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ABSTRACT

The kinetics of lignin methylsulfonation in solutiovere studied by using differential
scanning calorimetry (DSC) technique under an evotlal program, at 55, 65, 75 and 85 °C. It
was found that the activation energy of the process E = 41.26 kJ/mol, and the
preexponential factor A was 1.85%1.
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1. INTRODUCTION

Sulfonated lignins are polymers of phenylpropang¢hwnethoxyl groups that exhibit
polyelectrolyte behavior in an agueous solution aredvery stable chemically. The properties of
sulfonated lignins can vary depending on the mdtecuwveights and molecular weight
distribution, which is analogous to the distribuatiof the polymerization degree or chain length;
the sulfonation degree; and the purity of the pobdidl.

Lignosulfonates are widely used in many fields rafustry, e.g. as dispersants in cement
and kaolinite; as adsorbents on kaolinite and galotarbonate to produce modified fillers for
composites and papermaking, as flocculants foriléexnhdustry, etc. [2]. Synthesis of
lignosulfonates by the two step process as predgent®ur previous study [3] showed many
advantages such as high efficiency, smoothly reaatiode, shorter reaction time and lower
reaction temperature.

Several literature studies have been studied okitietics of lignin methylolation. In 1988,
Gardner and Moginnis studied the methylolation eatd kinetic parameters of kraft lignin and
steam-exploded lignin by monitoring the rate ofnfatdehyde disappearance. These authors
postulated the reaction of phenol molecules ofifigwith formaldehyde as a second-order
reaction [4]. In 1993, Peng et al. studitek kinetics of lignin methylolation (in productiaf
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ammonium-based lignosulfonate (ALS) and sodium-thdigmosulfonate (SLS)) in solution by
monitoring the rate of formaldehyde disappearanoe &y using differential scanning
calorimetry (DSC) technique [5]. They found thae timethylolation of ALS and SLS had a
lower activation energy and a lower preexponeifietor than that of phenol.

However, up to date, no similar studies have lyeported in determination of kinetics of
synthesis reaction of lignosulfonates via usingiteudnd fomaldehyde as reagents.

The methods used to study the methylsulfonatioetlia can be classified into mechanistic
or phenomenological terms. Mechanistic models aeldped from the balance of chemical
species involved in the chemical reaction. In nuases, it is difficult to derive a mechanistic
model because of the complexity of the methylsdfmm reaction. Thus, phenomenological or
empirical models are preferred to study the metlfgaation kinetics of these polymers [6].
Traditionally, kinetic parameters were calculateshf isothermal data by DSC.

The aim of this study was to study the kineticsadium-based lignosulfonate forrmation,
with the reaction of the functional groups in ligaiwith other reagents produced by reaction of
sodium sulfite and formadehyde, by isothermal D®&Chmnique. The study of the reaction
kinetics contributes both to a better knowledg¢hefprocess development and to improving the
guality of the final product as well.

2. MATERIALSAND METHODS
2.1. Materials

Lignin: extracted from black liquor by the pulpiagd papermaking processes of Vietham
Paper Cooperation (Phu Ninh district, Phu Tho pros). This black liquor was cooked by
alkaline method witlEucal yptus andAcacia melaleuca wood as feedstocks.

Sodium sulfite and formaldehyde: for the methyf@uhtion process.
Pure chemicals for lignin separation and LS synshesre made in Vietnam and China.

2.2. Methods
2.2.1. Sample preparation

Sodium sulfite (3.2 g) reacted with formaldehyde3(g) to produce the GKHOH)SONa
agent in liquid, at room temperature. Lignin, gs dissolved in the agent solution. This
solution was kept at room temperature with contirsustirring.

2.2.2. DSC measurements

The reaction of lignin methylsulfonation can pratemver a wide temperature range. In
order to study the isothermal reaction of thermsgstems, the first step was the selection of
appropriate isothermal reaction temperatures, layamg nonisothermal reaction DSC curves

[7].

The calorimetric measurements were performed withifferential scanning calorimeter.
The isothermal reaction kinetics of the pnéssystem was studied with a Seteram DSC
131 instrument operated in nitrogen atmosphsnegualuminium pans. An empty pan and
pure indium were used as the reference atmhdard for calorimeter calibration,
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respectively. The reaction was carried out at s#viemperatures of 55, 65, 75, and 85 °C
according to the dynamic DSC results. After the ganpan was settled, the temperature was
raised rapidly to a specified value at 10 °C /riime heat flow was recorded as a function of the
reaction time. The total heat of the reactid was determined from the non-isothermal DSC
curve at 10 °C /min.

