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Abgract. This study explained the kinetics and
mechanisms for the delignification and extraction of
lignin from rice husk with alkaline hydrogen peroxide in
water. The results showed that both the delignification and
extraction models can be used to describe the kinetics of
lignin isolation. Based on the SSE (sum squared error)
values from the non-linear regressions, the delignification
model fitted the experimental data better than the
extraction model. The values of the activation energy
were determined for the mass transfer control model, the
reaction control model, and the extraction mode.
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1. Introduction

The lignin content in biomass ranges from 20 to
30 % depending on the type of lignocellulose [1]. There
are two types of studies performed on the lignin isolation
process, namely a delignification study on the pulping
process [2-4], and lignin isolation or lignin extraction in
the effort of lignin utilization [5-10]. However, in one
investigation, both processes can be combined. The
kinetic and mechanistic investigations are important for
both the delignification and extraction processes of lignin.
Kinetic and mechanistic studies are necessary to
understand how to control the lignin removal process
effectively and how to select the appropriate conditions
conducive to remove lignin selectively.

In previous investigations, the kinetics of lignin
isolation from biomass was approximated by the kinetics
of the delignification process. Da Silva Perez and Curvelo
[2] studied the delignification kinetics of Eucalyptus
urograndis using an acetone-water pulping medium.
Shatalov and Pereira [11] studied the alkaline organosolv
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delignification kinetics of Arundo donax L. using ethanol
as the medium. Guolin et al. [12] studied the pulping
kinetics of wheat straw using an aqueous caustic potash-
ammonia process. Ho et al. [13] studied the ddignifi-
cation kinetics of rice straw using tetrahydrofurfuryl
alcohol with HCI. Kim and Holtzapple [14] studied the
ddignification kinetics of corn stover using lime
pretreatment. Macfarlane et al. [15] studied process
intensification kinetics of delignification using a batch
reactor. Huang et al. [16] studied the pulping kinetics of
rice straw pulping and the mechanism of delignification of
a process that utilized ammonium hydroxide (NH4OH-
KOH). Cui et al. [17] studied the sulfate (kraft) pulping
kinetics of wheat straw, which used agueous NaOH and
NagS. Song et al. [18] studied the delignification reaction
kinetics of wheat straw in 1-methyl-3-ethyl bromide
imidazole, a neutral ionic liquid solvent.

In the previous works the kinetics models of
isothermal delignification were described as pseudo-first-
order and pseudo-second-order ones. While the kinetics
model of lignin extraction has not been studied yet. The
purpose of this study was to examine the kinetics and
mechanisms of lignin isolation from rice husk by alkaline
hydrogen peroxide based on delignification model and
extraction model. Based on the delignification model, the
effect of mass transfer and chemical reaction is discussed.
While based on the extraction model, only the mass
transfer is discussed.

2. Experimental

2.1. Materials

Rice husks were obtained from Banyumas in
Central Java, Indonesia. Hydrogen peroxide (30%
solution) and sodium hydroxide were obtained from
Merck (Darmstadt, Germany). Demineralized water was
obtained from the laboratory a the Department of
Chemical Engineering at Universitas Muhammadiyah
Purwokerto (Jawa Tengah, Indonesia).
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2.2. Investigation Procedure

The lignin isolation process was conducted using
an akaline hydrogen peroxide solution. 40 g of rice husk
(pulverized rice husk that passes through a 40-mesh
screen but is retained on a 60-mesh screen) was added to
500 ml flask that contained 430 ml of 1.5% aqueous
solution of H,O,. Sodium hydroxide (2N) was added to
the flask until the mixture had pH of 11. The mixture was
then heated to 313K using a hot water bath. Once the
mixture reached 313K, a sample (1 ml) was taken from
the flask every 10 min. The samples were analyzed for the
amount of lignin and silica extracted.

