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Abstract

Hydrothermal carbonization (HTC) is considered as a promising technique for wastes
conversion into carbon rich materials for various energetic, environmental and agricultural
applications. In this work, the HTC of olive mill wastewater (OMWW) was investigated at
different temperatures (180 — 220°C) and both, the solid (i.e., hydrochars) and the final process
liquid derived from the thermal conversion process were deeply analyzed. Results showed that
the solid yield was affected by the temperature, i.e., decrease from 57% to 25% for temperatures
of 180°C and 220°C, respectively. Furthermore, the hydrochars presented an increasing fixed
carbon percentage with the increase of the carbonization temperature, suggesting that
decarboxylation is the main reaction driving the HTC process. The decrease in the O/C ratio
promoted an increase of the high heating value (HHV) by 32% for hydrochar prepared at 220°C.
The process liquids were sampled and their organic contents were analyzed using GC-MS
technique. Acids, alcohols, phenols and sugar derivatives were detected and their
concentrations varied with carbonization temperatures. The assessment of the physico-chemical
properties of the generated HTC by-products suggested the possible application of the
hydrochars for energetic insights while the liquid fraction could be practical for in agricultural

field.

Keywords: Hydrothermal carbonization, Olive Mill Wastewater, Hydrochars, biofuels,

characterization, Mineral content, HHV.
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1. Introduction

The cultivation of olive trees was practiced for millennials in the Mediterranean region.
According to the FAO (Food and Agriculture Organization, 2017), 16.8 million ha of harvested
area in the Mediterranean basin generated about 95% of the worldwide olive production. Such
intensive activity has positive impact on the concerned countries’ economies (such as Tunisia,
Spain, Greece and Italy). In fact, 5.8 million people are directly and indirectly life-depending
on this agricultural field, where 53% of them are classified among the disadvantaged population

(International Labor Organization, 2017).

In Tunisia, the olive oil production in the 2017/2018 season was valued to 280,000 tons
(Food and Agriculture Organization, 2017). Despite its significant contribution to the national
assets, the oleic industries use the three-phases milling method that was prohibited in Spain
since 1972. This milling technique is characterized by the production of solid and liquid wastes
at considerable amounts (Chouchene et al., 2012). The solid fraction, namely olive raw pomace
(ROP) is widely employed in the amendment of soils, animals feeding and bio-energy
production (Moreno-Maroto et al., 2019). However, the liquid fraction, olive mill wastewater
(OMWW), is poorly exploited since it is considered as economically and environmentally
problematic. In fact, OMWW is an environmentally-critical-effluent due to its high organic
matter and toxic monophenolic compounds contents (Aktas et al., 2001). Currently, these
liquids are improperly treated, being left-out in outdoor storage/evaporation lagoons. During
the periods of high precipitations, they could reach water bodies and cause serious
modifications to the underground water properties (Souilem et al., 2017). Additionally, their
acidic pH, high electrical conductivity and content in organic matter could noticeably affect the
soil and underground water quality (Doula et al., 2013). Along with these parameters, total

nitrogen, exchangeable phosphorus and potassium contents figure as “double role” factors. In



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

fact, these nutrients are decisive to increase the agricultural soils fertility but their excessive
presence in porous media could alter its overall ionic equilibrium (Komnitsas and Zaharaki,

2012).

Several studies have investigated the treatment of this so-called “burden” by various
treatment techniques. They include biological, advanced oxidation and physico-chemical
methods (Azzaz et al., 2020; Chatzisymeon et al., 2013; Fezzani and Cheikh, 2010; Hodaifa et
al., 2013; Lucas and Peres, 2009; Pulido, 2016; Sedej et al., 2016; Yalili Kili¢ et al., 2013;
Zirehpour et al., 2012) The main advantages and inconvenient of these techniques are detailed
in Table S1 (Supplementary Information). Generally, these methods aim to recover water from
OMWW without taking into account the intriguing potentials of this waste as a whole entity.
Recently, Haddad et al. (2017) proposed the thermal conversion of these liquid organic wastes,
after impregnation on dry biomass, by slow pyrolysis at 500°C. They produced a biochar rich
in phosphorus and nitrogen, with a low amount of volatile fraction and a high porosity media.
The produced biochar was applied as biofertilizer and showed an equaled impact on the growth
of rye grass leaves when compared to a commercial fertilizer (Haddad et al., 2017). These
results were encouraging to go forward in this research direction. Nonetheless, the OMWW is
a 90% water composed waste. Therefore, the pyrolysis reaction (which is already performed at
high temperature) had to be preceded by a preliminary drying step, thus significantly inflating
the treatment costs (Jeguirim et al., 2017). Moreover, thermal treatment at high temperature

resulted in low final solid yield which limits their production at large scale.

Alternatively, the hydrothermal carbonization is a thermal process allowing the conversion
of liquid or wet-solid-wastes into carbonaceous materials (called hydrochars) with appreciable
yields (Wang et al., 2018). These hydrochars present interesting physico-chemical and energetic
characteristics that could be exploited in a wide range of applications (Kruse and Dahmen,

2018). Moreover, the hydrochars production process consumes low energy compared to the

4
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slow pyrolysis method which explains their relatively low market price compared to biochars
(Saba et al., 2019). The use of hydrochars as bio-fertilizers was investigated, owing to their
important contents in minerals as well as the relatively slow carbon sequestration compared to
biochars (Naisse et al., 2015). Hydrochars could also enhance the development of crops, as well
as the quality and sustainability of the low-fertile soils (Bargmann et al., 2014, 2013; Dieguez-
Alonso et al., 2018; Gaji¢ et al., 2012). Other investigations tried to improve the hydrochars
properties by increasing their specific surface area and porosities through chemical and/or
physical activations. The resulting activated carbons were successfully applied for the removal
of various pollutants from aqueous solutions (Xue et al., 2012; Zuo et al., 2016), air (Hao et al.,
2016; Zhang et al., 2019) and soils (Chung et al., 2015; Kammann et al., 2012). Moreover,
various researchers have increased the hydrochars specific surface area after thermal treatment
at higher temperatures (Fang et al., 2016; Yu et al., 2019). These thermally treated hydrochars
could present singular carbon nano-sphere forms, commonly employed for the synthesis of
electrodes in supercapacitors and batteries, for the storage of gases and electricity (Kim et al.,

2015; Unur et al., 2013).

