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Abstract: This work aims to investigate the effect of temperature on the process performance of hydrothermal
processing (HTC) of corn Stover with subcritical H,O and on the morphology of solid products. The experiments were
carried out at 200, 225 and 250 °C, reaction time of 240 minutes, heating rate of 2.0 °C/min, and biomass to water ratio
of 1:10, using a pilot scale stirred tank reactor (STR) of 5 gallon, operating in batch mode. The process performance
analyzed by computing the yields of solid and liquid reaction products (RLP). The aqueous phase (H.O + RLP) was
physicochemical analyzed for pH and total carboxylic acids, expressed as total acetic acid content. The chemical
compositions of carboxylic acids, furfural, and hydroxymethylfurfural (HMF) in the aqueous phase determined by GC-MS
and HPLC. The results showed solid yields ranging from 57.39 to 35.82% (wt.), and liquid reaction products (RLP) yields
ranging from 39.53 to 54.59% (wt.). The solid phase products were characterized by scanning electron microscopy
(SEM), energy dispersive X-ray spectroscopy (EDX), and X-ray diffraction (XRD). The chemically activated (2.0 M
NaOH) solid phase energy material obtained by HTC at 250°C, applied as adsorbent to investigate the capacity and/or
efficiency to adsorb acetic acid from 1.0 to 4.0 g/L model solutions at 25 °C. The solid phase yield decreases along with
the temperature, showing an inflection region between 200 and 225 °C, whereas a drastic change takes place, while that
of liquid phase increases, showing also a drastic change between 200 and 225 °C. The total acetic acid content of
aqueous phase varied from 4064 to 5387 mg/L, while the pH from 3.77 to 3.91. The GC analysis identified the presence
of volatile carboxylic acids, particularly acetic acid, in concentrations between 4020 and 5040 mg/L. HPLC identified the
presence of furfural and hydroxymethylfurfural, whose concentrations decrease exponentially and linearly along with the
temperature between 686.7 and 0.0, and 443.9 and 0.0 mg/L, respectively, being both compounds not detectable at 250
°C. The elemental/ultimate analysis of solid products shows that carbon content increases, while the oxygen and
hydrogen contents decrease, along with the temperature. The H/C and O/C ratios decrease linearly as process
temperature increases, and the high heating value (HHV) of solid reaction products, an energy densified material,
changes sharply between 200 and 225 °C, showing an increase with temperature. The SEM, EDX, and XDR indicates a
change on the morphology and mineralogical phases present in solid reaction products with temperature, particularly at
250 °C. The activated solid phase has proven to be very selective to adsorb acetic acid, showing that recovery of acetic
acid from hydrothermal carbonization/liquefaction aqueous solutions is feasible by using a multistage-stage adsorption
process in series.
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1. INTRODUCTION

There exists numerous sources of cellulosic-rich
renewable materials for bioconversion (woody industry
wastes, forage crops, crop residues, etc.) [1]. However,
only a few cellulose-rich materials are available in large
quantities, except crops residue [2], to support process
in industrial scale for bio-conversion of cellulose-rich
materials. Among these, corn Stover is one of the most
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potentials renewable  materials

bioconversion [3].

(biomass)  for

Corn Stover, an agro-industrial residue left after
harvesting of corn grains, produces around 25-30%
(wt.) of leafy fraction (leaf + husk + sheaths) and 70—
75% of fibrous and hard material (stalk + cobs) [4]. It is
the most abundant and cheap source of biomass
available for bioconversion that may be partially
removed from agricultural fields, if proper management
technology is used [5, 6].

By considering that world corn production for the
2015/2016*, crop years reached 969.6 MMT [7], and
the fact that corn Stover accounts for 70% (wt.) of corn
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plant mass [4], large amounts of corn Stover are
generate yearly [3]. Stover has been applied to
produce ethanol [8-12], butanol [13], briquettes and
pellets [14, 15], and until carbonaceous rich materials
[16-19]. The pretreatment processes of corn Stover for
bioconversion purposes includes wet oxidation [9], SC-
CO, [10], microorganism [12], pyrolysis [16-18], hot
compressed water [18-20], steam [21], diluted acid
solution [22], and ammonia-based pretreatments [11,
23, 24]. Among these, hydrothermal processing of
lignocellulose-rich biomass using hot compressed
water is a promising technique [25], particularly for
biomass containing high moisture content, such as
activated sewage sludge [26-29], as the biomass
moisture content has no limit of application by
hydrothermal treatment [30]. Other applications of
hydrothermal treatment/processing of biomass with
high moisture content includes agricultural crops
residues, such as corn Stover with moisture content
between 50-60% (wt.) [4], as reported elsewhere [17-
19].

