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Abstract
Hydrothermal carbonization (HTC) is a thermochemical process carried out in an aqueous medium. It is capable of converting
biomass into a solid, carbon-rich material (hydrochar), and producing a liquid phase (process water) which contains the
unreactive feedstock and/or chemical intermediates from the carbonization reaction. The aim of this study was to evaluate the
characteristics of process water generated by HTC from vinasse and sugarcane bagasse produced by sugarcane industry and to
evaluate its toxicity to both marine (using Artemia salina as a model organism) and the terrestrial environment (through seed
germination studies of maize, lettuce, and tomato). The experiments showed that concentrated process water completely inhibited
germination of maize, lettuce, and tomato seeds. On the other hand, diluted process water was able to stimulate seedlings of maize
and tomato and enhance root and shoot growth. For Artemia, the LC50 indicated that the process water is practically non-toxic;
however, morphological changes, especially damages to the digestive tube and antennas of Artemia, were observed for the
concentration of 1000 mg C L−1.
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Introduction

Hydrothermal carbonization (HTC) is a process used to convert
biomass into carbon-rich materials (hydrochar) (Yoshimura and

Byrappa 2008; Libra et al. 2011; Kambo and Dutta 2015);
however, it also generates a liquid phase (process water)
(Tekin et al. 2013; Poerschmann et al. 2014). Several sources
of biomass, such as starch, sewage sludge, wood, municipal
waste, agricultural waste, and general industry wastes have
been used for HTC (Libra et al. 2011; Parshetti et al. 2013;
Tekin et al. 2013). The characteristics of the hydrochar gener-
ated in HTC depend on the feedstock used as well as the reac-
tion parameters, such as temperature, reaction time, and pH of
the medium during the hydrothermal process (Libra et al. 2011;
Bargmann et al. 2014; Vozhdayev et al. 2015). Hydrochar has
been used both as a source of energy and as solid fuel (Funke
and Ziegler 2010; Oliveira et al. 2013). Therefore, it can also be
served as a source of nutrients for soils (Rillig et al. 2010; Libra
et al. 2011; Du et al. 2012). The energetic evaluation of the
HTC process to convert biomass into a solid material showed
to be positive; however, it will depend on the feedstock, the
ratio of dry biomass to water, and also the carbonization process
parameters as temperature and reaction time (Stemann and
Ziegler 2011; Stemann et al. 2013; Lucian and Fiori 2017).

Previous studies to assess the toxic effect of hydrochar
have focused on experiments with plants, in particular,
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evaluating the germination processes (Bargmann et al. 2013;
Fang et al. 2015) and growth (Rillig et al. 2010; Reibe et al.
2015) as well as study the changes caused in the soil biota by
hydrochar (George et al. 2012; Salem et al. 2013; Melo et al.
2017c). Process water recirculation in the new HTC process
has been reported in the literature as its main use (Lu et al.
2014; Weiner et al. 2014; Kabadayi Catalkopru et al. 2017).
However, the process water also has been evaluated as a cul-
ture medium for algal growth (Biller et al. 2012; Hognon et al.
2015), in seed germination studies (Bargmann et al. 2013;
Vozhdayev et al. 2015), and recently using Artemia salina to
assess its toxic effects (Melo et al. 2017c).