2.3. Analytical Methods

The amount of lignin dissolved in the agueous
sample was anmalyzed using a Shimadzu UV-Vis
Spectrophotometer  (UV-1800; Shimadzu Corporation,
Tokyo, Japan) with a wavelength resolution of 1 nm.
Lignin concentration was determined at the wavelength of
280 nm. The silica concentration in the sample liquor was
determined by using a Shimadzu AAS (AA-6300;
Shimadzu Corporation, Tokyo, Japan). The bulk lignin
concentration in the solid rice husk was calculated using

Eq. (2):
)

where [L]s—the lignin concentration in the solid rice husk,
g lignin/g rice husk; x — the lignin content in the rice husk,
%; m — the mass of rice husk, g; [L]; — the lignin
concentration in the agueous liquor phase, %; V — the
volume of the agueous solvent, ml.
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3. Results and Discussion

The authors' previous study reported that rice
husks had a lignin content of 18.81% [19]. Fig. 1
describes the surface of rice husk before and after the
isolation process. Small circles show cellulose while the
surrounding is lignin (arrows). During the lignin isolation
process the surface becomes convex. Lignin isolation
from rice husk has a side product. Silica in rice husk
reacts with alkali (NaOH) to form NaSO; (sodium
silicate), which is precipitated.

Fig. 2 shows the amount of lignin and silica
dissolved in the liquid phase during the aqueous akaline
peroxide treatment of the rice husks. Déelignification was
conducted within the temperature range of 313-343K.
Higher delignification temperatures resulted in higher
lignin and silica concentrations in the agueous phase.

The optimum time for the process was 80 min.
After this time the aqueous concentrations of lignin and
silicawererelatively constant. Cui et al. [17] reported that
optimum time for the delignification of wheat straw using
soda-anthragquinone (SAQ) pulping was 90 min. Dong et
al. [20] reported that the optimum time for delignifying
wheat straw was 60 min using a formic acid. In most
cases, delignification proceeds through three phases,
namely initial, bulk, and residual [21].

By using Eg. (1), the concentration of residual
lignin in the rice husk solids can be determined. The
concentration of residual lignin in the solids is shown in
Fig. 3. Based on abservations from the lignocellulosic
pulping kinetics of lignin removal, it was concluded that
the alkaline peroxide process could be divided into three
delignification phases. an initial phase from 0 to 20 min, a
bulk phase from 20 to 80 min, and a residua phase from
90 to 120 min.

b)

Fig. 1. Morphology of rice husk before (a) and after (b) isolation
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Fig. 2. Concentration profiles of lignin (&) and silica (b) in the agueous
phase during alkaline peroxide treatment of rice husksat 313K (" ); 323 K (A); 333K (m) and 343K (e)
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Fig. 3. Concentration profile of lignininthe solid rice
husk during alkaline peroxide treatment at 313 K (" );
323K (A); 333K (m) and 343K (e)

3.1. Kinetics of Delignification Models

The delignification model for the alkaline peroxide
treatment was developed based on the residual lignin
concentration in the biomass, i.e. rice husk. Abdul-Karim
et al. [22] reported that the delignification process was
controlled by chemical reaction kinetics; the authors noted
that the mass transfer resistances of delignification were
negligible. Commonly, the delignification process was
assumed to follow pseudo-first-order kinetics [11, 14, 15,
18, 20]. However, there are several investigators that
assume that delignification follows second-order-reaction
kinetics[12, 17, 21].

The delignification model assumed that ddignifi-
cation occurred through four mechanistic steps: (1) forma:
tion of hydroxyl radicas, (2) hydroxyl radical transport
from the bulk liquid through the film layer surrounding the
solid to the reaction site within the bulk solid; (3) reaction
of hydroxyl radicals with lignin in the solid; and (4)
dissolution of lignin fragments into the bulk liquid phase.
Thefour steps are described in details asfollows:

(1) Theformation of hydroxyl radicals (HO').
2H,0, —» HO + O%" + H* +H,0
_d[HO'],

I T at =k »{H,0,] (29)

It is difficult to determine the concentration of
hydroxyl radicals [HO'), in the reaction system. Therefore,
it is assumed that their concentration is equal to the
concentration of hydroxyl ions:

r,=[HO], =[HO ], (2b)
where [HO], is the hydroxyl ions concentration in the
bulk liquid, mol/I.