The use of HTC process for the treatment of olive mill wastes in Spain (Benavente et al.,
2017), Turkey (Donar et al., 2016) and Italy (Volpe et al., 2018) has been only recently
investigated. Even if these countries use the two phases milling method, the physico-chemical
characteristics of the related produced hydrochars were very different, especially in terms of
content in carbon and minerals, energetic aspect and structural morphologies. This could be
attributed to the difference in the properties of the used feedstocks. To the best of our
knowledge, the use of the HTC process as a sustainable recovery method for the OMWW
generated by the three phase mills (case of Tunisia, Algeria and Morocco) were not yet
performed. Therefore, a deep characterization of Tunisian OMWW based hydrochars was

performed through their structure, morphology, surface chemistry and nutrients contents



10

11

12

13

14

15

16

17

18

19

20

21

22

23

analyses. Furthermore, the organic and the mineral contents of the liquid fraction generated
during the HTC of OMMWW were determined using various analytical techniques. Such
characterizations will help to predict the potential of OMWW’s HTC by-products in energetic,

agricultural and/or environmental applications.

2. Materials and methods

2.1. Olive Mill Wastewater and the corresponding Solid Fraction

The used olive mill wastewater (OMWW) was collected from a local olive mill plant at the
region of Touta, north east of Tunisia. It was stored in plastic bins and used in the following

experiments without any performed treatments or purifications.

The solid phase of the used olive mill wastewater was separated from the liquid one by
vacuum filtration by using a 0.45 um Whatman® filter paper (VWR, Leuven, Belgium). The
percentage of dried solid content was determined according to the TAPPI/ANSI T 412 om-16
method (T-412, 2012) described as follows: 10 g of OMWW was weighted in a glass crucible
then introduced in an oven at 120°C for 48h. The remaining mass presents the solid fraction
and the difference is the content in water. Results showed that solid fraction contained in the
used OMWW is estimated to about 7.9%. This solid phase, labeled as OMWWSsg, was fully

characterized by using several analytical equipment (see section 2.4).

2.2. Hydrochar synthesis

The HTC of the OMWW was carried out using a high-pressure laboratory autoclave (Top
Industrie, Vaux-le-Pénil, France). During these assays, 10 mL of OMWW were heated at three
different temperatures 180, 200 and 220°C for constant heating rate and residence time of
10°C/min and 24 h, respectively. The produced hydrochars were named as follows: T- OMWW,

where T is the carbonization temperature (°C). After carbonization, the corresponding mixtures
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were filtered and the solid phases were dried in an oven at 105°C overnight and then weighted

and stored in glass vials.

For a given experiment, the produced hydrochar yield (Ywc, %) was calculated as follows:

Yuc (%) = myc/moywwsr X 100 (Eq. 1)

where muc (Q) is the recovered dry solid mass after carbonization and momwwsr is the initial

OMWWsr feedstock mass (g).

2.3. Hydrochars and OMWW/sk characterization

The characterization of the OMWWsk as well as the produced hydrochars issued from the
OMWW hydrothermal carbonization at different temperatures were performed using different

analytical techniques:

2.3.1. Proximate, elemental and minerals content analyses

A TGA/DSC3+ apparatus (Mettler-Toledo, Greifense, Switzerland) was used for the
proximate analysis of the hydrochars and the OMWWse according to the TGA procedure

(Jeguirim et al., 2014).

The elemental analysis was performed in order to determine the solid phases contents in
terms of C, H, N, O and S. It was assessed by using a Flash 2000 CHNS-O elemental analyzer

(Thermo Scientific, Cambridge, UK).

The minerals compositions of the OMWWsr and the hydrochars were determined by using
the multiple extraction methods described by Thomson and Leege (Thompson and Leege,
1998), for the determination of water soluble phosphorus and magnesium, calcium, sodium,

potassium and ammonium nitrogen. In order to determine the total nitrogen in the samples,
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modified Kjeldahl method was employed according to the ISO 11261 protocol (International

Organization for Standardization, 1995).

2.3.2. Structure and morphology

Powder X-Ray diffraction (XRD) analysis was employed to identify the crystalline phases.
It was carried out by a Panalytical X'Pert powder diffractometer (Malvern, UK) equipped with
a copper anode. Phases identification was performed using the international center for
diffraction data (ICDD) database available on the Panalytical Highscore software (Graulis et

al., 2009).

Scanning electronic microscopy (SEM) analysis was performed using a XL30 electron
microscope (Philips, Eindhoven, Netherlands) in order to assess the hydrochars morphology.
Elementary composition of the materials was determined through an Energy-dispersive X-Ray

spectrometer (X-Sight EDX model; Oxford Instruments, Oxfordshire, UK).

2.3.3. Surface chemistry

In order to predict the dominating surface charge of the obtained hydrochars, pHzprc value
was determined using the method described in the literature (Azzaz et al., 2015). In particular,
0.2 g of each solid is immerged in a 0.1 M NaCl (VWR, Paris, France) solution at different
initial pH (2 to 12). The plot ApH = pHinitiat — PHfinal VS. pHinitiar Was depicted and the pHzec

value was described as its intersection point with the horizontal axis.

On the other hand, the determination of the main surface functional groups was assessed
using the Boehm titration method for the oxygenic functions determination (Boehm, 2002).
During this titration, 1 g of each feedstock and hydrochar were introduced in round-bottom
flasks containing 50 mL of NaOH (Sigma Aldrich, Steinheim, Germany), Na,COs (SDS,

Peypin, France) and NaHCO3s (Merck, Darmstadt, Germany) at 0.1M. The choice of these
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reagents is based on the assumption that NaOH neutralizes phenolic, lactonic, and carboxylic
acids, NaHCOg neutralizes the carboxylic and lactonic groups and finally Na,COz neutralizes
the carboxylic acids. The followed solid samples were kept in continuous stirring (200 rpm,
20°C £ 2 °C) for 24 h under argon gas flow of 15 NL/h to evacuate possible CO, emission.
Aliquots were then recovered and filtered using 0.2 um polypropelene syringe filters (VWR,
Leuven, Belgium) then back-titrated using 0.05M of HCI solutions (Sigma Aldrich, Steinheim,

Germany).

