0.5–2 CO2 30 mL/min Liu and Zhang (2011)

850 – 0.5 CO2 40 mL/min Román et al. (2013)

250 – 0.5 air 100 mL/min Román et al. (2013)

300–700 4 4b N2 1 L/min Zhu et al. (2014)
aA concentrated solution of KOH. Incipient wetness procedure
bTotal time
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A simple method is oxidation or calcination under air. atmosphere It is usually

carried out at temperatures below 400 �C (Chen et al. 2011; Zhang et al. 2013; Yu

et al. 2014) because, at this temperature, most of the functional groups begin to be

destroyed. But the temperature must be higher than 200 �C, as it is necessary for

sufficient oxygen chemisorption of the air to occur so that the functional groups can

be formed. The objective in this temperature range is to achieve a greater number of

oxygen functional groups, which in many cases improve the adsorption capacity of

the HTC. Zhou et al. (2015) have studied the effects of temperature (from 100 �C to

300 �C) and time (from 1 to 5 h) in detail. The oxygen content and the number of

carboxyl groups increase linearly with temperature and time, except in the change

from 250 �C to 300 �C where the number of carboxyl groups increases significantly.

Chen et al. (2011) studied the effect of temperature between 100 �C and 400 �C and

analysed the functional groups using the Boehm method. As the temperature

increased, the weaker acidic functional groups (type phenol) decreased from

100 �C, while the strongly acidic ones (type carboxyl) increased with temperature.

The variation in both cases is especially important when the temperature exceeds

200 �C. In contrast, the increase in oxidation time, although increasing the number

of carboxyl groups, does it very weakly. These results have been confirmed using

FTIR and XPS data.

Another method of oxidation (Li et al. 2016) is oxidation with potassium

permanganate in a strongly acidic medium, according to the well-known Hummers

method (Hummers and Offeman 1958), to obtain graphite oxide. Two other oxida-

tion methods frequently used with carbonaceous materials are the use of nitric acid

(Liu et al. 2013) and the use of hydrogen peroxide (Xue et al. 2012). In both cases,

the oxygen content increases, and at the same time, a decrease of PZC is verified.

As a general rule, mild oxidation methods give rise to the adsorption of oxygen

to create functional groups, increasing the mass of the carbon. Aggressive methods

produce carbon oxidation and the formation of carbon oxides, reducing the total

mass. It is not strange, therefore, that in the described conditions the mass yield

exceeds 100% in some cases.

Some uses of functionalisation are highly specific. One example is the use of o-
phosphoethanolamine andN,N0-dicyclohexylcarbodiimide (Yu et al. 2014)with the aim

of improving the adsorption of (UO2)
2+ by the phosphate groups, because the phosphate

group has strong tendencies to form complexes with uranyl ions.

Other functionalisations require several stages. For example, Song et al. (2012)

used 5-azacytosine to adsorb U(VI), as this multidentate ligand had demonstrated a

high affinity for dissolution towards the actinide metals. To bind the 5-azacytosine

to the carbon, they first performed calcination in air at 300 �C. The product obtained
was reacted with ethane-1,2-diamine in the presence of N,N0-
dicyclohexylcarbodiimide. And in the third step, amino groups grafted on the

HTC surface reacted with 5-azacytosine.

Another similar case is functionalisation with salicylideneimine (Wang et al.

2012). The first two steps are similar, but in the third step, salicylaldehyde reacts

with the amino groups previously formed to anchor to the surface of the HTC as

salicylideneimine, which is a good ligand of cations.
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Functionalisation may sometimes depend on the raw material. Thus, Liu and

Zhang (2011) prepared two HTCs activated from pinewood dust and rice husks.

The last is known to have a lot of silicium that converts to silica. When phenol

adsorption was probed, there was a large difference in the amount adsorbed

between the two coals, which can be explained by the greater specific surface

area of the pinewood dust HTC. However, the difference in Cu(II) adsorption

was lower, which can be explained by the presence of silicon forming silanol

groups, which easily bind Cu, increasing the adsorption capacity.

A two-stage process whose functionalisation begins in the hydrothermal process

is HTC preparation (Yang et al. 2014) from glyoxal and acrylonitrile to obtain

cyano (-CN) functional groups. These react with hydroxylamine hydrochloride to

obtain amidoxime grafted to the HTC surface.

4.2.7 Hydrothermal Versus Pyrolytic Carbonisation

It is interesting to compare the two methods of carbonisation, although there are not

many papers dedicated to this question. The first differences we can find are in the

preparation conditions. The hydrothermal process is carried out at moderate tem-

peratures (180–300 �C) and high pressure (1–10 MPa), while pyrolytic

carbonisation is carried out at a higher temperature (400–1000 �C) and at atmo-

spheric pressure (0.10 MPa). In fact, out of these two factors, temperature seems to

be the one that most influences the final properties of the material obtained.