(2) Hydroxyl radical transport (Fig. 4).
r,=DAHO];- [HO] (39)
r,=D4HO],- H{HO ], (3b)

where D — the diffusivity coefficient, min™; [HO]s —
hydroxyl ions concentration in the bulk solid, mol/g
solid), and H —Henry’ s law constant, 1/g solid.

Fig. 4. Film mass transfer of hydroxideions
from bulk liquid to bulk solid phases
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(3) Thereaction of hydroxyl radicaswith ligninin
the bulk solid.
= KAL] {HO g =kAL] > H {HO' ]! (4)
where k — the chemical reaction rate congtart, I™mol ™min™;
[L]s—the lignin concentration in the bulk solid, g lignin/g
solid; n — the reaction order of [HO], and [L], — lignin
concentration in the bulk liquid, g lignin/ml.
(4) Thedissolution of lignin fragment into the bulk
liquid.
r, =D([L], - [L],) ©)

3.2. Mass Transfer and Chemical
Reaction Control

The first delignification model is one that is
controlled by mass transfer phenomena. With this mode,
it is assumed that mechanistic steps (1) and (4) are very
fast, and therefore can be ignored. Mass balance equations
around the bulk solid and bulk liquid phases can be
written based on mechanistic steps (2) and (3):

L IRUE S ©)
d[HO'], _m L _
S =y AL HAHO DA[HO'],- Ho{HO' 1} (7)

The calculation of model parameters was carried
out for the reaction times between O and 80 min, i.e,
initial and bulk phases. Fig. 5 illustrates the fitted models
for mass transfer controlled delignification. Table 1 shows
the parameter values obtained based on this model. The
value of SSE (sum sguare of errors) ranged from 0.0003
to 0.0013; these values indicated that the mass transfer
model was sufficient to describe the mechanism of the
delignification process.
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Fig. 5. Fitting of delignification dataat 313K ( ); 323K (A);
333K (m) and 343 K (e) to the mass transfer model
at 313K (—); 323K (); 3B K (---) and 343K (——-)
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The reaction order for ligninin this study was fixed
at the value of 1, while the reaction order for [HO] was
calculated. The calculations indicated that the reaction
order for [HO'] averaged to 0.44 value. Huang et al. [16]
reported a reaction order of 1 with respect to lignin and a
reaction order of 0.30 with respect to [HO] when
ddlignifying rice straw with NH,OH-KOH. Cui et al. [17]
reported a reaction order of 0.7 for the delignification of
wheat straw using soda-anthraquinone pul ping process.

The values of chemical reaction rate constant (k)
varied; they ranged from 0.99136 to
1.005763 1%*mol ®*“min®. Huang et al. [16] reported
values of the chemical reaction rate constant that ranged
from 0.0053 to 0.071 1°%-mol ®*min™ for their pulping
study.

The values for diffusivity varied from 0.59478 to
0.6050min*. Diffusivity generally increases with
increasing temperature; in such cases, diffusivity can be
correlated to temperature by the Arrhenius expression, i.e.,

2QAO yoever, the diffusivities in this
&RT

study (Table 1), which were calculated from the nonlinear
data regressions, did not appear to increase as the reaction
temperature increased.

The values for Henry's law coefficient (H) ranged
from 0.37644 to 0.421291/g solid. The reationship
between Henry's law coefficient and the temperature can
be related to the following expression:

InH=A+BT" (8)

A plot of InH versus 1/T data will yield the values
of A (y-intercept) and B (slope); such a plot for the datain
this study is shown in Fig. 6. The value of A was
determined as 0.2232, while the value of B was
determined as-372.08.

D=D,exp

-0.84

-0.86

-0.88

-0.90

-0.92

InH

0941
y=-372.08x +0.2232
0961 R? =0.9067

-0.98 b

-1.00
0.0029

0.0031 0.0032

1T (UK)

0.0030

Fig. 6. Determination
of Henry's law coefficient
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Tablel
Parameter s of the masstransfer model for alkaline per oxide delignification of rice husk solids
Temperature, K k D n H SSE

313 0.99136 0.605041 0.497184 0.37644 0.001334

323 1.00109 0.599418 0.432544 0.40336 0.001101

333 1.00216 0.599348 0.427328 0.40621 0.000501

343 1.005763 0.594785 0.396490 0.42129 0.0003%4
Table 2

3.3. Chemical Reaction Control

Another mathematical moddl was tested to
represent the alkaline peroxide ddignification process.
This model assumes that the delignification process is
limited by a chemical reaction control and that mass
transfer resistances are negligible. The delignification
reaction was assumed to follow a pseudo-first-order rate:

diL], _,.
?—k[l-]s 9)

el 0
Inc—==-k't 10
ngl-oﬂ (10

wherek’ is the chemical reaction rate constant, min™.

