Kinetic Modeling of Nitration of Glycerol:
three Controlling Reactions Model

By Erna Astuti



ENGINEERING &OLLLG

Article

Kinetic Modelling of Nitration of Glycerol:
Three Controlling Reactions Model

Erna Astuti"”, Supranto ', Rochmadi ", and Agus Prasetya'"

1 Chemucal Engineenng Department, Gadjah Mada University, Indonesia

2Chemueal Engineenng Department, Ahmad Dahlan Unmiversity, Indonesia

E-mail: *ema_nad @yahoo.com (Corresponding author), *supranto@chemeng ugm.ac.id,
rrochmadi(@chemeng.ugm.ac.id, ‘aguspras@chemeng.ugm.ac.id

Abstract. In the present study, a kinetic model of mtration between glyeerol and mtne
acid was developed. The presented model describes three controlling reactions model used
elementary reactions consisting of three reversible reactions. The model utilizes first order
reaction accordlug to each reactant. The mtration of glyceml was modelled b}r t'ltl'.iug the
kinetic model with 6 parameters, the rate constant at an average temperature and the
activation energy. The reaction rate 15 assumed to be govemed by three reactions, 1.e. the
formation of MNG (monomtroglyeenn), the formaton of DNG (duutroglycenn) and the
formation of TNG (mutroglycenn). The aim of this work 1s compare two models: seven
controllmg reactions model and three controlling reactions model. Two models have the
sumular trend. The three controlling reactions model gives better fit than seven controlling
reactions model. The accuracy of three controlling reactions model s lugher. The
advantage of the seven controlling reactons model 1s thus model can predict all products
of mtration. So this model can be used at prelﬁn'ln:u}? design plant. Three conh:nllmg
reactions model can be used at next step, as design of reactor.

Keywords: Nitration, glycerol, three controlling reactions model, kinetic modelling,

ENGINEERING JOURNAL Volume 18 [ssue 3
Recerved 15 June 2013

Accepted 6 January 2014

Published 10 July 2014

Online at http://www.eng).org/
DOI:10.4186,/¢.2014.18.3.73




DOL10.4186/¢).2014.18.3.73

1. Introduction

Polyglyadyl mtiate (PGN) 15 an energetic polymer [1]. Energetic polymers are polymenc compounds that
contamn energetic functional groups, such as the azmdo group (-Ns), mtro group (C-NO2), mtrato group (O-
NO3), mtramino group (N-NO3), or the less commen diflurcarmine group (-NFz) [2]. Thus pnlyrner can be
used as a binder in propellant and explosives to increase the explosive power in comparison with mert
binders. Provatas [3] stated that PGN 15 the most energetic polymer. Willer and MeGrath [4] made
propellant with composition: PGN as binder of 60 — 85 % b/b, ammomnium nitrate as oxidiser and a hittle
amount of aluminum and or boren as additive. Willer and McGrath [5] used magnesnum as additive.
Talawar et al. [2] explained that this polymer has nitrato group. It made this compound as the promising
polymer. Higsmuth et al. [6] proposed process for producing PGN from glycerol. This process compuse
three reactions 1.e. mtration, cychzaton and polymenzation. Reaction time of mitration 1s longest than the
orl:éeacrions.

Basic knowledge gf engineering 1s able to analyze and exploit fundamental reactions in production of
polygl}’cid}'l Ili.tl.'ﬂ.te [T" IJI.S PFIPEI.' l‘GCLI.SES ll.ﬂ. I'I.i.tmti.o!l ofgl_\?cerol. GIYEEL‘O] iS a b}"Pl'OdllCl Dt‘ I'J'.I.E IJIDdIESeI
procluctlou that need to hsndling inuned.iatel}' so as to not become the waste that po]luted the environment
[7-8]. Heat of reactions of mtration has known. Gibbs energes, enthalpies and entropies also have known
[9]. Gas Chromatography 1s instrument that mostly used for identihed mtroglycenn and its Derivatives [10-
15]. Gas chromatography also can be used to quantify all product of mtration of glycerol [16]. It is
necessary to StLlfhf kinetic parameter of mitration.

