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ABSTRACT

Esterification of phthalic anhydride with 2-ethylhexanol and 1-butanol has
been investigated using aluminum oxide/sodium hydroxide catalyst sys-
tem and tetra-n-butyltitanate (TnBT) catalyst for comparison. TnBT cata-
lyst shows higher activity in esterification. A complete conversion of
phthalic anhydride to dioctyl phthalate and dibutyl phthalate are achieved
in2 hrsin presence of TNBT. Whilein case of using aluminum oxide/sodium
hydroxide catalyst system, it requires at least 3 hrs. In addition, at the end
of thereaction, TnBT is easily hydrolysable to a polymeric titanium diox-
ide; an easily filtered solid. An addition of filter aid can help achieve agood,
rapid filtration of thispolymeric titanium dioxide. Animproved purification
method has been performed to the synthesized DBP plasticizer, which is
thenidentified by FT-IR, *H-NMR and GC. Detailsof alaboratory scalepilot
plant in standard steel components have been designed to produce 50
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litres of ester product.

INTRODUCTION

In 1951, the International Union of Pureand Ap-
plied Chemistry (IUPAC) developed auniversally ac-
cepted definition for a plasticizer as a substance or
material incorporatedinamaterid (usudly aplasticor
an elastomer) toincreaseitsflexibility, workability, or
distensibility!. A plasticizer may reducethemelt vis-
cosity, lower thetemperature of asecond-order transi-
tion, or lower the elastic modul us of the product.

Many thermopl astic resinssuch aspolyvinyl chlo-
ride (PVC) aremodified for specific use, either witha
plasticizer or by restructuring the polymer to makeit
moreflexible, soft, or resilient and then frequently add-
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ingalittle plasticizer?. Phthalic acid estersare com-
monly used aspladticizersin variouskindsof polymeric
materials such as PV C and polyethylene®. They are
used invirtually every maor product category (con-
struction, automotive, household products, apparel,
toys, packaging and medicd products). Plasticizersare
interfused with high polymerstoincreaseflexibility, ex-
tensibility, and workability. Thisisachieved by lower-
ingtheglasstrangtiontemperature (Tg) to below room
temperature. Consequently, ahard glass-likesolid poly-
mer ischanged to aflexible, tough dastomer™. In gen-
erd, ester typeplasticizersareextensvely used in con-
junctionwithvinyl resnsinorder toimpart to end prod-
uctsmadefrom such resinsrequisite properties of flex-
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ibility, heat stability, color, and toughness. In thisway
the usefulness of vinyl resinshasbeen expanded to a
point wherethey havefound wideapplicationinavari-
ety of commercid products, induding, for example, pro-
tective coating, floor tile, calendared sheeting, electri-
cd insulationcoatingsfor wire, toys, shoe, machinepats,
decorativefinishes, and many other applications.
Phthal ate esters are synthesi zed by the condensa-
tion reaction between phthalic anhydride and the ap-
propriatea cohol accordingto thefollowing reaction:

0 O
Catalyst OR
O+ 2R-OH—> + H,0
A OR
o o)

phthalic anhydride dialkyl phthalate

Theester productivity and quality depend essentialy
on theapplied catalyst and reaction conditions. Upto
now, the synthesis processes of carboxylicester inin-
dustry aredtill catalyzed by sulfuricacid. Thedisadvan-
tagesof thismethod are: long reaction period, low con-
version rate, formation of byproducts, after-treatment
difficulties, corrosion of reaction vessels, etc”®. Thus,
thestudy of novel edterification catalyst with high cata-
Iytic activity to substitute sulfuric acid haslong been
paid consi derableworl dwideattentions.

The study of non-homogeneous solid catalyst for
esterification has started since 19605 . Several effec-
tive esterification cata ystssuch asZnO and SnO have
long beenusedinindustrid production™. Recently, more
and more studies have been devoted to the novel solid
catalystsfor ester formation and many new kinds of
catalystsare examined and used continuoudly. The ac-
tivity and behavior of these catalystssuch asrareearth
oxides, rareearth satsand transition metal saltshave
been studied®. Catalyst system composed of metal
oxidein combination with sodium hydroxidehasshown
more advanced results?; otherssuch as Tetra-n-Butyl
Titanate (TnBT) have proventheir way in phthaic an-
hydrideesterificationg®. Although theselast two groups
of catalystshave shown improved catalytic activities
and better ester quality, however, somedrawbacksas-
sociated with each of these systemsstill require more
research.

