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Kinetic modeling of atmospheric formic acid pretreatment of wheat
straw with “potential degree of reaction” models

Lei Dong “, Xuebing Zhao *“ and Dehua Liu *

Pretreatment of lignocellulosic biomass by aqueous formic acid pertains to a biomass fractionation process to obtain multi-products for
biorefining. In the present work, wheat straw was pretreated by aqueous formic acid under atmospheric pressure. The kinetics of
delignification and polysaccharide solubilization were investigated using novel “potential degree of reaction” models, which were
developed based on the multilayered structure of plant cell wall and reaction severity. Parameters termed as “potential degree of
delignification (dp)” and “potential degree of solubilization (ds)” were introduced into the kinetic models for delignification and
polysaccharide solubilizaiton, respectively. The models fitted the experimental results very well. These models were also applicable as
general models for describing the kinetics of various chemical pretreatments of different biomass feedstocks.

the same time and react concurrently with pretreatment progress
' For polysaccharide hydrolysis, one of the widely used models

Production of fuel ethanol from lignocellulosic biomass has s is two-fraction model, which considers that the polysaccharide

Introduction

been considered as a promising solution to the energy crisis, since consists of two fractions: fast (easy) and slow (difficult)
lignocellulose is the most abundant organic material and offers a hydrolyzing fractions which react simultaneously. A parameter,
sustainable fashion for producing fuels 2. However, due to the a, defined as the mass ratio of easy-to-hydrolyze fraction to the
negative effect of chemical compositions and physical structures, total pollsysaccharides has been introduced in the two-fraction
known as biomass recalcitrance, the enzymatic digestibility of 5 model . It has been proved that considering the biomass
lignocellulosic cellulose is greatly constricted > . Therefore, contains several types of polymer could well describe the kinetic
various methods of pretreatment have been developed to behavior olg 1(7ie1ignif1cati0n or lignocellulosic polysaccharide
overcome biomass recalcitrance. Among these methods, hydrolysis ™ . However, the link between the polymer fraction
organsolv pretreatment is an effective way for both enhancing and the physical or chemical characteristics of the raw material,
cellulose digestibility and fractionating biomass to obtain ¢ and the relationship between the kinetic parameter and the
cellulose-rich solid, hemicellulosic sugars and high-purity lignin reaction severity (temperature, catalyst and solvent concentration)
5 Short-chain organic acids, such as formic acid, have been have not been established in these works. Therefore, it is
considered as a good lignin solvent for biomass delignification. necessary to establish a kinetic model that could accurately
Most of hemicelluloses and lignin are removed during formic predict the behavior of delignification and polysaccharide

A

acid pretreatment, which greatly exposes cellulose fibers for ¢ hydrolysis with regard to biomass structure and reaction severity.

enzymatic hydrolysis *7.

In our previous works '™ ', novel pseudo-homogeneous

Some papers have been published on the kinetic modeling of kinetic models for acetic acid (AcH) pretreatment of sugarcane
delignification and polysaccharide solubilization in organsolv bagasse were proposed by introducing the parameters of
pulping or pretreatment of lignocellulosic biomass. The processes “potential degree of reaction”, namely “potential degree of
are usually considered as first-order reactions in a pseudo- 7 delignification (dp)” for delignification and “potential degree of
homogenous system *°. There are generally two kinetic models hydrolysis (k)" for polysaccharide solubilization based on the
for delignification and polysaccharide hydrolysis. One is to multilayered structure of plant cell wall. The relationships
consider that biomass contains only separated type of polymer between the parameters and the reaction severity were established
(lignin, cellulose or hemicellulose) and different phases of mathematically. In the present work, wheat straw was pretreated
degradation are attributed to different rate-controlling 75 by aqueous formic acid under atmospheric pressure, and the
mechanisms of overall process. In delignification process, the kinetics of delignification and polysaccharide solubilization were
lignin is directly degraded to soluble fragments, and in the studied using these novel models. One of the objectives of this
hydrolysis of polysaccharide, the polysaccharide is directly work is to further verify and improve the novel kinetic models by
degraded to monosaccharides '*'*. The other is to view the using another type of organic acid (formic acid) and
polymer composed of several (normally two or three) fractions o lignocellulosic  biomass (wheat straw), and obtain the
dissolving at different rates, and these fractions may be degraded corresponding kinetic parameters. This result can provide as a
consecutively or simultaneously. The consecutive model assumes tool for further optimizing and controlling the process for
that the lignin contains three types, namely initial, bulk and efficiently utilizing this widely-distributed biomass feedstock.
residual lignins, and they react successively. The simultaneous The second objective of this work is to further investigate the

fundamental and significance of “potential degree of reaction” for
kinetic modeling of biomass pretreatment.