Fig. 7 shows the non-linear regression of the data to
the models of mass transfer and reaction control. Table 2
shows the parameter values obtained based on the curve-
fitting of the second mode to the experimental data. The
datistical SSE values ranged from 0.001295 to 0.002188,
which indicated that the second model was sufficient to
describe the mechanism of the delignification process.

Calculations of the chemical reaction rate constants
were performed for the entire reaction time. The value of
the chemical reaction rate constant varied from 0.0069 to
0.0238 min* (Table 2). These values are similar to the
value of organosolv delignification of Arundo donax L. in
theinitial delignification phase[11].
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Fig. 7. Fitting of experimental delignification dataat 313K (7 );
323K (A); 333K (m) and 343 K (e) to chemica reaction
control modds at 313 K (—); 323K (7); 333K (---) and 343 K
=)

Chemical reaction rate constants
of the second model for the alkaline peroxide
delignification of rice husk solids

Temperature, K K SSE
313 0.0069 0.002188
323 0.0164 0.001295
333 0.0172 0.00152
343 0.0238 0.001728

The relationship between chemical reaction rate
constant and temperature can be expressed by the
Arrhenius equation:

aeEag

k = Aex 11

PerT 5 (11)

Ink=InA- E, (12)
RT

where A — the Arrhenius constant (or frequency factor);
E.— the activation energy, kJ'mol™; R — the universal gas
constant (R = 8314Jmol™K™); T — the absolute
temperature, K.

1
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Fig. 8. Arrhenius plot of Ink versus /T
for two alkaline peroxide delignification models

Fig. 8 shows the plot of Ink versus L/T. Table 3
shows the values of the parameters of Arrhenius equation
from the linear regression. The mass transfer control
model of ddignification had the E, value of 0.389 kJmol?,
while for the chemical reaction control mode
E, = 33.681 kJ}mol™. The value of E, for the second
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model was similar to other reported values for

delignification processes. For initial delignification, the

value of E, given in the literature is 40-60 kJ-mol ™ [11].

Table3
Kinetics parameter s of two delignification models
Parameters A E,, kJmal™
M ass transfer control 1.1578-10° 0.398
model (first)
Chemica reaction control 3.676:10° 33.861
model (second)

3.4. Extraction Kinetics Model

3.4.1. Extraction model of lignin extraction

An developed extraction model is based on the
active compound being extracted into the solvent. Based
on the extraction model, the kinetics modd of lignin
extraction is described as the mass transfer occurring at
solid-liquid interface[23, 24]:

diL

% = ke,L{[L]I,e - [L]|}
where ke — the mass transfer coefficient for lignin, mi n
[L]ie — the lignin concentration in the solvent at
equilibrium, g lignin/ml.

A non-linear regression of Eq. (13) to the
experimental delignification data was performed to obtain
the value of the mass transfer coefficient for the lignin
extraction model. Fig. 9 shows the curve-fitting of the
model to the laboratory data. Table 4 shows the value of
the mass transfer coefficient and the lignin concentration
at equilibrium. The values of mass transfer coefficients of
lignin extraction were dlightly higher than those for the
pseudo-first-order reaction rate constant, i.e., second
delignification model.
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Fig. 9. Non-linear regression of delignification data
at 313K (" ); 323K (A); 333K (m) and 343 K (e) to the
extraction modd (Eq. (13)) at 313K (—); 323 K (");
333K () and 343K (—-—-)
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Table4

Masstransfer coefficientsfor the lignin extraction
model (Eq. 13)

Temperature, K Ke [L]e SSE
313 0.0264 0.740909 0.0839
323 0.0303 1.184242 0.0403
333 0.0318 1.350379 0.0436
343 0.0392 1.486037 0.0366

3.4.2. Extraction model of silica extraction

Similar to the extraction mode for lignin, an
extraction model for silica extraction can be expressed by
the equation:

dis

A {is, - 1)
where ko5 — the mass transfer coefficient for silica, mi nt:
[S]) e — the silica concentration in the extraction solvent at
equilibrium, g silicall.

