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ABSTRACT:

The kinetics of esterification of phthalic anhyari(PAN) with 2-ethylhexanol (2EH) has been studisihg
methane sulphonic acid (MSA) and para- toluenetguie acid (p-TSA) as a catalyst. In each case,kihetic
parameters (rate constant, order with respectdotaats and catalyst, activation energy, and amflisrequency)
have been determined. It has been found thatethetion follows an overall second order kinetiast forder with
respect to each reactant. The order with respdobth the catalysts has also been determinedtdras ibeen found
that the reaction shows first order dependenceatalyst concentration. Furthermore, the literapegtaining to the
synthesis of di-octyl phthalate (DOP) has beercetly analysed and reported in the present work.
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1. INTRODUCTION

DOP, synthesized by esterification of PAN with 2Eid the most widely used plasticizer. Normally
sulphuric acid and p-TSA are used as a catalygph8tic acid and p-TSA, however, suffer from theadivantage of
by-product formation and colouration of the proddae to various side reactions with increasing tnaures, in
particular. In comparison with sulphuric acid and $A, the non-acidic alkyl titanates have the adage of very
low by-product formatior: > Their activity, however, is much lower than tleditthe Bronsted acids, necessitating
reaction temperature of more than ZDOFurther, the titanates also suffer from the diisatages of higher cost and
difficult separation from the products. The solicidacatalysts overcome the disadvantages of Brdnstéds and
titanates: Nevertheless, they suffer from disadvantages dfyedsactivation, operation loss, and high masastfer
resistance.

The heteropolyacids (HPAs) have also been userhtiyze the esterification reaction in the preseoc
low boiling carrier liquid like benzene, toluenejlene, and dichloromethane to remove the watertezgioally.’
The use of low boiling carrier, however, tends ¢éduce the rate of esterification reaction. In addjtthe HPAs
catalyze both, the esterification and hydrolysact®ns which result into lower yield of DOP atigem temperature.
Further, their activity reduces drastically witheause. Recently, functionalized ionic liquids halso been exercised
to catalyse the esterification reactibithe pertinent dispersion of ionic liquid in theacion phase is, however,
necessary during the course of reaction to obtégh Kield of DOP. In addition, some ionic liquid agtually
decomposes under a given reaction conditions wigshlts into dissolution of ionic liquid in the cdimn mixture,
giving poor yield of DOP. The ionic liquids alscsasiated with the disadvantages like reductionaddlgtic activity
with reuse and colorization of the product.
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Parameters studied and their range Kinetics
Sr. No. Catalyst T °C [Catalyst] MR E A Concluding Remark
' kcal.mol™
1 2 2 .1 The reaction was found to be first
p—TSlA 0.5% (mol%_ 1:1.1- 15.50 6.7><1d,(|)_.mor .1rn|n 1 order in the MOP and 2EH. The
1 TBT 135-200 | based on phthall:l,1 5 25.06 1.26x16° L.mol*.min kinetics has been explained usin
TBZ' anhydride) o 12.30 4.4x1d, L.mor*.min* ; praine 9
bimolecular acyl oxygen fission.
Superacidic The reaction was found to be |a
2 het%ro eNnus 160-200 0.48-1.20%, 11- 15 11.05 0.12-0.43 surface reaction controlled under the
wiw cm’.mol~s™).(cnf.cm range of conditions with overal
catal sqcé / o . nT’.mols™). (cnt.cm” f diti ith I
Y second order kinetics.
The reaction was appeared to |be
. . 0.0078 -.0313, ,. . 11 independent of the concentration |of
3 Sulphuric acil | 115-160 ol L 1:1-1:11 | 11.30 1.66x20L.mol™.min 2EH and first order dependence was
observed with respect to MOP.
The reaction appears to be first order
4 0-TSA 120-160 0.005-.017, 11-1-11 15.30 1.83x19 L.mor.min’ with respect to MOP and the reactipn
mol.L* ' ' ' ' ' ' rate does not depend on the
concentration of 2EH.
0.0032-.0096 The reaction shows first order
5 TBT? 150-185 | - T : 1:1-1:11 | 17.00 5.83xfpL2mor2. min* dependence with respect to MOP and
' 2EH
Zeolite catalysts are recommended
6 Zeolite§ 200 - - - since lighter colour DOP was
obtained.
The reaction appears to be second
7 Non-catalytié | 140-175 | - 11-1:6 | 186 1.17x107 ol min® | Order with respect only to MOP ard
the reaction rate does not depend|on
the concentration of 2EH.
The use of molybdenum substituted
0, 0,
8 HPA' 110 8;)866?0” Pg?\IOI)A) 1:1 - - heteropolyacids has been suggested
for the synthesis of DOP
10 Functionalized | 115-125 15% (w of the 1:1.5 - - The use 1-meth{B3ulfopropyl)-
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ionic liquids raw materials)
catalyst has been recommended (for

imidazolium hydrogen sulphate as
synthesis of DOP.

