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Abstract

Ball milling of rice straw impregnated with sulfuric acid (RS-S), hydrochloric acid (RS-H), acetic acid (RS-A), or nitric
acid (RS-N) were carried out in this study. Physicochemical analysis and subcritical water hydrolysis were performed
to evaluate the effect of acid species on ball milling treatment of rice straw. Acetic acid and solo ball milling treatment
showed little effect on solubility, thermal stability and crystalline structure of rice straw, while hydrochloric acid, acetic
acid and nitric acid significantly improved the solubility and decreased the crystallinity index and thermal stability of rice
straw. Sulfuric acid was found to be the most efficient acid to destroy the rice straw structure during ball milling followed
by nitric acid and hydrochloric acid, attributed to its long retention on rice straw surface after drying. The effective cleav-
age of holocellulose-lignin chemical linkages in RS-S during pretreatment made the hydrolysis products of RS-S easier
to be hydrolyzed to biochar at high reaction temperatures, resulting in the increased solid residue yield. The breakage
of crystallites and holocellulose-lignin chemical linkages greatly improved the reactivity of RS-S, resulting in the lower
temperature and activation energy required to initiate the hydrolysis reaction compared with those of rice straw and RS-A.

Statement of novelty

Biomass is a promising platform for both bioenergy and feed stock chemicals. However, the rigid structure of biomass
made it difficult to be hydrolyzed and converted to biofuels and value-added chemicals in subcritical water. Acid/alkaline
pretreatment, a broadly employed biomass pretreatment method could efficiently cleave the chemical bonds in biomass.
However, it suffers equipment corrosion and environmental pollution because of the high concentration of acid/alkaline
used. In this study, diluted acids (H,SO,, HCI, CH;COOH and HNO;) were employed to impregnate rice straw, followed
by ball milling, in order to improve the accessibility of rice straw during hydrolysis in subcritical water. H,SO, was found
to be the most efficient acid to destroy the rice straw structure during ball milling, which resulted in the lower activation
energy needed to initiate the hydrolysis reaction in subcritical water, and higher contents of value-added chemicals in the
hydrolysate.

Highlights

e H,SO, was the most efficient acid to destroy the RS structure during ball milling.

e Acid-associated mechanical treatment can cleave the glycosidic bonds in RS.

e The solubility of RS was greatly improved after acid impregnation and ball milling.
e The destruction of hydrogen and glycosidic bonds made RS easier to be hydrolyzed.
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Introduction

Biomass, the most abundant renewable resource in the
world is considered to be a promising candidate to replace
fossil-derived fuels and chemicals [1]. Various technologies
such as subcritical water treatment have been employed to
convert biomass to biofuels and value-added chemicals [2,
3]. However, the rigid structure caused by cellulose crys-
tallinity and the matrix formed by lignin and hemicellulose
reduce the conversion efficiency of biomass to value-added
chemicals in subcritical water [4, 5]. In order to address the
above hurdle, various pretreatment methods such as ionic
liquid, deep eutectic solvent, mechanical milling and acidic/
alkaline pretreatment were thus tested to improve the reac-
tivity of biomass [6, 7].

Among all the pretreatment method, acid/alkaline pre-
treatment had been broadly employed to treat raw bio-
mass for reactive substrates production, owing to its high
efficiency to cleave the chemical bonds such as glucosidic
bonds and a-ether bonds between hemicellulose and lignin
in biomass [1, 8]. However, high concentration of acid/
alkaline is always needed in order to efficiently hydrolyze
biomass, which will cause equipment corrosion and envi-
ronmental pollution [8]. What is more, the acid/alkaline
chemical agents that anchor onto the biomass framework
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during pretreatment are hard to wash off and high cost was
thus required to recover the spent chemicals [8, 9].
Pretreatment of biomass with mechanical milling has
attracted much attention in recent years, because it could
induce different extents of size reduction and various mech-
anochemical effects [10]. After mechanical milling, surface
area and solubility of biomass can be significantly improved,
while crystallinity degree, particle size and thermal stability
are reduced [ 11-13]. Nevertheless, a large amount of energy
and a long time are always required, to break down the bio-
mass structure and reduce the biomass particle size [14]. In
addition, the molecular mass of biomass components could
be only marginally decreased by solo ball milling treatment.
Combination of diluted acid impregnation and mechanical
milling could largely improve the milling efficiency and
reduce the cost for biomass pretreatment [15]. The cellulose
in biomass could be effectively depolymerized and decrys-
tallized after mechanical milling, due to the acid-catalyzed
conversion of cellulose to glucan oligomers with a-(1—6)
glycosidically linked branches [16, 17]. The acidulated
biomass after mechanical milling could be efficiently con-
verted to valuable chemicals by means of catalytic hydroly-
sis in subcritical water [18—21]. However, to the best of our
knowledge, very little is known about hydrolysis behavior
of pretreated biomass under subcritical water conditions,
which will affect the optimum conditions for effective
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hydrolysis of biomass to value-added chemicals. Besides,
the effect of impregnation using different acids on biomass
structure can be diverse, which will significant influence
the hydrolysis mechanism of biomass. In this study, rice
straw (RS) that applied as a model of biomass sample was
pretreated by acid impregnation (H,SO,, HCl, CH,COOH
and HNO,) and ball milling. The effect of acid species on
physicochemical properties, hydrolysis behavior as well
as hydrolysis kinetics of pretreated RS was investigated to
determine the optimum conditions for RS hydrolysis in sub-
critical water.