Infrared spectroscopy was used to identify the main functional groups present on the
hydrochars’ surface. The acquisition of the FTIR spectra was performed with an Equinox 55,
Brucker spectrometer (Ettlingen, Germany). For each sample, a solid mass to KBr ratio of 1/200
was ground in a mortar and pressed into 1cm diameter disk with 3.5 tons pressure. The disk-
like sample was then analyzed at a spectral resolution of 4 cm™, measured between 4000 and

400 cm™,

2.3.4. Energy contents

The higher heating values (HHV, MJ/kg) was determined using a C200 bomb
calorimeter (IKA, Staufen, Germany) according to the DIN 51900-3 protocol (DIN, 2005) at
adiabatic reaction mode. The lower heating values (LHV, MJ/kg) related to the released energy
during the combustion of a solid without taking into account the energy of water condensation.
The LHV were calculated on the basis of the values of the HHV and the percentages of moisture

and hydrogen (at dry base).

2.3.5. Liquid Characterization

The chemical oxygen demand of the residual liquid phase after the HTC of the OMWW
(COD; g O2/L) was determined as an indicator of their organic matter content. It was assessed

via the open reflux using dichromate titrimetric method (Allan Moore et al., 1949).
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The total content of minerals in the residual liquid after the HTC was determined by
using an ARCOS ICP-OES analyzer (SPECTRO, Kleve, Germany). Samples were digested for
30 min with 5 mL of concentrated nitric acid and 1mL of 30% (v/v) oxygen peroxide at boiling

water and measurements were performed in synchronous mode.

The liquid recovery ratio for the studied minerals was estimated compared to the initial

concentrations present in the liquid fraction of OMWW according to the following equation:

Rninerats (%) = “LOMHLZHI-0MUL 100 (Eq.2)

Where Ciomww is the initial concentration of the mineral (K, Na, Ca, Mg, P and N) in
OMWW liquid fraction that was recovered after vacuum pump filtration and Cit-omww is the

final concentration of minerals in the liquid fraction at a given T temperature after HTC.

Organic compounds in the liquid part of OMWW and T-OMWW (T = 180, 200 and
220°C) was determined using a GC-2010 gas chromatograph coupled with GC-QP2010 mass
detector (Shimadzu, Tokyo, Japan). Samples were initially filtered at 0.2 um with regenerated
cellulose syringe filters then diluted 10 times in ultra-pure water (at a given resistivity of 18.0
MQ cm). Afterwards, 30 pL of the diluted solutions were mixed in a vial with 50 pL of 10
pg/mL phenoxyacetic acid solution as internal standard. After lyophilization process, each
sample was derivatized and analysed by GC-MS according to the protocol described in a
previous paper (Jeguirim et al., 2020). The annotation of different peak was performed by using

a personal library of commercial compounds along with mass spectral library NIST 17.

3. Results

3.1. Carbonization Yields

The apparent aspects and yields production of hydrochars at different temperatures are

presented in Figure 1. The hydrochars aspect changed gradually with temperature from light

10
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brown (for OMWW) to black (for 220-OMWW) with more voluminous conglomerates. It is
also observed that hydrochar production yields decrease with the carbonization temperature
from 57% at 180°C to 25% at 220°C. In fact, the increase in treatment temperature enhances
significantly the heat gradient inside the autoclave and thereby affects the biomass inner
structure (Zhang et al., 2014). According to Hoekmann et al. (2011), the modification
intensifies with higher energy intake, as the biomass undergoes a successive degradation
towards the polymerization of large molecules. Moreover, the outer structure could be affected
by the volatile matter reduction accompanied in the same time with the dehydration and

decarboxylation of cellulose and lignin matrices (Ruiz et al., 2013).

100

90 -

80 -

70 - '
oMWW 180 -OMWW  200-OMWW 220 - OMWW

60 -

50 -

Yield (%)

40 -

30 -

20 -

10 ~

180 - OMWW 200 - OMWW 220 - OMWW
Sample Name
Figure 1: Effect of the used HTC temperature on the hydrochar production yields from

OMWW hydrothermal carbonization at different temperatures

In order to get more information about the degradation mechanism, the thermal behavior of
the OMWWGsr as well as the produced hydrochars was examined under inert atmosphere. Figure
2 shows three differentiable thermal degradation zones. The first mass loss extends between
ambient temperature and 120°C and is related to the elimination of water and light volatile

11
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matter. The second and third zones were ranged between 150°C and 280°C and 280°C and
600°C, respectively (Fig. 2). The DTG of the OMWWsr is initially characterized by a slow
decomposition rate with peak temperatures at 238°C and 320°C, then followed by a fast
decomposition with a peak at 362°C (Figure 2). According to Volpe et al. (2018), the first two
peaks are attributed to the degradation of hemicellulose and cellulose . The third peak could be
attributed to an intense and fast degradation of a part of the lignin content and/or the organic

soluble extractives such as alcohols and aromatic molecules (Volpe et al., 2018).

Regarding the hydrochars, it can be noticed that the broad peak at 238°C became very
intense for all produced hydrochars as compared to the OMWWsk. This could be related to the
effect of heat gradient on the solid fraction leading to the defragmentation of cellulose and
hemicellulose matrices into secondary chars compounds (Lucian et al., 2018). This particular
aspect could be clearly observed macroscopically on the samples 200 — OMWW and 220 —

OMWW characterized with a distinguishable smell and colloidal tar-like deposits.

120 : : 0,18
Zonel | Zone2 | Zone3 —OoMww
1 [ —180-O0MWW r 0,16
100 - == 11\ -~ : —200-OMWW

3y [N 220-omww | %14
__ 80 - : : L 0,12
x
x | I =
5 ! ot g
% 60 1 i =
= I - 0,08 B
: ' 3
5 40 I 0,06
E | 1]

I

| - 0,04

20 0
I - 0,02
1
0 T — 0

0 100 200 300 400 500 600 700
Temperature (°C)

Figure 2: TGA/DTA curves under inert atmosphere of raw OMWW solid phase and the

derived hydrochars at different temperatures (Full lines: DTA; Dotted lines: TGA)
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On the other hand, it has been pointed out that at certain temperature and vapor pressure,
aqueous media contained in the autoclave undergoes important modification at the subcritical
fluid phase (Wang et al., 2018). During this time, the hydrothermal carbonization of the
OMWW is submitted to a succession of reactions leading to the modification of the physico-
chemical properties towards a more stable carbon material (Kruse and Dahmen, 2018). This
reaction is further amplified when the media reacts as a polar organic reactant in the presence
of organic compounds such as formic and acetic acids, characterizing the OMWW effluent

(Atallah et al., 2019).

