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In this study, nutrients were immobilized on the hydrochars obtained by hydrothermal carbonization
(HTC) of a vinasse and sugarcane bagasse mixture, in the presence of acid, base and salt additives at tem-
peratures of 150, 190 and 230 �C. The increase in temperature caused higher immobilization of Ca, Mg, K,
N, Cu, Mn, Zn, B, P and Fe in all hydrochars produced. H3PO4 and NaOH immobilized higher amounts of P,
Mg and Mn, while Ca was immobilized in higher quantities in the presence of H3PO4 and (NH4)2SO4. The
addition of H2SO4, H3PO4 and (NH4)2SO4 was responsible for an increased immobilization of P, N, Ca, Mg
and K. The immobilization of B, not present in the starting rawmaterial, was possible with the addition of
H3BO3. The results showed that it is possible to alter the reaction medium to immobilize nutrients on
hydrochars produced from vinasse and sugarcane bagasse, for agricultural applications.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Sugarcane is the most widely cultivated crop in subtropical
countries, Brazil standing out as the largest producer, followed
by India, China and Thailand. Worldwide, the total area planted
with sugarcane is 26 million hectares, producing 1.83 billion tons.
The main product is sugar (92%), followed by ethanol and animal
feed (FAO, 2016). However, in the ethanol production two residues
are generated in large quantities: vinasse and sugarcane bagasse,
which can cause serious damage to the environment, if improperly
disposed of.

Vinasse is a liquid residue from the distillation of ethanol, gen-
erating 10 to 15 liters of vinasse for each liter of ethanol produced.
Its composition varies according to the place where the sugarcane
is produced. In general, the vinasse is acidic with a pH of 3.5–5.0,
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has high concentrations of organic matter (40–110 g L�1 total
organic carbon), potassium (2–5 g L�1), phosphorus (0.04–0.20 g
L�1), nitrogen (0.1–1.2 g L�1), sodium (350 mg L�1), and other
chemical elements such as Ca, Mg, Cu, Al (Moraes et al., 2015;
Wilkie et al., 2000). The main use of vinasse today is in ferti-
irrigation. However, several studies have warned about environ-
mental problems resulting from this practice (Fuess and Garcia,
2014). Among these problems are salinization of soil, contamina-
tion of aquifers, reduction of alkalinity and loss of productivity
(Brito et al., 2005, 2007; Lyra et al., 2003). With this in mind, other
treatment suggestions have been made, such as the anaerobic
digestion of vinasse for the production of biogas, concentration of
vinasse by evaporation, energy production, protein production
and animal feeding (Christofoletti et al., 2013).

The second residue generated by the sugarcane industry is sug-
arcane bagasse (300 kg for each ton of processed sugarcane). This is
a fibrous material, consisting mainly of cellulose (26.6–54.3%),
hemicellulose (14.3–24.4%) and lignin (22.7–29.7%) (Loh et al.,
2013). Since 2003, sugarcane bagasse has been burned to generate
electricity. Despite the low environmental impact of its main use,
other technologies have been developed within the context of
biorefineries, such as the production of natural fiber, sweeteners,
lactic acid, biopolymers, substrate to produce enzymes, biohydro-
gen, biobutanol, composites, organic acids, production of second-
generation ethanol, among others (Ferreira-Leitão et al., 2010;
Pessoa-Jr et al., 2005; Sindhu et al., 2016).

With population growth and subsequent increased demand for
food, fertilizers are used to increase agricultural productivity (FAO,
2015). Most of the nutrients used in fertilizers are extracted from
finite natural reserves, where extraction problems create environ-
mental contamination and risks to the health of the workers, and
also the extraction process is expensive and involves numerous
steps (Othman and Al-Masri, 2007). In this context, the search for
the manufacture of fertilizers from the reutilization of nutrients
present in materials initially considered as waste, which impact
the environment less, is of great interest. However, it is important
to consider the permissible concentration limits of some heavy
metals according to guidelines for soil application (EBC, 2015;
IBI, 2015).