The hydrothermal biomass transformation using
subcritical water as reaction media, a non-toxic,
environmental friendly, and cheap solvent [31], is
referred hydrothermal carbonization (HTC) when the
main reaction product is a carbonaceous-rich solid
phase and hydrothermal liquefaction when a liquid
reaction product dominates [32]. As the temperature of
hot compressed water increases up to 300°C, the ionic
product of water increases by three orders of
magnitude (KHZO (298 K) = 10_14 mol? L_2, KHZO (573 K) = 10_11
mol? L% Kuo 73 k/Khzo @es k) = 10%) [32], thus
catalyzing chemical reactions such as hydrolysis and
organic compounds degradation without aid a catalyst
[33]. In addition, the viscosity of hot condensed water
strongly decreases with increasing temperature,
enhancing the mass transfer process not only at the
fluid-solid interface, but also within the porous solid
matrix [31]. The state conditions of subcritical water
(T, P), mainly the temperature, determines the
compositional characteristics and proportions of
reaction products (gases, aqueous, and solid phase)
[30-32].

The major drawbacks of hydrothermal processing of
biomass with hot compressed water are the relative
high water-to-biomass ratio that makes the process
energy intensive, as water has a great heat capacity,
and the fact that large amounts of process water is
generate as liquid reaction products, containing toxic
and hazardous substances such as furfural,
hydroxymethylfurfural, and phenols [34-40]. Recently,

studies reported the use of process water generated by
hydrothermal treatments of biomass [40-42], but
processes are either time consuming or energy
intensive if one aims to process biomass in industrial
scale.

Despite the increasing number of studies on
hydrothermal processing of biomass with hot
compressed water [18-20, 25-30, 32, 34-41, 43-51],
only a few studies investigated the effect of process
conditions on morphological properties of solid phase
products [18, 45, 48], as well as the application of solid
phase to selectively adsorb cellulose/hemicellulose-
derived reaction products such as carboxylic acids. In
this context, this study aims to investigate the effect of
temperature by hydrothermal processing of corn Stover
with subcritical H,O on the morphology of solid
products, and the application of chemically activated
solid phase as adsorbent to investigate the capacity
and/or efficiency to adsorb acetic acid from 1.0 to 4.0
g/L model solutions at 25 °C.

2. MATERIALS AND METHODS

2.1. Materials

ATB-Bornin gently provided corn Stover used as
renewable raw material.

2.2. Pre-treatment of Corn Straw

Corn Stover submitted to drying for 24 hours at 105
°C to remove moisture. Afterwards, the dried material
was grinded using a cutting mill (Retsch, Germany,
Model: SM 100). The particle size and geometry
obtained by coupling a bottom sieve with square holes
of 2.0 mm.

2.3. Elemental Analysis of Solid Phase

The elemental chemical (Carbon, Hydrogen,
Nitrogen, and Sulphur) analysis of solid phase products
performed using an elemental analyzer (Elementar
Analysensysteme GmbH, Germany, Model: Vario EL
[l), and the procedures described elsewhere [34]. The
oxygen content computed by difference using equation
(1). The solid phase products were physicochemical
characterized for dry matter (DM) and total organic
content (TOC). The moist solid phase dried at 60°C for
24 hours (DM-60 °C), followed by a second drying step
at 105 °C for 24 hours (DM-105 °C). The dry matter
content computed on basis the dry matter at 60 °C,
because of the high aqueous phase-to-solids ratio after
hydrothermal experiments. The total organic content
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(TOC) determined by thermal treatment of dry matter
(DM-105 °C) at 550 °C for 5 hours. The ash content
computed by difference of dry matter at 105 °C (DM-
105 °C) and total organic content (TOC) given by
equation (2), as reported elsewhere [39].

O(%) =100-Y[C+ H + N + 5 + Ash] (1)
Ash(%) = DM-105 °C - TOC )
2.4. Solid Phase Characterization

The characterization of solid phase products
performed by scanning electron microscope (SEM),
energy dispersive X-ray spectroscopy (EDX), and X-ray
diffraction (XRD), being the equipment's and
procedures described in details elsewhere [52-53].

2.5. Chemical Analysis of Aqueous Phase

2.5.1. Physicochemical Analysis

The aqueous phase was physicochemical
characterized for pH and total carboxylic acids,
expressed as total acetic acid content [34, 39].

2.5.2. Chemical Analysis of Reaction Compounds

GC and HPLC analysis identified and quantified
selective cellulose/hemicellulose-derived compounds
present in aqueous phase such as low-chain length
carboxylic acids (acetic acid), and aldehydes (furfural
and HMF). The equipment's specifications and
procedures described in details elsewhere [34].