In the present work, phthalic anhydride has been
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edterified with n-butanol and 2-ethylhexanol usingeach
of these catalysts. The drawbacks of each catayst sys-
tem have been clarified and anovel procedurefor syn-
thesis and working—up has been adapted to achieve
the highest activity and the best color quality. In addi-
tion, thereaction size has been scal ed up successfully
from bench scaleto asemi-pilot of 50 kg size.

MATERIALSAND EXPERIMENTAL DETAILS

Phthdic anhydride (PA), n-butanol, duminium ox-
ide, tetra-n-butyltitanate (TnBT), sodium hydroxide, po-
tassium hydroxide, hydrogen peroxide, sodium chlor-
ate, bromthymol blueindicator, ethanol, xylenearedl
of pure gradsand used asreceived.

The coreelementsof laboratory equipment area
glassflask with stirrer, thermometer, gasinlet, connec-
tion to awater separator, water separator with con-
denser and heating system (oil bath). Esterification re-
action was performed in around bottom flask, which
was equipped with aDean-Stark trap and a condenser
andimmersedinanoil bath.
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thereaction. PA isadded tothed cohol (mol ratio 1: 2).
Heatingto ca. 150 °C is ideally followed by adding the
cadys asasolutionintheacohal. Then, reflux didtilla
tion of thea cohol /water azeotrope and separation of
the water in the separator begins at ca. 180 °C; end
temperature 220 °C and the reaction was controlled
by acidtitration.

Inatypical reaction, 49.4 g (0.3 mol) of phthalic
anhydride, 44.4 g (0.6 mol) of n-butanol or 78 g (0.6
mol) of 2-ethylhexanol and catalyst mixturewasre-
fluxed. Based on previousliteraturest, the amount
of titanateascatalyst isvery low - typicdly intherange
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of 0.05t0 0.5 %. In case of aluminum (amphoteric)
oxide/sodium hydroxide, and relativeto phthalic an-
hydride, Al,O, is 10% and NaOH is 0.1%. The
progress of reaction was monitored by collected wa-
ter inthe Dean-Stark trap. Using this apparatus, es-
terification of phthalic anhydride with the appropriate
amount of a cohol (n-butanol or 2-ethylhexanol) and
in the presence of the cal culated amount of catalyst,
has been performed. Water istrapped at the bottom
of the Dean-Stark trap and by continuous water trap-
ping; theequilibrium is shifted toward the products
and conversionswere ca cul ated from the amount of
collected water. After esterification, the catalyst was
extracted from reaction mixture by agueous solution
of sodium carbonate and the ester was washed for
decolourisation.

DBPwas characterized by IR, *H NMR and GC
as the sole product. In case of gas chromatography
anaysisaGC equipped with an FID wasused viathe
following conditiong*2. Column: HP-1(5m, 0.53-mm
i.d., 2.65-umfilm) zonetemp: column 1 minat 75°C,
ramp to 270°C at 15°C/min, 1 min at 270°C, injector
270°C, detector 275°C, gas flow: column (He) 5.53
mL/min, auxiliary (N,) 30 mL/min, hydrogen 32 mL/
min, air 395 mL/min, split vent 53 mL/min (split ratio
10:1), injectionvolume: 2 uL.

Acid number deter mination!*

Ina125-ml Erlenmeyer flask, 259 of the sample
wasdissolvedin 50 ml of ethanol followed by addinga
few dropsof bromthymol blueindicator solution. Then
thetitration was performed with 0.01 N KOH solution
(0.1NKOH for high acid number vaue). Inaddition, a
blank titration on 50 ml of solvent used to dissolvethe
samplewasa so performed. Theacid number wascal-
culated, expressed asmg of KOH per gram of sample
asfollows

Acid number =[(A-B)N X 56.1]/C

WhereA = ml of KOH solution used for titration of the sample,
B = ml of KOH solution used for titration of the blank, N =
normality of KOH solution, C = sample used, g.

De-coloration of the product was done by using acti-
vated carbon™ where 2-5 % was added and the mix-
ture was stirred for 1 hour and then filtered. A new
method for decol oration was used; inwhich, the ester
waswashed with sodium chlorate/hydrogen peroxide.
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RESULTSAND DISCUSSION

Plagticizer quality

Oneof theprincipa itemsof plagticizer qudity isits
colour. Many factors can affect the colour; some of
thesearediscussed bel ow:-

1) Product colourisafunction of timex temperature.