2.2.2. Reaction kinetic models

The reaction rate equation utilized to study theekts of methylsulfonation can be

expressed, in general, as:

=Mt ®

dt
where,a and t are extent of conversion (%) and time ofttiea (s), respectively, k(T) is
reaction rate constant{lsand f() is a function describing the reactant concertratind is
assumed to be independent from temperature. If omeps is accompanied by release or
absorption of heat, the extent of conversion iduatad through the fraction of the total heat
released or absorbed in the process. In this easecreases from O to 1 as the process
progresses from initiation to completion. It must kept in mind that the physical properties
measured by the thermal analysis methods are moiespspecific and, thus, usually cannot be
linked directly to specific reactions of molecul€sr this reason, the value otypically reflects
the progress of the overall transformation of ataa to products [8].

The temperature dependence of the conversiongagsumed to reside in the constant (k)
through the Arrhenius equation:

k(T)=A exp(l;—f_j (2

where, A is preexponential factorjs E is activation energy (J/mol), R is gas coristan
(J/mol.K), and T is reaction temperature (K).

Although there is a significant number of reactinadels, they all can be reduced to three
major types: accelerating, decelerating, and sigaio{sometimes also called autocatalytic).
Each of these types has a characteristic “reaptiofile” or “kinetic curve”, the terms frequently
used to describe a dependence. @i du/dt on t or T. Such profiles are readily recognited
isothermal data because in this case k(T) = congéigi. (2) so that the kinetic curve shape is
determined by the reaction model alone.

From the experimental heat flow rate profildhe conversion and reaction rate
profiles were obtained using the followinguations [7]:

AH
a=—-->" O<ac<l 3

AH.. ( ) ) (
do _( 1 .(dAHtj @
dt | AH;, )\ dt

where, His heat flow (J/g) andH+ is total enthalpy of reaction. Enthalpies wereasured
by integrating the heat flow rateAd/dt) against time curves in the case of DSC
measurements.
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Isothermal kinetic data can be modelled usmgchanistic models to describe the
reaction kinetics.

The function f¢) for ann™- order reaction has the following form [9]:
fo)=(1-a) ()

where n is reaction order. Systems obeyilig order reaction kinetics will obviously have
the maximum reaction rate at t = 0. Fom&rorder reaction, the conversion rate is given by:

da . _EY
E_k(l a) —Aexp( RT) (-a ) (6)

To model the reaction process, the values of na&dl E need to be determined. At an
isothermal condition these three parameters casbtaéned through a two-step linear regression
analysis, using transformed egs. (2) and (6). Wgitq. (6) in the logarithmic form for different
isothermal temperatures:

E
= - 7
Ink=InA RT (7)
da E
In| — |=Ink+nin(l-a)=InA———+nIn(1-a 8
(dt) ( ) RT ( ) ®

where In represents natural logarithm. Accordindetp (8), the apparent activation energy, E
and the constant InA can be obtained, respectifrl the slope and the intercept of the linear
relationship of Ink against 1/T for a constant aansion.

3. RESULTSAND DISCUSION

3.1. DSC measurements
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Figure 1. Non-isothermal DSC curver from methylsulfonatiddignin at heating rate of 1 K/ min.
Typical nonisothermal DSC curve displaying hdlaw rate against temperature for

systems was shown in Fig. 1. The informatiohiclwv could be obtained directly from the
DSC curve included the temperature that tleaction started, the peak temperature, the

446



Kinetic study of synthesis reaction of lignosulfonate using isothermal differential scanning ...

terminal temperature, and the values of epthal

In fact, strictly isothermal experiments wamet possible, because there was always a
finite non-isothermal heat-up time. At low c&an temperature, the reaction rate was slow
and the corresponding heat flow rate might exceed the baseline noigé. high reaction
temperature, the reaction rate was fast, whiekat a significant degree of conversion was
reached before the isothermal regime was3$et [

Figure 2 showed the isothermal reaction curvesrfethylsulfonation of lignin obtained at
the different operating temperatures (55, 65, #&3°C). This was an endothermic reaction.
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Figure 2. Isothermal DSC curves from methylsulfonation ghin at different temperatures.

An isothermal calorimetric experiment, such as DiB@nediately showed to which type
the f"-order or autocatalytic reaction belonged. This was to the fact that under isothermal
conditions, the Prorder reaction presented its maximum heat releaseat the beginning of
exposure to initial temperature, whereas the atabda reaction presented no heat release rate
at this time [10]. In this study, under the isothat condition (Fig. 2), the heat flow rate was
highest when t = 0, and then decreased with intrgaseaction time. Apparently,
methylsulfonation of lignin followed a"-order reaction mechanism.