Experimental Details
Materials

RS collected from Huzhou city, Zhejiang Province was
selected as raw biomass. The RS was dried, crushed and
sieved to select the particles with a diameter of <0.3 mm,
before experiment. The cellulose content, hemicellulose
content and lignin content in the RS were analyzed to be
30.2%, 24.6% and 14.8%, respectively. H,SO,, HCI and
HNO; were received from Hangzhou Shuanglin Chemical
Industry Co., Ltd. (Zhejiang, China). Reagents of 3,5-dini-
trosalicylic acid, sodium potassium tartrate, phenol, glu-
cose, ascorbic acid, ethanol and acetic acid were received
from Shanghai Aladdin Industrial Co., Ltd.

Rice Straw Pretreatment

15 g of RS and 30 mL of diluted acid (H,SO,, HCI,
CH,;COOH and HNO;) were charged into a glass container.
The slurry was then mixed and oven-dried to prepare the
acidulated RS. The oven-dried RS was then ball-milled for
4 h at 300 r min~ ! by a planetary ball milling machine. The
samples pretreated with H,SO,, HCIl, CH;COOH and HNO,
as well as ball milling were defined as RS-S, RS-H, RS-A
and RS-N, respectively. The RS only pretreated with ball
milling was named as RS-B.

Hydrolysis of Rice Straw in Subcritical Water

RS, RS-B, RS-S, RS-H, RS-A and RS-N were hydrolyzed
at 180, 200, 220, 240 and 260 °C for 5 min, in a batch reac-
tor (10 mL) made by SUS316 stainless steel. At the end of
hydrolysis, vacuum filtration was applied to separate the
hydrolysate and solid residue in the reactant, which were
then stored at 4 °C and oven-dried, respectively.

Hydrolysis behaviors of RS, RS-A and RS-S were
investigated in the same reactor. For each run, the reactor
loaded with 7 mL distilled water and 150 mg of sample was

immersed into a preheated ceramic furnace (500 °C) con-
trolled by a single-display proportional-integral-derivative
controller. The reaction temperature started at 100 °C, and
heated to the desired temperature at a heating rate of 18 °C
min~!. The reactor was treated at various reaction times
according to the hydrolysis behavior of sample. The reac-
tor was cooled down immediately by immersing into an ice
bath to fully stop the reaction when the reactor reached the
desired temperature. The hydrolysate and solid residue were
also separated through vacuum filtration.

A model-fitting method, Coats-Redfern method, was
applied to estimate the hydrolysis kinetics and kinetic
parameters of RS, RS-A and RS-S in subcritical water,
according to previous research [5]. The expression of reac-
tion models functions in Coats-Redfern method is listed on
Table S1.

Characterization

FTIR (Nicolet iS20, Thermo Scientific, MA, USA) and
XRD (D8 Advance, Bruker, Germany) tests were performed
to study the functional group and structure change of RS
with and without pretreatment, respectively. Solubility was
evaluated through dissolving 1 g of RS with and without
pretreatment into 20 mL of deionized water. Total carbo-
hydrate content (TCH) in the hydrolysate was determined
by a phenol-sulfuric acid method with some modification.
Reducing sugar content (RDS) was evaluated by a modi-
fied dinitrosalicylic colorimetric method and free radical
scavenging activity (FRSA) was analyzed by a modified
1,1-diphenyl-a-picrylhydrazyl hydrate method. The detail
description of above analytic methods was provided in our
previous research [5].