Ingenerd, thelonger thetime of and/or the greater
thetemperature of reaction, the higher will bethe
colour of the ester product. In sulphuric acid
catalysed reactions, thetemperature hasto be kept
low inorder to avoid forming coloured compound
dueto reactionwiththesulphuricacid catdyst. The
low temperature increasesthe reaction time and
generally results in colour formation, which is
normally treated using activated carbon; leading to
apartia removal of thecolour.
Theuseof titanatecatdyst, whichisneutrd, alows
the use of higher temperatures (up to 220°C if the
operating pressure of the reaction system and the
oil heating system are compatible with higher
temperature) without any colour formation
problems. Faint yellowing of thecolour asaminimd
and by s mpletreatment; acolourlessmaterial was
successfully obtained after the treatment with
sodium chlorate/hydrogen peroxide.

2) Thequality of thereagentsused inthereaction can
have asignificant bearing on product colour. The
carbonyl content of the alcohol (ameasure of the
adehyde content) i s probably the most important
and should be less than 0.01%!5. Carbonyl
containing compounds are very reactive species
known to form col oured compounds.

3) Inorderto reduce colour formation, it wasvitally
important to ensure that the plant was purged with
nitrogen before start up and that no air was
introduced during the subsequent operations.

Reactiontime

From the aboveit can be seen that the length of
reaction timecan affect product colour. Therearemany
factorswhich can affect reaction time, some of these
arediscussed below:-

1) Becausetheedeificationreactionisreversible, the
reaction time is affected by the standing water
content in the reactor. With titanate catalyst the
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standing water is also important because of the

hydrolyssof thetitanatecatayst. Thestanding water

concentrationisprimarily determined by the boil
up in the reactor, where alcohol is used as the
entrainer for thewater created during thereaction.

2) Inthesereactionsthe separated alcohol from the
boil up contains somewater. Asknown from the
litratures®, with butanol, water issolubleto about
20%inbutanol and hence, dthough agood physicd
separation between water and butanol have been
achieved in the alcohol/ water separator, the
returning a cohol containsasignificant amount of
water. In order to reduce thiswater content of the
acohal it would beworth cons dering thefitting of
areflux stripper. Thisisasmall packed column
through which the vapour from thereactor and the
returning alcohol reflux pass and are contacted
counter currently. The stripper has the effect of
drying thea cohal reflux, thusreducing thestanding
water content of thereaction mixtureinthereactor.

3) Alcohol excessabovestoichiometry dso affectsthe
reaction time. A minimum of 20% excessa cohol
needs to be used®”. This is because during the
reaction somebreskdown productsareformed from
thea cohol and somenon alcohol componentsare
present in the a cohol as supplied e.g. paraffins,
heavy ends. In large scale production, these
components are concentrated in the course of the
reaction, so that gradually the recycled alcohol
containslessreal alcohol and the excessmust be
increased to account for thisfact.

In genera, when thetemperature had reached that
selected for the experiment, awe ghed amount of cata-
lyst wasadded with asyringe. For solid catdystsasmall
amount of the used a cohol wasretained and used to
durry thesolid beforeinjection. Thereaction mixture
wasmaintained a avigorousreflux at the sd ected tem-
perature by suitable adjustment of the heating rateand
vacuum. Thewater produced was removed substan-
tially asquickly asit wasformed and collected inthe
Dean and Stark apparatus. Theend of thereaction was
taken to be 99.7%-99.8% (an acid val ue of about 0.4-
0.24 mg KOH/g)13,

Theprogressof thereaction wasfollowed by with-
drawing samplesat interva sby meansof asyringe. Each
samplewas added to aknown weight of cold acohol
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to quenchthereaction, weighed andtitrated aganst stan-
dard potassium hydroxide solutionin ethanol using
bromthymol blueasindicator. Theresultswereusedto
cal culate the amount of un-reacted half ester present
and agrgphwasplotted of converson against timefrom

injection of catalyst (Figure 1).
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Figurel: Comparison of thecatalytic activity of aluminium
oxideand tetra-n-butyltitanate(TnBT) in theSynthessof DOP

Neutralisation

The use of caustic sodaas aneutralisation agent
requires care. Because sodium hydroxideisastrong
base, it wasused in adilute aqueous sol ution (2%) and
the neutralisation has been carried out at a low a
temperature - the neutralisation wascarried at 30°C or
less. Theuse of sodium hydroxideasthe neutralising
agent givesbetter filtration characteristicsto thetitanate
res dues, than sodium carbonate does. In addition, the
volume of water used washes the ester and removes
someimpurities. The use of sodium hydroxide at too
high temperature or too high concentrati on produces
back reaction and canincreasetheacid vaue.