Recent research has proposed the use of biomass or residues
from agribusiness (animal manures, wheat straw, sucroenergetic
wastes and others) as rawmaterials for the immobilization, extrac-
tion or recovery of nutrients such as P, N and K using hydrothermal
carbonization (HTC) (Ekpo et al., 2016; Heilmann et al., 2014; Melo
et al., 2016; Wiedner et al., 2013). HTC is considered to be an eco-
friendly process, since it employs aqueous media, moderate tem-
peratures (150–350 �C) and self-generated pressure, and
produces a solid material called hydrochar (Kruse et al., 2013).
Some authors have estimated the effect of the reaction medium
at different temperatures and for different times, varying the pH
and using additives, on the incorporation and recovery of nutrients
from the HTC using different biomasses (Dai et al., 2015; Ekpo
et al., 2016; Reza et al., 2016; Smith and Ross, 2016). Ekpo et al.
(2016) demonstrated that increasing temperature, highest levels
of Ca and Mg in the hydrochar were obtained with the addition
of NaOH, formic acid and acetic acid in the HTC of swine manure.
Results presented by Reza et al. (2016) from the HTC of glucose
in a saline medium corroborated with the previous study showing
increased nutrient concentrations (N, Fe and P) in hydrochars pro-
duced at higher temperatures. In recent work done by our research
group, the effect of reaction time, temperature and the presence of
phosphoric acid on phosphorus incorporation in hydrochar pro-
duced by the HTC of vinasse and bagasse mixture was evaluated
(Melo et al., 2016). It was shown that phosphorous was immobi-
lized on the hydrochar possibly through the precipitation of
MgKPO4�6H2O, Ca3(PO4)2 and Mg3(PO4).22H2O.
HTC from sugarcane bagasse and vinasse has great potential to
immobilize nutrients originally present in vinasse and bagasse on
the hydrochar. Furthermore, the use of additives, which already
contain nutrients, in the reaction medium such as H3PO4, H3BO3,
KOH, FeCl2 e (NH4)2SO4, could promote higher immobilization of
these nutrients in the hydrochar. In this context, this work pro-
poses to evaluate the effect of the reaction medium on the
hydrothermal carbonization of the vinasse and bagasse mixture
with the use of acid, base and salt additives at different tempera-
tures, in the immobilization of nutrients Ca, Mg, K, P, N, Cu, Fe, B,
Mn and Zn to produce hydrochars with potential for agricultural
applications. Other elements such as Na, Al, Cd, Cr and Pb were also
quantified.
2. Materials and methods

2.1. Materials

Physical and chemical characteristics from both vinasse and
sugarcane bagasse are available in Melo et al. (2016). Sulfuric acid
(Qhemis, 98%), phosphoric acid (Merck, 85%), boric acid (Synth,
99,5%), sodium hydroxide (Synth, 97%), potassium hydroxide
(Sigma-Aldrich, 85%), ferrous chloride tetrahydrate (Sigma-
Aldrich, 99%) and ammonium sulfate (Synth, 99%) were employed
as additives in solution form in the hydrothermal carbonization
reactions.
2.2. Hydrothermal carbonization process

The hydrochars were produced in a Teflon� closed reactor
coated with stainless steel and heated in a muffle furnace with
the temperature already stabilized at 150, 190 and 230 �C ± 10 �C
for 13 h. The vinasse and bagasse mixture was used in the propor-
tion of 20:1 (v/w) along with each individual additive solution. In
the typical procedure, 3.0 g of sugarcane bagasse and 60 mL of pure
vinasse or vinasse plus additive (0.1 mol L�1) were transferred to
the Teflon� cup and stirred for 15 min for homogenization. The
final concentration in the reactor for acid additives (H2SO4,
H3PO4, H3BO3), bases (NaOH, KOH) and salts (FeCl2, (NH4)2SO4)
was 0.1 mol L�1. In addition, hydrochars from the vinasse and
bagasse mixture with no additive were also obtained, for compar-
ison purposes. The experimental variability in the hydrochar pro-
duction was evaluated conducting at least two reactions for the
same conditions of HTC. The hydrochars produced were named
as follows: H for Hydrochar, followed by the molecular formula
of the additive or without additive (WA) and the temperature used
(HAdditiveTemperature). For example, the hydrochar HWA150 is
produced without additives at 150 �C and HH2SO4230 is the hydro-
char produced with the addition of H2SO4 to the reaction medium
at 230 �C. At the end of each reaction, the reactor was cooled in an
ice bath to stop the reaction. Hydrochars were separated from
aqueous phase by vacuum filtration using qualitative filter paper
(Nalgon, porosity of 44 lm). The hydrochars were washed with
deionized water until a constant pH was reached and oven dried
for 24 h at 50 �C.

The mass yield for each hydrochar was evaluated considering
the dry mass of the hydrochar, and the dry mass of the vinasse
and bagasse mixture with no additive or the dry mass of the
vinasse and bagasse mixture with its additives.
2.3. Characterization of hydrochars

The moisture, organic matter and ash contents were deter-
mined using the D2974-14 method (APHA/AWWA/WEF, 2012).
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The elemental composition of C, H, N and S were determined
using an elemental analyzer (Fisons, EA 1108, USA). The oxygen
content was obtained by subtraction using the following expres-
sion: O = 100 � (C + H + N + S + Ash).

The structural characterization was done by Fourier transform
infrared spectroscopy with (FTIR) and X-ray power diffraction
(XRD). ATR-FTIR spectra were obtained using a spectrometer (Per-
kin Elmer, Spectrum Two UATR, USA) in the spectral range 4000–
400 cm�1 with 20 scans and a resolution of 4 cm�1. X-ray diffrac-
tograms of the solids (powders) were obtained at room tempera-
ture using CuKa radiation (k = 1.5406 Å) generated at 40 kV and
40 mA in a X-ray diffractometer (Bruker, D8 Advance powder,
USA). The angular range of the measurements (2h) was from 5 to
85�, using steps of 0.02� and an accumulation time of 1 s per step.