Results and Discussion
Properties of Rice Straw after Pretreatment

Various mechanochemical effects would be initiated during
acid and ball-milling pretreatment of RS, resulting in the
obvious change of RS structure. The FTIR spectra of RS
with and without pretreatment are presented in Fig. 1. The
band at 3400 cm™! was indicative of O-H stretching band,
which was caused by the vibration of hydrogen bonded
hydroxyl group [12, 22]. The bands presented at 1100 and
1040 cm™! are relevant to C-O vibration of crystalline cellu-
lose and C-O stretching of cellulose, respectively. The peak
intensities of above peaks became more intense after pre-
treatment, which ascribed to the formation of glucan through
repolymerization of cellulose derived oligomers [23]. The
intensities of other bands, such as aliphatic C-H stretching

@ Springer
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Fig.2 (a) XRD patterns and (b) crystallinity index of RS, RS-B, RS-S,
RS-H, RS-A and RS-N

band at 2900 cm ™!, C=0 stretching band at 1710 cm™! and
C-H deformation band at 1380 ¢cm™! also increased after
pretreatment. The lignin-related peaks corresponded to aro-
matic skeletal vibration (1630 and 1520 cm™"), C-H bend-
ing (1430 cm™!) and syringyl (S) and guaiacyl (G) units
(1320 cm™!) existed in all samples, which implied that the
lignin structure in RS was not destroyed during pretreatment.

Figure 2 shows the XRD diffraction spectra of RS, RS-B,
RS-S, RS-H, RS-A and RS-N. A weak peak and a sharp peak
presented at 26 values around 14.8° and 22°, respectively, in
all samples, which are the characteristic of typical forms of
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cellulose I (Fig. 2a). The presence of above peaks indicated
that the crystal structure of cellulose in RS still remained
after pretreatment. However, diffraction peak at 20 =22° that
corresponded to crystal face of (002) became weaker after
pretreatment. Meanwhile, crystallinity index of RS, which
was calculated by the peak height method decreased after
acid and ball milling pretreatment [24], as shown in Fig. 2b.
The above phenomena indicated the breakage of crystallites
in cellulose, which occurred through destruction of inter and
intra hydrogen bonds as well as glycosidic bonds in RS dur-
ing pretreatment. RS-S showed the weakest crystalline peak
intensity and the lowest crystallinity index among all the
samples, which implied that H,SO, was the most effective
acid to destroy the crystalline structure of cellulose in rice
straw. The loss of cellulose crystal structure through ball
milling would result in changes in the atomic spacing. For
example, transition of C6 group to a different conformation
or different rotational angles about the f-(1—4) glycosidic
linkage might increase or decrease spacings between atoms
located in adjacent glucose molecules, which led to the shift
of crystalline peak [25]. The reduction of long-range forces
in the smaller crystallinities of cellulose would lead to the
shift of crystalline peak to lower 26 value [26]. In the pres-
ent study, the pretreated samples showed lower 26 values
of crystalline peak compared with that of RS, indicating
the increase of spacing between atoms located in adjacent
glucose molecules and/or reduction of long-range forces in
the smaller crystallinities of cellulose (Fig. 2a). The lowest
20 value of crystalline peak in RS-S further confirmed the
efficiency of H,SO, to destroy the crystalline structure of
cellulose in rice straw.

The breakage of hydrogen bond and glycosidic bond in
RS would significantly affect its solubility. Figure 3 shows
the solubility of RS, RS-B, RS-S, RS-H, RS-A and RS-N.
We could observe that RS (6.5%) was sparingly soluble in
water. Solo ball milling as well as CH;COOH impregna-
tion and ball milling treatment showed low efficiency on
elevating the solubility of RS. However, the solubility of
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RS was greatly elevated after strong acid (H,SO,, HCI and
HNO;) impregnation and ball milling treatment. Figure S1
presents the TCH content, RDS content and FRSA in the
extracts from RS, RS-B, RS-S, RS-H, RS-A and RS-N. The
extracts of RS and RS-B presented lower TCH and RDS
contents than those of RS-B, RS-S, RS-H, RS-A and RS-N
(Figs. Sla and S1b). This result indicated that the acid espe-
cially strong acid could accelerate the dissociation of RS
on glycisidic bonds for saccharides release and solubility
improvement during pretreatment. The FRSA in the extracts
of RS-S, RS-H, RS-N and RS-A also increased, ascribed to
the generation of new antioxidant compounds by depoly-
merization of holocellulose (Fig. Slc).