At the previous study we proposed kinetic modelling of mitraton of glycerol. The kinetic model was
developed with seven reversible reactions (see Table 1) and namely as seven controlling reactions model.
Mitration  of glycerol produces five products:  1-MNG  (l-meonomtroglycenn), 2-MNG  (2-
mononitroglyeenn), 13-DNG  (13-dimtroglycenn), 1,2-DNG  (1,2-dimtroglycenn) and TNG
(trimutroglycern) [6]. The concentration of eight compounds that consisted m mitration could be determined
by analyzing the result of GC. The seven reversible reactions are [17]:

Table 1. Nitration reaction.

Reaction Reaction

number
1 G + HNO, o 1MNG + HO
2 G + HNO, +— 2NNG + H,O
3 1 MNG + HNO, +— 1,3DNG + HO
4 1 MNG + HNO, «— 12DNG + H,O
5 2MNG + HNO, +— 1, 2DNG + H,O
6 13DNG + HNO, « TNG + HO
7 12DNG + HNO,  TNG + HO

Nitration of some compounds has successfully been modelled as first order with respect to each
reactant [18-21]. At seven controlling reactions model, the obtamned expenmental data were treated on the
|1ypot|1esis that the rate of g|}*cerol mitration was descnbed by first order with respect to each reactant. For
many reactions involving multiple steps and pathways, the powers in the rate laws agree with the
stoichiometne coetficients ndicating a simple kmnetic mechamsm. The equation rates of mitration are

detined as:
dCg

s—= kiCoCunos + k2CcChnos — k-1CimngCrzo — k-2Camne Crzo @)
_E‘?"‘E’ﬂ = k_1CimncCrzo + k3Cimne Cunos + k4Cimne Canvos — kK1CeChnos —
.::cgmak—Scl.SDNG Chz20 — k-4C1 2086 Chz0 @
i Ry T k-ECEMNGCHZG + kSCZMNGCHNO3 = RZCG CHND‘Z = k—SCI.ZDNG CHZO‘ (4}
_‘mlé‘% = k-3 3pneChzo + k6Ciapne Cunos — kaCimwe Cunoz — k-sCneChzo (5)
_dC1;:NG = k_4Cy20n6 Crzo + K-5C1 2086 Chzo + K7C1 20n6Chinos — KaCimne Cunos —
T kSGZMNG CHNO] (6}
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dCyg _ :
- dE - k—ﬁcNGCHEO - kﬁcl,SDNGCHNO3 - RTCI.EDNGEHNOS l:—}

Parameter estimation has been done and gave 14 kinetic parameters, The parameter values descube
that the 1%, 3%, 5% and 7% reaction rates are very fast. On the contrary, the 2%, 4% and 6" reaction rates are

slow. The values of kinetic parameters and their 95% confidence intervals at vanous molar ratio of mtnc
acid/glycerol can be seen 1n Table 2.

Table 2. Kinetic parameters for mtration of glycerol calculated with seven controlling reaction model.

Reaction Kyet, m*/mol,s .10
number  1/1 3/1 Fiih 7/1
1 1034134.55165373133.8 5771034 15.24% 0.64 235.38119.03
3
2 0.02+ 0.20 0.05+ 0.10 1.59+0.30 4,17+1.32
3 86632.50% 313434.38 80.18%£3.22 117.22+5.72 8997+ 1.21
4 3805.42+ 8375.65 2.33% 3.65 490+ 6.89 3460+ 8.38
5 3.72+ 156.23 59.91+110.02 10803.65+150411.43 24613055+ 13263348.16
6 56.82+13.45 0.9410.72 2281039 1.58+ 0.06
7 857.40+ 282.03 2.4437.34 103.54+ 33.07 716.19% 69.27