It is important to underline that the degradation and transformation reaction during the HTC
process progress could lead to two possible outcomes: (i) dissolution of the organic and mineral
matrix of the lignocellulosic material into surrounding liquid media (Poerschmann et al., 2013b)
or (ii) carbon condensation reaction driven by recombination of by-products (Lin et al., 2016).
Indeed, Poerschmann et al. (2013b) suggested that the reduction in the final solid yield during
the carbonization of biomasses could lead to the migration, and thus, the increase of the
dissolved organic matter in the liquid fraction. In our case, the chemical oxygen demand (COD;
g O2/L) of the raw OMWW has significantly decreased from 104 g/L to about 59 and 47 g/L
for the residual liquids corresponding to the HTC of the OMWW at temperatures of 180°C to
220°C, respectively (Figure S1). This implies that during the HTC of the OMWW, the organic
content in the OMWW was not modified towards the dissolution of the macropolymers
constituting its lignocellulosic matrices despite the important decrease in final solid yields. Such
results indicate that there was no release of organic compounds from the OMWW solid phase
to the liquid fraction during the HTC process in contrast with the Poerschmann et al. (2013b)

hypothesis,.

13
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3.2. OMWWsr and hydrochars physico-chemical properties

3.2.1. Proximate and ultimate analyses

Proximate analysis of OMWWsr and hydrochars at different HTC temperatures aim to
assess their qualityin terms of macro composition and calorific capacity. The related results
(Figure 3) reveal that the OMWWsr contains significant percentage of volatile matter of 84%
and low concentrations in fixed carbon and ash. After the HTC, the hydrochars volatile matter
contents have slightly decreased reaching a value of 78.21% at 220°C. At the contrary, the
hydrochars fixed carbon contents have decreased with the increase of HTC temperature. Indeed,
compared to the OMWWs, the fixed carbon contents of the hydrochars at 180, 200 and 220°C
have increased by about 6%, 10% and 14%, respectively. This outcome suggests the occurring
of possible polymerization/recombination reactions with the HTC temperature increase. On the
other hand, a net decrease of the ash contents was observed with temperature since it passes
from 10% in the OMWWsr to 3% for the hydrochar produced at 220°C. This decrease could be
attributed to the minerals leaching from the solid matrix to the aqueous solution, driven by
heating gradient and reactivity with molecules present in the solution. Similar findings were
enunciated by Volpe et al. (2018) when performing the HTC on Italian olive mill waste at
different temperatures. Related results suggested a significant increase of fixed carbon from
20% to 26.6% and a decrease of both volatile matter from 77.9% to 70.6% and ash from 2.1%

to 1.7% for raw feedstock and hydrochars produced at 220°C, respectively.

14
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Figure 3: Proximate analysis (wt. %) of the OMWW solid fraction (OMWWsr) and the

derived hydrochars produced from raw OMWW at 180°C, 200°C and 220°C

The CHONS composition of the OMWWSsr and the derived hydrochars at different
temperatures is presented in Figure 4. It appears that hydrochars elemental composition was
very dependent on the HTC temperature. For instance, the OMWWSsr carbon content has
increased from an initial 57.3% to 67.6%, 67.8% and 71.9% after HTC at 180°C, 200°C and
220°C, respectively. This finding could be imputed to a possible combination of dehydration
and decarboxylation reactions that are evidenced by the significant increase of hydrogen
contents (Figure 4). This increase could be attributed to the re-condensation of volatile matter
and organic contents present in OMWW into a more stable carbon. On the other hand, the
oxygen, nitrogen and sulfur percentages in the produced hydrochars decreased when increasing
temperatures. On the other hand, the notable decrease in the atomic ratios O/C (60% between
OMWW and 220 — OMWW) along with relatively constant H/C ratios, suggests that: i) the

degradation of the OMWW is mainly favored with a decarboxylation reaction where oxygen

15
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was released in form of CO> gas, ii) the hydrogenic compounds were less affected by the HTC
temperature variations (Saqib et al., 2018). These results were found to be in concordance with
study conducted by Volpe et al. (2018) where carbon and hydrogen contents increased from
54.3% to 64.2% and from 6.2% to 6.6% while oxygen percentage decreased from 36.5% to

25.3% for OMWWsr and derived hydrochar produced at 220°C, respectively.

100
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90 - =0
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Figure 4: Elemental composition (wt. %) of the OMWW solid fraction (OMWWsE) and the

derived hydrochars produced from raw OMWW at 180°C, 200°C and 220°C

3.2.2. Energy content

The dried OMWWsk is characterized with a significant HHV (26.81 MJ/kg; LHV: 25.01
MJ/kg) that is higher than the one observed for coal (22 MJ/kg (Saqib et al., 2018)) and similar
to lignite (24 MJ/kg) (Seyedsadr et al., 2018).For all produced hydrochars, the HHV increased
from 31.53 MJ/kg to 35.70 MJ/kg with the increase of the used HTC temperature from 180 to
220°C (Figure S2). Similar findings were observed for feedstocks classified between high-

volatile bituminous and low-rank coals which emphasizes on their possible use in energetic

16



10

11

12

13

14

15

16

17

18

19

20

21

22

applications (Ul Saqgib et al., 2019). This outcome is related to the decrease in the O/C ratio due
to the deoxygenation process during the dehydration reaction (Figure S2). On the other hand,
the increase in the carbonization temperature engenders an increase in the degradation rate of
the cellulose and hemicellulose into higher concentrations of intermediate by-products such as
soluble aldehydes, aldols and fatty acids as well as volatile matters including alkanes (Atallah
et al., 2019). These by-products, eventually incorporated in the generated solids, are usually
characterized with higher calorific properties than cellulose and hemicellulose, which enhances

the overall HHV of the hydrochars (Krysanova et al., 2019).

3.2.3. Morphological and structural properties of hydrochars

The SEM images of the OMWWse in comparison with hydrochars show that the former
solid matrix presents an heterogeneous surface with small embedded and deformed particles
and the absence of any lignocellulosic developed porous structure as could be seen in wood
morphology (Figure 5). After the HTC process, a significant change in the hydrochars structure
could be noted. In fact, all these samples exhibited an irregular morphology consisting of
microsphere aggregates with various diameters (Figure 5). Similar results were reported by
Sevilla and Fuertes (2009) when studying the cellulose hydrothermal carbonization at different
temperatures. Under high inner pressure and temperatures, cellulose and hemicellulose endure
a condensation in the carbon content accompanied with a shifting in the crystalline arrangement,
which leads to the formation of these carbon micro-spheres. According to Li et al. (2011), these
spheres consist of small groups of fused benzene rings that form hydrophobic stable core with
oxygen in the ring such as ether and pyrone molecules, while the shell presented reactive

oxygen hydrophilic functionalities.
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Figure 5: SEM images of the OMWW solid fraction (OMWWSsr) (a) and the produced

hydrochars: at 180°C (b); 200°C (c) and 220°C (d).