o3

model assumes that different types of lignin begin to dissolve at &
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Wheat straw used in the experiment work was obtained from
Shandong province in East China. It was air-dried and cut into 1-
2cm pieces before using. The main components of the wheat
straw were determined to be 35.644+2.12% glucan, 23.88 +1.08%
xylan, 3.12 + 0.16% arabinan, 2.03 + 0.14% acetyl group, 24.72
+1.96% klason lignin, and 2.70 +£0.31% acid-soluble lignin. The
standard compounds used for HPLC calibration, including
glucose, xylose and arabinose, were purchased from Sigma-
Aldrich (Shanghai agent).

Pretreatment process

Formic acid pretreatment (FAP) of wheat straw was carried out
in a 500 mL three-neck glass flask heated by constant
temperature water bath (<100 °C) or electric jacket (=100 °C)
under atmospheric pressure. 10 g of cut wheat straw was packed
into the flask followed by addition of 100 ml 60-88 wt% formic
acid solution. Electrical stirring with a Teflon paddle was used at
300 rpm for keeping the system as homogeneous as possible. The
reaction temperature of pretreatment was controlled at 70 °C, 80
°C, 90 °C, 100 °C and the atmospheric boiling point of the
aqueous formic acid solution (~ 107 °C). After delignification, the
mixture was filtered. The obtained solid was first washed with
100 ml 60-88 wt% formic acid solution and then filtered to
remove as much liquid as possible. The solid was then washed by
running water till neutrality and dried for composition analysis.

Analytical methods

The main chemical compositions of the wheat straw and
pretreated solid were determined according to NREL’s
Laboratory Analytical Procedure 2. The lignin, xylan and glucan
solubilization ratios at time ¢ [Lg(¢), Xs(¢) and G(¢), respectively]
are defined as follows:

Ls(t):CLO_CL(t) (1)
X, () = S =) @)
Gs(t) — CGoch(t) 3)

where Cpo, Cyp and Cgy are initial concentrations (g/l) of solid
lignin, xylan and glucan in the pseudo-homogenous system;
Ci(f), Cx(t) and Cg(f) are concentrations (g/l) of solid lignin,
xylan and glucan in the pseudo-homogenous system at time .
The monosaccharides concentrations in the hydrolyzate were
determined by a Shimadzu 10AVP HPLC system (Shimadzu
Corp., Japan) equipped with a RID-10A refractive index detector,
Aminex HPX-87H column (300x7.8 mm, Bio-Rad, USA) at 65
°C. 5 mM H,SO, was used as the eluent at a flow rate of 0.8
ml/min as described in our previous work *'.

Data processing

The kinetic constants and parameters for “potential degree of
reaction” were fitted according to experimental data by the least
square method with Matlab 2013 software to minimize the
objective function (f,ecive), Which was the quadratic sum of the
difference between calculated data (f;;) and experimental data (y;)
shown as the following expression:

n

ﬁ)bjec'live = i é‘iz = Z [f(xz) - yi ]2 (4)

i=1

Kinetics

Kinetic models for delignification

S

&

S

In the present work, the liquid-to-solid ratio was 10:1 (L/kg).

ss The delignification process was assumed to take place in a

pseudo-homogeneous system. Since the pretreatment was
performed under a mild condition (<110 °C without addition of
mineral acid as a catalyst), the condensation of lignin can be
negligible in comparison with the solubilization of lignin '*
5 The delignification process thus can be interpreted as the
following simple solubilization of lignin from solid phase to
liquid phase:

Lignin(s) ———“— Solubilized lignin (aq)

Scheme 1. Reaction of lignin solubilization in aqueous formic
acid pretreatment of wheat straw