Activation energy, k]/mol

1 38.10+£3692.52 38.10+4.21 38.15%2506 38.124552

2 117.23% 1441 .48 117.23+ 10565 117.23% 11.62 117.23+ 2,57

3 58.62+% 332.69 58,62+ 3.40 58.69% 3.97 58.64% 1.20

4 31.40% 129.65 31.40% 67 81 31.40% 79.80 31381 12.44

5 16747+ 3061.09 167.48% 147.73  167.48% 406.37 167 46+ 88047
6 10467+ 32.10 104.53£ 50.04  104.51+ 14.36 104.53+ 2.97

7 71.18%+ 31.58 71.89* 192,41  71.90% 24.04 71.84% 6.61

Table 2 shows in most cases the confidence intervals are small compared to the magmmde of the
parameter values, except conhidence intervals for cases at molar ratio of 1/1 and reaction (5) at all molar
ratio. At these conditions all reactions run very slowly therefore the compositions of nitration products are
I'.I.Eﬂ.l'l}' qu.'lﬂ.l. T]'.I.IS caused the kl‘l]et‘l‘.c pﬂrﬂlneters at tilese CO!.]CH.EIDH.S appear to bE PBDL‘IY dEI‘IIIEd.

The data in Table 2 showed that concentration of 2-MNG and 1,2-DNG at the muxture of reactions
are very low. The pamary hydroxyl group 1s more reactive than secondary hydroxyl group. Previous studies
[22-23] showed that hydroxyl group at secondary posinon less reactive than pnmary positon because of
steric hindrance.  Stenc hindrance causes the transition state to be higher in energy and raise actrvation
cnegy DF reﬂcﬁon. T‘]:'I.E l'E'ElCt‘ll.OIl ﬂlﬂ.t occurs at SECO!!{]RI}? ll}le'O!L_Yl group iS SIBWEI' tllﬂl] ﬂ.'lﬂl at pamary
hydroxyl group. Reaction that mtrate group at first carbon atom 1s faster than that at secondary carbon
atom. The 27 reaction rate that includes secondary hydroxyl group is very slow, leading to the low
concentration of 2-MNG. There are three reasons for low concentration of 1,2-DNG. Firstly in the 4
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reaction, the active functional group 1s a secondary mtrate group which 1s more ditficult to form. Theretore
the fommation of 1,2-DNG from 1-MNG was very slow. Secondly even though the reacton rate of 5%
reaction (the formation of 1,2-DNG trom 2-MNG) 1s fast, however the concentration of 2-MNG 1s slow
which causes low concentration of 1,2-DNG. Thurdly the reaction rate of 7% reaction (the formation of
TNG from 1,2-DNG) 1s fast, however the 1,2-DNG disappear very quickly formung TNG.

HYSIS-Aspen data and NIST (National Insttute of Standard and Technology) considered that two pair
isomers, 1L,3-DNG and 1,2-DNG and 1-MNG and 2-MNG, have the same physical properties 1.e. boiling
poimnt, density, critical temperature, critical pressure ete. Basic charactenstic of 1,3-DNG and 1,2-DNG
explained that 1,3-DNG and 1,2-DNG have shghtly ditfferent properties. The NMR spectra of 1,3-DNG
and 1,.2-DNG 15 also shghty different [24-25]. Two i1somers have different physical properties but the
formation of 2-MNG and 1,2-DNG are very low. The reactions that represent mitration of glycerol need to
be reviewed. The model can be simplitied based on the controlling mechamsm, This paper assumed no
distinction between two 1somers (1-MNG and 2-MNG, 1,3-DNG and 1,2-DNG). The formation of 1-
MNG and 2-MNG were regarded as one reaction. Therefore this paper describes kinetic modelling by
reducing the reactions involving mitration. The 19 and 2% reactions were merged into the equation of
formation MNG. The 3¢, 4% and 5% reactions were merged mto the equation of fommaton DNG.
Furthermore the 6% and " reactions were merged into formation of TNG. The three controlling reactions
model only considered three compounds as product of nitration, 1.e. MNG, DNG and TNG. Nitration
reaction proposed 1s a reaction in senes as follows:

Table 3. Nitration reaction (three controlling reactions model).