For the elemental analysis (K, Ca, P, Mg, Al, Zn, Cu, Mn, Fe, B, Na,
Cr, Cd, and Pb) of sugarcane bagasse, vinasse and the resulting
hydrochars, these were decomposed first in concentrated nitric
acid (Synth, 65%) and hydrogen peroxide (Vetec, 30%) under heat-
ing, according to the 3050B method (Environmental Protection
Agency, 1996). Then, the Ca, Mg, K, Na, Al, Fe, Cu, Mn and Zn ele-
ments were quantified in the decomposed samples using a flame
atomic absorption spectrophotometer (Varian, AA240FS, USA). B,
Cd, Cr, and Pb were quantified using a graphite furnace atomic
absorption spectrophotometer (Varian, AA280Z, USA). The concen-
tration of phosphorus was determined by the vanadomolyb-
dophosphoric acid colorimetric method (APHA/AWWA/WEF,
2012) using a spectrophotometer in the visible region (Fento,
700Plus, Brazil). The analytical variability was evaluated by carry-
ing out the decomposition and analysis of samples in triplicate.
3. Results and discussion

3.1. Mass yield of hydrochars

Mass yield is an important parameter in the process of obtain-
ing the hydrochars since it reveals information about the conver-
sion of the original raw material. This parameter is influenced by
variables of the HTC process, such as: the nature of the biomasses
used, reaction temperature, reaction time, reaction medium pH
and the addition of inorganic salts, amongst others (Hoekman
et al., 2013; Lu et al., 2013, 2014).

Fig. 1 shows the mass yield of hydrochars produced in different
reaction medium at 150, 190 and 230 �C. In general, the mass yield
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Fig. 1. Mass yield of hydrochars obtained from the hydrothermal carbonization of
the vinasse and bagasse mixture with no additives (HWA) and in the presence of
acids, bases and salts additives, at 150, 190 and 230 �C. Relative standard deviation
(RSD) for yield was below 2% (n = 3).
ranged from 17.6 to 46.5%, with higher yields at 150 �C and lower
yields at 230 �C. The lower yield at higher temperatures is due to
the fact that the conversion of the raw material to carbon is more
effective. Sugarcane bagasse is made up of cellulose and hemicellu-
lose, which decompose at temperatures up to 230 �C (Hu et al.,
2010). It is noteworthy that the high content of organic matter
(80 g L�1) contained in the vinasse would also be degraded with
increasing temperature, contributing to the mass yield of the
hydrochars.

The addition of acids, bases and salts to the HTC reaction med-
ium for the vinasse and bagasse mixture promoted higher mass
yields when compared to the hydrochars produced with no addi-
tive. In contrast, Lu et al. (2014) showed that the addition of acids,
bases and salts, except for adding CaCl2, decreased the yield of
hydrochars produced from cellulose at 250 �C. The addition of
0.5 N CaCl2 resulted in a greater yield due to the high concentration
of Ca2+ ions, making possible the formation of insoluble com-
pounds and therefore increasing the yield.

In this study, the addition of H2SO4 and H3PO4 to the reaction
medium led to high yields (from 33 to 46%) if compared with other
additives at the same temperature (Fig. 1). It was expected that, by
adding acids to reaction medium, the carbonization of the organic
matter present in the raw materials would be more effective, gen-
erating lower yields. However, an inverse behavior was observed,
suggesting that the addition of these acids could be contributing
not only to the conversion of organic matter, but also to the forma-
tion of insoluble compounds, through precipitation reactions
involving cations and anions present in the vinasse and/or in the
sugarcane bagasse and in the additives. In addition, the pH values
for the reactions with acid, base and salt additives were at the
same order of magnitude, and did not vary between the reactions
(Table 1).

3.2. Chemical properties

Table 1 shows the moisture, organic matter and ash content of
the hydrochars produced from the HTC of the vinasse and bagasse
mixture with no additive and with the addition of acids, bases and
salts at 150, 190 and 230 �C. In general, the moisture and organic
matter content decreased with increasing temperature for all
hydrochars. The decrease in moisture is, probably, due to the
reduction of the pore volume in the hydrochar and also to the
higher degree of carbonization that makes the hydrochar more
hydrophobic. On the other hand, the decrease in organic matter
is attributed to the higher degree of carbonization at elevated tem-
peratures. This behavior is commonly observed in hydrochars pro-
duced using different raw materials (Libra et al., 2011). Moisture
and organic matter content varied little among the hydrochars in
this study, both when considering the chemical nature of the addi-
tives and the temperatures used. These parameters were of the
order of 3.5% for moisture and 86% for organic matter.

The ash content observed in all the hydrochars varied signifi-
cantly due to the increase in temperature and the presence of
the additives (Table 1). The increase in temperature promoted an
increase in the ash content for all carbonizations. This increase
was at least 50% higher for the reactions done at 230 �C when com-
pared to those conducted at 150 �C, except for the reactions con-
ducted in FeCl2. In addition, considering the presence of the
additives in the reaction medium, the ash content was generally
higher when compared to the hydrochar produced with the
vinasse and bagasse mixture with no additive at 230 �C. This shows
that the higher yields observed in the hydrochars produced with
the additives could be from the higher ash content seen in these
samples. The increase of the ash content corroborates the hypoth-
esis of the precipitation reactions involving the ionic components
present in the vinasse and sugarcane bagasse and the ions from



Table 1
Moisture, ash, organic matter, carbon (C), hydrogen (H), nitrogen (N), sulfur (S) and oxygen (O) contents determined in hydrochars obtained from hydrothermal carbonization of
the vinasse and bagasse mixture with no additives (HWA) and in the presence of acids, bases and salts additives, at 150, 190 and 230 �C. The pH values refer to the initial mixture
of sugarcane bagasse, vinasse and additives. Relative standard deviation (RSD) for ultimate and proximate analysis was below 5% (n = 3).