The amount of waste produced by sugarcane industry as
well as the lack of a suitable method for disposal of the
resulting waste without causing environmental damage led
Melo et al. (2017a) to propose the use of these residues in
hydrothermal carbonization. Vinasse is the liquid residue
generated in the process to obtain ethanol, wherein, for each
liter of ethanol produced, 10 to 18 L of vinasse is generated.
Vinasse is an aqueous solution, rich in organic matter with
high concentrations of potassium, sodium, calcium, magne-
sium, and other elements (Christofoletti et al. 2013;
Marinho et al. 2014; Moraes et al. 2015). The sugarcane
bagasse is basically composed of cellulose, hemicellulose,
and lignin (Rezende et al. 2011). Nowadays, vinasse is used
in fertigation and sugarcane bagasse is used as fuel in co-
generation of energy (de Souza Dias et al. 2015). The appli-
cation of sugarcane in fertigation can cause some problems
as soil salinization and groundwater contamination (Bueno
et al. 2009; De Oliveira et al. 2013). The development of
Bstable fly^which is a kind of fly that feeds by bovine blood
is related to the areas which vinasse is applicated and also
near sugarcane mills (Cançado et al. 2013; Jelvez Serra et al.
2017). This fly provokes damage to cattle breeding as
weight losses in bovine and decrease in the amount of milk
produced. The use of vinasse to produce biogas through
biodigestion has also been reported intending to save sug-
arcane bagasse for second generation ethanol production
(Joppert et al. 2017). Sugarcane bagasse has mainly been
used for energy cogeneration (Hofsetz and Silva 2012; de
Souza Dias et al. 2015), but researches are trying to find a
more environmental friendly way for sugarcane bagasse
disposal. Studies have been developed to evaluate sugar-
cane bagasse to produce bioethanol, biodiesel, biopolymers
among others (Sindhu et al. 2016). Trying to find an alter-
native use for sugarcane by-products, that would be able to
be more or equal attractive economically as the ways that
they are already applied, hydrothermal carbonization pro-
cess was evaluated using vinasse and sugarcane bagasse.
The use of vinasse as a hydrothermal medium and sugarcane
bagasse as a biomass source led to the production of
hydrochar which showed potential for application as a soil
conditioner (Melo et al. 2017a; Silva et al. 2017).

However, previous studies did not demonstrate the charac-
teristics of the process water generated in the HTC of vinasse
and sugarcane bagasse. Additionally, the process water toxic-
ity was not evaluated. Thus, as reported in the literature, pro-
cess water generated during the HTC of several biomasses
presents different concentrations of carbon, phosphorus, po-
tassium, and nitrate (Biller et al. 2012; Bargmann et al. 2013;
Weiner et al. 2014) as well calcium and magnesium (Ross
et al. 2010). Such characteristics indicate that process water
has potential for agricultural applications such as use as fertil-
izers. However, it has also been reported that these waters
contain, in general, phenols, organic acids, and furans. These
are formed during the degradation process of biomass (Kambo
and Dutta 2015) and may, on the other hand, cause some toxic
effects on the development of plants.

Thus, the main objective of this study was to investigate the
toxicity of process water generated in the HTC of vinasse and
sugarcane bagasse to marine habitat, using Artemia salina as
the model organism, and its toxicity to terrestrial environment
through the study of germination and growth of maize, lettuce,
and tomato seeds. Considering that process water is generated
in large quantities in the hydrothermal carbonization process,
this study will help understand the potential of process water
from carbonization of vinasse and sugarcane bagasse to
fertigation purposes, as a means of disposal and the other
applications of this material.

Experimental

Preparation and characterization of process water
from HTC

The reaction was processed as described by Melo et al.
(2017a) using a stainless-steel reactor coated with Teflon®
with a capacity of 600 mL. The hydrothermal carbonization
process was performed using 80% of the reactor capacity,
employing sugarcane bagasse and vinasse as feedstock in
the ratio of 1:20 followed by addition of phosphoric acid
(4% v/v). The reaction was carried out at 230 °C for 13 h.
After the reaction, the reactor was immersed in an ice bath
to stop the reaction and then opened. The solid material was
vacuum filter separated; the filtrate (PW) was stored at 4 °C
and subsequently used in the toxicity tests.

Process water was characterized for pH, turbidity (HI
93703, Hanna Instruments), color (HI 96727, Hanna
Instruments), total organic carbon (TOC) (TOC-VCSN,
Shimadzu), sulfate (Standard Methods 4500-SO4

−2), phos-
phorus (EMBRAPA 2000), and the determination of K, Ca,
Al, Na, Mg, Mn, Fe, Zn, and Cu was made by Flame
Atomic Absorption Spectrometric (FAAS) (AA240FS,
Varian) in the samples previously decomposed by acid,
method 3010A (US EPA 1992).
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Toxicity assay

Seed germination and seedling growth

Germination experiments were conducted using petri dishes
and agar medium. Seeds (purchased commercially) of maize
(Zea mays, Poaceae) (Seminis, 85% germination), lettuce
(Lactuca sativa, Asteraceae) (Sakata, 95% germination), and
tomato (Solanum lycopersicum, Solanaceae) (Sakata, 95%
germination) were used. It was used 1 g of agar to each
100 mL of the solution to prepare the agar medium.
BSolution^ means deionized water and different dilutions of
PW. The concentrated PW (sample D5) with a TOC of
25.190 g C L−1 was diluted to solutions containing 50, 100,
250, and 500 mg C L−1 (samples D1, D2, D3, and D4,
respectively, Table S1) and its pH was corrected to 5
(Bhattacharya and Khuspe 2001; Gonçalves et al. 2016).