Number Reaction
1 G + HMNOs — MNG + H:0
2 MNG + HNO; +« DNG + H;O
3 DNG + HNO; + TNG + H:O

where DNG=1,3-DNG+1,2-DNG; MNG=1-MNG+2-MNG
The model then considers the following reaction rates:

_ddi: = k1CsChnos — k_1Cpunc Chzo e
_'&w—ﬁe@_a = k1€ Cynos + koCungCrnos k3 Cone Chnos — k-1Cune Crzo — K-2CpngChzo —
dCunG k_3CrngChzo )
—daune _ k_1CuncCrzo + k2 CuneCanos — k1CeCunoz — k—-2ConeCuzo (10}
_dr:d% =k_2ConeChzo + k3CongChnos — k2CuneCunos — k-3Crne Crzo (11)
- df!:rﬁ = k_3CrngChzo — k3Cpne Crnos o
_dCu0

_klcﬁ CHNOJ = chMNGCHNO3 e k3CDNGCHNO3 + k-‘lCMNG CHZO + k—ZCDNG CHZO +
k_3CrngChzo (13)

dt

The mitration of glycerol was modelled by fitting the kinetic model with 6 pamameters, The rate
constant (ket1 - kuet3) and the activation enegy (E.1 - Ea3). All parameters were calculated at an average
temperature, Ter, of 20 °C,

The Archenius equation for the forward and backward reactions was:
g ;_1)
key=kyepse "N T

k.
o=t 4
ki =" (1)
where & 1s the rate constant and K the equilibnum constant at tempermatuwe T. Kazakov et al. [17]
mentioned the equﬂibrium constants of all the reactions of mitration at ditferent temperature and different

e acid concentration. Expenmental works also denved equilibnum constants for each expenment. The
data indicates that Kazakov's constants do not fit properly. The backward reactions for each reaction were
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caleulated u::inae equilibnum constants that were obtamed from expenments, The parameter estimation
was performed with the objective function of mimmizing was the residual sums of squares of errors (SSE)
for the measured concentrations of glycerol, MNG, DNG and TNG. Since steady reaction conditions were
not reached ||11111ec|iate1y the first measured data point was used as a stm.‘dng value when snlvmg the
dll’}‘ﬁ'fﬁ'llﬁﬂl Eflllc1ti0|13 deCf’iIJllllg ﬂl’E reacliolls. HDWEVEL', ﬂlig vsa]ue iS ﬁ]SD poune to measurement errors EI.I'ICI
parameters P, was introduced to estimate the true wntial condition. A least squares munimuzation with
respect to these parameters was also mtroduced,

(¥ catei~Yaari)® (Pi~Yiniei)®
5SE =E caled d'ahz =¥ initi - (15)
(MeanY gar i) (Meany gar)
. - 2. . 2 = .
The we1ght tactor (Mean?’dau) 15 to normalize the residual sum of squares assuimng constant
relative error in the concentration measurements. The lsgnonhn function with selver ode 155 in MATLAB

7.1 was used to obtam ke and Eap The relative errors of all concentrations of mtration product were
Cﬂlﬂllﬂtﬁ'd With tlllS qu.'lﬂtiﬂfl[

; Yeate.i=Ydati
relative error = §, ——% (16)
Yaati

2. Experimental Setup

The reactants used in the expernments are glycerol of Z99% punty from Sigma-Aldnel, mtoe aad (for
analysis EMSURE® ACS, Reag. Ph Eur) of 69% punty from Merck and 1,2-dichloroethane (ACS reagent)
of punty 299.0% from Sigma-Aldnch.

Experiments were carried out in a 5 ecm’ flask that was immersed in cooling bath. Glycerol
with a certan weight was placed in flask and was diluted with an equal volume of 1,2-
dichloroethane and cooled to reaction temperature, Cooled nitric acid was added. The flask
equipped with nitrogen purge for stirning, A thenmocouple monitored the temperature i the flask.
Samples were taken in tume mtervals between 45-60 minutes, 10 samples in each experiment.