Compared with RS, RS-B, RS-H, RS-A and RS-N, RS-S
showed the lowest crystallinity index, the highest solubility,
TCH and RDS contents among all samples, indicating that
H,SO, was the most efficient acid to pretreat RS. This was
ascribed to the lower volatile of H,SO,, which resulted in
the more amount of H,SO, remained on RS surface after
drying. The remained H,SO, on RS could act as an acid
catalyst to improve the mechanical milling efficiency for
glycisidic bonds destruction, leading to the lower crystallin-
ity index compared with those pretreated with other acids.
The dissociation energies required for glycisidic bonds

100
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Fig. 4 (a) Solid residue yields of RS, RS-B, RS-S, RS-H, RS-A and
RS-N, and (b) exact amount of sample hydrolyzed in RS, RS-B, RS-S,
RS-H, RS-A and RS-N at the reaction temperatures of 180 to 260 °C
(n=3)

destruction were supplied by the impact between ball and
RS. It could also result in the formation of branched cello-
oligomers with a-(1—6) linkages to significantly improve
the solubility of RS-S [17, 27]. In addition, the acid catalyst
could not be destroyed during mechanical milling, which
enabled the further hydrolysis of RS-S to valuable chemi-
cals in subcritical water.

Thermal Stability of Rice Straw after Pretreatment

The thermal stability of RS with and without pretreatment
was examined at 180 to 260 °C in subcritical water. As
shown in Fig. 4a, the solid residue yield of RS decreased as
the reaction temperature increased, which equaled 76.3%-
45.6%. Solo ball milling as well as CH;COOH impregna-
tion and ball milling showed little effect on solid residue
yield; the solid residue yields of RS-B and RS-A at 260 °C,
following these pretreatment, were nearly the same to that
of RS. The RS-S, RS-H and RS-N showed extremely low
solid residue yields with the values of 29%, 52.5% and
50.4%, respectively, even at 180 °C. It seemed that the ther-
mal stability of RS could be significantly reduced through
strong acid impregnation and ball milling treatment. How-
ever, it worth noting that the solubility of RS significantly
improved after pretreatment. The exact amount of sample
hydrolyzed during subcritical water treatment was thus cal-
culated in order to evaluate the thermal stability. We could
clearly observe that the RS-S and RS-H presented lower
thermal stability than that of RS, while the thermal stability
of RS-B, RS-A and RS-N was similar to that of RS (Fig. 4b,
). The decreased thermal stability was mainly caused by the
breakage of crystallites in RS during pretreatment, as sug-
gested by XRD measurement.

Characterization of Hydrolysate

The TCH, RDS and antioxidant compound contents in the
hydrolysates obtained from RS, RS-B, RS-S, RS-H, RS-A
and RS-N under various conditions are presented in Fig. 5.
The reaction temperature presented significant effect on the
TCH content and the maximum value of TCH content in the
hydrolysate of RS obtained at 220 °C (Fig. 5a). The highest
TCH contents in the hydrolysates of RS-B and RS-A were
also obtained at 220 °C, whereas RS-S, RS-H and RS-N
showed lower reaction temperature with the highest TCH
content. The change tendencies of RDS contents in the
hydrolysates of RS, RS-B and RS-A were similar to those
of TCH content. Maximum RDS contents in the hydroly-
sates of RS, RS-B and RS-A were also obtained at 220 °C
(Fig. 5b). In contrast, the reaction temperature for the high-
est RDS contents presented at 200 °C during hydrolysis
of RS-S, RS-H and RS-N. The TCH and RDS contents in
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Fig. 5 (a) Total carbohydrate content, (b) reducing sugar content and
(¢) free radical scavenging activity in the hydrolysates of RS, RS-B,
RS-S, RS-H, RS-A and RS-N (n=3)

the hydrolysates of RS-S, RS-H and RS-N were obviously
higher than those of RS, RS-B and RS-A under the same
conditions. It was reported that the nature recalcitrance of
cellulose arose by orderly intro- and intermolecular hydro-
gen bonds would prevent the interaction between their
f-1,4-glycosidic bonds with external chemical reagents,
which was intractable for monosaccharide release [28].
Therefore, the higher TCH and RDS contents in the hydro-
lysates of RS-S, RS-H and RS-N were due to the cleavage
of glycosidic and hydrogen bonds, and breakage of crys-
tallites in RS during pretreatment, making subcritical water
easier to react with them. Besides, the acid remained on
RS-S, RS-H and RS-N surfaces could facilitate the hydroly-
sis of holocellulose for saccharides production. The FRSA
increased as the reaction temperature elevated from 180 to
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Fig. 6 (a) Hydrolysis behaviors and (b) derivation of experimental
data of RS, RS-A and RS-S in subcritical water (n=3)