Table 2. Summary of the present work

Parameter studied and their range Kinetics
Sr. No. Catalyst T.9¢ [catalyst], mol.L™ MR Iical.mol‘l 'T_Z.mol‘z.min'l Colour?® | Finding
The kinetics of the reaction
1 MSA 140-160 | 0.024-0.090 1:1-1:1.8 11.94 1.20%1 2-3 :Ahg‘g:szfgﬁ,Oa[ggradfgg;‘lfnce in
2 p-TSA 140-160 0.026-0.074 1:1.11- 1:1.8 13.80 9%xa0° 5-6

MR: molar ratio of the reactants
a : colour of the crude product on the Gardnerescal
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Table 1 shows the summary of previous work. Itlcarseen from Table 1 that there is a discrepancy in
the published literature with respect to the kitetising p-TSA. Butada and Pangatksave reported that the
esterification of mono-2-ethylhexyl phthalate (MQRjonoester (MOP), and 2EH shows first order deproe
with respect to both the reactants while Skrzypel.€ have reported that the reaction appears to beofider
with respect MOP and it is independent of concéiotnaof 2EH. Further, it has also been reportedhia
literature that MSA is advantageous over p-TSA doeits non- oxidizing characteristic§®® However,
systematic investigation of esterification of PANIW2EH using MSA has not studied pertinently tdidete
the supremacy of MSA over p-TSA. Therefore, theeotiyes of present investigation are: (i) to stulg
kinetics of esterification using p-TSA to overcothe discrepancy existing in the literature, angt@istudy the
possible advantages of MSA over p-TSA which maimigludes kinetics of the reaction, and product
decolorization.

2. Experimental
2.1. Chemicals

PAN, 2EH, p-TSA, and MSA were purchased from S.DeFChemicals Ltd, Mumbai, India and were
used without further purification.

2.2. Experimental set-up

Experiments were conducted in a glass reactor 6frBDcapacity having a torishperical bottom. The
glass reactor was provided with a six blade agitdbur glass baffles, and a thermometer pockeg fEaction
temperature was maintained constant (x I°C) withhiblp of a relay heating circuit in an oil battheTreactor
was connected to a Dean and Stark apparatus faraem the water-2EH mixture and for refluxing 2Baick
to the reactor.

2.3. Procedure

In a typical run, equimolar quantities of PAN arteH2were first reacted at 145-150°C for 10-15 min to
give MOP. The complete formation of MOP was conédrby volumetric titration. The PAN gets completely
converted to the MOP, so that the MOP concentradibthis stage can be taken as the initial conagatr.
Further, the DOP formation starts only after theitohn of a second mole of the 2EH and a catalysa a
predetermined temperature and therefore the MORetrdration goes on decreasing. The reaction could,
therefore, be monitored on the basis of the nunolbexcid groups esterified by titrating the reactioixture
against alcoholic KOH solution with phenolphthaleis indicator. Alcoholic KOH was used in order tmid
phase separation during analysis.

2.4 Analyss

The reaction was monitored by chemical as wellrssrumental analysis. In chemical analysis the
reaction samples were titrated against alcoholi¢ik@lution, that is, the number of acid groupstéd against
a base, which is a simple acid-base titration, e&®ifor gas chromatography (GC) analysis the sampdee
diluted and neutralised by an alkali solution dmehtinjected into a gas chromatograph (model Cloymising
a flame ionization detector and an Oracle integratith a S.S. column packed with 5% OV-17 on Chosorb
WHP (length 2 m, I.D. I/8 inches). Chemical anadysias used to get information on the reacted acdps
and GC on the unreacted alcohol remaining in theti@n mixture.

3. Result and discussion

3.1 Reaction pathway
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The esterification of PAN with 2EH proceeds in ttveo steps as shown by following chemical
reactions:
Step 1 Formation of MOP

ﬁ CH,CH ﬁ ClHZCHS
2 3
\—C\ | C—0—CH,CH(CH,)3CH3
O + CH3(CHy)3CHCH,OH —»
c” C—OH
2 I
o)
(PAN) (2EH) (MOP)

Scheme 1.Formation of MOP

Step 2: Formation of DOP

0 CH,CHs 0 CH2CH3
[ CH,CHj d |
C—O—CHQCH(CH2)3CH3 | acl C—O—CHQCH(CH2)3CH3
+ CH3(CH2)3CHCH20H e +
ﬁ_OH catalyst ﬁ—O_CHQCH(CH2)3CH3
o) 0 CH,CHs
(MOP) (2EH) (DOP)