The seeds were pre-treated with 10% sodium hypochlorite
solution for 15 min and then exhaustively washed with dis-
tilled water. For these assays, 10 seeds were placed in each
petri dish (15-cm diameter) with five replicates for each PW
concentration and these were randomly placed in a B.O.D.
germination chamber (MA 403, Marconi) at 25 °C, for 7 days
and exposed to a photoperiod of 16-h light and 8-h dark-light
cycles. The number of seeds germinated daily was recorded.
The seeds were considered as germinated when a length of
0.5 mm or more of shoot or root emerged from the seed. From
these results, the Germination Index (GI) was calculated as
described in Eq. 1:

GI ¼ ∑
ni

ti
ð1Þ

where ni = Bnumber of seeds germinated on the observation
day^ and ti = Bobservation day^ (Maguire 1962; Silva and
Matos 2016; Zhou et al. 2016).

At the end of the experiment, the total number of seeds
germinated in each plate was counted. Root and shoot lengths
of all germinated seeds were measured using ImageJ (version
1.51i) software in order to evaluate plant growth.

Lethality of Artemia salina nauplii evaluation

Artemia saline cysts (Maramar) were commercially pur-
chased and preserved in their original packaging at room
temperature (24 °C). The cysts were incubated in glass
bottles containing artificial seawater which was prepared
with commercial sea salt mixture (Blue Treasure, Reef
Sea Salt) and ultrapure water in the ratio of 0.20 g of
cysts to 200 mL artificial seawater, as described by
Meyer et al. (1982). Hatching occurred under the condi-
tions of constant aeration and lighting for 48 h.

Three concentrations of the PW according the amount of
TOC (10, 100, and 1000 mg C L−1) were obtained. The pH
medium was adjusted to 8. The acute toxicity evaluation was
performed for Artemia salina nauplii for a period of 24 h of
exposure. The experiments were carried out in cell culture
plates (24 wells) to which nauplii were added per well. The
animals did not receive food during the experiment which was
performed in fivefold. The negative control consisted only of
artificial seawater and 10 nauplii of Artemia. The analyses
performed at the end of the experiment were conducted by
comparing the conditions tested against the control.

The morphological changes and the accumulation of
material in Artemia nauplii were observed by light mi-
croscopy (Leica DM 2500 microscope) in the light field
(Madhav et al. 2017). After exposure to the environ-
ment of interest, the organisms were transferred to a
glass plate and were observed in 200-fold magnification
under the optical microscope.

For a more detailed analysis of nauplii, after exposure to
process water, individuals were also submitted to scanning
electron microscopy (SEM) analysis. The animals were fixed
in a solution containing 2.5% glutaraldehyde and 4% formal-
dehyde in a buffer of 0.1 mol L−1 sodium cacodylate at pH 8.
The material was then dehydrated in an increasing series of
acetone (30, 50, 70, 90, and 100%) and dried with
hexamethyldisilane. Finally, the samples were fixed in stubs
with carbon adhesive tape, metallized with 20-nm gold
(Quorum QT150ES), and observed under a scanning electron
microscope (Quanta FEG 450 - FEI) at a voltage of 20 kV.

After 24 h, the data obtained from the lethality tests were
processed usingMicrosoft Excel software and the LC50 values
were calculated using the percentage of death and the log of
the concentrations by Probit analysis, as described by Finney
(1971). LC50 is the concentration of PW required to reduce
50% of the population of exposed animals.