260 °C for all samples, which indicated the improvement of
extraction efficiencies for antioxidant compounds and for-
mation of new antioxidant compounds [29]. The order of
FRSA was determined to be RS >RS-B>RS-S>RS-H>R
S-A>RS-N.

Hydrolysis Behaviors of Rice Straw, RS-A and RS-S

The hydrolysis behaviors of RS, RS-A and RS-S in subcriti-
cal water are presented on Fig. 6a. RS started its hydrolysis at
163 °C and the weight loss mainly occurred at 163-315 °C.
The solid residue yield accounted for 27.7% of the weight of
the original RS after hydrolysis. The entire hydrolysis period
of RS could be divided into three sections, which presented at
temperature ranges of 163-251 °C (Section I), 251-279 °C
(Section IT) and 279-315 °C (Section III). Three peaks, with
mass loss rates of 0.75, 0.48 and 0.59% °C~ !, existed at 218,
269 and 294 °C, respectively (Fig. 6b). The weight losses
of RS were mainly ascribed to the decomposition of cel-
lulose, hemicellulose and a portion of lignin in section I and
section III, while it was induced by the rapid hydrolysis of
cellulose and hemicellulose in section II, according to previ-
ous research [29]. The RS-A showed a hydrolysis region of
176-315 °C. Three hydrolysis sections were also found in
the entire hydrolysis region of RS-A at 176-205 °C (Sec-
tion I), 205-260 °C (Section II) and 260-315 °C (Section
III). The maximum weight loss rates in section I, section II
and section III were determined to be 0.47 (201 °C), 0.78
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(227 °C) and 0.86%°C~ ! (283 °C), respectively. In contrast,
the RS-S showed a much lower hydrolysis temperature with
the value of 117 °C, indicating the significant reduction of
thermal stability after pretreatment. The solid residue yield
of RS-S reduced with increasing reaction temperature and
fell to the lowest yield of 25.8% at 205 °C; but it showed an
increase at higher reaction temperatures. The lower hydro-
lysis temperature of RS-S could be ascribed to the breakage
of crystallites as suggested by XRD measurement, which
made cellulose easier to be hydrolyzed in subcritical water.
It was reported that some of the hydrolysis products derived
from holocellulose could be further converted to biochar at
high reaction temperature, resulting in the increased biochar
yield [30, 31]. However, the formation of biochar would
be inhibited if the holocellulose-lignin chemical linkages
in biomass were not destroyed [30]. In this study, glucan
was formed through repolymerization of cellulose derived
oligomers during ball milling of H,SO, impregnated RS,
which could be easily dissolved and be hydrolyzed to valu-
able chemicals such as saccharides, furan derivatives and
phenolic derivatives in subcritical water. Therefore, it was
considered that the increase of solid residue yield of RS-S
was due to the formation of large amounts of reactable prod-
ucts as well as breakage of holocellulose-lignin chemical
linkages. Only two sections were found during hydrolysis
of RS-S at reaction temperatures of 117-157 °C (Section I)
and 157-205 °C (Section II), whose maximum weight loss
rates were determined to be 0.15 (130 °C) and 0.24% °C~!
(181 °C), respectively.

Hydrolysis Kinetics of Rice Straw, RS-A and RS-S
Table 1 presents the activation energy (E), correlation coef-
ficient (+*) and pre-exponential factor (4,) of RS for three

sections, which calculated from the plotting results of
experimental data (Fig. 6a) shown on Fig. S2. According