Similarly to previously reported works of organsolv
delignification kinetics, the delignification process is assumed to
be a first-order reaction. Therefore, the rate of lignin
solubilization into liquid phase is:

d
- ZR kG, 5)

where k; is the delignification rate constant, C;p is the residual
solid lignin concentration (g/l) in the pseudo-homogeneous
system. According to the definition of lignin solubilization ratio
(Ls) (Eq. (1)), Lg also can be expressed as:

Ls — CLRO - CLR 6)
CLRO

where Cjpo is the initial solid lignin concentration (g/L).
Therefore, the rate of lignin solubilization can be described
as:
dLg
dt

=k, (1-Ly) @

By solving Eq.(7) with its corresponding initial conditions ( Lg=0
at ¢ =0), the time dependent expression of Lgcan be described as
follows:

L, =1—exp(—k,t) ®)

This is the simplest kinetic model for delignification. Therefore,
if the solubilization of lignin follows Eq. (8), a line should be
obtained by plotting In(1-Lg) versus reaction time ¢. However,
according to our experimental results, most the plots of In(1-Lg)
versus reaction time ¢ showed an apparent deviation from linear
relationship (Supplemental Figure 1). The discrepancy indicates
that the simplest model (Eq. (7)) cannot be employed to
accurately describe the kinetics of delignification during formic
acid pretreatment. It also demonstrates that lignocellulosic lignin
cannot be simply considered as a homogenous polymer having
the same reactivity. Its solubilization rate and degree actually
depend on reaction severity such as solvent concentration and
reaction temperature.

As described in many reported works, it is commonly found
that lignin cannot be completely removed during organsolv
pretreatment. There is always a certain percentage of lignin
remaining in the solid residue. In our previous work '® ', we
introduced a parameter termed “potential degree of
delignification (dp)” to stand for the maximum solubilization
ratio of lignin under a certain pretreatment severity. The possible
reasons for the recalcitrance of a fraction of lignin to

10s delignification are described as follows.
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The plant cell wall has a multilayered structure generally
consisting of three types of layers, i.e. middle lamella (M),
primary wall (P) and secondary wall (S). The secondary wall also
consists of three layers, called the S1, S2 and S3 lamellae,
respectively >. Cellulose, hemicellulose, and lignin have different
distribution in these layers ** as shown in Figure 1. Lignin is
found to be the dominant composition in the outer portion of the
compound middle lamellae. The proportion of lignin in the
lignocellulosic matrix decreases with increasing distance into the
middle lamella. The concentrations of lignin in the primary wall
and in the S1 layer of the secondary wall are much higher than
those in the S2 and S3 sections. Cell corner (CC) is found to have
the highest lignin concentration on average. When eucalyptus
wood was delignified by an organosolv process, delignification
proceeded from the lumen wall towards the middle lamella before
reaching the cell corners **. It has been found that the lignin
removal followed the order of S—>M—CC by organsolv
pretreatment of  wheat straw, Taiwania (Taiwania
cryptomerioides) and eucalyptus (Eucalyptus grandis) **.
However, it also has been reported that the organosolv pulping of
softwood was limited to preferential removal of lignin from the
cell corner and middle lamella regions 2. Although no definite
conclusion has been made on the mechanism and redistribution of
lignin in the cell wall structure during organosolv delignification,
it is obvious that lignin distributed in different part of cell wall
have different reactivity in delignification process due to the
complex cell wall structure. A possible reaction scheme thus has
been proposed in the present work for the delignification and
polysaccharide solubilization during organosolv pretreatment as
shown in Figure 1. At the beginning of the reaction, solvent and
catalyst fill in the lumen as the liquid bulk phase. The solvent
molecules and catalysts (H") diffuses gradually by permeation
into cell wall in the order of Lu—S3—S2—S1—-P—M, and
chemical reactions start to take place in the wall layer where the
catalyst and solvent reach. The reaction products (lignin and
sugars) are dissolved in the solvents and diffuse from cell wall
layers to the bulk phase. Since the molecular size of the lignin
fragments and sugars including oligosaccharide and
monosaccharide are much larger than those of catalysts, water
and solvent molecules, the diffuse resistance of the reaction
products is greater. Thereby, the reaction products may
accumulate as the reaction proceeds in the cell wall thus
gradually limiting the further diffusion of catalyst, solvent, water
as well as newly formed products. It thus can be reasonably
proposed that the mass diffusion limitation increases with the
increase of distance from Iumen to middle lamella, and
corresponding reachability and reactivity of lignin and
polysaccharide towards catalyst and solvent decrease. Thereby,
there is a phenomenally maximum degree of delignification under
a certain reaction severity. The reaction condition, namely
temperature, concentration of solvent and reaction time determine
the maximum degree of delignification and polysaccharide
solubilization. Therefore, for lignin solubilisation, a parameter,
i.e. “potential degree of delignification (dp)” defined as the
observed maximum degree of delignification under a certain
reaction severity is incorporated into the kinetic model. The
observed rate of delignification is thus can be expressed with
respect to the concentration of “reactive” lignin at time ¢ (Cp4) as:

dcC dcC )

i 7 e 7/ =k,C,,

dt dt

It illustrates that the rate of delignification is a pseudo-
homogenous first-order reaction only with respect to the
“reactive” fraction of lignin, but not to the whole lignin fraction
in cell wall. However, the reactive lignin is difficult to determine,

and in the experiments we usually determine the total residual
es lignin concentration (C.z). Based on the definition of dp, C; 4 can
be expressed as:

Cpy=Crr=Crro(1-dyp) (10)
where 0<dp<l. According to the definition of Lg (Eq. (6)), the
kinetic model of delignification also can be expressed as:

dL

7 2 =k, (d,—Ls) an
The integral forms of Eq. (11) is
Ly =d,[1-exp(—k,1)] (12)

Mass diffusion 4

limitation

Ractivity

Reachability

Relative rate or degree

" Distance from lumen to middle lamella 0
100

Solvent diffusion 1 o0 %0
-~ —— 103,
80 1 o)
Cellulose 1 oo O
é?_‘f?“ Glucose diffusion 00
— -1
60 . 1 [ONe)
! Lumen

Hemicellulose 1
o Xylose ete diffusion |
@ e L

1

on dry mass (%)
S~
(=]

Approximate percentage based
(%)
(=

Middle lamella
(M) Primary wall
(P)
Diffusion of solvent and catalyst , solubilization of lignin and
polysaccharide in the order of: Lu—S3—S2—S1—-P—>M

I .
Secondary wall (S) Bulk liquid phase

Fig 1 Graphical explanation of cell wall multilayered structure

75 and its effects on the reaction of lignin and polysaccharides. The
distributions of cellulose, hemicellulose and lignin was adapted
from %

Kinetic models for polysaccharide solubilization

For polysaccharide solubilisation, we also found that the

s0 simplest model (Saeman’s model) cannot be applicable to our

system. Similarly to delignification process, the process of

polysaccharide solubilization can be described by the following
reaction:

Polysaccharide (s) —1<9<- *

85 Oligosaccharide and monomeric sugars (aq)

Scheme 2. Reaction for polysaccharide solubilization during
aqueous formic acid pretreatment of wheat straw.

where k is the rate of polysaccharide solubilization. Similar
kinetic model with introduction of a parameter “potential degree
o0 of solubilization (ds)” was developed. The kinetic model for

This journal is © The Royal Society of Chemistry [year]
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xylan and glucan (cellulose) hydrolysis during formic acid
pretreatment thus can be expressed as:

dX

dts =ky(dgy —X5) (13)
dG

dts = kg (dg — Gy) 14)

where ky and kg are the rate constants of xylan and glucan
solubilization, respectively. Similarly, dgy and dg; are the
“potential degrees of solubilization” for solid xylan and glucan,
respectively (0<ds<1). The integral forms of Eq. (13) and Eq.
(14) are:

(15)
(16)

Xy =dgy [1 —exp(—kxt)]

Gy =dg [1 - eXP(_th)]

Results
Determination of kinetic constants

Wheat straw was pretreated with different concentrations of
formic acid for different time at different temperatures. The
solubilization ratios of lignin, xylan and cellulose versus
pretreatment time are shown in Figure 2-4. Corresponding
regressed kinetic parameters are listed in Table 1. Both the rates
and degrees of lignin and polysaccharides solubilizations were
greatly dependent on pretreatment severity (formic acid
concentration, reaction temperature). For example, when wheat
straw was pretreated at 70°C with 70% formic acid for 1h, Lgwas
only 0.19; however, it increased to 0.60 when temperature was
increased to boiling temperature (~107 °C). Similarly, Lg
increased to 0.30 when the formic acid concentration was
increased to 88% at 70 °C for a 1-h reaction time, while the
corresponding Lg was 0.82 at 107 °C. Similar phenomenon was
also observed for the rate of xylan and cellulose solubilizations.