Some papers have been published comparing materials obtained by the two

methods of carbonisation. Liu et al. (2010) have studied the properties of HTC

obtained at 300 �C and pyrolytic carbon obtained at 700 �C in an atmosphere of N2

from pinewood. Cao et al. (2011) used dried swine manure as raw material. The

pyrolytic char was obtained at 620 �C after 2 h, and the HTC was obtained at 250 �C
after 20 h. Falco et al. (2011) prepared HTC at 180 �C for 12 h and pyrolytic char in

an atmosphere of nitrogen at various temperatures. In this experiment, the HTCs

were later pyrolysed.

The composition obtained by elemental analysis is very different between the

two carbons used in the work of Liu et al. (2010). Pyrolytic carbon contains a large

amount of carbon while reducing the content of hydrogen, nitrogen, and oxygen.

This is because the higher the temperature, the degraded the heteroatom-containing

functional groups (i.e., the more labile groups). The composition obtained

suggested (Durán-Valle 2006) that the aromatisation process progressed more in

the pyrolytic carbon than in the HTC.

The proximate analysis is related to these data. A larger amount of heteroatoms is

related to functional groups less stable when heated, and therefore, the HTC contains a

greater amount of volatile matter and less fixed carbon. The amount of ash is also

lower in the HTC, but this can be mainly attributed to the higher yield of this

carbonisation, as it can be considered that the amount of ash in the raw material is

usually kept approximately stable during both processes of carbonisation. That is, the
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variation observed is because of the decrease in the fixed carbon content and especially

in a volatile matter. Some authors also proposed (Liu et al. 2010) that the presence of

water in the hydrothermal method can dissolve part of the mineral matter.

Another difference found (Liu et al. 2010) is in the acidic/basic properties. As it

contains more oxygen, the HTC has more acidic functional groups, and its zero

point charge (PZC) is lower than in pyrolytic carbons.

As for the surface structure, both carbons have poor porosity development,

which is even lower in HTC. The specific surface obtained is low, mainly because

of the small volume of micropores formed. For many applications in adsorption of

these materials, it is necessary to develop porosity, especially when apolar pollut-

ants are removed. This can be done by using templates in the hydrothermal process

or by activating both types of carbons, as discussed above.

The degree of graphitisation is usually very low in HTCs. Demir-Cakan et al.

(2009) have measured this parameter using Raman spectroscopy. The data of the

proximate and ultimate analyses and of the physical structure support this

conclusion.

Sun et al. (2011) compared two pyrolytic carbons (obtained at 400 �C) and two

HTCs (obtained at 250 �C) from poultry litter and wheat straw. The differences

between the coals obtained are not as big as has been described in other works (Liu

et al. 2010). This can be explained by the low temperature and limited pyrolysis

time (2–4 h) in the work of Sun et al. (2011), suggesting that pyrolytic carbons are

on the limit of what can be considered a carbonaceous material and not a roasting

material. Thus, the elemental composition is similar, although the small differences

observed support what has been indicated in other works: higher carbon content and

lower nitrogen, hydrogen, and oxygen content in the pyrolytic carbon compared to

HTC. It is also observed that the specific surface is lower in the case of thermal

coals than in HTCs, which is not usually the case. However, the measure of

aromaticity by 13C-NMR indicates that it is more developed in pyrolytic carbons.

A similar result is observed when comparing an HTC obtained at 180 �C with a

pyrolytic carbon prepared at 350 �C; both are rich in oxygen and hydrogen when

compared to a pyrolytic carbon obtained at 750 �C, which is most common (Falco

et al. 2011). The change in composition depends on temperature, and it is observed

that pyrolysis of the HTC increases the carbon content and decreases hydrogen and

oxygen content, obtaining an elemental analysis similar to that of a carbon obtained

by pyrolysis at the same temperature.

The yields depend on both the raw material and the carbonisation conditions and

can reach very different values. In general, it can be stated that the hydrothermal

method achieves a yield double that of the pyrolytic method.

4.3 Adsorption

Among the other applications cited in the introduction, HTCs have been employed

in adsorption processes, especially in the removal of contaminants from aqueous

solutions.
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4.3.1 Dye Adsorption

As stated in Chap. 1, dyes are pollutants that are difficult to remove from waste-

water because they are non-biodegradable as well as toxic to plants, animals, and

humans. The greatest environmental problem with dyes is that their absorption of

sunlight entering the water interferes with the growth of bacteria, which dips to an

insufficient level for biologically degrading impurities in the water. Also, the

growth of algae decreases, as sunlight does not reach them; some algae even die,

affecting the food chain. The dye molecules are distinguished by their large size,

which is why adsorbents with a larger pore size, between the broad microporous

and the narrow mesoporous, are preferable.