2.1. Analytical Methods

Samples were analyzed with gas chromatography (430 GC, Bruker), equpped with flame iomzation
detector. The column was a VF-1 ms 30m x 0.25 mm, [D DF=1 capillary column from Factor Four. The
mjector and detector temperature were mantaned at 175 °C and 225 ©C, respectively. The oven
temperature was kept at 60 °C dunng mjection, after that increase to 140 ©C and stabile at that temperature.
Chromatogram were recorded by computer that used Galaxies Chromatography System version 1.9.302.952
and gave the percent mass of 1-MNG, 2-MNG, 1,3-DNG, 1,2-DNG, TNG and glycerol of each samples,
respectively.

A SﬂITIP].II'Ig PI'GGECI'LII'E wWas dEVElGPEd to l.Tl.i.I!.i.Illi.ZE Ehe ﬂﬂlE between smnplilig ﬂ.llf] GC sllmlysis ﬂ.lld to
be as reproducible as possible. Stll the measured concentrations show large scatterng.

3. Results and Discussion
The mitration between glycerol and nitric acid was modeled by three controlling reactions model. Figure 1

shows the companson between the expenmental data and caleulated data peints of the four compounds
that are mvolved in seven controlling reactions model and three controling reactions model.
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0.25
o
Seven controlling reactions model
oag | = Three controlling reactions model .
¢ 283.15
4 28815
o 0-15 = 29315
J i
"CJ.-;
0.10
0.05
0.00
0 200 400 600 800 1000 1200 1400 1600
t, min

Fig. 1. Ratio Ci/Cg, of all products for mtraton of glycerol at nitnc aad of 69%, molar ratio (nitnc
acid/plycerol) 3/1 and temperature of reaction of 15 ©C

The companson between expenmental data and caleulated data of all compounds indicates that
calculated data adequately fit the expenmental data. Seven controlling reactions model and three
controlling reactions model have the sumular trend. The accuracy of two models is almost the same at the
process condition reviewed. Caleulation of three controlling reactions model can be done easier and faster
than seven controlling reactions model. Three controlling reactions model can be used for practcal
purposes as design of reactor. On the other hand we can identify all products which can be synthesized
from mitration by seven controlling reactions model. There are 2 pairs of 1somer compounds (1-MNG and
2-MNG, 1,2-DNG and 1,3-DNG) and final product, TNG as the mtration products.  The concentrations
of all products can be known with seven controlling reactions model: therefore this model can be used at
prelimmary design plant,

Expenmental works were done with reaction temperature of 10 to 30 ©C. The influence of temperature
to the conversion of DNG can be seen m Fig. 2.

0.25 3
Seven controlling reactions model
o2g | T Three controlling reactions model e
+ 283.15
A 288.15
o 0:15 m 29315 o
5 ¢ 30315°
S o 2
0.10
0.05
0.00
0 200 400 600 800 1000 1200 1400 1600
t, min

Fig. 2. The Cpne/Ca at difference temperatures (uitric acid of 69%, molar ratio DI'S;"I:I,
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An increase in temperature has tendency to mcrease the reaction rate. As a consequence the conversion
of DNG also mereases. Thus phenomenon can be seen in the result of estmation using both seven
controlling reactions and three controlling reactions. Seven controlling reactions is swtable for lugh-
temperature reaction while three colltl:u"ing reactions 1s sutable for low—lempemh.u‘e reaction_. as seern in

Fug. 2.

0.50
Seven controlling reactions model
0.45 = === Three controlling reactions model
+ 1/1 e T
0.40 u 3,;1 ’.-‘--—-.‘__'.--"
a 5/1 e i
0k B 7/1

0 200 400 600 800 1000 1200 1400 1600
t,min

Fig. 3. The conversion of DNG at vanous mole ratio ( nitne acid of 69%, temperature of 20 C).