2.6. Hydrothermal Processing of Corn Stover

2.6.1. Experimental Apparatus and Procedures

The pilot scale cylindrical stirred tank stainless steel
reactor of 5.0 gallon (Parr, USA, Model: 4555), with
internal diameter of 9.5 in and 16.25 in height, weights
375 Ibs. The reactor contains a mechanical agitation
system with a stirrer motor of % hp, 60 Ibf'in Torque,
and 02 impellers (ID = 5.25 in) with 6-blades, a
ceramic-3 zone heater of 4500 watts, a modular
controller (Parr, USA, Model: 4848), 02 type J
thermocouples inside a thermo well, operates at
maximum 131 bar and 350 °C. Initially, approximately
600 g of dried corn Stover weighed. Afterwards, 6000 g
of fresh water introduced in the reactor. Then, the dried
corn Stover soaked manually, and the compression
bolts for flat gasket closed. By considering that bulk
density of corn Stover for particles sizes of 0.8, 1.6 and
3.2 cm are 0.131, 0.156, and 0.158 g/cm?, as reported
elsewhere [54], and an average porosity of 0.770

confers a bed height of 8.54 cm of dried corn Stover.
The operating temperature (200, 225, and 250 °C) set
with a heating rate of 2.0°C/min. The reaction time
computed from the time the reactor reaches the set
point temperature (to). Afterwards, the reactor is let to
cool down until ambient temperature. The reaction
products separated initially by using a manual
mechanical press, producing a moist dewatered solid
phase and a liquid phase, being the mass of liquid and
moist solid phases determined gravimetrically. Then,
the moist solid phase was submitted to drying at 105
°C for 24 hours, and the mass of dried solids and water
determined  gravimetrically. Samples of moist
dewatered solids, liquid phase, and dried solid phase
stored for physicochemical analysis and morphological
characterization.

2.6.2. Material Balances and Yields of Products by
Hydrothermal Processing of Corn Stover

Application of mass conservation principle in form of
an overall steady state mass balance within the stirred
tank sludge reactor, operating in batch mode, closed
thermodynamic system, yields the following equations.

MReactor = MFeed + MHZO(S) (3)
MReactor = MSP + MLP + MGas (4)
Mip = Minos) * Miuyaiisaes®) T Minor) (5)

Where Mpeed = MCom Stoverl

Stover, My, is the mass of solvent/diluent (H;0),

is the mass of Corn

My, is the mass of solid phase (hydro-char), Mg, is
the mass of gas, Mp is the mass of liquid phase,
My ilisateswy - 1S the mass of cellulose/hemicellulose and
lignin-derived reaction products dissolved in the
aqueous phase, MHZO(R), is the mass of H,O produced

during the course of reaction. The process
performance evaluated by computing the yields of solid
and liquid reaction products defined by equations (6)
and (7).

Ms 100 6)

Corn Stover

Yieldg, (%) =

M, - MHZO(S‘))

Yield, , (%) = ~—

Corn Stover

x 100 (7)

Where Yieldg,, is the yield of solid phase, and
Yield, , , is the yield of liquid phase.
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2.7. Adsorption of C;H,0, on the Solid Phase

2.7.1. Experimental Apparatus and Procedures

The solid phase product obtained by hydrothermal
processing of corn Stover at 250 °C, reaction time of
240 minutes, and biomass-to-water ratio of 1:10, was
activated chemically with a 2.0 M sodium hydroxide
solution under agitation for 4 hours. Afterwards, the
solid phase washed with fresh water 03 times and dried
at 105 °C for 24 hours. The acetic acid solutions (1.0,
2.0, and 4.0 mg/mL) prepared by dilution of acetic acid
in 10 ml distilled and deionized water. The adsorption
experiments were carried out with 0.1 g of activated
solid phase and 10 mL acetic acid solutions at 1.0
atmosphere and 25 °C using an orbital shaker (Quimis,
Brazil, Model: Q225M22). The chemically activated
solid phase introduced inside a borosilicate glass
Erlenmeyer of 50 mL and completed with 10 mL acetic
acid solution. Because adsorption of acetic acid into
the chemically activated solid phase is very fast, as
observed by pre-tests experiments, the adsorption
kinetics was investigated at 30, 60, 120, 240, 480, and
600 seconds. The Erlenmeyer flasks (06), one for each
time withdraw, inserted in the orbital shaker. Samples
of 20 mL were withdraw, followed by filtration to
separate the solid particles and the liquid phase
(filtrate). Afterwards, the acid value of filtrate
determined by AOCS Cd 3d-63 method [53]. For the
adsorption isotherm determination, acetic acid models
solutions of 0.5, 0.25, 0.1, 0.05, 0.02, and 0.01 M were
prepared and made in contact to approximately 0.1 g of
adsorbent until equilibrium is achieved. Afterwards, the
mass of acetic acid consumed and the equilibrium
concentration determined by titration.