Table 1 Kinetic parameters of RS calculated by coats-redfern method

to the correlation coefficients of kinetic models, it seemed
that all the kinetic models agreed well to the experimen-
tal date of RS. However, the value of activation energy in
section 11T (419.5 kJ mol™!) calculated by the third-order
kinetic model (F3) was so high that even radical reactions,
which always occurred in near- and supercritical conditions
could be triggered [32, 33]. Therefore, it was concluded that
F3 kinetic model was not appreciate to explain the hydroly-
sis kinetics of RS. Activation energy that implies the lowest
energy requirement for starting a reaction was one of the
most important factors in controlling the hydrolysis process
of RS. In other words, the higher value of activation energy,
the more difficulty of a reaction starting. The one-way trans-
port kinetic model (D1) in the diffusion models showed
lower activation energy than those of two-way transport
kinetic model (D2), three-way transport kinetic model (D3)
and Ginstling-Brounshtein (D4), indicating the control of
hydrolysis mechanism. As for the geometrical contraction
and reaction-order models, they were controlled by the con-
tracting model (R2) and the first-order kinetic model (F1),
respectively. The average activation energies of RS were
calculated to be 124.1, 55 and 93.7 kJ mol~! in section I,
section II and section III, respectively. The pre-exponen-
tial factors of RS were in the range of 3.0x10*1.9x 10'3
min~!, 9.0x107%-7.4x 10° min~' and 2.2x10°1.4x 10"
min~!, in section I, section II and section III, respectively.
Table 2 lists the hydrolysis kinetic parameters of RS-A.
Diffusion models as well as F3 kinetic model in reaction-
order models were not appropriate for expressing the hydro-
lysis mechanism of RS-A, because radical reactions could
be hardly occurred at low reaction temperatures. In addi-
tion, covalent linkages always exist between holocellulose
and lignin in biomass, the bond-dissociation energies of
which depend on the covalent bond type (-390 to -100 kJ
mol~1) [34, 35]. If the hydrolysis kinetics of RS-A obeyed
the above kinetic models, nearly all the above covalent

Model Section I Section II Section IIT
E A, 12 E A, 12 E A, 12
(kJmol™")  (min™!) (kJmol™")  (min~") (kJmol™")  (min~)
Diffusion models
One-way transport (D1) 157.6 6.8x102  0.83  51.8 1.6x10' 087 473 49x10° 0.97
Two-way transport (D2) 163.2 1.6x10% 084 633 52%10° 088 734 1.5%x10° 0.98
Three-way transport (D3) 169.3 1.9x10% 085 779 1.7x10° 0.89 1223 3.2x%107 0.97
Ginstling-Brounshtein (D4)  165.2 6.1x10'2 084  68.1 1.3%10? 0.88 886 1.3x10* 0.97
Geometrical contraction models
Contracting model (R2) 79.1 3.0x10* 0.83 309 9.0x10°2  0.85 443 2.2x10° 0.97
Contracting volume (R3) 80.7 3.0x10* 0.84 345 1.6x10°" 086 564 2.7%10! 0.97
Reaction-order models
First-order (F1) 83.8 22%10° 085 423 4.0x10° 087 879 12x10° 0.96
Second-order (F2) 93.9 3.7x10° 088 712 7.4%10° 0.9 229.7 1.4x10° 093
Third-order (F3) 105.1 8.2x107 0.91 107.3 6.7x 107 091 4195 32x107  0.92
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Table 2 Kinetic parameters of RS-A calculated by coats-redfern method

Model Section | Section II Section III

E A, 1 E A, 1? E A, 1?

(kJmol™")  (min™ 1) (kJmol™!)  (min™) (kJmol™!)  (min™)
Diffusion models
One-way transport (D1) 406.9 8x10* 0.86  101.9 3.4x10° 093 60 9.7x10! 0.97
Two-way transport (D2) 410.8 12x10" 087 1098 14x107 094 844 2.0x10* 0.98
Three-way transport (D3) 414.9 7.6x10% 087 1185 3.1x107 094 1289 1.7x10% 0.98
Ginstling-Brounshtein (D4) ~ 412.2 3.7x10% 087 1127 6.5x10° 094 982 12x10° 0.99
Geometrical contraction models
Contracting model (R2) 202.3 3.7x10'® 086 529 25%x10' 093 487 6.5x10° 0.98
Contracting volume (R3) 203.6 32x10' 086  55.1 3.0x10' 094 598 6.6x 10! 0.98
Reaction-order models
First-order (F1) 205.6 1.7x10" 086  59.6 3.0x102 094  88.1 1.8x10° 0.96
Second-order (F2) 211.8 89x10" 086 745 1.7x10* 096 222 49%10'"  0.87
Third-order (F3) 218.1 50x10° 088 914 1.5%x10° 097  397.1 92x10%  0.84
Table 3 Kinetic parameters of RS-S calculated by coats-redfern method
Model Section I Section IT