Nortlinear regression of Eq. (14) to the laboratory
data was performed to obtain the value of the mass transfer
coefficient for the silica extraction modd. Fig. 10 shows the
curve-fitting of the extraction modd to the slica removal
data. Table 5 shows the value of the mass transfer coefficient
and the silica concentration at equilibrium.
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Fig. 10. Non-linear regression of silicaremoval dataat 313 K
(" ); 323K (A); 333K (m) and 343 K () to the extraction
model (Eg. (14)) at 313K (—); 323K ("); 333K (---)
and 343K (——-)
Table5

Masstransfer coefficientsfor the silica
extraction model (Eq. 14)

Temperature, K Kes [S]ie SSE
313 0.0278 5.24463 0.3452
323 0.0336 7.90706 31.0625
333 0.0428 12.6215 5.3985
343 0.0362 16.78912 26.7828

The Arrhenius expression can be applied to the mass
transfer coefficient for lignin and silica extraction models.
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According to Table 5, an uncommon condition on the silica
extraction model was observed, i.e, the mass transfer
coefficient at 343K was lower than that at 333 K. This
resulted in a statistical R? of 0.58 for the linear regression to
the Arrhenius expression (Fig. 11). The activation energy
for the lignin extraction model was 10.966 kJmal™. Dos
Santos et al. [24] reported that the average activation
energiesfor the extraction process of Jatropha curcas seeds
using anhydrous ethanal is 18.61 kJmol ™.

Table 6
Kinetics parameter s of delignification model
Parameters A E,, kJmol™
Lignin extraction 1.775177 10.966
Silicaextraction 1.100429 9.416

-3.1

o
®  Lignin
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T (LK)

T
0.0030

Fig. 11. Arrhenius plot of Ink, versus /T
for the mass transfer models for lignin and silica extraction

4. Conclusions

The results of analyss show that both the
ddignification and extraction models can be used to
describe the mechanistic and kinetics of isolation of lignin
from rice husk. The ddignification model with the
pseudo-first-order (chemical reaction control modd) is
recommended because of more simple than chemical and
reaction control modd. The values of the activation
energy were 0.398, 33.861 and 10.972 kImol™ for the
mass transfer control model, the reaction control model,
and the extraction model, respectively. The value for the
activation energy of silica extraction was 9.416 kJmol ™.
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KIHETUYHI MOJEJII BUJAVIEHHS JIITHIHY 3
PUCOBOI'O JIYIHNIITMHHSA 3 BAKOPUCTAHHSAM
JIYKHOI'O TIEPOKCHU Y BOJHIO

Anomauyin. Jocniooceno Kinemuxy i mexamizmu OelicHi-
Qixayii ma excmpakyii JeHIHY 3 PUCOBO2O IYUINUHHSL JLYHCHUM
nepokcuoom 6oonio y 600i. Ilokazano, wo Onsi onucy KiHemuku
GUOLNLEHHST  JII2HIHY  MOJICYIb  BUKOPUCIOBY8AMUCS, 5IK  O€lieHI-
Qixayitina, max i excmpakyitina modeni. Ha ocnogi 3nauens
memody CKII (cyma keéadpamis noMuiox) 3 HemHIHUX pezpecii,
MoOenb  OenicHipikayii Kpauje V32000CYEmMbCsi 3 eKCnepumeH-
MANHUMU  OGHUMU, HIJC —eKCmpakyitina mooens. Busnaueno
3HAYeHHs. eHepeil akmueayii Onsl  MOOeNi KepY8awHs Maco-
nepeHocom, MoOeli Kepy8anHs PeaKyico ma Mooeli eKCmpaxyii.

Knrouosi cnoea. euoinennss nicHiny, MoOelb KiHEMuKu,
OenieHighikayisi, pucose JLyWnuHHsI.