Alatalo et al. (2016) used a ZnCl2-LiCl template, using fructose as the carbon

source organic material. When 2-thiophene carboxaldehyde was added, a solid with

a larger surface area and pore volume was obtained. Both materials were tested as

methylene blue adsorbents. The material without sulphur is more effective, prob-

ably because of higher oxygen content. In addition, it maintains its adsorption

capacity better when performing several consecutive cycles.

Martı́n-Jimeno et al. (2015) adsorbed three dyes (rhodamine B, fuchsin basic,

and methyl orange; see Fig. 4.3) on HTCs made on templates, some of them

activated with KOH. The best-absorbed dye was methyl orange, because it is the

narrowest of the three, and these basically prepared templates show mainly narrow

microporosity. Those HTCs activated with high KOH ratios developed broader
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Fig. 4.3 Molecules of dyes cited in this section
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porosity (broad micropores and narrow mesopores), so they adsorbed a greater

amount of rhodamine B and fuchsin basic than the other HTCs.

Roldán et al. (2016) prepared HTC using glucose, doping the HTC with N or S

by adding pyrrolecarboxaldehyde, thiopenecarboxaldehyde, or both. These change

the porosity before pyrolysis, with a higher percentage of mesopores. Also, the

sample contains ZnCl2. In this experiment, these authors did not wash the salts,

because ZnCl2 is an activation agent activated to develop microporosity. These

HTCs were used as adsorbents of methylene blue and rhodamine B. This dye is

adsorbed to a lesser extent, and the authors explain it as having a somewhat larger

size than methylene blue. It is interesting to note that non-pyrolysed HTCs, despite

their smaller surface, adsorb dyes better. This can be explained by the lower oxygen

content of the pyrolysed materials, which interact less well with the cationic dyes.

Hao et al. (2014) studied the adsorption of methylene blue dye from aqueous

solutions using activated carbons produced by chemical activation of hydrother-

mally carbonised (HTC) beer waste. By studying the adsorption isotherms, it was

concluded that activated carbon has a good adsorption capacity for the dye studied

(341 mg/g). The pH value affects the adsorption process, so at a low pH, the

adsorption is lower than at a high pH. This is attributed to the fact that at pH values

above the PZC, the surface of the adsorbent is negatively charged, which increases

the adsorption capacity of the positively charged methylene blue molecule.

4.3.2 Pesticides

One of the activities that produces a lot of water pollution is agriculture, for example,

with the discharge of pesticides by agricultural irrigation systems. There are few

published works about the adsorption of pesticides with HTCs. However, the removal

of paraquat (1,10-dimethyl-4,40-bipyridyl dichloride) from water has been studied

(Zhao et al. 2016). This herbicide is banned in several countries because of its high

toxicity but is still used in many regions of the world. To test the removal, they

prepared PAN fibres that were mixed with a solution of glucose to later submit them

to the hydrothermal process. An HTC in the form of fibres was thus obtained, which

was activated with 1MNaOH. The specific surface area obtained was low (<12m2/g).

The hydrothermal treatment increases the tensile strength, and although it decreases

the elongation at break, it has good flexibility. Such enhanced mechanical strength

is beneficial for applications in wastewater treatment. The adsorbed amount is

practically zero, only with PAN fibres. It increases about 50 times after the hydro-

thermal treatment and is multiplied by three after activation with NaOH. This shows

that adsorbent capacity comes from the presence of a porous material and is

enhanced by the creation of oxygenated functional groups. As the pH decreases,

the adsorption capacity of paraquat decreases. This is because of electrostatic

interactions. Paraquat is a cation (Fig. 4.4) and is repelled by the positive charge

of the protonated HTC surface at a low pH. As the pH increases, this repulsion

decreases, and the effect disappears at a pH above 7. Also, the adjustment to kinetic
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models (pseudo second order) and isotherms (Langmuir) is in agreement with the

idea that the limiting step of adsorption occurs at the surface, which could be

explained by the electrostatic interactions.

4.3.3 Drugs

There are not any publications on the adsorption of drugs with HTCs. In particular,

tetracycline (Fig. 4.5) is an antibiotic that is widely used in aquaculture and

veterinary medicine to improve growth rates and feed efficiencies. It is excreted

as an unmetabolized compound, and the greatest known risk is the development of

multiresistant bacterial strains that will no longer be able to be treated with current

antibiotics. Zhu et al. (2014) have studied their adsorption with heat-activated HTC,

obtaining the best results for treated char at the highest temperatures (700 �C). In
this case, it must be assumed that because functional groups are not abundant in

HTC, it is the specific surface that drives adsorption.