Experiments Temperature (�C) pH Moisture (%) Ash (%) Organic Matter (%) C (%) H (%) N (%) S (%) O (%)

HWA 150 4.57 5.2 5.5 89.4 55.1 6.1 3.3 1.4 28.5
190 4.57 2.8 9.4 87.8 61.4 5.7 3.7 1.8 18.1
230 4.58 2.3 12.2 85.5 66.5 6.5 3.8 1.5 9.4

HH2SO4 150 4.34 5.1 3.8 91.1 62.8 7.6 3.8 0.3 21.8
190 4.43 3.5 7.4 89.1 69.6 8.3 4.8 0.3 9.6
230 3.95 3.1 11.4 85.5 71.7 7.9 4.6 0.9 3.6

HH3PO4 150 4.34 5.1 8.3 86.6 57.0 7.1 3.4 0.2 24.1
190 4.42 3.4 12.4 84.1 65.6 7.5 4.3 0.2 10.1
230 4.35 3.3 17.2 79.5 66.6 6.8 4.1 0.2 5.2

HH3BO3 150 4.69 5.2 6.1 88.7 58.3 7.8 3.2 0.3 24.2
190 4.68 4.1 7.9 88.0 65.8 7.1 3.7 1.2 14.4
230 4.64 2.7 13.1 84.1 66.5 5.8 4.5 2.4 7.7

HNaOH 150 5.00 3.7 9.3 87.0 54.0 5.9 4.0 1.1 25.7
190 5.00 3.7 9.3 87.0 64.9 6.6 4.8 1.1 13.4
230 5.05 2.1 13.0 84.9 65.7 6.2 5.1 1.7 8.3

HKOH 150 4.60 3.9 4.9 91.2 56.6 6.3 3.8 0.9 27.5
190 4.63 3.0 8.9 88.1 64.1 6.3 4.9 1.5 14.4
230 4.59 3.0 13.0 83.9 65.6 6.2 4.4 2.0 8.9

HFeCl2 150 4.37 7.1 11.1 81.9 54.0 6.2 3.5 1.2 24.1
190 4.35 3.2 13.0 83.8 59.6 5.9 4.0 1.9 15.7
230 4.40 2.8 14.0 83.2 63.2 5.8 3.8 1.3 11.9

H(NH4)2SO4 150 4.60 5.4 6.9 87.7 55.3 6.0 4.2 1.2 26.5
190 4.71 3.2 11.3 85.5 60.7 5.8 4.9 2.2 15.1
230 4.70 2.9 16.0 81.1 63.3 5.9 5.3 3.0 6.6
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the additives. The addition of H3PO4 generated hydrochars with the
highest ash contents, followed, by those produced with the addi-
tion of FeCl2 and (NH4)2SO4. The formation of phosphates and sul-
fates with low solubility as well as the formation of metal oxides/
hydroxides could be responsible for this increase in the ash con-
tent. It is worth mentioning that hydrochars have oxygenated
chemical functions on their surface (see FTIR) that could act as
adsorption sites for metallic cations. In this way, different nutrients
could be immobilized/encapsulated/adsorbed in the hydrochars.

The concentrations of the nutrients Ca, Mg, K, N, Cu, Mn, Zn, B, P
and Fe in the hydrochars produced with the vinasse and bagasse
mixture with no additive and with the addition of acids, bases
and salts at 150, 190 and 230 �C are shown in Fig. 2. The increase
in temperature caused an increase in the final concentration of
all the nutrients in the hydrochars, with the exception of Cu and
B. This behavior shows that the immobilization of the nutrients
in the hydrochar is favored by raising the temperature. Reza
et al. (2013) verified, in the HTC of miscanthus, corn stover, switch
grass and rice hulls in an aqueous medium, that the increase in
temperature from 200 to 260 �C furthered the release of Ca, Mg,
K, S and P to the aqueous phase, decreasing the concentration in
the hydrochar. This observation was explained by the degradation
of the hemicellulose that initially contained these inorganic ele-
ments in its composition. However, in the rawmaterial with higher
cellulose content (miscanthus), the leaching was less effective due
to the possible formation of porous carbon that could adsorb inor-
ganic ions reducing the release of these nutrients to the aqueous
phase (Reza et al., 2013).

In this study, some factors may be contributing to the immobi-
lization of the nutrients on the hydrochar due to the increase in
temperature. The sugarcane bagasse has high cellulose and hemi-
cellulose (61.8%) and lignin (11%) content and vinasse also has a
high content of organic matter (Table S1). Both materials con-
tributed to the formation of porous carbon particles, characteristic
of cellulose carbonization (Guiotoku et al., 2012) and lignin-like
chemical compounds. An increase in lignin content to 74% was
observed in the hydrochars (Table S1) that could adsorb the macro
and micronutrients present in the vinasse itself (Table S2) and in
the additives used. The concentrations of the macronutrients N,
Ca, Mg and K ranged 31–52 g kg�1, 1 to 24 g kg�1, 0.2 to 15 g kg�1

and 0.4 to 4 g kg�1 in the hydrochars, respectively (Fig. 2a). In gen-
eral, for the hydrochars produced only with the vinasse and
bagasse mixture, the macronutrient concentrations were lower
than those of the hydrochars produced with the use of the addi-
tives. These results indicate that the additives promote the immo-
bilization of the macronutrients on the hydrochar, and the
chemical nature of each additive influences the respective amounts
of each nutrient.