Scheme 2. Formation of DOP

Overall reaction

0
0
! OHCHs g i e
C—0—CH,CH(CH)sCH
O+ 2 CHy(CHsCHCH,0H ~—= 2CH(CH2)CH Hy0
ﬁ catalyst ﬁ_O_CHch(CHz)chg
o 0 CH.CHjs
(PAN) (2EH) (DOP)

Scheme 3. Overall reaction for formation of DOP

The first reaction giving MOP is very fast and mmpleted in a short time without any catalyst as
shown in schemel and thus the kinetics of the dveraction is normally studied by looking at théOP
formation in the second stage of the reaction betmthbe MOP and 2EH as shown in scheme 2, wherein th
catalyst can have a real influence. Since thianissquilibrium reaction, it is essential to remdkie water
formed during the course of the reaction continlotss drive the reaction towards the product (DGi)e.
Otherwise the reaction attains equilibrium at 708twersion to DOP with the remaining part presermaxP.
Water forms an azeotrope with 2EH in 80:20% werglib which can be distilled off.

3.2 Kinetic studies
3.2.1. Effect of speed of agitation

Experiments were conducted at various speeds 9.r@m, 1000 rpm and 1200 rpm using MSA and
p-TSA as a catalyst. The MSA and p-TSA concemtnatiwvere kept equal to 0.45% (w/w) and 1.25% (w/w),
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respectively while molar ratio of reactants andperature were maintained at 1:1.11 and°C50espectively.
The change in concentration with respect to tim@ashsimilar trend for MSA and p-TSA. Figure 1 slsothe
effect of speed of agitation on the conversion @musing MSA as a catalyst. It has been seerhbeg is no
appreciable change in conversion at various sp&rpm- 1200rpm) of agitation, indicating mass&fer
resistances were absent. All further experimerewtherefore, carried out at a constant speedjitdtion of
1000 rpm.
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Figure 1. Effect of speed of agitation on the casim of MOP

g, 800 rpm ; ¢, 1000 rpmA, 1200 rpm

3.2.2. Kinetics

The reaction represented in Section 3.1 (stepr2peasimply written as follows:
MOP + 2EH{ [l DOP + Wate (1)

k:; is a forward reaction rate constant andska reverse reaction (hydrolysis) rate constaince during the
course of reaction, water formed is continuouslynoeed, the reversible reaction becomes irrelevant.
Therefore, the rate expression can be written lésafs:

MOP 2E

(A[MoR _ d 24 = K MOH"[ 2EH’ 2)
dt dt

where x is the order in MOP and vy is the orderEt2and [ ] indicate concentration of a given speci The

specific rate constant k could be considered ametibn of the catalyst concentration as follows:

k = k[ catalys}’ ®)
where zs the order in the catalyst.
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An integral method of analysis can be approximdtedestimating rate constant and the order of the
reaction wherein we guess the order with respetiidaeactants. In the present case, the ordarresipect to

the reactants has been assumed to be one. Thatgaitimg Eq. 2 between the Iimil[sNIOP]O(initiaI

concentration of MOP) t@MOP] as time goes from O to t, we get following rateresgion:

In(%] = k([2EH]° {MOF}O) t+] % @

where [2EHY is an initial concentration of 2EH. A plot of I8H]/[MOP]) vs time, therefore, should give a
straight line showing first order dependence oncthrecentration of both the reactants with a slapk(2EH]-
[MOPI°).

3.2.2.1. Effect of temperature

Experiments were carried out using p-TSA and MSA aatalyst at three different temperatures (140,
150, and 16%C). The molar ratio of reactants was kept consaafit1.11 while MSA and p-TSA concentrations
were maintained at 0.45% (w/w) and 1.25% (w/w)peesively. Figure 2A and Figure 2B show the vaoiabf

In[2EH]/[ MOFﬂ vs time for MSA and p-TSA, respectively. The sfieovalue of k (rate constant) was

determined by the slope of the lines at differembpgeratures. The straight lines obtained in eask indicate
the reaction to be of first order with respect twhp MOP and 2EH.
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Figure 2. Second order kinetic plot

(A): A, 140C; 0, 150C; o, 160C (B): ¢, 140C; o, 150C; A, 160C

3.2.2.2. Effect of catalyst loading

The concentration of the catalyst remains constArdughout the reaction since it is used up to
accelerate the rate of reaction and regeneratadgdtire course of the reaction. Therefore, in Eck may be
assumed to be equal to k’[catalyst]. In orderitml fthe effect of catalyst loading, Eq. 2 can bétem as
follows:

e =AM = A28 Gatagl] moP] 2 ®
In(fyop) = INk' + zI[ Calatygt +xlh MOP  + y[n EH] (6)

where [op is the rate of reaction. If we find the rate ofction at constanEMOF’] and [ZEH] at a given

temperature and various catalyst concentratiores) th plot of II'(rMOP) against Ir[C&latySl would give a

straight line, the slope of which would be the ordéth respect to the catalyst. The rate at argiMOP
concentration can be found from the slope of [M@®lime curve or by differentiating the polynomégjuation
for [MOP] vs time.