On the other hand, the EDX analysis of the OMWWsr revealed a highly uniform
dispersion of carbon and oxygen (Figure S3). Moreover, the EDX cartographies showed a
notable presence of potassium along with a homogeneous partition of minerals namely, sodium,
magnesium, sulfur and chlorine (Figure S3.a — d, Table S2). After HTC, the oxygen partition
decreased noticeably with increasing temperature (Table S2). Although the minerals presented
a rather uniform dispersion in the samples, their contents followed the same trend with the
disappearance of sodium and calcium at 200°C and 220°C (Figure S3.c). It is worth highlighting
that for the sample 180 —- OMWW, a certain singularity was remarked where a conglomeration-
like spot is mainly composed of oxygen and calcium, revealing their possible crystallization in

the form of calcite.
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In order to understand the effect of the HTC temperature on the hydrochars structural
properties, XRD patterns of raw and carbonized solid materials were carried out (Figure S4).
The related diffractograms emphasize on the heterogeneous hydrochars aspect including both
crystalline (mainly inorganic impurities) and amorphous-like organic molecules (cellulose,
lignin and extractives) structural patterns. Firstly, a characteristic wide peak at 21° was detected
for the OMWWsE representing the amorphous cellulose phase (Guo et al., 2015). This peak was
also detected for the hydrochars produced at different temperatures suggesting that no specific
structural rearrangement of cellulose was established during the hydrothermal carbonization.
The XRD showed also sharp peaks attributed to the quartz (SiO2; COD 4115457), calcium
oxalate (CaC204; COD 9000827), calcite (CaCOz; COD 1010928; COD 1010962) and
potassium chloride (KCI; COD 1000050) structures (Khiari et al., 2019). It could be noted that
potassium was present in the form of KCI crystalline structure in feedstock then became more
abundant after hydrothermal carbonization, especially at 200°C. It is also remarkable that peaks
at 32.2° and 36.2° indicating the presence of CaCOs in the OMWWsr were identified after
hydrothermal carbonization as calcium oxalate and calcium phosphate (CaC.04; Caz(POa)2;
COD 2106194; COD 1517238) crystallographic structures (Figure S4). This transformation
could be attributed to a decomposition reaction of calcium carbonate in the presence of acids in
the liquid phase, leading to the precipitation of calcium oxalate and calcium phosphate and the
liberation of H.O molecules. Although the mineral quantification (Section 3.2.4) suggests the
decrease in phosphorus and potassium (Table 1, Table S2), it is possible that the increase in
carbonization temperature contributed to the fixation of P and K in a more stable form,

especially in the presence of calcium and chloride ions (Cui et al., 2020).

3.2.4. Mineral composition of hydrochars

The nutrient elements contents represent a very interesting feature of hydrochars to

determine their possible applicability in the agricultural field. Table 1 show that the OMWWse
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is characterized with an important concentration of minerals, with a total soluble NPK content
of 63.6 g/Kg. With increasing the used HTC temperature, this amount decreased significantly
by about 57%, 82% and 87% for treatment operated at 180°C, 200°C and 220°C, respectively
(Table 1). This finding is in opposition to what was reported in literature. In fact, an increasing
in the HTC temperature of lignocellulosic material in distilled water and collected sewage
sludge favored the immobilization of the nutrients inside the final hydrochar during the
recombination reaction (Chen et al., 2017; Ovsyannikova et al., 2019). The recorded decrease
in present study could be related to the nature of the specific liquid media and its composition
(OMWW). In fact, liquid media severity could significantly enhance the acidification of the
hydrochars and thereby the minerals release from the solid fraction to the liquid one (Huang et
al., 2019). Moreover, it is remarked that the percentage of the total soluble N has decreased by
increasing carbonization temperature from 17600 mg/kg to 6430 mg/kg (Table 1). Despite the
decreasing trend, the content in nitrogen is considered to be high compared to other minerals.
Moreover, compared to slow pyrolysis, the nitrogen is advantageously incorporated to a certain
extent in the hydrochars (Haddad et al. 2017). It is possible that during carbonization, amino
compounds and cellulose degradation by-products endured a Maillard reaction, characterized
with the polymerization of aldehydes and aldols with amino compounds to obtain polymers

with high nitrogenous content (Chen et al., 2017; Wang et al., 2018).

20



1

2

10

11

Table 1: Mineral composition (wt. %) of the OMWW solid fraction (OMWWsr) the and the

produced hydrochars from the HTC of raw OMWW at 180°C, 200°C and 220°C.

Ammoniacal
Total
Potassium Sodium Calcium Magnesium Phosphorus Nitrogen
Nitrogen
(mg/kg) (mg/kg) (mg/kg) (mg/kg)  (mg/kg) (NH4-N;
(mg/kg)
mg/kg)
OMWWsr 44000 3700 1421 1744 2034 17600 14.2
180 -
20000 1840 62.2 503 618 6760 4.71
oMWW
200 -
3350 256 3.50 23.9 66.7 8220 0.00
oMWW
220 -
2000 172 6.60 8.7 34.8 6430 0.00
oMWW

3.3. Mineral and organic composition of liquid fractions

3.3.1. Mineral composition

To establish a global overview about the fate of minerals, the content of five minerals,
namely potassium, sodium, calcium, magnesium and phosphorus in the residual liquid fraction

was measured after HTC process and results were depicted in the Table S3.