The advantage of sodium hydroxideneutralisation
isthat most of the sodium salt of the monoester was
removed withthewater layer. Thisimprovesthevolume
resistivity of the ester, as compared with acarbonate
neutralisation, whichisimportant if theester end useis
in the electrical area. Figure 2 shows the *H NMR
spectraof apurified DBP sample. Thechemica shift at
(7.6-7.8) ppm, correspondsto thefour protonsof the
aromatic unit, and the chemical shift between 4.1 and
4.3 ppm, correspondsto four protonsof the butyl group
(near to oxygen atom). Thechemicd shift of themiddle
eight protons of the two butyl groups appear between
1.6 and 1.9 ppm. Thelast chemical shift appearing at
(0.98-1.1) ppmisdew to thesix protonsof the methyl
groups,; onemethyl for each butyl group. Thepurity of
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the produced DBPis confirmed from the determined
integrated intengity retio of thechemicd shiftsmentioned
abovewhichwas (4:4.4:4.6) and in correspondence
with DBP structure. In addition, Figure 3whichisa
typica IR spectrumfor DBPisshown. Fromthesetwo
figures, itisclear that the produced DBPispureand
freefromal impurities. Thisisagood indicativeresult
which proves that the synthesis and purification
processes are successful.
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Figure4 showsthe GC result of DBPwhichgivea
singlepeak (retentiontime= 9.6 min). Thisisanother
indi cation about the purity of the prepared DBP.
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Figure4: GC of DBP
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Ester recovery

The cakedischarged from thefilter contains 70-
80% w/w of ester. It was not possible to reducethis
content by mechanical means. A process was
developed, inwhich thefilter cakewasdropped into
hot water and agitated to give athree phases mixture
with asupernatant layer of ester, which was collected
and recycled; aprocesswhichisvery importantinthe
large scale production. In general, under the optimal
reaction conditions and based on the acid value
cd culation, theconversion reached 98% after 2 hwith
respect totetra-n-butyltitanate (TNBT) catdyst and after
3hwithrespect to (al uminum oxide/sodium hydroxide)
caaydt.

Stream

-

Cundbnsatc
Plasticizer

Excess alcohol

Filter residue

Figureb5: Batch esterifiction process.
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Pilot plant

A laboratory scale pilot plant in standard steel
componentswas performed to scale up the plasticizer
productivity to 50 litres. A schemati c representation of
the process sequence is shown in Figure 5. In this
process, alcohol and PA arefedinto the esterification
reactor (1). Thentheexcessdcohol from the previous
chargeaswell as catalyst are added and thereaction
mixture is heated to the required esterification
temperature. Evaporated water and alcohol are
condensed and separated (2), so that the al cohol can
berecydedtotheesterification reactor. After completion
of the rection, traces of unreacted monoester are
neutrlized (3), followed by steam stripping of theexcess
acohol. Theoverhead vapor mixtureiscondensed, the
a coholic phase being separated (4) from water and
collectedintheexcessal cohol tank (5). Thecondenste
is worked up internally to avoid environmental
problems. After drying the ester with nitrogen, filter aid
isadded and the ester iscooled and filtered (6).

Production equipment
The equipment consistsof two reactors:
Reactor 1: Esterification

Thereactor 1 (Figure6) consistsof aheating sys-
tem, stirrer, feeding system for nitrogen, the alcohol,

Water Jur

To Vacuwum

Lo

Figure6: Egterification reactor; steel components
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PA and the catalyst. Connected to the reactor isacon-
denser (water cooled) with vacuum pump and asepa
rator for the separation of alcohol and water and the
recirculation of thea cohol. Theraw DOPistransferred
to reactor 2 for work up.

Reactor 2: Work up

Thereactor 2 (Figure 6) for the treatment of the
raw plasticizer (from reactor 1) consistsof thereactor
with ahesating system, feeding tubesfor additives(filter
aidsetc.) water, alkali. Thereactor isconnectedto a
condenser with avacuum pump for the separation of
water and low boiling components. Thepurified plasti-
cizer isseparated frominsol uble substances (e.g. filter
ads, catalyst hydrolysates, etc.) inafilter preferably in
aplatefilter press. The production equipment ismade
of sainlesssted.
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Figure6: Purification reactor; steel components
Production steps