Of the macronutrients, the potassium concentrations were
lower in the hydrochars. However, higher concentrations of this
nutrient were observed in hydrochars produced from reaction
medium containing H2SO4, H3PO4 and (NH4)2SO4. Because potas-
sium is a very soluble alkaline earth metal with a high ionization
constant (Skoog et al., 2004), it is unlikely to be incorporated in
the solid matrix, remaining in the aqueous phase. However, addi-
tives can promote the immobilization of the element as inorganic
precipitates of low crystallinity, such as struvite-K (KMgPO4�6H2O
or NH4MgPO4�6H2O). The molar ratios between the nutrients K, Mg
and P of the hydrochars produced from reaction medium contain-
ing H2SO4, H3PO4 and (NH4)2SO4 were 1:1:1, suggesting the forma-
tion of the precipitate struvite-K. The molar ratios of the nutrients
N, Mg and P in the hydrochars produced with the addition of the
same additives mentioned above were 2:1:1.

The highest Mg concentrations were obtained with the addition
of H3PO4, NaOH and KOH. Mg is an element that precipitates at
basic pH, with a higher concentration of OH� in the reaction med-
ium (Semerjian and Ayoub, 2003). Thus, higher concentrations of
Mg observed in hydrochars produced from the reaction medium
containing the bases would be due to the precipitation of Mg
(OH)2. On the other hand, Mg observed in the hydrochars produced
by adding H3PO4 is possibly due the formation of struvite-K or
magnesium phosphates, as also observed by Melo et al. (2016).
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Fig. 2. Nutrient concentration (g kg�1) of a) nitrogen (N), calcium (Ca), magnesium
(Mg), potassium (K); b) zinc (Zn), copper (Cu), manganese (Mn); and c) phosphorus
(P), boron (B) and iron (Fe) in the hydrochars obtained from the hydrothermal
carbonization of the vinasse and bagasse mixture in the absence and presence of the
addition of acids, bases and salts, at 150, 190 and 230 �C. Relative standard
deviation (RSD) for each metal concentration was below 5% (n = 3).
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For Ca, the highest concentrations were obtained in hydrochars
produced with the addition of H3PO4 and (NH4)2SO4 to the reaction
medium. The presence of these additives promoted the formation
of insoluble phosphates and sulfates (see section 3.4).

The highest concentrations of N were seen in hydrochars pro-
duced with a reaction medium containing H2SO4 and (NH4)2SO4.
The concentrations of N determined in the hydrochars produced
with the vinasse and bagasse mixture are considered high when
compared with other studies in the literature that used different
biomasses, whether lignocellulosic or not, and for HTC conducted
above 200 �C (Danso-Boateng et al., 2015; Hoekman et al., 2013;
Wiedner et al., 2013). The contribution of vinasse in the HTC pro-
cess in the immobilization of N is important, since the concentra-
tion of N in sugarcane bagasse is low. There are studies showing
that the concentration of N increases with the increase in temper-
ature, for example, in HTC of wheat straw, poplar wood and olive
residues (Wiedner et al., 2013), while another described an inverse
behavior, showing the degradation of N in the HTC of human faecal
waste (Danso-Boateng et al., 2013). This difference is mainly due to
the raw materials used and the chemical forms that the N takes in
each matrix. The immobilization of the macronutrients N, Ca, Mg
and K in hydrochar produced with the vinasse and bagasse mixture
was favored, especially with the addition of H2SO4, H3PO4 and
(NH4)2SO4 to the reaction medium.

The concentrations of the Zn, Cu and Mn micronutrients in the
hydrochars varied from 0.02 to 0.06 g kg�1, from 0.02 to
0.04 g kg�1 and from 0.02 to 0.45 g kg�1, respectively (Fig. 2b).
The addition of acids, bases and salts only facilitated the immobi-
lization of Zn and Mn, and the concentrations of these elements
were highest when using H2SO4 and H3PO4 in the reaction med-
ium, respectively. Concentrations of Cu remained at the same order
of magnitude in hydrochars produced without and with additives,
and did not vary with temperature.

Fig. 2c shows the concentrations of the nutrients P, B and Fe in
hydrochars produced at 150, 190 and 230 �C. These nutrients are
shown separately from the others because H3PO4, H3BO3 and FeCl2
were added in order to provide nutrients P, B and Fe to the hydro-
chars. In general, the concentrations of the nutrients P and Fe were
higher in the hydrochars produced with the addition of acids, bases
and salts when compared to those hydrochars produced only with
the vinasse and bagasse. The presence of B, an essential micronu-
trient for growth of various crops, not present in the raw materials
used, was only seen in the HTC with the addition of H3BO3. The
concentrations of B increased with increasing temperature (0.77
to 1.37 g kg�1). Tekin et al. (2013) evaluated the hydrothermal car-
bonization of wood using boric acid. However, these authors only
analyzed the mass yield and the variation of composition of carbon
and oxygen in the hydrochars and the immobilization of boron was
not discussed (Tekin et al., 2013).