Statistical analyses

The normality of the data was evaluated using normal proba-
bility plots of residuals, and the comparison between groups
was performed using a general linear models (GLM), follow-
ed by Tukey’s post hoc test. Results were considered statisti-
cally significant when p value was < 0.05.

Results and discussion

Hydrothermal carbonization and characterization
of process water

The characteristics of sugarcane bagasse and vinasse used in
this carbonization process are described by Melo et al.
(2017a). The PW generated during the carbonization of
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vinasse and sugarcane bagasse exhibited a pH of 2.47 ± 0.19,
color 20555 PCU, turbity 178 FTU, and the concentration of
TOC was 25.19 ± 3.56 g L−1. The pH value of PW was more
acidic than found by Bargmann et al. (2013) in the process
water from carbonization of spent brewer’s grains and
beetroot chips with addition of citric acid and calcium
carbonate to the hydrothermal medium and also process
water from grass, wood, wheat straw, corn silage among
others where the hydrothermal media were composed only
of water without acid. However, the pH of the PW is closer
to that found by Weiner et al. (2014) for the process water
generated by carbonization of paper where the hydrothermal
medium was produced by a solution of 0.001 mol L−1 sulfuric
acid. The organic carbon concentration in the PW is high
when compared to that derived from carbonization of paper
(Weiner et al. 2014); however, it is similar of that from car-
bonization of miscanthus (Kambo et al. 2017). The macros
and micronutrients present in the PW used in this study are
showed in Table S1. Sulfate concentration in the PW was
11.90 ± 0.75 mg L−1 and phosphorus concentration was
168.11 ± 9.62 mg L−1. The concentration of potassium in the
PW (Table S1) was more than twofold of that found by
Bargmann et al. (2013). This difference is attributed to the
presence of vinasse in the hydrothermal carbonization carried
out in this study because the concentration of potassium in
vinasse and bagasse.

The comparisons mentioned above suggest the non-
feasibility of correlating the process water data obtained from
different biomasses carbonizations indicating that the charac-
teristics are distinct and dependent on the starting feedstock
and the hydrothermal medium.

Toxicity assay

Seed germination and seedling growth

The number of germinated seeds (Fig. 1) was demonstrated as
the percentage of germination for the diluted process waters.
The results indicated that the presence of PW caused a delay in
the germination process. However, a complete inhibition of
germination was observed only for concentrated PW (D5) for
all the seeds studied.

For maize seeds (Fig. 1), the D1 concentration, presented a
behavior similar to the control, showing no delay in germina-
tion unlike the other concentrations. For lettuce, all the con-
centrations studied showed a delay in the germination process
(Fig. 1). For tomato, the concentration D1 (Fig. 1) presented a
behavior similar to control in the germination process. On the
other hand, concentrations D2, D3, and D4 showed a delay in
the germination process. Thus, for all seeds, there is an in-
crease in the number of days required for the occurrence of
germination with the increase of PW concentration, showing a
delay effect in germination process influenced by the medium.

Figure 2 shows the total number of germinated seeds for
each PW concentration at the end of the 7 days. Although
there is no statistical difference for the final number of germi-
nated seeds between the control and D1, D2, and D3 dilutions,
there is a linear association between the final percentage of
germinated seeds and the concentration of PW until concen-
tration D3, and this trend is crescent for tomatoes and decres-
cent for maize and lettuce. Thus, for maize and lettuce, the
increase of PW concentration in the medium leads to a reduc-
tion in the number of seeds germinated at the end of the ex-
periment. For tomato, an increase in the number of seeds ger-
minated was observed with the increase in the concentration
of the PW until the concentration D3. It was observed that

Fig. 1 Effect of process water concentration on germination percentage
of maize, lettuce, and tomato seeds during 7 days
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concentration D4 showed a significant negative effect on the
number of seeds germinated for all the studied crops and for
D5 concentration, whichwas regarded as concentrated PW, no
germination was observed for any culture evaluated.

It is worth mentioning that although there was a delay in the
germination process at the end of 7 days of experiment, the
amount of germinated seeds in the control was similar to the
amount found for the dilutions D1, D2, and D3, and there was
no statistical difference between the dilutions and the control.
Therefore, the results suggest that depending on the concen-
tration of PW, it may occur both a delay in the process of
germination and also the complete inhibition of germination.