4.3.4 Endocrine Disrupting Chemicals

These compounds, as drugs, have biological activity. They can mimic the activity of

natural hormones. They have been found in the effluents of municipal sewage

treatment plants. For example, Sun et al. (2011) have tested HTCs as adsorbents of

bisphenol A, 17α-ethinylestradiol, and phenanthrene. They deduced that compared to

pyrolytic carbons, more polar HTC favours adsorption of the more polar compounds.
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4.3.5 Metal Ions

Water pollution caused by heavy metals is a serious worldwide environmental

problem with significant impacts on human health and on nature. One common

method of removing these contaminants is adsorption. Although HTCs have been

employed to adsorb many different contaminants, they have certain properties that

make them useful for the adsorption of metals. In fact, they can compete with

activated carbons with a specific surface area 10 times greater. Among these

properties are the following:

• They have a large number of oxygenated functional groups originating from the

raw material. These functional groups are polar and, therefore, more favourable

for ion adsorption.

• These functional groups in the HTC can be used to give rise to other distinct

functionalities, increasing or making the interaction with the metallic ions more

specific.

• They are acidic. This means that in most situations where there is a metal in a

solution, it is found as a cation, and the HTC has given protons to the solution

and is negatively charged. The negative charge on its surface attracts positively

charged metal ions (see Fig. 4.6).

• Somemetals, especially in a high oxidation state, are dissolved as anions. The high

number of functional groups on the HTC makes it possible to easily change the

charge on its surface by modifying the pH of the medium. Thus, at a pH < PZC,

the surface will be positively charged and will prefer to adsorb anions.

As mentioned above, the pH of the solution may affect the adsorption capacity,

as it modifies the surface of the HTC. An example with a metal cation (Mn+) and a

surface with a determined PZC are shown in Fig. 4.6. When pH < PZC, the HTC

accepts protons, which positively charge its surface, repelling the cations. When

pH > PZC, the HTC yields protons from its functional groups, remaining nega-

tively charged and attracting the cations. The situation may be more complex than

shown in Fig. 4.6, as the metal may form other species, such as anions or precip-

itated solids.

Fig. 4.6 Effect of pH on cation adsorption
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4.3.5.1 p-Block and d-Block Metals

Cr(VI) is considered to be one of the top priority toxic pollutants because of its

mutagenicity and carcinogenicity properties. Chromium mainly comes from pro-

cesses such as textile dyeing, leather tanning, and the chromic salt industry. Shen

et al. (2016) prepared HTC from chitosan obtaining better results than those

published with other adsorbent materials. Chitosan is a copolymer of

2-glucosamine and N-acetyl-2-glucosamine. Hydroxyl and amine groups are inter-

esting substances to adsorb metals, and chitosan is a good scavenger from Pb(II) or

Cd(II) at a high pH. Cr(VI) adsorption is favoured at low pH, but chitosan is not

stable in an acidic solution. In principle, chitosan cannot be used to remove Cr(VI).

But a chitosan carbonaceous adsorbent can exhibit good chemical stability. To

maintain amino and hydroxyl groups, carbonisation must be carried out at low

temperatures, which is possible with the HTC method. HTCs were prepared at

different temperatures (140–220 �C). The HTC prepared at 140 �C does not appear

to be completely charred, and those prepared at 200 �C and 220 �C had lower

adsorption capacity than those prepared at 160 �C and 180 �C. This may be because

of the destruction of functional groups, as lower N and O contents were observed

when raising the preparation temperature. As with other metallic cations, the

adsorption is fast, as equilibrium is reached in 30 min. The kinetic model that

best fits the experimental results is that of pseudo-first order.

Cr(VI) adsorption is strongly pH dependent. This is because this metal is in the

form of anions (CrO4
2�, HCrO4

�, Cr2O7
2�), which are attracted electrostatically to

the positive charges of the surface. These are more abundant as pH decreases in the

solution. In addition, the presence of amino groups favours this increase in positive

charge, as they protonate more easily than the oxygenated functional groups.

The maximum adsorption capacity obtained by Shen et al. (2016) at a pH of 4.0

was 343 mg/g and showed a saturation effect, which can be explained by the

existence of a limited number of active sites on the adsorbent. The adsorption

capacity of the non-carbonized chitosan is slightly higher, but, as stated above, it

cannot be used in highly acidic solutions. This also supports the idea that there is a

limited number of active sites, so the isotherm data are better fitted to the Langmuir

model than to Freundlich equation. The enthalpy and entropy values are negative,

as well as free energy, which indicates an exothermic and spontaneous process. The

adsorbent is easy to recycle: a centrifugation and a wash with NaOH is enough.

After five cycles, more than 92% of the initial adsorption capacity is still

maintained.