2.7.2. Adsorption Kinetics and Isotherm Models

The solid phase obtained by HTC at 250 °C, 240
minutes, and biomass-to-water 1:10, chemically
activated with a 2.0 M sodium hydroxide solution, was
applied as adsorbent to investigate the capacity and/or
efficiency to adsorb acetic acid from 1.0, 2.0 and 4.0
g/L model solutions at 25 °C. Since the acid value is
directly proportional to the concentration of acetic acid

C,c in aqueous solution, expressed by equation (8), a
dimensionless concentration is defined by equation (9),
where [, is the solution initial acid value, I, the

solution acid value at time (t), I(w)=1*, the solution

acid value at (), that is the solution acid value at
equilibrium. When the concentration of acetic acid in
aqueous solution, measured indirectly by the acid
value, reaches equilibrium, the dimensionless
concentration tends to 1.0. Equilibrium data of acetic

acid adsorption on chemically activated solid phase
was analyzed by using a Langmuir isotherm, defined

by equation (11), where X,y :coom s 1S the equilibrium
adsorption capacity of acetic acid in adsorbent,
Ceuscoon » the equilibrium concentration of acetic acid in
aqueous solution, K ,X,,. , adsorption constants

associated to free energy adsorption and maximum
adsorption capacity, and n an exponent.

[ «C.l=KC,, "
= [1(0) _I(’)] - [CAC(W _CACu)]

[lo=T] [Cucw = Coceo ] ©)
Iy =T Coewy=Cac’ (10)
Kescoon = 1 Xoas * Corcoon "

[1 +K,* (C;HSCOOH ) ]

The kinetic of adsorption process assumed to be
described by a first order kinetic, expressed in terms of
a dimensionless concentration given by equation (12).

I= A*[1-exp(-K*7)] (12)

Where A, is a dimensionless constant, associated
to the acid value at equilibrium I, =1, and K, the
adsorption kinetic constant.

3. RESULTS AND DISCUSSIONS
3.1. Hydrothermal Processing of Corn Stover

3.1.1. Process Conditions and Material Balances

The process conditions, material balances, and
yields of reaction products (solid, and liquid) are
illustrated in Table 1 and Figure 1. The experimental
data shows solid phase yields ranging from 62.92 to
35.82% (wt.), and liquid phase yields between 35.43
and 54.59% (wt.). The solid phase yield decreases
along with the temperature in a sigmoid fashion, while
that of liquid phase yield increases in the same fashion,
showing an inflection region between 200 and 225 °C,
whereas a drastic change on both solid and liquid
phase yields takes place. This behavior is according to
the statement of Mdller et al. [32], who stated that at
temperatures below 200 °C, the main reaction products
is a solid, while between 200 and 350 °C, liquid
products dominates. A drastic change on the reaction
products yields, occurred between 200 and 225 °C,
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Table 1: Process parameters and overall steady state material balances by HTC of corn Stover with at 200, 225, and
250 °C, 240 minutes reaction time, and biomass-to-water ratio of 1:10, using a pilot scale STR of 5.0 gallon.

Temperature
Process Parameters [°C]
200 225 250
Mass of Corn Sover [g] 600.12 600.08 600.10
Mass of H,0O [g] 6002.10 6000.50 6000.70
Mechanical Stirrer Speed [rpm] 90 90 90
Initial Temperature [°C] 30 30 30
Heating Rate [°C/min] 2 2 2
Process Time [min] 240 240 240
Mas of Aqueous Phase [g] 6239.36 6314.77 6328.31
Mass of Biochar [g] 344.44 247.27 214.99
Mass of Liquid [g] 237.26 314.17 327.61
Yield of Biochar [wt.%)] 57.39 41.20 35.82
Yield of Liquid [wt.%)] 39.53 52.35 54.59
70 70
A Yield of Solid Phase
@ Yield of Liquid Phase
YT i Phage ~35-82215TI1+10M(21.83-T)"-0.1)]
(=] —
E 604 "7 YD i phase ~3825+1.501+10%(215:212-T0.1)] 160 ;j
£ 3
0 o
b s
©
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4 | o
o 50 50 -
° S
o g
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o o
= 40 140 5
> °
>~
30 30

190 200 210 220
T[°C]
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Figure 1: Yield of reaction products (solid and liquid phases) obtained by HTC of corn Stover at 200, 225, and 250 °C, 240
minutes reaction time, and biomass-to-water ratio of 1:10, in a pilot scale STR of 5.0 gallon.

showing that hydrothermal carbonization occurred
between 200 and 225 °C, while hydrothermal
liquefaction dominates between 225 and 250 °C. As
corn Stover consists by cellulose (34.5-41.3%),
hemicellulose (27.7-28.1%), lignin (17.8-22.1%), and
ash (5.6-7.8%) [19, 55-56], and according to the
literature [20, 45, 47-49], hot compressed water in the
subcritical state dissolves soluble substances in
biomass and decomposes hemicellulose into sugar
monomers, the results obtained for solid phase yields

are according to similar data reported in the literature
[18-20, 45-46].