E A, 12 E A, 12
(kJ mol™ l) (min~ 1) (kJ mol™ 1) (min~ l)

Diffusion models
One-way transport (D1) 126.4 9.0x 10" 0.91 69.8 2.9x10* 0.96
Two-way transport (D2) 131.5 2.3%x10"? 0.91 86.5 2.0x10° 0.96
Three-way transport (D3) 136.9 2.8x10" 0.92 111.1 5.9x108 0.94
Ginstling-Brounshtein (D4) 133.3 8.9x 10" 0.91 94.4 4.6x10° 0.94
Geometrical contraction models
Contracting model (R2) 63.7 1.2x10% 0.9 45.7 3.4x10! 0.93
Contracting volume (R3) 65.1 1.2x10* 0.91 51.8 1.4x 102 0.94
Reaction-order models
First-order (F1) 67.8 9.0x10* 0.91 66.1 2.9x%10* 0.91
Second-order (F2) 76.5 1.5x10° 0.93 125.6 8.6x 10" 0.81
Third-order (F3) 86 3.2x107 0.93 202.3 2.3x%10%! 0.75

linkages would be destroyed. The destruction of covalent
linkages would greatly accelerate the hydrolysis rate of
RS-A in subcritical water, which was opposite to the results
shown in Fig. 6a. The hydrolysis of RS-A in the geometrical
contraction and the reaction-order models were controlled
by R2 and F1 kinetic models, respectively, in all sections;
results ascribed to their relatively lower activation energy
values. The average activation energies were 205.8, 60.5
and 104.7 kJ mol~! in section I, section II and section III,
respectively. The pre-exponential factors of RS-A were in
the range of 3.2x10'8-8.9x 10" min~!, 2.5x10'-1.7x 10*
min~! and 6.5x10%4.9% 10" min~! in section I, section
IT and section III, respectively. In contrast, all the kinetic
models could be applied to express the hydrolysis kinetics
of RS-S in subcritical water (Table 3). Kinetic models of D1
in diffusion models, R2 in geometrical contraction models
and F1 in reaction-order models controlled the hydrolysis
mechanism of RS-S in both section I and section II. The
RS-S showed similar average activation energies in section
1 (98.8 kJ mol~") and section II (94.8 kJ mol~ '), which was

@ Springer

due to the conversion of large amount of cellulose to soluble
matters as aforementioned. The pre-exponential factors in
section I and section II were calculated to be in the range
of 1.2x10%-2.8x 10 min™" and 3.4x 10'-2.3 x 10*' min™",
respectively.

Compared with the average activation energies of RS,
RS-A and RS-S in section I and section II, RS-A and RS-S
presented the highest average activation energies in section
I and section II, respectively. The higher average activation
energy of RS-A might be due to the conversion of amor-
phous cellulose to soluble matters during pretreatment. The
remained cellulose in RS-A were mainly crystalline cel-
lulose, which needed high activation energy to trigger the
hydrolysis reaction. In addition, the activation energy of
RS-A needed to initiate the hydrolysis reaction in section
I was similar to that of microcrystalline cellulose with the
value of 226.5 kJ mol~! [36]. The higher average activation
energy of RS-S in section II could be ascribed to the high
content of lignin remained after pretreatment of RS. Consid-
ering all of the experimental and analytical results described
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above, it was considered that H,SO, was the most efficient
acid to assist ball milling for RS pretreatment, which could
be effectively hydrolyzed to value-added chemicals in sub-
critical water.

Conclusions

Ball milling of RS impregnated with various acids were car-
ried out in the present study. Physicochemical analysis as
well as subcritical water hydrolysis was carried out to test
the impact of acid species on ball milling treatment of RS.
H,SO, was found to be the most active towards destroying
hydrogen and glycosidic bonds in RS, because of its rela-
tive higher strength and lower volatile. The RS-S showed
the highest water solubility, and the lowest crystallinity
index and thermal stability among all the samples. The
holocellulose-lignin chemical linkages in RS were effec-
tively cleaved after H,SO, impregnation and ball milling
treatment, resulting in the increased solid residue yield at
the reaction temperature higher than 205 °C. Hydrogen and
glycosidic bonds destruction as well as chemical linkages
cleavage made RS-S easier to react with subcritical water,
leading to the lower activation energy required to initiate the
hydrolysis reaction compared with those of RS and RS-A.
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