087 A B
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0.8 C (h) 09, D ime (h) '
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s X /A/Tﬁi
£ 4
" 0.4 X 1 > N}tn
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— 70°C-(— 80°C —A— 90°C—JF— 100°C —< Boiling point (~107°C) Model calculated

Fig. 2 Experimental and model-predicted data for lignin
solubilization at different temperatures and formic acid
concentrations during formic acid pretreatment of wheat straw.
A: 60% formic acid; B: 70% formic acid; C: 80% formic acid;
D: 88% formic acid

An expanded Arrhenius equation can be used to describe the
relationship between rate constants and reaction temperature and
formic acid concentration as follows:

Fa__,
k= ko eXp(_E)CFA (17)

40 where kg, E, and Cg, are pre-exponential factor, activation energy
and formic acid concentration (mol/l), respectively; and a is
reaction order with respect to formic acid concentration. By
taking logarithm, Eq. (17) can be expressed as:

(18)

Ink=Ink, - 1]5} +alnC,,

1.04 A 1.0 B
0.84 0.8
06 7 v 0.6 el
© . 3
e 0.44 = 044/ 4 *
)
0.24 0.2 -
¥ e
0.0 T T - . 0.0 : T - .
00 05 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
1.0 Time (h) L0- D Time (h)
0.8 0.84
0.6 0.64
“ “
=< 04 0.4
0.2 0.24
L]
0.0 T T - T 0.0.
00 05 1.0 1.5 2.0 00 05 1.0 1.5 2.0

Time (h) Time (h)
—— 70°C—D— 80°C—A— 90°C—<JF— 100°C—<— Boiling point (~107°C)

Model calculated

45

Fig. 3 Experimental and model predicted data for xylan

solubilization at different temperatures and formic acid

concentrations during formic acid pretreatment of wheat straw.

A: 60% formic acid; B: 70% formic acid; C: 80% formic acid;
so D: 88% formic acid.

00 05 10 15
Time (h)

00 05 1.0 L5
Time (h)
—— 70°C—D— 80°C—A— 90°C—<F— 100°C—<p— Boiling point (~107°C)

2.0

Model calculated

Fig. 4 Experimental and model predicted data for glucan
solubilization at different temperatures and formic acid
concentrations during formic acid pretreatment of wheat straw.

ss A: 60% formic acid; B: 70% formic acid; C: 80% formic acid;
D: 88% formic acid

4 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]



Page 5 of QRSCAdvances RSC Advances Dynamic Article Links »

Cite this: DOI: 10.1039/c0xx00000x

WWW.I'SC.Org/XXXXXX ARTICLE TYPE

Table 1 Kinetic constants determined by regression of experimental data

Temperature(°C) Kinetic constants (h™ or null) Formic acid concentration (%)
60 70 80 88
Lignin solubilization
70 dp 0.3064 0.3207 0.3473
k. 1.1712 1.3201 2.8030
80 dp 0.3263 0.3584 0.4561
k. 2.1264 2.8865 3.0822
90 dp 0.4823 0.6000 0.6424
ky 3.2777 3.6353 4.2339
100 dp 0.4963 0.5799 0.6966 0.7851
kL 3.4366 4.5324 6.3157 7.3967
107 dp 0.5504 0.6169 0.728 0.8222
kL 4.3787 4.7266 8.0353 9.0889
Xylan solubilization
70 dsy 0.1237 0.1525 0.1727
kx 0.8205 1.0935 2.6760
80 dsy 0.3681 0.4058 0.6000
kx 1.0323 1.2516 4.0036
90 dsy 0.5016 0.5958 0.7523
kx 1.4723 4.4917 7.1628
100 dsy 0.6932 0.7195 0.8205 0.8331
kx 2.93 3.2384 8.0024 8.4503
107 dsy 0.7447 0.8011 0.8708 0.8935
kx 6.6481 8.2834 13.2358 14.7217
Glucan solubilization
70 dsg 0.0845 0.0989 0.1126
kg 1.5057 1.7636 2.2027
80 dsg 0.1112 0.1216 0.1227
kg 2.2559 2.2793 3.1698
90 dse 0.127 0.1419 0.1702
kg 3.0062 3.1338 3.3835
100 dsg 0.1447 0.1747 0.2173 0.2466
kg 3.5592 3.8556 4.1628 7.2043
107 dsg 0.1629 0.1897 0.2428 0.2979
kg 3.7577 4.8262 6.7804 9.0370
"ljherfefore,' by plottiqg Ink versus T and Cgy with R, = exp (T '—100) (19)
multivariate linear regression, corresponding parameters can be 0 14.75