3.1.2. Elemental Analysis of Solid Phase

Table 2 presents the physicochemical and
elemental analysis of solid phase products after HTC of
corn Stover at 200, 225, and 250 °C, 240 minutes
reaction time, and biomass-to-water ratio of 1:10 in a
pilot scale STR, related to dry matter. The results show
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Table 2: Elemental characterization of solid phase products obtained by HTC of corn Stover at 200, 225, and 250 °C,

240 minutes reaction time, biomass-to-water ratio of 1:10, using a pilot scale STR of 5.0 gallon.

Solid Phase
Elemental Characterization Temperature [°C]

200 225 250

Ash [%] 11.9 10.07 9.26*

N [%] 0.630 0.736 0.861

C [%] 51.19 56.73 59.17
S [%] 0.3133 0.2147 0.2353

H [%] 6.655 6.500 5.719

O [%] 29.31 25.75 24.75

HHV** [MJ/kg] 22.39 24.53 24.57

*Results computed by statistical analysis.

that carbon content varied between 51.19 and 59.07%
(wt.), oxygen between 29.31 and 24.75% (wt.),
hydrogen between 6.655 and 5.719% (wt.), and
nitrogen between 0.630 and 0.861% (wt.), showing an
increase of carbon and nitrogen contents in the solid
products, as well as a decrease on the oxygen and
hydrogen contents. The carbon contents are higher,
and the oxygen content lower, while the hydrogen
contents are close compared to similar data reported in
the literature [16-18].

The experimental data illustrated in Figure 2 shows
that nitrogen increases and the hydrogen decreases in
a linear smooth fashion, while carbon increases and

60

oxygen decreases along with the temperature in a
sigmoid fashion, showing an inflection region between
200 and 225 °C, whereas a change on both carbon
and oxygen contents in solid phase takes place. This
behavior is similar to that observed for the solid and
liquid phase yields, as described in Section 3.1.1,
showing that temperature acts to produce a rich
carbonaceous energy material.

3.2. Characterizationof Solid Phase

3.2.1. SEM Analysis of Solid Phase

The scanning electron microscopies of solid phase
products after HTC of corn Stover with subcritical H,O

N w L (54
o [=] o o
1 1 1 1

C,H, N, O [%. TS]

-
o
1

.7

C(T) = 51.19+7.98/[1+10~((220.185.T)0.1)]

H(T} = 10.503-0.01872°T, r’= 0.740

L X T 2

O(T) = 24.67+4.64/[1+104((218.455-T)*-0.1)]
N(T) = -0.2975+0.00452°T, F* = 0.997

1R=240m,R=1:10

M

0

— 9 ®

190 200 210 220
T[°C]

230 240 250 260

Figure 2: Elemental analysis of solid phase products (C, H, N, S) after HTC of corn Stover at 200, 225, and 250 °C, 240
minutes reaction time, and biomass-to-water ratio of 1:10, in a pilot scale STR of 5.0 gallon.
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at 200, 225, and 250 °C, 240 minutes reaction time,
and biomass-to-water ratio of 1:10, in a pilot scale
STR, illustrated in Figure 3. SEM was applied to
investigate changes on the vegetal surface structure
along with temperature. The SEM images indicate that
disaggregate, amorphous  and heterogeneous
structures with irregular shapes dominates, being
similar for the hydrothermal processing at 200 and 225
°C, showing the temperature had little effect on the
vegetal morphology, as the vegetal structure largely
retains the original microscopic characteristics. On the
other hand, for hydrothermal processing at 250 °C, it
can be seen an aggregate amorphous solid phase with
only small traces and/or characteristics of original

TM3000_5176

et
16:11 N

2016/02/25

vegetal surface structure, being the carbonization
grade higher, showing that temperature has caused
substantial changes on the morphological structure of
corn Stover by destructing and/or degrading the plant
cell walls [59]. The results are according to similar
studies on the effect of temperature on the surface and
morphology of biochar and hydro-char [18, 57-59].