The Fe concentrations ranged from 0.55 to 1.81 g kg�1 in hydro-
chars produced with and without the presence of additives (except
for FeCl2). In hydrochars produced with the addition of FeCl2, there
was an increase in the concentration of the nutrient, ranging from
9.7 to 42.5 g kg�1. The HTC process has been used for the prepara-
tion of hydrothermal carbons containing iron oxides for various
uses, the iron being encapsulated as nano-oxides in carbonaceous
materials or adsorbed on its surface (Yu et al., 2010; Zhao et al.,
2013). The immobilization of iron in this study probably occurs
through the two mentioned mechanisms, being the more likely
the adsorption of iron ions, due to the low final pH observed in
the reactions (data not shown).

The P concentrations ranged from 0.62 to 8.9 g kg�1 for all
hydrochars produced, with the exception of hydrochars produced
with the addition of H3PO4, where the concentrations were 9.7 to
16.68 g kg�1. Thus, the addition of H3PO4 increased the immobi-
lization of this nutrient in the resulting hydrochar by 50%. Phos-
phorus immobilization has also been observed in the HTC of
animal manure and attributed to the presence of metal cations
such as aluminum, calcium, magnesium and iron, which led to
the formation of insoluble phosphates such as Ca3(PO4)2 and Mg3(-
PO4)2 in the hydrochar (Heilmann et al., 2014). Reza et al. (2016)
reported the immobilization of phosphorus in the hydrochar when
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glucose was hydrothermally carbonized in the presence of NH4H2-
PO4, and suggested that phosphorus is chemo-adsorbed on the sur-
face of the hydrochar. In this work, the phosphorus was probably
immobilized in the hydrochar due to the formation of precipitates.

Al and Na concentrations were also determined in the hydro-
chars since these elements are present in the vinasse composition.
However, they are not desirable in materials to be used as a fertil-
izer (Fig. S1). The Al concentration in all hydrochars ranged from
1.7 to 5.4 g kg�1 and there was no increase in concentration either
with increasing temperature or with the addition of acids, bases
and salts. The concentrations of Na in the hydrochars varied from
0.25 to 1.36 g kg�1 with the highest concentrations being seen with
increasing temperature and with the addition of acids, bases and
salts. It is important to know about other metals with no nutrient
value, such as Cr, Cd, and Pb, due the toxic effects that they can
cause to the environment. Cr and Pb ranged from 36.1 to 10.9
and 16.4 to 3.2 mg kg�1, respectively in all hydrochars (Fig. S2).
Cr and Pb concentrations were below 90 and 150 mg kg�1 respec-
tively, values recommended for the European Biochar Certificate
and by the IBI Biochar Standards (EBC, 2015; IBI, 2015). Cd concen-
trations were below 0.014 mg kg�1 in both vinasse and sugarcane
bagasse (Table S2).

From the determinations of N, Ca, Mg, K, Cu, Zn, Mn, P, Fe and B
concentrations in the hydrochars, an analysis of the immobiliza-
tion percentages of these nutrients was carried out, taking into
account the initial concentration of each element in the raw mate-
rials and/or additives used in the HTC reactions. Figs. S3–S5 show
the percentages of immobilization of the macronutrients K, Ca,
Mg and N, of the micronutrients Cu, Zn and Mn and of the elements
P, Fe and B, respectively. In fact, only 1% of the K was immobilized
on the hydrochars, regardless of the additives and the tempera-
tures used, the rest remaining in the aqueous phase or being lea-
ched during the washing stage. The Ca immobilization
percentages ranged from 11 to 59%, being immobilized in all
hydrochars, especially those produced with the addition of
H2SO4, H3PO4 and (NH4)2SO4. The higher Mg immobilization per-
centages (20–38%) and N (42–63%) were observed in hydrochars
produced with the addition of H3PO4 and (NH4)2SO4. Mg immobi-
lization is also seen when NaOH and KOH are added. Immobiliza-
tion of P ranged from 25% to 100%. All phosphorus from the
vinasse and bagasse mixture was immobilized at 230 �C when
H2SO4, H3PO4 and (NH4)2SO4 were added to the reaction medium.
In addition, 60% of P from the addition of H3PO4 was also immobi-
lized on the hydrochar. The Fe immobilization percentages ranged
from 70–80% in hydrochars produced with the addition of the
acids, NaOH and (NH4)2SO4. Around 50% of the iron added from
FeCl2 was immobilized on the hydrochar. The micronutrient B
was immobilized only when H3BO3 was added to the reaction
medium, with relatively low immobilization (approximately 6%).
Mn (100% with H3PO4 and NaOH), Cu (100% with acids and bases)
and Zn (70% with acid) were also immobilized on the hydrochar.
Only K and B had low percentages of immobilization in hydrochars,
remaining in the aqueous phase.