It appears that the raw OMWW liquid fraction possesses relatively high concentrations of
alkaline earth and alkali metals, especially potassium where its concentration was higher than

5.1 g/L. After the HTC, it could be clearly remarked that the minerals, even presenting similar
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valence, could behave differently at increasing temperature. For example, the potassium
contents in the liquid fraction is almost constant after treatments at 180°C, 200°C and 220°C,
respectively. In this context, Xiong et al. (2019) studied the hydrothermal carbonization of
swine manure at different temperatures. They report, a rather constant content of soluble
potassium concentrations, varying between 1462.2 mg/L and 1405.2 mg/L for carbonization at
200°C and 280°C, respectively. On the other hand, sodium content in the OMWW liquid
fraction decreased by about 15%, 48% and 19% after its HTC at temperatures of 180, 200 and
220°C, respectively. It has been reported that potassium and sodium concentrations are usually
characterized with similar tendency during hydrothermal carbonization as they have a high
affinity to liquid fraction (Wang et al., 2019). Nevertheless, the results do not show any
remarkable increase in the liquid concentration of these two alkali ions (Table 1 and Table S3).
Calcium and magnesium content in liquid fraction followed the same trend during HTC (Table
S3). In fact, both contents of Ca?* and Mg?* ions remained approximately constants in the range

of 42.9-44.0 mg/L and 124.5-131.1 mg/L, respectively.

However, phosphorus content in the liquid fraction, presented a significant decrease with
increasing carbonization process. The concentration in liquid fraction went from 1.66 mg/L to
0.37 mg/L for OMWW and 220 — OMWW, respectively. The increase in media severity is
function of carbonization time and temperature. The intense modifications endured by water
under subcritical conditions during HTC engenders its auto-ionization and the formation of
acidic hydronium ions (Wang et al., 2019). At low pH values, these ions cause the hydrolysis
of cellulose and hemicellulose matrices and thereby the liberation of inorganics in the liquid
fraction. Subsequently, a possible diffusion of positively charged ions/molecules into
hydrochars solid matrix could trigger a cation exchange reaction with soluble phosphorus, then

in lower degree, Na*, K*, Ca?* and Mg?" ions, respectively, into more soluble crystalline
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structures. These results are in agreement with the proximate analysis where carbonization at

higher temperatures and at low pH medias is favorable for the ash leaching (Figure 3).

3.3.2. Organic composition

GC-MS analysis allowed the identification of a large number of compounds present in the
raw and carbonized OMWW fractions. Table S4 shows the main detected compounds, their
assignments and retention times. Notably, liquid fractions were characterized with high
contents in some sugar alcohol derivatives like glycerol, sorbitol and myoinositol, different acid
compounds (succinic acid, quinic acid and pyroglutamic acid, the latter being an amino acid
derivative) as well as two compounds found in abundance in olive, namely tyrosol and

hydroxytyrosol.

It has been remarked that HTC impacted identically on certain family of compounds. A
prominent increase of some amino acids was noted in particular between 180°C and 200°C,
such as glycine, alanine, valine, isoleucine, leucine and proline. All these amino acids possess
a neutral and hydrophobic side chains with the exception of pyroglutamic acid. The opposite
behavior was noted for sugars and sugar derivatives, with a decrease or even the disappearance
of monosaccharides, disaccharides and monosaccharide acids (Table S4). On the other hand,
monosaccharides alcohol was not affected by HTC with the exception of glycerol and sorbitol
concentrations which increased after carbonization process. Finally, a reduction of free fatty

acids like palmitic and stearic acids is noted.

Despite the major differences concerning the derivatization procedure and the sampling
methodology during GC-MS analysis, considerable resemblances could be reported in some
related references. For instance, in the study conducted by Poerschmann et al. (2013a) on the
OMWW hydrothermal carbonization, the use of different temperature gradients (from 40°C to

260°C or 310°C depending on the column type), allowed the detection of low boiling point
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compounds in particular formic and acetic acids, methanol and ethanol. Authors also reported
the presence of glucitol and inositols at important concentrations along with the annotation of
two dipyrrolo-pyrazine molecules obtained by a cyclization of amino acids (Poerschmann et
al., 2013a). In this study, the applied gradient of temperature ranged between 110°C to 350°C
allowed the identification of few mono- and disaccharides (Table S4). Nevertheless, various
numbers of similar abundant molecules were detected such as tyrosol and hydroxytyrosol,

malonic and succinic acids and glycerol (Poerschmann et al., 2013a).

Moreover, concerning sugar derivatives, sorbitol is the most abundant sugar alcohol with
another C6-sugar alcohol, galactitol, and three inositol isomers including two well-identified,
scyllo-inositol and myo-inositol were found (Table S4). Finally, two dipyrrolo-pyrazine
molecules obtained by a cyclization of amino acids were annotated in the literature
(Poerschmann et al., 2013a). This type of products, namely 2,7-dihydroxyoctahydro-5h,10h-
dipyrrolo[1,2-a:1',2'-d]pyrazine-5,10-dione were obtained in this work. These type of
molecules were obtained by intermolecular condensation of two amino acids by dehydration
during pyrolysis (Chiavari and Galletti, 1992; Ratcliff et al., 1974). Similar results were also
stated in the investigation of Poerschmann et al. (2013b) dealing with the hydrothermal
carbonization of OMWW at different temperatures. Reported findings suggested a global
increase in the quantity of sugar alcohol and equivalent concentration for tyrosol and
hydroxytyrosol with a decrease in the free fatty acids’ concentrations (palmitic and stearic

acids).

For all applied temperatures during HTC, the organic profile of T-OMWW liquid samples
are very similar. Some compounds, however, were clearly impacted such as penta-1,2,5-triol
and 2-methylsuccinic acid whose contents increased with increasing the HTC temperatures. On
the other hand, the content in other compounds were found to decrease at high temperature. In

fact, the contents of all natural amino-acids decreased significantly at higher HTC temperature
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as well as the free fatty acids (palmitic and stearic), certain organic acids (like malic, maleic,
methylmaleic,3-hydroxy-3-methylglutaric, 2-furoic and itaconic acid) and few monosaccharide

alcohol (such as arabitol, threitol) and the C5-sugar (Table S4).

It is interesting to note that few molecules with agronomic interest could be identified
among the abundant compounds present in different T-OMWW samples (Figure S5, 180-
OMWW). For instance, sugar alcohols like sorbitol, galactitol, myo-inositol and glycerol are
particularly known for their role in mitigating biotic and abiotic stress factors threatening crop
development as well as their common use as osmoprotectants (Kanayama, 2009; R.K. Sairam
et al., 2006). Theerakulpisut and Gunnula showed also that an exogenous supply of sorbitol
seems to have a protective role in case of an osmotic stress for salt-sensitive plants
(Theerakulpisut and Gunnula, 2012). Furthermore, glycerol was found to stimulate the growth
of various crops and regulate plant disease resistance against bacterial pathogens (Qian et al.,
2015; Tisserat and Stuff, 2011). Myo-inositol, on the other hand, has the ability to prevent
against the negative effects of drought or salinity stresses such as Reactive Oxygen Species
accumulation (Hu et al., 2018; Yildizli et al., 2018). Concerning amino and pyroglutamic acids
they present the capacity to counteract an osmotic imbalance and reduce the impact of water

deficit by increasing crop yield (Jiménez-Arias et al., 2019).