3.2.2. EXD Analysis of Solid Phase

Table 3 illustrates the energy dispersive X-ray
spectroscopy of solid phase products at the points
marked by EDX technique. Each solid phase sample
was analyzed in 05 (five) different points marked by
EDX. The results show that carbon content increases,

- % Y
i e i

D5.0 <250

Figure 3: SEM of solid phase products obtained by HTC of corn Stover at 200 °C (TM3000_4984), 225 °C (TM3000_4988), and
250 °C (TM3000_5176), 240 minutes reaction time, and biomass-to-water ratio of 1:10, in a pilot scale STR of 5.0 gallon.
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Table 3: Percentages in mass and atomic mass of solid phase products, obtained by HTC of corn Stover at 200, 225,
and 250 °C, 240 minutes reaction time, biomass-to-water ratio of 1:10, using a pilot scale STR of 5.0 gallon, at

the point marked by EDX technique.

Solid Phase Products
200 °C 225°C 250 °C
Chemical Mass Atomic Mass SD Mass Atomic Mass SD Mass Atomic Mass SD
Elements [wt.%)] [wt.%)] [wt.%)] [wt.%)] [wt.%)] [wt.%)]
C 71.980 77.437 0.818 73.890 79.177 0.654 76.042 81.051 0.631
) 27.836 22.474 0.819 25.736 20.703 0.656 23.591 18.877 0.632
Si 0.194 0.089 0.043 - - - - - -
Ca - - - 0.374 0.120 0.032 - - -
Zn - - - 0.366 0.072 0.065

SD= Standard Deviation.

while that of oxygen decreases along with the process
temperature, being the measured carbon contents
higher and the oxygen contents close to those
described in Table 2. This is due to limitations of
elemental analysis by EDX technique, which is not able
to identify chemical elements like hydrogen and
nitrogen. In addition, the computation of carbon and
oxygen contents described in Table 2 is performed by
subtracting the ash content, as described in equation
(1). The EDX identified also the presence of K, Na, and
P, as well as Si in almost all the points marked by EDX,
being the Si content in some points around 10% [wt.] at
200 and 225 °C. The inorganics compounds identified
by EDX present in the solid phase products are
according to inorganic compounds identified in corn
Stover after drying at 105 °C [60].

3.2.3. XRD Analysis of Solid Phase

Figure 4 shows the XRD analysis of solid phase
products obtained by HTC of corn Stover at 200, 225,
and 250 °C. At 200 °C, the results identified the
presence of three (03) crystalline phases: 1 - a-Quartz
(SiO,) with a peak of higher intensity (100%) on the
position 26: 20.68 (ICDD:01-089-8940); 2 -o-
Cristobalite (SiO;) with peaks of high intensity on the
positions 20: 15.53 (79%) and 21.96 (90.07%) (ICDD:
01-077-1316); 3 - Graphite (C) with a peak of medium
intensity (59.38%) on the position 26: 26.45 (ICDD: 01-
012-0212). At 225 °C, the results identified the
presence of three (03) crystalline phases: 1 - Graphite
(C) with a peak of medium intensity (53.75%) on the
position 20: 26.57 (ICDD: 00-025-0284); 2 - Cristobalite
(SiOy) with peaks of high and low intensity on the
positions 20: 22.47 (100%) and 49.94 (49.86%)
(ICDD:01-082-1235); 3 - Quartz (SiO,) with a peaks of
medium and low intensity on the positions 26: 20.73
(65.99%) and 49.94 (49.86%) (ICDD: 01-089-1961). At

250 °C, the results confirm the presence of three (03)
crystalline phases: 1 - Graphite (C) with a peak of high
intensity (100%) on the position 26: 26.52 (ICDD: 00-
025-0284); 2 — a-Cristobalite (SiO;) with peaks of
medium intensity on the positions 26: 15.07 (71.53%)
(ICDD: 01-077-1316); 3- o-Quartz (SiO,) with a peak of
high intensityon the position 28: 20.40 (90.30%) (ICDD:
01-089-8940). The XRD results identified the
occurrence of peaks of higher intensity of Graphite (C)
along with the temperature, as well as a diminution of
peaks intensity for a-Cristobalite (SiOz) and a-Quartz
(SiOy), showing that higher temperatures favors the
formation of mineralogical phase Graphite (C). This is
according to the results described in Section 3.2.2,
being identified the presence of Si in almost all the
points marked by EDX, as well as an increase on
carbon content with the temperature.