Figure 3A and 3B show the effect of catalyst loadon the conversion of MOP at £&0and 1:1.11
molar ratio of the reactants for MSA and p-TSA,pexdively. The rate of the reaction was calculabgd
plotting [monoester] vs time and finding out theps# at [monoester] equal to 1.6 mal.LFigure 4 shows that
the order with respect to the catalysts is closanity for both the catalysts. Thus the reactiotM®P with
2EH using MSA and p-TSA as a catalyst shows a @irder dependence with respect to both the reactant
well as with respect to the catalyst, in the raofparameters studied. The Arrhenius equationrparars, E
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(activation energy, cal md) andA (frequency factor, £mol?K™) were also determined for both the catalysts
from the data for reaction carried out at threéedént temperatures and different catalyst conaéotts. The
data of k against temperature were fitted by linesgression, and E and A were determined. The rate
expressions obtained for MSA and p-TSA, respectiaet as follows:

Top = 1.20x 16 exé_ll_l?d'oj[ Calatyft MQP 2§ @)
“Tyop = 5.99x 16 exé-laTaooj[ Calatyft MQP 28l (8)

The kinetic parameters of the reaction are repdrteétiable 2 in detail. Table 2 also shows the gplof the
final reaction mixture measured on the Gardnerescdlhe MSA catalyst gives a very low colour ind@g on
the Gardner scale as compared with a colour inl@&x6obtained from p-TSA catalyst. Moreover, aotrate
with MSA catalyst was considerably higher as coragdo the rate with p-TSA.
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Figure 3. Effect of catalyst concentration on tbeversion of MOP
(A):0, 0.25% (w/w); A, 0.35% (Wiw);0, 0.45% (w/w); 0, 0.95% (w/w)

(B)o, 0.5% (w/w); A, 1% (wiw);90, 1.25% (w/w); 0, 1.4% (w/w)
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Figure 4. Effect of catalyst concentration on tate rof reaction

o, MSA; ¢, p-TSA

3.2.2.3. Effect of molar ratio of reactants

Experiments were conducted at three different mmd¢ins of monoester to 2EH (1:1.1, 1:1.4, and
1:1.8) at 150C using MSA and p-TSA as a catalyst. The MSA ariSgx concentrations were kept constant at
0.45% (w/w) and 1.25% (w/w), respectively. Figure &nd 5B show the effect of variation of the matatio of
MOP to 2EH on the conversion of MOP for MSA and $AT respectively. It has been seen that the coiorers
of MOP increases with an increase in the molaorafiowever, an increase in molar ratio shows necéfén
the conversion of MOP for an initial period of 2Ghm
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Figure 5. Effect of molar ratio on the conversidiMOP
(A0, 1:1.1; o, 1:1.4; A, 1:1.8 (B):A, 1:1.11;01:1.4; ol:1.8
4. Conclusions

The following conclusions can be drawn from thespre study:

1. The kinetics of the reaction between PAN and 2Bihg MSA and p-TSA essentially follows an
overall second order kinetics, first with respextehch reactant in the range of variable studiedthEr, first
order dependence has been found with respect wotieentration of both the catalysts.

2. Under identical conditions, the rate of reactiming MSA has been found higher (~1.6 times) as
compared to the rate with p-TSA. Moreover, the aolodexes for final reaction mixture on the Gamdseale
were found to be 2-3 and 5-6 for MSA and p-TSApestively.

Nomenclature

[2EH] = concentration of 2EH, mol’L

[Catalyst] = concentration of catalyst, mot.L
[MOP] = concentration of monoester, mot.L

A = frequency factor, £ mormin*

E = activation energy of a reaction, cal.thol
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k = second order rate constant, L.tholin™

K = third order rate constant?Imolmin™

I'vop = rate of reaction with respect to MOP, mdLmin™
t = reaction time, min

T = temperature, K

X = order with respect MOP concentration, -

y = order with respect to 2EH concentration, -
z = order with respect to catalyst concentration,
Subscripts

f = forward reaction

r = reverse reaction

Superscript

o] = initial condition

Abbreviations

2EH = 2-ethyl hexanol

DOP = di-octyl phthalate

HPA = heteropolyacid

MOP = monoester (mono-2-ethyl hexyl phthalate)
MSA = methane sulphonic acid

p-TSA = para- toluene sulphonic acid

TBT = tetrabutyl titanate

TBZ = tetrabutyl zirconate
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