Esterification

Thereactor 1ispurged with nitrogen to prevent
oxygen reaction with the reactantsand productsand to
maintain adry atmosphere (thetitanate catayst is sen-
stiveto moisture). The preheated a cohol (80-100°C)
and PA areintroduced into thereactor. Themolar ratio
of PAtoacohoal typicallyisl: 2upto 1: 25. Thecata
lyst isadded at about 120 - 150 °C either as pure ma-
terial or dissolved in somewater free alcohol aslast
ingredient. One hasto take carethat therecycled a co-
hol contains somewater and isnot suitablefor direct
mixingwiththetitanate.
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Together withthe PA, d cohol andthecatdyst; some
additivesalso arefed into the reactor toimprovethe
product quality andto facilitate thework up, e.g. car-
bon black or filter aids. Theformation of the half-ester
by the addition reactionisvery fast (max. 20 min.)i"

andslightly exothermic.
(jf't catalyst [:it Water

Thishalf ester can bemaded soinaseparate step
inaseparate reactor. The esterification startsat about
180 °C, visible in the formation of water in the separa-
tor. Thetemperatureiscontinuoudy raised and moni-
tored by the stream of recycled acohol. The esterifica-
tionisendothermic. Whentherecircul ation of thea co-
hol dropsadight vacuumisapplied.

Thedcohol actsasentrainer for thewater. Theaco-
hol/water azeotropeisseparated after thecondensationin
theseparator. Thewater islet off fromtimetotime. The
reactionrunsat norma pressure. Theend of thereactionis
indicated by thed ow formation of water. The degree of
reaction ismeasured by determination of theacid va ue.
Whentheacid vduehasreached 1 - 2, thepressureinthe
reactor islowly reduced under full reflux whereby there-
actionisfurther completed and theacidva uefurther drops.
Thetemperatureshould not exceed 210-220°C to avoid
discoloration. After reachingan acid valueof 0.3-0.5the
excessof dcohol wasdistilled off under avacuum. This
raw pladticizer istrandferred tothereactor 2 forwork at a
temperature of about 180 °C.

Work up

Thework up wasmainly for thepurification of the
crudeplasticizer.
e decompostionof catalyst
removd of the catalyst
neutralization of acidic product
de-coloration
deodorization

Fast Reactlon
without catalyst
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Thenext step after thetransfer of theraw materia
fromreactor 1toreactor 2 wasthepost trestment. The
relatively high stability of theplasticizer allowsarela
tively hard treatment. At 170-180°C water steam was
injected vianozzles at reduced pressureto removere-
sdua amountsof acohol and additiondly ol efins, ethers
and other small amounts of by products such as odor
components by water steam distillation. At the same
timethetitanate catal yst was decomposed and could
not cause saponification reactions. Thetitanate was
hydrolyzed to polymerictitanium dioxide. Theaddition
of filter aid hel ped achieving agood, rapid filtration of
thispolymerictitanium dioxide. Removal of catdyst was
easy, wherea uminum oxideor titaniumdioxidewasas
easily filtered solid™®. Thefiltration aid can beadded
prior to the esterification step, beforeinjection of water
steam or shortly beforefiltration. For the neutraliza-
tion™ of residual acid, theaddition of alkali such as
NaOH or NaHCO,, was added. Theamount of water
and NaOH added in the example of a 20 kg charge
production of plasticizer were5 L water and 500 mL
NaOH (20%). After thisagitation the crude plasticizer
wasdried under vacuum (2 mbar) at 100°C for about
0.5 hoursandfiltered. Good filter typeswere platefil-
ter types. For improved purification, thetreatment of
the ester with theakali addition, washing with water,
addition of filter adsdrying andfiltration was repested,
confirmed by *HNMR, FTIR and GC.

CONCLUSION

Bothtetra-n-butyltitanate (TNBT) and (aluminum ox-
ide/sodium hydroxide) catdystshaverd atively high cata:
Iyticactivitiesfor esterification of phthaicanhydridewith
2-ethylhexanol and 1-butanol. Under the optima reac-
tion conditions, the conversion reached 98% after 2 h
with respect totetra-n-butyltitanate (TnBT) catdyst and
after 3 hwith respect to (al uminum oxide/sodium hy-
droxide) catalyst. Thesetwo cataystsareexcellent for
thetechnica manufactureof plasticizersand both sys-
tems were easy to be separated. They offer decisive
advantages compared with other catalyst systems: high
product qudity, wastereduction, easy processability and
cost saving. A laboratory scale pilot plant in standard
steel componentswas successfully performed to scale
up theplasticizer productivity to S0litres.
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