3.2. Determination of kinetic parameters

The recorded curves were used to calculate theegsion versus time data subsequently
used for kinetic analysis.

A series of isothermal reaction rate curves, asunction of reaction time for
methylsulfonation of lignin were shown in Figure 3.

From the shapes of the reaction curves (Fig. 3)cowed see that after an induced period,
the conversion rate increased rapidly (accelergtiemod), followed by a progressive slowing
down (deceleration period) until the reaction curugached approximately a plateau
corresponding to the maximum value of the degremucd at all temperatures. As expected, the
maximum degree of cure increased with the increfsemperature.
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Figure 3. The differential conversion curvesys t obtained for the isothermal methylsulfonation
process of lignin at different operating temperasur
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Figure 4. The differential reaction rate curvesudt vs t) obtained for the isothermal methylsulfooa
process of lignin at different operating temperasur

Figure 4 showed the differential reaction rate esrebtained for the isothermal reaction
process at different operating temperatures. Alhdrigemperatures, reaction times were lower.
As shown in Fig. 4, the conversion rate peak bechigieer and shifted to shorter times when
the temperature increased.

It could be easily seen from the curves that theievaf the peak at t = 0 for the
methylsulfonation reaction was increased, and thee tneeded for the methylsulfonation
reaction to reach the endpoint was shorter witheimsing temperature. At 55 °C, the whole time
for the methylsulfonation was about 50 min., whitdy several minutes were needed at 85 °C.

The continuous values obtained by the sigmoidaatgu have enabled us to determine the
kinetic parameters for modelling the reaction.
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Figure5. The plots of In(1&) vs. In@) at different temperatures, respectively:
(a) 55°C; (b) 65°C; (c) 75°C; (d) 85°C.
Table 2. n and Ink calculated from isothermal DSC data
Temperature (°C 55 65 74 85
n 0.2101 0.206 0.249 0.2055
Ink -7.7665 -7.3312 -6.8742 -6.4949

Table 3. Reaction kinetic parameters of methylsulfonatiblignin under isothermal temperatures.

Model parameter
Temperature (°C} Reaction order, n Reaction rate constant, kCorrelation coefficient
(10% (sh r*
55 0.21 4.2 0.97
65 0.2 6.5 0.96
75 0.25 10.3 0.99
85 0.2 15.1 0.95
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The isothermal DSC data were used to calculat&ittegic parameters k and n according to
ed. (7). Figure 5 showed plots of IngLvs. In@) at different temperatures. Reaction orders (n)
were determined by slope of plots and the valuds datermined by constant of linear
relationship. The results were shown in Table 8n¥able 3, the mean cure reaction order was
about 0.21.
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Figure 6. The Arrhenius-type plot (Ink vs. 1/T) evaluated tloe methylsulfonation of lignin under
isothermal conditions.

E, and the constant InA could be obtained from tlopeslof the linear relationship of Ink
against 1/T. Figure 6. showeibt (Ink vs. 1/T) evaluated for the methylsulfdoat of lignin under
isothermal conditionsAnalysis with eq. (7) showed that the activatiorergy E was 41.71
kJ/mol, and preexponential factor A was 1.85 X<0

The activation energy, ,Ecould be thought as the amount of energy that havbe
supplied to the reactants to get them to react witbh other. Preexponential factor A was
related to the number of collisions occurring ie themical reaction that led to the formation of
products from reactants. The results in Table 2wsldothat lignin methylsulfonation need
relatively high energy and thus need to supplyhigsting for reaction to occur.

In the kinetics study of base-catalyzed condensagactions of lignin model compounds,
the methylol group on the"s position of lignin model compounds was activateda greater
extent by a propyl side chain, rather than by ahgiesubstituent. Since lignin was a
macromolecule, it could diffuse slowly and the oppnoity for collisions between reactive
groups in lignin methylsulfonation, was lower. Téfere, the preexponential factor A was
relatively low [4].

The reaction rate constant was higher at highempéeatures. It suggested that lignin
methylsulfonation should be faster at higher terapees.

After all, the kinetic equation derived from isotimal DSC analysis could be described as
follows:

da 5017
— =185x10exp —— | —a)>* 9
at p( T j -a) ®)
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4. CONCLUSION

In this work, the reaction kinetics of lignin mebbylfonation was investigated by

isothermal DSC, and the kinetic parameters hava bb&ined. The apparent activation energy
(E,) was found to be E= 41.71 kJ/mol, and preexponential factor A w@5%1G s™.

10.
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