The resistance of the germination process due to changes in
the mediummay be related to the physiological characteristics
of the seeds such as size, permeability of the shell, the differ-
ence in the required amounts of each nutrient, and the metab-
olism and behavior towards the toxic substances that may be
present in the medium (Williamns and Hoagland 1982; Mosse
et al. 2010). These results corroborate with the GI data (Fig. 3)
where the observed variation in the germination velocity of
each crop in relation to the PW concentrations studied. The
increase of PW concentration occurs fromD1 to D5; however,
in the graph, only the values of concentrations where seed
germination occurred are presented. The GI of sample D5
(concentrated PW) was not used to determine the linear trend
because no germination was observed at this concentration for
any of the crops tested.

It was observed that the linear tendency of the GI in relation
to the process water concentrations as expressed in Fig. 3 is a
function of carbon concentration in PW. The carbon concen-
tration in PW was used as a parameter. A decrease of the GI
with increase of the PW concentration was observed for all the
seeds analyzed indicating a delay in the germination process
of the seeds.

The correlation coefficients of the curves were 0.91, 0.71,
and 0.97 for maize, lettuce, and tomato, respectively (Fig. 3).
The slopes indicate that the GI of maize is less influenced by
PW than other crops. On the other hand, the germination of
lettuce decreases in the presence of PW, even for the lowest
concentration (D1). For tomato, the decrease in the speed of
germination is gradual as the concentration of PW increases.
In addition, it is observed that for the concentration D1, the GI

b Indicates nega�ve difference in rela�on to the control group.

Fig. 2 Percentage of seed germination of maize, lettuce, and tomato after
7 days in response to different concentrations of process water

Fig. 3 Correlation of the germination index of maize, lettuce, and tomato
seeds with increase of PW concentration expressed as a function of the
carbon concentration present in PW

Environ Sci Pollut Res



is close to the GI of the control, indicating that at this concen-
tration, there is no inhibition in the germination process.

Bargmann et al. (2013) evaluated the effect of concentrated
process water from different hydrothermal carbonization pro-
cesses on barley germination and verified a toxic effect for all
the analyzed waters, observing both complete inhibition of seed
germination and a decrease in the number of germinated seeds.
They showed that for the process waters evaluated, the intensity
of inhibition was linked to the feedstock used in the
carbonization process. A similar result for maize seeds was
observed by Vozhdayev et al. (2015) where a decrease in the
number of germinated seeds for diluted process water and com-
plete inhibition for concentrated process water were observed.
These observations corroborate with those found in this study
for dilutions of PW and also for concentrated PW.

In the studies mentioned above, the process water evaluated
came from hydrothermal medium produced with water. In this
study, the process water was generated through vinasse and
sugarcane bagasse carbonization; therefore, the hydrothermal
medium was produced by vinasse itself. Vinasse is composed
of a complex mixture of organic compounds and ions (potassi-
um, sodium, and magnesium among others) in high concentra-
tions (Bueno et al. 2009; Christofoletti et al. 2013; Marinho
et al. 2014; Moraes et al. 2015). Therefore, the resulting PW
presents different physicochemical characteristics compared to
process waters generated under hydrothermal carbonization
when the hydrothermal medium is only water.

It has been reported that the presence of ions such as K+,
Na+, and Ca2+ among others may affect the germination pro-
cess by inhibiting it and negatively influencing the develop-
ment of the roots (Jafarzadeh and Aliasgharzad 2007). Thus,
for the sample D5, the high concentration of these cations (for
example, 14.700 mg L−1 of K and 1.100 mg L−1 Ca (see
Table S1)) was probably one of the factors that limited seed
germination. For the diluted PW samples (D1, D2, D3, and
D4), the increase in the concentration of these cations, togeth-
er with the consequent increase in other PW components (e.g.,
organic compounds), probably influenced the germination
process retardation. This observation is in agreement with that
observed by Mosse et al. (2010) where increasing concentra-
tions of effluent from wine production which contains high
levels of sodium and potassium in addition to organic acids
and polyphenols were found to negatively affect the GI.
Moreover, such effects could be attributed to the presence of
phytotoxic substances, such as organic acids, phenols, and
aldehydes, in the process water which are generated during
the hydrothermal carbonization process (Kuiters 1989;
Kambo and Dutta 2015; Vozhdayev et al. 2015).