Copper and cadmium are heavy metals that are involved in several industrial

processes. Regmi et al. (2012) have studied their adsorption obtaining excellent

results in some experimental conditions. They observed, as with other cations in

solutions, that at an acidic pH level (less than 5), the adsorption is very low, as the

surface of the HTC is protonated and repels the positive charges of the cations (see

Fig. 4.6). The adsorption increases above a pH of 5 because the surface groups are

not protonated; therefore, the negative charge that attracts the cations predominates.
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It also influences the precipitation of metals. Thus, copper precipitates at a pH of

7 and cadmium at a pH of 10. But both are removed at a pH of 5, which can be due

only to adsorption. There are big differences in the adsorption capacities whether

we use HTC activated with KOH, inactivated HTC, or the starting biomass

(switchgrass).

Liu and Zhang (2011) have also studied the adsorption of Cu(II) on activated

HTC. Likewise, they have observed that the adsorbed amount increases with

pH. This occurs for both pyrolytic carbons and HTCs, but with the difference that

in the latter, having a PZC in the study range (pH of 1–6), the influence of pH is

greater, rapidly increasing the adsorbed amount when pH > PZC, as in that

situation the predominant charge at the surface is negative (Liu et al. 2010). It

should be added that the HTCs present a greater number of functional groups, so the

number of charges of any type on the surface will be greater than in pyrolytic

carbons. A negative charge attracts the cation Cu(II).

Sun et al. (2015) studied the adsorption of Cd(II) with non-modified HTCs and

HTCs modified with KOH. The modified carbons showed a higher adsorption

capacity, as they reduced about 90% of the Cd(II) in the solution, while the

unmodified HTCs barely removed 10%. This is because of the greater number of

oxygen groups on the surface of the modified carbon. These isotherms are better

fitted to the Langmuir model than the Freundlich equation, which indicates homo-

geneity at the surface. As described in previous paragraphs (Regmi et al. 2012),

when the pH is lower than the PZC, the surface of the HTC is positively charged, as

is the cadmium cation, so adsorption is low. By using a pH higher than the PZC, the

surface charge is negative and the adsorption increases sharply.

Demir-Cakan et al. (2009) studied the adsorption of Cd(II) and Pb(II) in HTCs

prepared from glucose and acrylic acid to obtain a large number of carboxyl

functional groups. The greater the amount of acrylic acid used in the hydrothermal

carbonisation, the greater the adsorption of both metals. The capacity of the best

HTC is superior to that of other adsorbents commonly used for the adsorption of Pb

(II) and similar to them in the adsorption of Cd(II). The adsorption isotherm of both

metals is better fitted to the Freundlich model than Langmuir equation, which the

authors attribute to the heterogeneity of the surface. A similar work has been

published on the adsorption of Cd(II) and Pb(II), but the carboxyl groups were

obtained by oxidation of the HTC at 300 �C (Chen et al. 2011). The adsorbed

amount is increased by releasing Pb(II) instead of Cd(II), and if oxidised HTC is

used, the adsorbed amount is multiplied several times. In addition, in this experi-

ment, the oxidised HTC was found to be superior to other common adsorbents when

Pb(II) is used and competitive with them when using Cd(II).

The adsorption of Pb(II) with HTCs has been studied by Liu and Zhang (2009).

The adsorbed amount is low at very acidic pH levels, but improves, reaching a

maximum near pH ¼ 5 and decreasing with a higher pH. Above pH ¼ 5, hydroxyl-

ated compounds of Pb(II) are formed in which the interaction with the negatively

charged surface weakens as the charge decreases. Pb(II) adsorption can be greatly

improved by oxidising the HTC with hydrogen peroxide (Xue et al. 2012). In

addition, the adsorption equilibrium is reached faster. Note that a change in
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adsorption has been observed: the HTC isotherm fits better to the Freundlich model

and the modified HTC to the Langmuir model. The authors proposed that this is

because the oxidation decreases the heterogeneity of the surface. They also pointed

out that in previous work, they detected that Pb(II) is removed when a pyrolytic coal

is used, by the precipitation mechanism. Crystalline compounds are formed which

can be detected by XRD. But with the HTCs, these crystals are not observed. From

published studies on Pb(II) adsorption, it can be concluded that the predominant

interaction is that of the metal with oxygen atoms on the surface of the HTC.

4.3.5.2 f-Block Metals

A metallic element that is very interesting to adsorb is uranium. And it is probably

this element that is the most studied using HTCs as adsorbents. Interest is because

of two reasons. Uranium is used for the generation of electricity and is a

nonrenewable resource, so it is valuable and worth the time and effort to recover

it. But it is also an element that can affect the ecosystem because of the radiochem-

ical and toxic effects that it presents. Carbonaceous materials are suitable adsor-

bents, as they have a great stability against radiation, heat, acids, and bases.