The evaluation of the chemical composition of C, H and O
(Table 1) in the hydrochars provides information about the degree
of carbonization that the original raw material underwent. It also
allows an assessment of the influence of temperature and the dif-
ferent additives on the carbonization. The C content in the vinasse
(dried) and bagasse were 35.2 and 37.2%, respectively (Table S3). In
all hydrochars, the C content ranged from 53.9 to 71.7%. The oxy-
gen contents were from 5.1 to 28.5%, values which are lower than
the levels obtained in the vinasse (39.3%) and bagasse (50.8%). The
HTC of the vinasse and bagasse mixture produced hydrochars with
higher levels of C and lower O content, than observed in other
studies of HTC of different raw materials (Hoekman et al., 2013;
Kang et al., 2012; Parshetti et al., 2013).
The temperature directly influenced the elemental composition
of hydrochars with consecutive increases in the temperature from
150 to 190 �C and then to 230 �C. The addition of acids, bases and
salts also influenced the C content (Table 1). The C content and the
O content of the hydrochars produced only from the vinasse and
bagasse mixture were lower than the levels observed in hydro-
chars produced with the addition of acids and bases. Moreover,
these levels were higher than those observed in hydrochars pro-
duced with the addition of salts. This behavior shows that the addi-
tion of acids and bases promoted higher conversion of organic
matter, and that the addition of salts acted negatively on car-
bonization, acting mainly in the inorganic fraction of the reaction
product. The highest C values were observed in hydrochars pro-
duced with the addition of H2SO4 and H3PO4, which is explained
by the fact that acids promote the breaking of CAO bonds of hemi-
cellulose and cellulose (Lu et al., 2014; Lynam et al., 2011) (see sec-
tion 3.3). The addition of these acids promoted higher
carbonization of the raw materials, which also leads to lower mass
yields. However, as previously discussed, the mass yields in hydro-
chars produced with H2SO4 and H3PO4 were higher than others and
this is due to the precipitation of insoluble solids. Thus, the addi-
tion of these acids acts strongly both in the conversion of organic
matter, increasing the degree of carbonization of the hydrochar,
and also in the precipitation of nutrients, increasing the immobi-
lization of K, Ca, Mg, N and P.

In Fig. 3, the atomic ratios H/C and O/C of the raw materials
(vinasse and bagasse) and of the hydrochars produced are arranged
in the form of a van Krevelen diagram. For comparison purposes,
equivalent regions for other compositions (biomass, peat, lignite,
coal and anthracite) were added (Van Krevelen, 1984). The smaller
the H/C and O/C ratios, the higher the degree of carbonization of
the materials obtained (Libra et al., 2011; van der Stelt et al.,
2011). The diagram clearly shows that all the hydrochars produced
at a given temperature can be arranged into a group, and the low-
est H/C and O/C ratios were obtained for hydrochars produced at
230 �C. Deoxygenation, demethylation and dehydration processes
control the HTC of the vinasse and bagasse mixture. The difference
between the H/C and O/C ratios in the hydrochars produced at
150 �C is quite substantial when compared to those of the other
hydrochars produced at 190 and 230 �C. In the hydrochars pro-
duced at 190 and 230 �C, the H/C ratios remained within the inter-
val of 1.0 to 1.5, while the O/C ratios decreased with increasing
temperature. These results show that from 190 �C, only deoxy-
genation occurs in the formation of the hydrochars, and demethy-
lation reactions are virtually unseen. The addition of bases and
salts caused little change to the H/C and O/C ratios of the hydro-
chars when compared to the hydrochars produced only with the
vinasse and bagasse mixture, these ratios remaining in the same
order of magnitude. The largest differences were observed in the
hydrochars produced with the addition of acids, where the H/C
ratio was higher and the O/C ratio in these samples was lower than
in the other hydrochars.

3.3. FTIR spectra of hydrochars

All the FTIR spectra of the hydrochars produced at 150, 190 and
230 �C produced without and with the presence of the additives,
and of the vinasse and sugarcane bagasse mixture, can be seen in
Figs. S6–S9.

In general, most of the spectra show bands in the following
regions: a broad band in the region of 3500–3300 cm�1, referring
to OAH and NAH stretching modes, three bands in the region of
3000–2800 cm�1 related to the symmetric and asymmetric
stretching of CAH bonds in aliphatic structures, a discrete band
in the region of 1700 cm�1 attributed to C@O stretching in car-
boxylic acids, a band between 1610 and 1590 cm�1 assigned to



Fig. 3. Van Krevelen’s diagram for the rawmaterials and the hydrochars obtained from the hydrothermal carbonization of the vinasse and bagasse mixture in the absence and
presence of added acids, bases and salts, at 150, 190 and 230 �C. Shaded areas for biomass, peat, lignite, coal and anthracite are shown for comparison purposes.

C.C. Silva et al. / Bioresource Technology 237 (2017) 213–221 219
C@C vibrations in aromatic rings, two bands in the region of 1530
and 1470 cm�1 assigned to the N@O, NAH bonds (secondary
amide) and CAH deformation, and overlapping bands in the region
of 1250–1000 cm�1 whose main contribution is related to CAOAC
vibration in glycosidic rings.