Expenments were carnied out at molar ratio of nitrie acid to gl}rcernl 1/1to 7/1. Figure 3 shows that
increase n mole ratio will increase the concentranon of mtne acid in the system. Increasmg mole rato
clealy mncreased the C/Csp of DNG. The seven controlling reactions model 15 appropunate at molar ratio
of 1/1 to 5/1, while the three colltl:ollillg reactions model 15 appropriate at molar ratwo of 7/1.

The relative error of two models were calculated using equation (16), shown in Table 4. It can be seen
that the relative error value of seven controlling reactions model 1s lugher than three controlling reactions
model at all molar ratio. The accuracy of  seven controlling reactions model 15 lower than three controlling
reactions model. It does not mean that three controlling reactions model 15 better than seven controlling
reactions model. Each model has ditfferent uses.

Table 4. The relative error (%) of concentration of DNG at different molar ratio (Temperature of 20
OC, mtne acid of 69%).

Molar ratio Seven controlling reactions Three controlling reactions
maodel maodel
1/1 18.55% 15.55%
in 24, 44%, 18.18%
5/1 32.82% 20.74%
7/1 41.62% 18.80%

The pﬂralneter Estiillﬂ.tiﬂll 51.150 l'.I.FIS been done b‘? ﬂu‘ee l'.'Dlltl'Olrlllg fE'EIC'JlDH.S 1node|. ‘T‘llE l'ES'LI].tIIIg
values ol rate constants and activation energies are gmven n Table 5. Estmation was done at ditferent mole
ratio of nitrie acd /glycerol.

Table 5. Fanetic parameters for mtration of glycerol (mtnc acd concentration of 69%, 20 ©C).
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Reaction ko, rn-‘f{mol.s) 1010
number 1/1 3/1 5/1 7/1
1 4 10E6+1.25E9  6.13%0.03 1114 £ 0,02 4222 2006
2 1.55E41X 992E4 7929 £ 0.3 131.31 ¥065 206.87 *1.10
3 4.67% 056 2.8310.06 0.8420.01 1541.032708.69

Activation energy, k]/mol

1 37.68 £1,035.3 35.66 £0.35 3349 016  54.01 £0.13
2 50.24 = 379.5 79551035 7955044  37.68 *0.44
3 29311179 3355021 3349013 33451 1.65

Increase in mole ratio will increase the concentration of mtue acid in the system so the forward
reaction rate will increase. Increase in mole ratio will mcrease the reaction rate constants as seen at Table 5,
This tact supports the theory of the dependence of reaction rate on the concentration of the compounds
prezent. Rate of reaction usually depends on concentration of reactants (and sometimes of products), and
U.Sl.h"lll}f mcreases as concentration of reactants increases. The highest reaction constants were obtained at
molar rato 7/1.

The resultng kinetie parameter showed that the lughest rate constant 1s formation of DNG. Tlas
phenomenon descube that DNG 12 mamn product of mitration of glycerol. The by-products of this reaction
are MNG and TNG. This is sinular with the result of seven controlling reactions model. Seven controlling
reactions I'I'lCldEI ﬂ.lld I‘J'u:ee CCII'lerIliIlg rEﬂCtiCIllS lﬂﬂd&i ﬂlﬂt dE"‘."ElDPEC] l'EPI'E'SEﬂT l]'lE ilitfﬂt‘iﬂll PI'OCE'SS tl'lﬂl
QCCULS.

4. Conclusions

The seven controlling reactions model and the thiee controlling reactions model have the sumular trend.
Both two models can represent the mtration process, The three conn'o"ing reactions model gives better fit
thﬂ.ll thE sEeVen C‘OIltl‘G"iI\g I."E':'lCt‘llOIIS lTlOfIE'l. Cﬂlﬂllﬂt‘lol'l Di‘ ﬂlE tl'.ll.'EE' CDI][].'O"ii]g l'eﬂCt‘IlDuS ITIDCIEl can be
done easier and faster than the seven controlling reactions model. The accuracy of the three controlling
reactions model 15 Ingher. The advantage of the seven controlling reactions model 15 thus model can predict
all products of mtration. So thus model can be used at preliminary design plant. The three controlling
reactions model can be used at next step, as design of reactor.
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