Thus, the hypothesis attributed to justify the inhibition/delay
of germination and development of seeds tested here is mainly
associated with the presence of compounds such as carboxylic
and acetic acids, alcohols, and fatty acids (C17 and C18) as well
as phenols and furans (Melo et al. 2017b). These compounds

were identified by Melo et al. (2017b) in the PW from vinasse
and sugarcane bagasse carbonization which occurred under the
same conditions used in this study. Further, in sample D5which
is concentrated PW, the highest concentrations of organic
compounds and cations are found. Thus, these higher
concentrations probably prevented the germination of the
seeds. However, for the diluted samples, the lowest
concentrations probably contributed only to delay of seed
germination. These results are in agreement with those
observed by Vozhdayev et al. (2015) who also detected only a
decrease in the number of germinated seeds for the diluted
process water. As is the case for olive mill wastewater and
winery wastewater, PW is a complex matrix composed of or-
ganic and inorganic substances and, therefore, it is difficult to
specify the compound(s) responsible for such negative obser-
vations in relation to the development and germination of seeds
(Paredes et al. 1999; Mosse et al. 2010; Pierantozzi et al. 2012).
It is reported that phenol can affect negatively root growth, even
present in low concentrations, and phenol can also inhibit seed
germination (Kuiters 1989; Pinho et al. 2017). Organic acids
also are responsible for a decrease in root development, and the
increase of chain organic acids is followed by an increase in its
toxicity (Kopp et al. 2007; de Tunes et al. 2012; de Assis Alves
et al. 2018). This is in agreement with our results, whereas the
root was more affected by the presence of different PW con-
centrations than the shoot, probably because roots were directly
in contact with the solutions tested.

The effect of the medium on root development is present-
ed in Fig. 4a which shows the root length measured on the
seventh day of the experiment and the different responses
among the evaluated seeds. Maize seeds have been used in
studies with effluents/pollutants (Sang et al. 2010; Li et al.
2017). Further, maize seeds used with biochar extracts (Sun
et al. 2017) showed that the amount of carbon in the medium
can improve the process of germination and seedling growth.
Sun et al. (2017) attributed the positive effects observed on
root growth to the amount of carbon present in the solution
extracted from biochar. They compared the development of
maize seeds in the solution extracted from biochar to other
solutions with similar concentrations of only inorganic ions
and observed that the presence of inorganic ions did not in-
fluence, negatively or positively, the root development.
Therefore, it is understood that the amount of carbon in the
PW dilutions probably had a positive influence on the maize
root development by stimulating its growth, and the increase
of carbon in the medium led to a better development of the
roots (as showed in Fig. 4) presenting a positive statistical
significance in relation to the control for concentrations D1
(p = 0.0003), D2 (p = 0.001), D3 (p = 0.0003), and D4 (p =
0.002), as showed in Fig. 4a. Taking into account the carbon
concentration present in PW, the effect observed bySun et al.
(2017) would explain the increasing development of maize
roots with increasing carbon concentrations in the medium
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up toD4dilution since the increase in carbonconcentration is
also accompanied by an increase in the concentration of or-
ganic and inorganic compounds.

Figure 4a shows the negative effect of the presence of PW
on the development of lettuce seeds and it was observed that
all the dilutions studied presented negative statistical signifi-
cance when compared to the control showing p = 0.01 for D1
and p = 0.0001 for D2, D3, and D4. It is reported that vascular
plants, such as lettuce, are more sensitive to variations in the
medium such as toxicity which is the reason for their use in
toxicological studies to evaluate effluent toxicity (Mosse et al.
2010; Pierantozzi et al. 2012; Young et al. 2012; Priac et al.
2017; Urbano et al. 2017) and to evaluate the presence of
substances such as aluminum (Silva and Matos 2016),
graphene (Begum et al. 2011), and biochar (Oh et al. 2012)
among others. Thereby, it is understood that the reason for
lower development of lettuce seeds in comparison to maize
and tomato is the sensitivity of this class of plants to the pres-
ence of certain compounds which, in turn, inhibited the root
growth. The negative impact of shoot and root growth due to
aluminum presence was reported by Silva and Matos (2016).
The increase in the concentration of Al by increasing PW
concentration (Table S1) could increase the stiffness of the
cell wall and affect cellular division, thereby, hindering the