The HTC of the vinasse and bagasse mixture showed a decrease
in the intensity of the broad band in the region of 3300–3500 cm�1

related to the vibrations of hydroxyl groups, indicating the elimi-
nation of H and O, possibly through dehydration reactions, corrob-
orating the information shown in the van Krevelen diagram. The
bands between 3000 and 2800 cm�1 attributed to the stretching
of the CAH bond, were more intense in the hydrochars than those
in the raw materials and have profiles related to the ACH2 and
ACH3 groups in aliphatic structures. The band in the 1700 cm�1

region ascribed to C@O vibrations of carboxylic acids becomes
more evident with HTC processing. An analysis of the region of
1250–1000 cm�1 showed that there are changes in the profiles of
the bands for the hydrochars when compared to the original raw
material. However, it is difficult to make an accurate identification
of these bands, since they have very complex profiles (with over-
lapping bands).

The variation in temperature brought about changes mainly in
the bands at: 3500–3300 cm�1 (OH), 1700 cm�1 (C@O),
1600 cm�1 (C@C), 1530 and 1470 cm�1 (C@O, NAH and CAH). On
increasing the temperature from 150 to 230 �C, there was a reduc-
tion in the intensity, mainly for the band attributed to OAH
stretching, increased intensity of the band related to C@O bonds,
disappearance of the band due to N@O and changes to the bands
related to C@C and NAH bonds, these latter bands remaining less
intense but wider (Figs. S6–S9). These results suggest that the rise
in temperature causes further dehydration of the raw materials,
the formation of carboxylic acids and the presence of aromatic
domains. The presence of carboxylic acids in the structure of the
hydrochars gives them the capacity to adsorb the metallic cations,
such as the nutrients, Fe, Mn, Ca and Mg, amongst others. This
property also explains the immobilization of nutrients in the
hydrochars in addition to the precipitation mechanism of insoluble
compounds.

The main differences in the spectra profile of the hydrochars
produced with the addition of acids, bases and salts were observed
below 1250 cm�1 in the FTIR spectra. It is difficult to accurately
determine the bands in the 1250–1000 cm�1 region due to the
overlapping of different vibrational modes, such as those from
CAOAC, PAO, SAO and SiAO. Bands in the region below
1000 cm�1 are hardly seen in the FTIR spectrum of the original
raw material. Moreover, in the FTIR spectra of hydrochars pro-
duced without additives and with H2SO4 and (NH4)2SO4 at 230 �C
(Figs. S7 and S9), the bands related to the SAO of sulfates at 670
and 590 cm�1 are easily identified (Makreski et al., 2005). In the
hydrochars produced with the addition of H3PO4, bands between
600 and 550 cm�1 were observed, related to calcium phosphate
hydroxide (Linstrom and Mallard, 2014).

3.4. XRD of hydrochars

All diffractograms of the hydrochars are shown in Figs. S10–S13.
The XRD patterns showed broad and low intensity peaks, between
10 and 30� (2h), overlapping the narrow and intense peaks. These
diffraction profiles showed that the reaction products are com-
posed of carbonaceous materials with low structural order like
amorphous carbon (responsible for broad peaks of low intensity)
and also crystalline material (responsible for the narrow peaks of
high intensity). In the diffractograms of hydrochars produced at a
150 �C, two broad peaks were superimposed on the amorphous
halo (Figs. S10–S13). These peaks were due to the remaining cellu-
lose of the sugarcane bagasse showing partial carbonization at
milder temperatures (Sevilla and Fuertes, 2009). The increase in
temperature led to the disappearance of the characteristic cellulose
peaks in the hydrochars.

The higher mass yields and ash content obtained in the hydro-
chars produced with the addition of acids, bases and salts were
attributed in part to the presence of insoluble inorganic precipi-
tates, particularly with the addition of H2SO4, H3PO4 and (NH4)2SO4

to the reaction medium. Two major crystalline phases were found
in all the hydrochars: CaSO4 (ICSD 016382 or ICSD 00260328) and
SiO2 (ICSD 034923 or ICSD 089279). The calcium sulfate has its ori-
gin in the precipitation reaction of calcium and sulfate in the
vinasse and also due to the sulfate present as an anion in the
H2SO4 and (NH4)2SO4 additives. This result justifies the higher cal-
cium concentrations determined in these hydrochars (Fig. 2a). The
silicon oxide originates from the processing of sugarcane and is
also found in the bagasse itself. In the diffractograms of hydrochars
produced with the addition of H2SO4 and (NH4)2SO4, the struvite-K
crystalline phase (KMgPO4�6H2O) was not seen (Figs. S11 and S13).
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This is possibly due to the low concentration of K and Mg in the
hydrochar (less than 5% by weight) or the struvite-K is present as
an amorphous phase and not detectable in XRD analysis. For the
hydrochar produced at 230 �C in the presence of H3PO4, calcium
phosphate (Ca2P6O17 – ICDD 150203) was formed (Fig. S11),
explaining the higher P concentrations found.
4. Conclusions

The immobilization of macro and micronutrients in hydrochars
produced from the hydrothermal carbonization of the vinasse and
sugarcane bagasse mixture depends on the temperature and also
on the additive used in the reaction medium. The addition of
H2SO4, H3PO4 and (NH4)2SO4 favored higher immobilization of
nutrients such as P, N, Ca, Mg and K. The addition of H2SO4 and
H3PO4 also produced a higher degree of carbonization increasing
the C content. The immobilization of nutrients occurs both by
adsorption on the surface of the hydrochar and also the precipita-
tion of insoluble compounds.
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