s fitted. The results are shown in Table 2. djand dy are the function
of reaction severity, which is affected by formic acid
concentration and reaction temperature. Therefore, a temperature-
dependent severity factor (Rp) is introduced to describe the effect
of temperature, which is defined as follows:

where T’ is reaction temperature, in unit of °C. Since 0<dp <I,
and dj, trends to 1 with the increase of 7’ and Cg,, the relation of

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 0000 | 5
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dp with Cp, and R, can be correlated by a modified logistic 1 1 (20)
model: D 1+AC};R(;I
where A4 is an adjustable parameter, m and n are corresponding Lo=( 1 )
=(1- x
s order parameters for Cry and R,. Similarly, by taking logarithm ’ 149.7566x10™" C;'AS SIR((J)'H“ (22)
43828

on both sides, Eq. (20) can be expressed as:

In !
1-d,

Corresponding parameters can be determined by plotting In[1/(1-
dp)-1] versus Cpp and R, using multivariate linear regression.

10 Similar expression can be used to correlate dgy or dgg with Cgp
and R,. The results are shown in Table 2, and corresponding
comparison of experiment-determined data with model-predicted
data are shown in supplemental data Figure S2. The low P values
indicates that the Eqs.(15) and (18) are significant and reliable to

15 correlate & and dp or dg with reaction temperature and Cry.
Therefore, the lignin solubilization ratios of wheat straw at time ¢
can be estimated by the following equation:

(2]

—ljzlnA+mlnCFA +nlnR,

{1—exp[-3.5518x10" exp(— ?)CIFZWI]}

The parameters regressed by similar procedure for xylan and

20 glucan solubilization ratios are shown in Table 2. The xylan and
glucan hydrolysis ratios thus can be estimated by the following
equations respectively:

1
- 5 )%
1+0.0017C7* Ry™™

{1-exp[—1.6687x10° exp(f%)%ml .

X,=(

(23)
1
- 1+0 004_1C1.3712R0.4421)><
. FA 0

® - exp[-1.2702x10°* exp(f%)c;fogt]}

Gy=(1

(24)

Table 2 Determination of kinetic constants by multivariate linear regression

k ko Ea(J/mol) a R’ F P
k. 3.5518x10" 43828 1.7973 0.9480 127.6418 0.0000
ky 1.6687x10° 67715 3.1621 0.8808 51.7126 0.0000
kg 1.2702x10* 37556 1.4208 0.9329 97.3014 0.0000

dp and ds A m n R’ F P
dp 9.7566x10™ 2.5510 0.7511 0.9416 112.8625 0.0000
dsy 0.0017 2.5679 1.3701 0.9545 146.8681 0.0000
dsg 0.0041 13712 0.4421 0.9579 159.0758 0.0000

Mechanism analysis for delignification and polysaccharides
solubilization

30 The experimental results demonstrated that the “potential
degree of reaction” models could very well describe the kinetics
of lignin and polysaccharide solubilization during formic acid
pretreatment of wheat straw. It indicated that only a part of the
lignin or polysaccharide was reactive under a certain reaction
severity, and phenomenologically the reaction rate was first-order
with respect to the residual “reactive” fraction. Therefore, when
using Saemen’s model (the simplest model), which considers that
the total lignin or polysaccharides were reactive no matter what
reaction severity is used, to describe the kinetics of lignin and
polysaccharide solubilization, significant deviation were observed
(Supplemental data Figure S1). The heterogeneity in the
solubilization ~ of  lignocellulose  compositions  (lignin,
hemicelluloses and cellulose) mainly lies on the multilayered
structure of cell wall as aforementioned. Such structure results in
the different reachability and reactivity of the compositions and
diffusion limitation of the reactants and products at different cell
wall layer. Therefore, by introducing the parameters termed as
“potential degree of reaction”, the solubilzation of lignin and
polysaccharides can be simply but well described by pseudo-
so homogenous first-order reaction models.