Specifically, against radiation, the effect of gamma irradiation with doses from

1 to 100 kGy has been studied (Yang et al. 2014). The adsorption capacity decreases

slightly, and the selectivity towards the U(VI) is hardly affected, even at the highest

doses of radiation. The only problem it presents is that they usually have few

functional groups so that unmodified carbons exhibit relatively low selectivity

and poor adsorption capacity towards uranium. An advantage of HTCs is that,

although they have a lower specific surface area than other carbon materials, they

have a greater number of oxygenated surface groups, which is an advantage in the

case of adsorbates such as U(VI), as we will see below.

Several HTCs have been used to adsorb U(VI). It is soluble in moderate

concentrations only at acidic pH levels, up to pH ¼ 4.5. Under these conditions,

it is found as uranyl cation (UO2
2+).

With respect to synthesis of HTCs for uranium removal, Li et al. (2016) prepared

carbon microspheres from Saccharomyces cerevisiae cells by hydrothermal

methods, followed by chemical modification using the Hummers method to

increase the number of fungal groups. Li et al. (2014) used another approach.

Some of the compounds used as an antidote in cases of acute poisoning by uranyl

cations are polyphenols. As a result of this, they used a type of polyphenols

(bayberry tannins) with glyoxal introduced as a cross-linking agent, with the target

of obtaining a large amount of phenol groups on a stable material. They obtained

more than 10 mmol/g between phenol and carboxyl groups. In addition, they

achieved greater porous development when using glyoxal than when using only

tannins. Other authors have also used glyoxal (Yang et al. 2014), not as a cross-

linking agent but as a carbon source. They mixed glyoxal with acrylonitrile to have

-CN groups that could react with NH2OH�HCl to obtain amidoxime groups at the

surface and avoid the formation of carboxyl groups. Amidoxime is known to be an

4 Hydrothermal Carbonisation. . . 99



effective bidentate ligand of U(VI). Yu et al. (2014) tested another strategy (taking

advantage of the tendency of uranium to form complexes with phosphates) to

prepare HTCs with these functional groups. For this, they obtained HTC from

glucose and oxidised them in air at moderate (i.e., 300 �C). They then reacted the

HTC with o-phosphoethanolamine and N,N0-dicyclohexylcarbodiimide to

functionalize the surface. Even simpler was the method of Zhang et al. (2014a),

who prepared HTC with phosphate groups in a single step mixing glucose and

phosphoric acid. Song et al. (2012) followed a similar strategy opting for a

multidentate ligand that usually has good selectivity towards actinides in the

5-azacytosine column-actinide/lanthanide separation processes. After the hydro-

thermal process and calcination in air at a moderate temperature, the HTC was first

reacted with ethylenediamine and subsequently with 5-azacytosine. The oxidation

process increased the number of carboxyl groups, unlike for Li et al. (2014). Wang

et al. (2012) chose another ligand, the salicylideneimine, known for its ability to

coordinate with hexavalent cations. For this, they performed a synthesis similar to

that of Song et al. (2012). The difference is in using salicylaldehyde after the

reaction with ethylenediamine. Liu et al. (2013) opted for a two-stage synthesis,

in which after obtaining HTC from pine needles, this was oxidised with 2 M HNO3

to obtain a greater number of carboxyl groups. In this case, HTC porosity dramat-

ically decreases, but in spite of this, a considerably better adsorption of U(VI) is

obtained. Zhang et al. (2013) prepared HTC from glucose and performed oxidation

in air at temperatures between 150 �C and 300 �C, without further surface modi-

fication. The number of carboxyl groups obtained depended mainly on the oxida-

tion temperature and not on time. This amount of functional groups influences the

adsorption capacity. It is also possible to use simpler processes such as those

proposed by Kumar et al. (2011) that used lignocellulosic material (switchgrass,

Panicum virgatum) to obtain HTCs in a single stage without further chemical

modification. A synthesis was also performed with chitosan (Zhang et al. 2014b),

a material chosen for its abundance, low cost, and numerous amino groups in its

composition.

When adsorption of U(VI) was carried out, a great influence of pH (from 1 to

4.5) was observed, with a low adsorption at very acidic pH levels and higher

adsorption at a pH of 4. It was explained (Fig. 4.6) by the fact that at low pH

levels, functional groups are protonated, and so there is electronic repulsion with U

(VI) in its UO2
2+ form. But as the pH increases, the positive charge on the surface

decreases, as well as the repulsion. Some authors increased the range of study to

pH ¼ 8. It is possible that the uranyl cation is soluble if it forms a CO3
2�

coordination compound (Kumar et al. 2011). In this case, the maximum amount

of adsorption is obtained at pH ¼ 6.0. It should be noted that above this pH, the U

predominant species in a solution have a negative charge, whereas at pH levels

<6.0, they have a positive charge. As for ionic strength, its effect is not clear, and

with some of the adsorbents cited, it does not produce an effect, while with some

others it does. Overall, the adsorption process of U(VI) is very fast. Some of the

published results are shown in Table 4.4. Two factors might be responsible: the

absence of developed porosity, which prevents the existence of a prolonged
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diffusion process, and the strong interaction between the cation and the HTC’s
active sites. This quickness in adsorption is habitual when metallic cations are used.