3.4. Surface chemistry of hydrochars

The impact of the hydrothermal carbonization of OMWW on the hydrochars surface
properties was assessed by three complementary techniques, namely surface functional groups
identification and quantification by IR spectroscopy, Boehm titration method and pH at neutral
surface charge (pHzec) (Figures 6 and 7). The infrared spectra of hydrochars issued from

OMWW carbonization are presented in Figure 6. The FTIR analysis presented a large number
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of peaks that emphasized on the heterogeneous structure of the hydrochar’s surface, with the

presence of several functional groups.

-C- -C= -C- <Ca
220 - OMWW CH -CxC 9 eh

—200 - OMWW -C=0 \\ l l l
—180 - OMWW
_OMWWSF _OH

Transmittance (a.u.)

4500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-?)
Figure 6: FTIR specters for the raw OMWW solid fraction (OMWWsE) and the derived

hydrochars produced from raw OMWW at 180°C, 200°C and 220°C

The broad peak detected between 4000 cm " and 3300 cm™ corresponds to O-H groups
related to the stretching of hydroxyl and carboxyl functional groups. This peak constantly
decreased in intensity and wavenumber while increasing carbonization temperature. This could
be attributed to the increase in carbon content in the hydrochar associated with a decrease in
the oxygen percentages driven mainly by a decarboxylation/polymerization reactions (Méndez
et al., 2019). At 1700 cm™, we noticed a shifting in peak related to —C=0 functional groups
with about -35 cm™, between OMWW and 180 — OMWW. Afterwards, the peak remained
constant when further increasing the temperature. This observation could be attributed to the

involvement of carbonyl, ester and carboxylic groups of the lignin structure during
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carbonization reaction (Guo et al., 2015). On the other hand, two peaks detected for the OMWW
specter at 1624 cm™ and 1598 cm™ related to C=C groups have almost disappeared for all the
hydrochars samples. This behavior suggests the absence of any detectable stretches of the lignin
aromatic skeletal structure even at low carbonization temperatures, which is in concordance
with the previous TGA results (Figure 2). This is further confirmed by the peak of the C-O
bonds detected between 1114 cm™ and 1045 cm™ only for OMWW corresponding to the
vibrations in lignin structure, which disappeared after carbonization (Figure 6). On the other
hand, peaks detected at 2922 cm™ and 721 cm™ related to the aliphatic C-H stretches and

aromatic —C-H bands, respectively, remained fairly unmodified.

These results were further confirmed when quantifying the surface functional groups
through Boehm titration (Figure 7). The identification of three different acidic functional groups
namely phenolic, carboxylic and lactonic was achieved. The OMWW solid fraction is
characterized by an important content of total functional groups (1155 pumol/g), with a high
content in carboxylic and phenolic functional groups (494.21 and 654.59 pmol/g, respectively)
and low concentration of lactonic groups (6.40 pumol/g) (Figure 7). After HTC at 180°C, the
carboxylic and phenolic groups decreased to only 27.48 pmol/g and 148.22 pumol/g. As
treatment temperatures increases, a quasi-disappearance of phenolic groups was noted at 220°C
with an estimated concentration of 12.16 umol/g. On the other hand, with the increase of the
HTC temperature, a gradual increase in the carboxylic and lactonic groups’ concentrations was
remarked until reaching 374.5 and 94.5 umol/g, respectively, for the sample 220 — OMWW
(Figure 7). This observation could be attributed to the media status during the hydrothermal
carbonization. At relatively lower temperatures, it seems that heat diffusion rate was more
important, which enhanced the dehydration reaction and the release of hydrogen from
carboxylic (-COO™ + H*) and phenolic (R —-CO" + H*) groups in the form of H2O. This is in in

line with the found atomic H/C ratios showing the lowest value at 180°C (Table 1). On another
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hand, the increase in lactonic groups could be attributed to the involvement of these groups in
the formation of the spherical carbon nanoparticles. Nevertheless, this difference in trends
between functional groups was explained by the fact that auxiliary and antagonist reactions are

susceptible to undergo during the hydrothermal carbonization of OMWW (Saha et al., 2019).

Regarding the final pH of the residual liquid phases, as well as the pHzrc of the
generated hydrochars, it appears that OMWW presents an acid aspect with a pH value of 4.68
which lays in the range of pH reported in previous papers (Galiatsatou et al., 2002;
Poerschmann et al., 2013b). The general trend after carbonization suggests a slight increase of
the final pH, from 5.01 to 5.79. It has been reported that OMWW contains high concentrations
of polyphenolic compounds and fatty acids that could intervene in the carbonization mechanism
(Poerschmann et al., 2013a). These compounds are susceptible to react with OH" functional
groups present on the OMWW’s solid fraction either by neutralizing them or by reducing them
towards the liquid phase (Saha et al., 2019). Another possible mechanism could be related to
the important synthesis of ammonia alkaline groups by the successive degradation of amino
acids (Wang et al., 2019). These findings where further confirmed when analyzing the pHzrc
values of the biomasses and the produced hydrochars (Figure 7). In fact, while increasing
carbonization temperature from 180°C to 220°C, pHzpc decreased from 3.16 to 2.48. This could
be explained by the fact that the carbonization mechanism tends toward the isomerization of
glucose molecules of the cellulose and hemicellulose matrices for the production of long
chained organic acids such as lactic, formic and luvulinic acids (Li et al., 2015). The
rearrangement of these chains is intensified when using the OMWW as acidic carbonization
media which led to hydrochars with lower surface pH. It could be interesting therefore to
investigate the potential application of such hydrochars chars issued from the HTC of OMWW

for the amendment of alkaline and sub-alkaline soils for the cultivation of nitrogen
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fixing/tolerant crops such as fenugreek and soybeans (Baghbani-Arani et al., 2017; Landriscini

etal., 2019).
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Figure 7: Acidic functional groups concentration (umol/g), final solution pH and surface pH
at zero-point charge (pHzec) of the raw OMWW solid fraction (OMWWSsg) and the produced