3

a

4

S

4

@

The activation energy of delignification determined in the
present work is 43.8 kJ/mol, which is in the range of reported
data on organic acid delignification *'*'®. It has been known that
ether linkages of various types are over two-thirds (70-75%) of

ss all the intermonomeric linkages of lignin monomers. f-aryl ether
linkages are the most frequent ones (48/100 C,), while ca-aryl
ether linkages account for about 15-20/100 C,. Therefore,
cleavages of ether bonds mainly contribute to lignin degradation
during organosolv delignification *°. Kinetics on the hydrolysis of

o lignin model compounds showed that a-aryl ether bonds were
hydrolyzed generally 100 times faster than B-aryl ether bonds *’
The relatively low activation energy determined in the present
work indicated that the breakage of a-aryl ethers bonds probably
were mainly responsible for the fragmentation of lignin during

s formic acid treatment. However, f-aryl ether linkages accounts
for a large proportion of ether linkages, and whether the cleavage
of f-aryl takes place during formic acid pretreatment should be
further investigated.

The kinetic results showed that formic acid had very significant

70 influence on the delignification and polysaccharides
solubilization, which were reflected by the high reaction order for
formic acid concentration. It also had been found that the reaction
order and activation energy of xylan hydrolysis were higher than
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delignification and cellulose hydrolysis. Thus xylan hydrolysis
was more sensitive to the increase of formic acid concentration
and temperature. To study the relations of Xgand Gg versus Lg,
experimental data obtained under different pretreatmental
s conditions (temperature, pretreatment time and FA concentration)
were plotted in Fig. 5. The plots illustrates that both Xyand Gg
showed non-linear relation with Lg. Generally Xg slowly
increased when Lg <0.3, but quickly increased when Lgis between
0.3 and 0.6. When Lg > 0.6, increase of Xy became slow. Gy
10 increased gradually as Lg increased. This phenomenon can be
explained by the structure of the cell wall. Lignin binds the cells,
fibers and vessels, and formic acid pretreatment cut off the
internal bonds in lignins as well as lignin—carbohydrate complex.
When delignification reaches a certain degree, the hemicellulose
15 hydrolysis was thus accelerated. However, as aforementioned, not
all of the hemicellulose has the same reactivity. There is a certain
part of hemicelluloses in the deep cell wall layer that are more
recalcitrant to solubilize, so X increased slowly after it reached
0.9. For glucan solublization, with the removal of the packaging
20 by lignin and hemicelluloses, glucan becomes more accessible for
formic acid, H" and water. Therefore, with the increase of Lg, the
rate of glucan solubilization increased.
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Fig. 5 Effect of delignification on xylan and glucan solublizations
25 Application of the kinetic models

The kinetic models can provide much information for process
control. As shown in Figs. 2-4, the solubilizations of lignin, xylan
and cellulose increased with formic acid concentration and
temperature. Most of lignin and polysaccharide were solubilized
30 in the first hour, and thereafter Lg, X5 and Gs were only slightly
increased as the pretreatment proceeded. The general objective of
pretreatment is to remove lignin and hemicelluloses but keep
remaining cellulose as a solid. To further investigate the effect of
formic acid concentration and temperature on lignin, xylan and
35 cellulose solubilization, delignification selectivity (Ls/Gs) and
xylan removal selectivity (Xs/Gs) were calculated according to
Egs. 20-22. Corresponding 3D surface plots are shown in Fig.6.
Lg/Gs and Xg/Gg generally increased with formic acid
concentration and temperature. The highest Ls/Gg can be obtained
40 at high Cg, but relatively low temperature. This is mainly because
that high Cg, accelerates the dissolution of lignin fragments and
relatively low temperature reduces the solubilization of cellulose.
However, to increase Xg/Gys the pretreatment should be operated
at a low Cg, but high temperature. This is mainly because that
4s more formic acid can dissociate to form H' at low Cp, (high