3.3. HHV and van Krevelan Diagram of Solid Phase

Figure 5 illustrates the hydrogen-to-carbon ratio
(H/C) as a function of oxygen-to-carbon ratio (O/C), as
well as the high heating value (HHV) of corn Stover at
105 °C [18, 59], and after HTC at 200, 225, and 250
°C, 240 minutes reaction time, biomass-to-water ratio
of 1:10, in a pilot scale STR of 5.0 gallon. The results
show that H/C ranged between 0.84 and 0.31, and O/C
between 1.62 and 1.16. In addition, H/C decreases
exponentially with decreasing O/H, that is with
increasing temperature, if one takes into account the
H/C and O/C values of corn Stover after drying at 105
°C. This suggests a growing aromaticity of solid phase
products along with the temperature, being the results
according to similar studies reported in the literature
[18, 19, 59, 61], particularly that of Mumme et al. [61].
Mumme et al. reported H/C values between 1.35 and
1.16 by HTC of digestate maize silage at 190, 230, and
270 °C, for reaction time of 360 minutes.
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Figure 4: XRD of solid phase products obtained by HTC of corn Stover at 200, 225, and 250 °C, 240 minutes reaction time, and
biomass-to-water ratio of 1:10, in a pilot scale STR of 5.0 gallon.
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Figure 5: H/C as a function of O/C and high heating value (HHV) of corn Stover at 105 °C and after HTC at 200, 225, and 250
°C, 240 minutes reaction time, biomass-to-water ratio of 1:10, in a pilot scale STR of 5.0 gallon.

The high heating values (HHV) of corn Stover at
105 °C and after HTC at 200, 225, and 250 °C ranged
18.30 and 24.58 MJ/kg,
of approximately

between

densification of energy material
34.32%. In addition, HHV of solid phase products

showing

increases,

a

in a sigmoid fashion,
temperature, showing an inflection point between 200
and 225 °C, as observed in section 3.1.1. In fact, by
increasing the temperature from 225 to 250 °C, an
increase of only 0.19% occurs on the densification of

along with

the
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energy material, indicating that process has reached its
maximal densification state. The results are lower
compared to that reported by Mumme et al. [61], but
very close to those of Reza et al. [62], who reported
HHV values between 20.30 and 24.50 MJ/kg at 200,
230, and 260 °C for loblolly pine, a raw material
containing 11.9, 54.0, and 25.0% (wt.), lignin, cellulose,
and hemicellulose, respectively.

3.4. Chemical Analysis of Aqueous Compounds

During the hydrothermal processing of lignin-
cellulose rich biomass, a series of chemical reactions
takes place, including hydrolysis, dehydration,
decarboxylation, polymerization, aromatization, among
others [32, 63], producing lignin and cellulose-derived
compounds such as sugars, carboxylic acids,
aldehydes, phenols, etc. [19, 20, 34-36, 59, 61-62]. The
presence of cellulose-derived toxic compounds in the
aqueous phase of hydrothermal processing of biomass
makes it necessary a new pretreatment step for
wastewater process streams, prior to reuse and/or
discharge [34]. In this context, selective
cellulose/hemicellulose-derived compounds such as
acetic acid, and aldehydes (furfural, HMF) chemically
identified and analyzed, and the results illustrated in
Table 4 and Figure 6. The results show that acetic acid
concentrations and total carboxylic acids
concentrations, expressed as total acetic acid, varied
between 4020 and 5040 and 4064 and 5387 mgl/L,
respectively, showing an exponential increase along

with the temperature. Reza et al. [39], reported an
increase of acetic acid concentration along with
temperature, remaining the concentration of acetic acid
almost stable for long reaction times. HMF and furfural
concentrations decrease sharply with increasing
temperature, being not detectable at 250 °C. This
behavior was also observed by Reza et al. [39],
reporting for cellulose hydrothermal treatment at 260
°C, that HMF degrades rapidly during the reaction,
being not detectable after 60 minutes. A similar
behavior was found for furfural concentrations in
process water-streams by HTC of wheat straw and
poplar [39], as well as pine wood and Massaranduba
[34], whereas an increase on process temperature after
250 °C and 240 minutes reaction time leads to a
significant decrease on furfural concentration [34, 39].
In addition, the concentrations of acetic acid, HMF and
furfural are according to similar data [34, 39]. The pH
varied between 3.77 and 3.91, showing that acetic
acid, but not only, has a great effect on the acidity of
process water-streams by hydrothermal processing of
biomass.