hydrochars from the HTC of OMWW at 180°C, 200°C, and 220°C

4. Discussions

4.1. Mechanism of the OMWW Hydrothermal Carbonization

The HTC was found to be very useful to directly convert the OMWW into hydrochars
without using supplementary clean water source. Such treatment performed at different
carbonizations temperatures had important impacts on the derived hydrochar properties. The
morphology, the surface chemistry and the structure have been modified. HTC of biomasses
leads to the formation of a primary char, i.e. hydrochar in addition to media by-products namely

bio-oil and a carbonization gas. At extended carbonization periods with high inner pressure and
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temperatures, the early stage degradation by-products contribute to the increase of the liquid
media severity. In such favorable conditions, it has been reported that the solubilized molecules,
especially alcohols, mono- and polyphenols undergo a polymerization reaction, characterized
with a reduction in the total organic carbon (TOC) content present in the final process water,
the production of syngas (light hydrocarbons, hydrogen and carbon oxides) and along with
significant amount of tarry condensate (Gai et al., 2016; Garcia-Jarana et al., 2014). In a recent
study, Duman et al. (2018), studied the carbonization of food waste for the production of syngas
(H2 and CHs). They pointed out that the addition of alkali catalyst, i.e., K2COg, increased in the
subcritical water basicity which enhanced the formation of low molecular weight compounds.
Consequently, the increase in intermediate organics concentration enhanced hydrogen and

methane yields as well as the formation of tar as a non-desirable by-product.

Another mechanism worth highlighting is the obtention of spherical particles as result of
the condensation of aromatic skeletal into simpler and more stable sugars, namely cellulose
then glucose. According to LaMer reaction (Lamer and Dinegar, 1950), it is possible that the
subcritical conditions occurring during the HTC led to the aggregation of the soluble polymers
and their degradation by-products on the solid’s surface followed by their rearrangement in the
form of carbon nanospheres. Although the materials contain carbon as major component (up to
71.9% for 220 — OMWW) they are characterized also by high amounts of inorganics and
heteroatoms (N, P and K). The inorganics (Ca?*, CI"...) are crystalline in nature as shown by
XRD. Such compounds were found to diminish after the HTC as emphasized by solid extraction
and EDX techniques, which could be associated to a leaching reaction in the liquid media.
Although this can be seen as an inconvenient for the solid hydrochar, such by-product liquid
which is acidic can be used as fertilizer for alkaline soils. On the other hands, the reactions
(polymerizations, decarboxylations...) occurring during the HTC may also be responsible for

such behavior. Finally, the energetic properties were found to be interesting as they raise the

30



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

recovered hydrochar’s HHV from a sub-bituminous to low-rank coal. This finding was
demonstrated by the correlation between the decrease in the O/C ratio and the increase of the
HHV of the hydrochars. This opens the door for the possible use of these materials in energetic
applications and the reduction of the oxygen content by controlling the carbonization

atmosphere.
4.2. Properties and Potential Applications

Hydrochars resulting from the HTC of OMWW present a very low content in alkaline and
alkaline earth metals (AAEMs) (K*, Na*, Ca?* and Mg?*) and a high content in pnictogens
(Total P and N). After HTC, the content in nitrogen remained relatively high. The concentration
of these minerals in the final solid could determine the proper use of hydrochars in the suitable
economical field. In fact, the increase in the HHV of the produced hydrochars is not only in
correlation with the decreasing O/C atomic ratio (Figure S2), but is also function of the reduced
content in minerals. Multiple studies used hydrothermal carbonization as a solution for the
removal of minerals from hydrochars at modified low pH media prior a thermal carbonization
(over 900°C) in the aim of producing a clean solid fuel (Huang et al., 2019; Zhao et al., 2020).
To overcome this decrease, controlled impregnation of the lacking minerals after hydrothermal

carbonization could be envisaged.

As mentioned, the HTC of OMWW resulted in hydrochars with important final content in
nitrogen. Such outcome is not possible when employing conventional thermal treatment
methods such as slow pyrolysis. In fact, biochars issued from pyrolysis are characterized with
an alkaline pH, high content in carbon and very low concentrations in nitrogen (lbn Ferjani et
al., 2019). Therefore, a complementary method that consists of soil amendment by mixtures of
hydrochars/biochars could be envisaged for an optimal carbon sequestration and to ensure the

bioavailability of N, P and K elements.
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On the other hand, a special attention is highly recommended for the valorization of the
liquid fraction issued from the HTC. Indeed, it is rich in acids, sugar derivatives and nutrients
that could be very beneficial for plants growth. This liquid phase could be appropriately treated
by various hybrid technologies in order to be in conformity with the fixed norms for
wastewaters reuse in agriculture (Benavente et al., 2017). Improvements of this liquid phase
quality should mainly concern its aqueous pH, electrical conductivity or salinity and chemical
oxygen demand (or organic matter content). On the other hand, the contained nutrients could
be extracted through their enhanced precipitation as struvite for a further subsequent use in

agriculture as slow release biofertilizer (Chu et al., 2020).

5. Conclusions

Hydrothermal carbonization was successfully applied for the OMWW conversion into a
carbon-rich material. The hydrochar production yield was found to decrease with increasing
temperature and understood mainly by the degradation of the lignocellulosic matrix.
Accordingly, the increase in temperature resulted in a three folds enhancement of the fixed
carbon content, which was accompanied by a decrease in the ash and volatile matter
percentages. These results were further confirmed by ultimate analysis, emphasizing on the
condensation of carbon content and the reduction of volatile matter and ash percentages. The
reduction in the O/C atomic ratio and the decrease in the inorganics’ presence allowed the
synthesis of hydrochars with promising energy contents up to HHV of 35.70 MJ/kg for 220 —
OMWW. Moreover, the heat intake modified severely the surface morphology of the
hydrochars, with the appearance of carbon microspheres related to the degradation of
lignocellulosic matrix and the recombination of the resulting by-product into hydrophilic
aromatic structures. Such morphological aspect could be of significant importance to increase
diffusion in case of application in the energetic field and agriculture considering their well

shaped form. The liquid fraction composition was quantified and presented high concentrations
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in acids, phenols and sugar derivatives which varies with temperature. These by-products are
commonly used to protect crops from stressful environments as efficient regulators for osmose

phenomenon in case of water drought and soils with high salinity.
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