water concentration), which can accelerate xylan hydrolysis. The
xylan has higher activation energy than cellulose for
solubilization, thus increasing temperature is beneficial for
removing xylan. Therefore, the pretreatment condition should be

so selected based on the use of the pretreated solid and the required
solubilization ratios of lignin, hemicelluloses and cellulose. For
enzymatic hydrolysis, delignification is important to eliminate the
physical blocking and non-productive adsorption of enzymes
caused by lignin. Thus the pretreatment should be conducted with

ss high formic acid concentration (80-90%) at relatively low
temperature such as 90-100 °C to reduce cellulose solubilization.
However, more details should be discussed according to the
enzymatic digestibility of pretreated solid.

Lol

i

6 Fig. 6 Model-predicted effects of formic acid concentration and
temperature on delignification selectivity (Ls/Gs) (A) and xylan
removal selectivity (Xs/Gs) (B) for 1-hour pretreatment.

Since the parameters for “potential degree of reaction” are
introduced based on the features of biomass cell wall structure
¢s and pretreatment severity, the novel models (Egs.10, 13 and 14)
must be also applicable to other pretreatments and biomass
feedstocks. However, the dp, ds and rate constants (k) are varied
depending on the pretreatment conditions and the type of biomass
used. Our previous work demonstrated that these models were
7 well applicable to dilute acid hydrolysis of sugarcane bagasse **,
acetic acid pretreatment of sugarcane bagasse '® '°, and
preparation of cellulose nanocrystal from bleached kraft
cucalyptus pulp 2°. To further investigate the applicability of the
novel models, various reported experimental data from literatures
75 for delignification and polysaccharide solubilization of different
biomass feedstocks (including non-woody biomass such as
sugarcane bagasse and giant reed, and woody biomass such as
olive and Eucalyptus) by different pretreatments (including dilute
acid pretreatment and organosolv pretreatments) were fitted by
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Egs.12, 13 and 14 as shown in Fig. 7. The results indicated that
the model-calculated data fitted the experimental ones very well.
The determination coefficients (R?) were in the range of 0.94-
0.999, demonstrating the excellent predictability of the models.

s These results further prove that “potential degree of reaction”
concept can be applicable for both woody and non-woody
biomass as well as different pretreatment process to describe the
kinetics of delignification and polysaccharide solubilzation
during chemical pretreatments of lignocellulosic biomass.
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Fig. 7 Fits of literature reported experimental data by novel
“potential degree of reaction model” for delignification and
polysaccharide solubilizations of different biomass by different
pretreatment methods. A: Dilute acid hydrolysis of olive tree

is biomass, data from *°; B: Alkaline ethanol pulping of giant reed,
data from *'; C: Formic acid pulping of sugarcane bagasse, data
from '' ; D: Acetic acid pretreatment of Eucalyptus globules, data
from *2

Conclusions

20 Novel pseudo-homogenous kinetic models with incorporation
of parameters termed as “potential degree of reaction” were
developed to accurately describe the kinetics of delignification
and polysaccharide solubilization during atmospheric formic acid
pretreatment of wheat straw. These models were developed based

»s on the multilayered structure of plant cell wall and reaction

severity of pretreatment. Due to the complicated structure of cell

wall, the mass diffusion limitation of reactants and products
increases with the increase of distance from lumen to middle
lamella, and corresponding reachability and reactivity of lignin
and polysaccharide towards catalyst and solvent decrease. Thus
phenomenological maximal degrees of delignification and
polysaccharides solubilization are observed under a certain
pretreatment severity. The novel kinetic model can excellently fit
the experimental data. The relationship between kinetic constants

35 and formic acid concentration and temperature could be well
correlated by expanded Arrhenius equations. The parameters for
“potential degree of reaction” could be well correlated by
modified logistic model. It was also found that the novel models
can be used as universal models to describe the kinetics of

40 delignification and polysaccharide solubilzation for various
chemical pretreatments of different biomass feedstocks
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