The kinetics conform to a pseudo-second-order model, which is based on the fact

that the limiting step of the reaction is because of a process of chemisorption on the

surface, which includes the formation of bonds. In addition, the intraparticle diffusion

model presents a poor fit, confirming that the slow step proceeds on the surface. This

adsorption mechanism also confirms the adsorption isotherm data, which are better

fitted to the Langmuir model than the Freundlich model. The Langmuir model

assumes monolayer adsorption, which would be closer to a chemisorption process.

It also supports the model that shows an increase of the quantity adsorbed with an

increase in temperature. Li et al. (2014) and Wang et al. (2012) adjusted the isotherm

data to the Dubinin-Radushkevich model and obtained a binding energy whose

positive value (þ12.54 kJ/mol) also suggesting chemisorption. This data is supported

by positive values of enthalpy and entropy and the negative value of the free energy.

The adsorption of U(VI), therefore, is spontaneous and endothermic. Liu et al. (2013)

prepared two materials with very different specific surfaces and found that the one

with a larger surface area saturated before the other material, demonstrating that the

number of active sites for U(VI) adsorption is limited and does not depend directly on

the value of the specific surface.

The results obtained for the adsorption of U(VI) in several adsorption works

about this metal cation are shown in Table 4.5. It can be seen that the amount

adsorbed strongly depends on the relative concentrations of HTC and U(VI),

presenting very different values. Better results are obtained when the pH level is

less than 5.0. It should be noted that when both data have been measured and

published, there is a close relationship between the capacity measured experimen-

tally and that indicated for the monolayer by the Langmuir model. This fact

indicates that adsorption, as indicated above, must be in a single layer and probably

as a chemisorption.

Another similar ion (actinide and presenting environmental problems resem-

bling U(VI)) is Th(IV). It appears in many minerals for industrial use (Syed 1999),

so it is frequently found in sewage. In addition, it is an element used as a nuclear

fuel and in alloys, so it is also interesting to recover. Zhou et al. (2015) used a

similar char that they had already used to adsorb U (VI) (Zhang et al. 2013), which

was oxidised in air at a moderate temperature to increase the number of oxygenated

functional groups. The maximum amount removed from Th (IV) is achieved at

pH ¼ 3.5, but the authors speculated that it may be because of two factors: higher

adsorption (because of the decrease in positive charge on the HTC) and the

beginning of precipitation as Th(OH)4. The effect of the treatment temperature in

Table 4.4 Some published

data about the adsorption rate

of U (VI)

Maximum capacity (%) Time (min) References

80 10 Li et al. (2016)

88 1 Li et al. (2014)

90 5 Song et al. (2012)

80 1 Wang et al. (2012)
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air is clearer. As temperature rises, the HTCs have higher oxygen content, and this

increases the amount of adsorbed thorium. The data on the effects of contact time

(fast adsorption), application of mathematical models to kinetics (adjusted to the

pseudo-second-order model) and isotherms (where Langmuir model represents the

phenomenon better than the Freundlich model), and the effect of temperature

(increasing adsorption by raising the temperature) indicate that the adsorption

process, as with U(VI), is chemical adsorption.

4.3.5.3 Mixture of Metals

Few studies have been done on simultaneous metal adsorption with HTCs (Sun

et al. 2015). It has been observed that the smaller the radii of the hydrated cations

are, the greater the adsorption; this is also described with other adsorbents. Adsorp-

tion is greater when using HTCs with high oxygen content. In addition, it has been

measured that the adsorption of a metal is lower if it is adsorbed from a mixture than

if it is adsorbed from a pure solution. This is because of the competition between

several metals for active adsorption sites; in other words, the number of active

adsorption sites on the surface of the HTC is limited.

Xue et al. (2012) have studied the adsorption of a mixture of heavy metals in an

aqueous solution using HTC in columns. Conclusions are similar to work on batch

adsorption (Sun et al. 2015), which reinforces the idea that there are a limited

number of active sites in HTCs.

As general remark for metal adsorption, it can be deduced that this process is

governed by the existence of active sites, where a specific bond occurs. This fact is

supported by kinetic, adsorption isotherms and thermodynamics, in which the

Langmuir model, which supposes a limited number of active sites, is more adequate

than the Freundlich model. In several cases, the existence of chemisorption may be

assumed. It can also be generally deduced that the adsorption of metals depends

heavily on pH levels. This can influence the charge of the species containing the

metal and also the charge of the HTC surface. The priority mechanism seems to be

similar to ion exchange.