3.5. Adsorption Kinetics and Isotherm Models

As reported elsewhere [34], one of the major
drawbacks of hydrothermal processing of biomass is
the presence of cellulose and lignin-derived toxic and
hazardous substances such as furfural,
hydroxymethylfurfural, and phenols in process water-
streams, as well as its high acidity, conferred by the

Table 4: Concentration of aldehydes (HMF, furfural), acetic acid (C2H40,), total acetic acid (C2H402+C3HgO2+C4HsO2+
CsH1002+CsH120-) in the aqueous phase at 25 °C and 1.0 atm after HTC of corn Stover at 200, 225, and 250 °C,
240 minutes reaction time, biomass to-water ratio of 1:10, using a pilot scale STR of 5.0 gallon

Temperature [°C]
Concentration aldehydes [mg/L]
200 225 250
HMF: CAS: 67-47-0
o] 443.9 170.4 0.0
Ho () Yo
Furfural: CAS:98-01-1
/7 \_ 0o 686.7 22.81 0.0
o
H
Concentration of carboxylic acids [mg/L]
Acetic acid: CAS: 64-19-7
(@] 4020 4360 5040
)J\OH
Total acetic acid
4064 4619 5387
(C2H402 + C3H502 + C4H802, CSH’\OOZ + CGH’\ZOZ)
pH 3.77 3.91 3.83
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Figure 6: Concentration of HMF, furfural, acetic acid, and total acetic acid in the aqueous phase at 25 °C and 1.0 atm. after HTC
of corn Stover at 200, 225, and 250 °C, 240 minutes reaction time, biomass-to-water ratio of 1:10, using a pilot scale STR of 5.0

gallon.

presence of carboxylic acids such as acetic acid [34-
40]. In this context, the chemically activated solid
phase obtained by HTC of corn Stover at 250 °C, 240
minutes, biomass-to-water ratio of 1:10, was applied as
adsorbent to investigate the capacity and/or efficiency
to adsorb acetic acid, the major carboxylic acid present
in HTC process water-streams, from 1.0, 2.0 and 4.0
g/L model solutions at 25 °C. Figure 7 illustrates the
adsorption kinetics and isotherm of acetic acid
solutions on the activated solid phase. The kinetic of
acetic acid adsorption on the chemically activated solid
phase is fast, being the equilibrium reached in
approximately 240 seconds, for all the model solutions.
This is probably due to the chemical modification of
adsorption surface and internal porous, micro-porous,
and macro-porous by sodium hydroxide, being the acid

molecules dissociated in water captured by the
1,1
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charged active sites. In addition, the first order kinetic
model correlates well the experimental data, showing
correlation coefficients (r?) between 0.949 and 0.993.
The adsorption isotherm of Langmuir correlates well
the adsorption equilibrium, being the regression
coefficient (r?) 0.994. The maximum adsorbent capacity
was approximately 650 mg/g, showing the great
capacity of chemically activated solid phase obtained
by HTC of corn Stover at 250 °C, 240 minutes,
biomass-to-water ratio of 1:10, to adsorb organic
compounds present in HTC process water-streams.
The results are according to similar studies reported by
Islam et al. [64-65], who investigated the adsorption of
MB (Methylene Blue) from aqueous solution with
hydro-char from factory-rejected tea (FRT) and palm
date seeds (PDS), chemically activated with sodium
hydroxide. The adsorption kinetic described by a
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Figure 7: Kinetic and adsorption isotherm of acetic acid solutions on the solid phase product obtained by HTC of corn Stover at
250 °C, 240 minutes reaction time, biomass-to-water ratio of 1:10, activated with 2.0 M NaOH.
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pseudo-second-order model and the adsorption
isotherms by the Langmuir [64], and the Freundlich
models [65], respectively. The authors reported a
maximum adsorption capacity of 487.4 mg/g at 30 °C
[64], and 612.1, 464.3 and 410.0 mg/g at 30, 40 and 50
°C [65], respectively, being the results according to the
measured maximum adsorbent capacity of 650 mg/g at
30 °C. Recently, Liang et al. [66] investigated the
adsorption of acetic acid on carbon microspheres
synthetized by HTC, obtaining maximum adsorbent
capacity of 260 mg/g at 25 °C.

4. CONCLUSIONS

The solid phase yield decreases with temperature,
while that of liquid phase increases, presenting an
inflection region between 200 and 225 °C, showing that
hydrothermal carbonization occurred between 200 and
225 °C, while hydrothermal liquefaction dominates
between 225 and 250 °C. SEM images of solid phase
product at 250 °C show an aggregate amorphous solid
phase with substantial changes on the original
morphology of corn Stover. The XRD results show that
higher temperatures favors the formation of
mineralogical phase Graphite (C). HHV of solid phase
products increases with temperature, showing a
densification in the energy material of approximately
34.32%. GC analysis identified acetic acid in
concentrations between 4020-5040 mg/L. HPLC
identified the presence of furfurals, and HMF, whose
concentrations decreases exponentially and linearly
with temperature, being both compounds not
detectable at 250 °C. The chemically activated solid
phase was selective to adsorb acetic acid, showing that
recovery of acetic acid from aqueous solution produced
after hydrothermal processing of biomass is feasible by
using a multistage-stage adsorption process in series.
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