growth and development of the roots and shoots, and may
be one of the possible causes for the absence of roots in the
D4 dilution (Silva and Matos 2016). It is also worth mention-
ing that the presence of acetic acid in the medium may also
influence the growth of lettuce roots. According to Bargmann
et al. (2013), the presence of acetic acid would mainly affect
root growth. Such observation would also explain the lower
development of tomato roots in the D3 concentration where
development was close to that observed for the control. For
the D1 and D2 dilutions, the root growth of the tomato seeds
was shown to be significantly positive in relation to the con-
trol. Therefore, it is assumed that concentrations greater than
D3, probably in addition to acetic acid and aluminum as well
as other organic and inorganic compounds present in the me-
dium, also influenced the development of tomato roots.

The development of the maize shoot was stimulated by the
presence of PW in the growth medium. For D2 (p = 0.006),
D3 (p = 0.0002), and D4 (p = 0.0004) concentrations, a posi-
tive statistical significance was observed in relation to the
control, highlighting that D3 concentration showed better re-
sults (Fig. 4b). For lettuce, the presence of PW in the medium
inhibited the shoot as well as root development and for the
sample D4, the development observed was below that of the
control. The behavior presented for the tomato roots was also
observed for the shoots and the concentration D1 stood out as
the one that stimulated better development.

The evaluation of macros and micronutrients present in the
agar prepared with the PW dilutions (Table S1) allows a com-
parison of crop seeds for a single PW application via
fertigation. A good development of maize crop requires 41–
78mg L−1 of potassium, 5–16mg L−1 of Ca, and 5–16mg L−1

of Mg (Coelho 2006). In this case, the amount of K present in
the concentration D1 corresponds to the amount required by
the crop. For calcium, the amounts required for maize are
present at the D3 concentration and for magnesium, the
amount present in all PW concentrations is below the indicat-
ed range. Magnesium requirements are met at concentrations
D4 and D5 whereas those of Fe only at D3.

For a good development, vegetables generally require, from
the growth medium, about 32–80 mg L−1 of P, 115 mg L−1 of K,
3 mg L−1 of Zn, 2 mg L−1 of Cu (Carrijo et al. 2004), in addition
to 71 mg L−1 of N, 67 mg L−1 of Ca, and 54 mg L−1 of Mg for
tomato, and 74 mg L−1 of N, 41 mg L−1 of Ca, and
13 mg L−1 Mg for lettuce (Trani et al. 2011). Therefore, com-
paring the medium prepared with PW dilutions and agar in petri
dishes to the concentrations D1 and D2 of PW, the concentration
of K present (Table S1) was within the recommended range. The
concentrations of the micronutrients Zn and Cu in the different
dilutions of PW were below the recommended levels.

Thus, when evaluating only one application of PW, the
dilutions evaluated were capable of meeting the specific needs
of some elements. In order for PW to reach the needs of all
nutrients, it is understood that successive applications of PW

aIndicates a positive statistical difference in relation to the control; bIndicates a

negative statistical difference in relation to the control; c Indicates statistical

difference between treatments 

a

b

Fig. 4 Length a of the root and b shoot at the end of 7 days of experiment
for the different process water concentrations
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are required. The evaluation of the presented results also sug-
gests that the application of PW during other stages of crop
growth should be studied. Other authors have already ob-
served the efficiency of similar effluents for the process of
plant growth (Soni et al. 2014) and even though a delay in
the germination process is observed, it is necessary to identify
the optimal moment of the development stage for PW use in
order to obtain the best benefits. Therefore, for maize seeds,
although germination delay was observed, the percentage of
germination was not affected in the D3 concentration which
also presented better root and shoot development. For tomato
seeds, the concentration D1 was the one that best stimulated
its development across all parameters analyzed. For lettuce,
the PW presented a toxic effect in all the evaluated concentra-
tions as evidenced by the decrease in the percentage of germi-
nated seeds in relation to the control and also by the low
development of roots and shoots.