4.3.6 Phosphorus

Phosphorus-containing minerals are a limited resource, and they are essential for

agriculture as a nutrient. In addition, when phosphorus compounds enter an aquatic

environment, they may cause eutrophication problems. Therefore, there is a high

level of interest in removal (to reduce environmental problems) and recovery

(to use in agriculture) of phosphorus. HTCs doped with lanthanum have been

proposed as phosphorus adsorbents (Dai et al. 2014). Some authors have found

that efficiency of this HTC is higher than La(OH)3 and that HTC without lanthanum

showed no phosphorus removal activity. The lanthanum content and phosphorus
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removal efficiency were increased with the hydrothermal carbonisation time. Lan-

thanum must be bonded to functional surface groups, because no lanthanum

compounds were detected with XRD. The pH levels of the solution and coexisting

anions have a limited effect on the activity of La-HTC, which can be used in a wide

range of situations. As is the case for other adsorbates that bind to specific surface

sites, the Langmuir model better describes the adsorption isotherm than the

Freundlich model.

4.3.7 Phenols

Liu and Zhang (2011) have studied the adsorption of phenol on activated HTC.

They have worked with different pH levels, and the adsorption has not deflected.

This result was attributed to the fact that the phenol is in molecular form in that

range of pH and is not affected by the positive charges on the surface of the HTC.

4.3.8 Wastewater

In general, adsorption studies have been performed in simple solutions. But it is

also possible to study the adsorption on HTCs in more complex mixtures. The

purification of water resulting from fermentation of lactic acid has been studied

(Laube and Reza 2016). In this work, several different adsorbents were used, and it

was concluded that HTCs prepared from willow and poplar are the most effective,

combining good adsorption capacity and high physical and chemical endurance.

4.3.9 Reusability

To reduce the overall cost of practical applications, adsorbent reusability is signif-

icant. Depending on the adsorbent and adsorbate, regeneration methods are diverse.

To date, some studies have analysed the reusability of HTCs.

For adsorption of U(VI: Li et al. 2016), the adsorbed amount was found to be

very low at pH¼ 1.0 and higher when the pH level was raised to pH¼ 4.5. A strong

acid treatment method was used to regenerate the HTC, and after five cycles no

significant loss of adsorbent capacity had been observed. The same method was

employed by Zhou et al. (2015) for the regeneration of HTC used to adsorb Th (IV).

The same technique was used to regenerate an HTC fibre on which paraquat had

been adsorbed. In this case, the manipulation produced the breakage of the external

HTC separating it from the internal fibre, which resulted in a loss of efficiency

(Zhou et al. 2015). Even so, it remained at 83% after five cycles. Yu et al. (2014)

compared this method with the use of EDTA to recover the adsorbed U (VI) and
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concluded that the use of EDTA is preferable, even at concentrations lower than

those of the acid. Shen et al. (2016) studied the adsorption of an anion (CrO4
2�) in

place of the cations studied by the previously cited authors so that their regeneration

method was the opposite: they used a 2 M NaOH solution. The loss of the

adsorption capacity was 7.7% after five cycles, indicating that it is a good method

for regeneration. This ease of regeneration is because of the operation of HTCs as

ion exchangers, thanks to a large number of functional groups on their surfaces.

4.4 Conclusions

The hydrothermal carbonisation method is an alternative to the classical pyrolysis

method. It has several advantages, among which are a lower production of pollut-

ants, better yield, and lower energy consumption, as a lower temperature is used and

wet raw material can be used. These characteristics allow for the inclusion of this

procedure within Green Chemistry.

The product obtained is characterised by low porous development, high oxygen

content, and a large number of functional groups on its surface. It can be activated

or prepared by using templates to increase its porosity. It can also be functionalized

in very different ways, which is favoured by the abundance of preexisting func-

tional groups, as well as being used to coat other materials.

It has been used in several applications, for instance, the adsorption of contam-

inants in water. In this field, it can be said that research is just beginning, as the

number of bibliographical references found in the preparation of this document

(year: 2016) is low.

HTCs have been used as adsorbents for many different substances, with good

results. But to date, they appear to be especially useful for the adsorption of ions in a

solution, whether organic or inorganic. This is because the existence of a large

number of functional groups also allows for a large number of positive or negative

charges as a function of the pH of the solution. These charges attract the ions with

the opposite charge. Functional groups also facilitate the regeneration of the

adsorbent by using acids or alkalis.

In summary, HTCs are materials with a wide range of possibilities for employ-

ment, and they are expected to be investigated and used frequently in the future.
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