Lethality of Artemia salina nauplii evaluation

The exposure of Artemia salina nauplii to PW concentration
of 10 mg C L−1 as well as the control did not cause any death.
Exposure of individuals to a concentration of 100 mg C L−1

resulted in the death of only one individual. On the other hand,
the exposure of nauplii to a concentration of 1000 mg C L−1

triggered the death of all individuals (Fig. 5). These tests
allowed to calculate the LC50 which was 185 mg C L−1.

Nauplii from control presented a typical morphology, in-
cluding dilatation of the intestine and a translucent lumen (Fig.
6a) with no particles on the surface of the abdomen (Fig. 6b)
and a few particles from the culture medium attached to the
antennas (Fig. 6c). The exposure of nauplii to 10 mg C L−1

PW began to induce structural changes in the individuals.

Dilatation of the digestive tract (Fig. 6d) was observed al-
though few particles were visualized in the abdomen (Fig.
6e) or gills (Fig. 6f). Nauplii exposed to 100 mg C L−1 exhib-
ited dilatation of the digestive tract as well an accumulation of
dense material (Fig. 6g). However, little material accumulated
on the surface of the abdomen (Fig. 6h) and antennas (Fig. 6i).
In the individuals exposed to 1000 mg C L−1, considerable
morphological damage was observed. The digestive tract was
dilated with an abundance of dense material inside and severe
damage to the antennas (Fig. 6j/l) as well a large accumulation
of material on the surface of the abdomen (Fig. 6j/k).
However, the process water from the hydrothermal carboniza-
tion of vinasse and sugarcane bagasse can be considered prac-
tically non-toxic. This conclusion is based on the proposal of
GESAMP (2002) in reference to the marine environment
where substances with LC50 greater than 100 and less than
10,000 mg L−1 are considered practically non-toxic.

Although PW did not cause any death at 10 mg C L−1

concentration and only one death at 100 mg C L−1, the PW
triggered structural changes, such as dilatation of the di-
gestive tube, accumulation of dense material in its interior,
and damage to antennas in Artemia, at these two
concentrations. Such structural changes have also been
described for other nanostructured materials. In this
regard, Ozkan et al. (2016) observed structural changes in
Artemias exposed to TiO2 and AgTiO2 nanoparticles.
Further, Madhav et al. (2017) found structural alterations
in individuals exposed to copper nanoparticles.

Conclusion

The concentrated process water (PW) from hydrothermal
carbonization of vinasse and sugarcane bagasse inhibited
the germination process of maize, lettuce, and tomato
seeds. However, at lower concentrations, PW delayed
the germination process but did not make the germination
process unfeasible. The response to the studied concentra-
tions varied among the crops evaluated indicating it to be
specie-dependent. For maize, the concentration D3 stimu-
lated the development of roots and shoot. For tomato, the
best concentration of PW was D1 which was shown to
improve its development. For lettuce, all concentrations
studied showed a negative effect.

Therefore, it is understood that the process water from
vinasse and sugarcane bagasse hydrothermal carbonization
was toxic to seed germination; however, the toxic effects ob-
served were minimized in the dilutions and if the PW is applied
in specific quantities, it may be potentially used as a fertilizer to
provide the necessary nutrients for the initial development of
the plant and to promote root and shoot elongation. In addition,
the tests using Artemia indicated that the LC50 of process water
from the hydrothermal carbonization of the vinasse and

aIndicates that there was no statistical difference in relation to the control; b

Indicates that there was statistical difference in relation to the control. 

Fig. 5 Evaluation of the process water toxicity using Artemia salina
nauplii as an experimental model
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sugarcane bagasse is characteristic of practically non-toxic ma-
terial/substances. However, PW caused morphological damage
in Artemia, mainly in the digestion tube and in the antennas, at
the concentration of 1000 mg C L−1.

Therefore, our results suggest that more detailed studies
should be carried out to understand the toxicity of the process
waters from hydrothermal carbonization as its composition
can vary from process to process, and the results may be
different for each crop.
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