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ABSTRACT

The catalytic activity of the prepared expandable graphite was studied
taking the synthesis of acetic ester and propionic ester as probe reaction.
Expandable graphite was prepared with KMnO, as oxidant, H,SO, asin-
serting reagent. And it was analyzed with expanded volume, X-ray diffrac-
tion, Energy dispersion spectrum and thermal gravimetric mass spectrum
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analysis. Experimental results show: expandable graphite shows better cata-
Iytic activity for the synthesis of propy! acetate, butyl acetate, ethyl propi-
onate, propyl propionate and butyl propionate, al the ester yields are
above 95%. As for acetic ether, the yield is only 50%. The ester yield
increases with the increase of alcohol molecular weight and the reaction
temperature. When expandable graphite is repeatedly used, its catalytic
activity decreases due to the increase of mass transfer resistance, but its
expansion performance is not affected. The catalysis mechanism is dis-
cussed, and expandable graphite is a good solid acid catalyst.
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INTRODUCTION

Expandablegraphiteisakind of new materia which
isprepared through intercal ation reaction of non-car-
bon substance such as H,SO, under the condition of
chemical or dectric chemistry oxidation™™2. Itisnor-
mally used as sedling materia and adsorbent of organic
moleculessuch asail, dyes after expansion under high
temperature®4. At the sametime, expandable graphite
can be used assolid super acid catalyst®. Li prepared
akind of expandable graphite with 32 mesh natural
graphiteas material under themassratioC: KMnO,
H,SO,:HNO,0f 1.0:0.12:5.0: 1.0, and studied its
catalytic activity inthe synthesis of ethyl acetate®. A
30% ethyl acetatewas reported under the condition of:

moleratio of acetic acid to ethanol 1.0 : 1.5, mass of
expandablegraphite 6.0 g, reaction time50 min, reac-
tion temperature 50 °C. Zhou prepared an expandable
graphiteunder themassratio C: KMnQO, : H,SO, of
1.0:0.08: 4.0, and studied itscatalytic activity inthe
synthesisof butyl acetate”. A 98.0% butyl acetatecan
be gained under the condition of n (butanol) : n (acetic
acid) equaled 1.0: 1.15, massof expandable graphite
5.59% of thetotal amount of reactants, reaction time
55 min. In the preparation of propionic ester, many
kindsof catalystssuch ascation resini®9, enzyme014,
molecular Sevesupported organophosphonicacid (PA/
NaY )™ have been reported With SO,#/TiO,-La,0O,
as heterogeneous catal yst™™, Lv synthesized ethyl
propionate, propyl propionate, butyl propionate, isobutyl
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propionate, amyl propionateand isoamyl propionate
with the yield of 20.9%, 64.9%, 83.6%, 69.7%,
87.5%, 83.3%, respectively.

Expandabl e graphite can be prepared with simple
material under gentlereaction temperature, vitriol can
beloaded in one step reaction, and this catalyst can
easly disperseand recyclein catayzing reaction. At
sametime, it has showed different catalyticactivity in
the preparation of acetic ester, and thereisno report
on application for synthesis of propionic ester. Base
onthisreason, inthisexperiment, expandablegraphite
was prepared with KMnQO, as oxidant and H,SO, as
inserting reagent, and then its structure characteristics
aredetected. With the synthesisof aceticester and pro-
pionic ester asprobereaction, itscatalysisfor esterifi-
cation between acetic acid with alcohol, propanal, bu-
tanol and propionic acid with alcohol, propanol, bu-
tanol wasstudied. Theinfluences of reactiontempera-
ture, materia sratio, polar or molecular weight of reac-
tant on ester yied dswereinvestigated, and possible cata-
Iytic mechani sm was discussed.

EXPERIMENTAL

| nstruments

SX3-4-13 Mufflefurnace (Tientsin, precision of
temperature+0.1%-0.4% °C), WAY refractor (Shang-
hai, China), Y-4Q X-ray diffractometer (Dandong,
China), Energy dispersive spectrum instrument EDS
(Thermo NORAN Vantage DIS), NETZSCH TG209
F3TG/MS(Germany) and FTS-40 Fourier transform
infra-red spectrometer (AmericaBiorad) wereusedin
thisexperiment.

Materialsand reagents

Natural graphite (C, 5092) was provided by Ac-
tion Carbon CO. LTD, Baoding, China. Acetic acid,
propionic acid, ethanal, propyl acohoal, butanol, H,SO,
(98%), KMnO,, Na,CO,, CaCl,, NaCl are al ana-
Iytical reagents.

Methods
(a) Preparation of expandablegraphiteEG

EG isprepared with 50 mesh natura graphite C,
oxidant KMnO, andintercal ation compound vitriol*4.
Themassratio of Cto 98% vitriol and KMnO, iscon-
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trolledas1.0: 5.0: 0.15. Vitriol isdiluted to 75% be-
fore reaction, and the reaction lasts 30 min at room
temperaure. After reaction, solid sampleiswashed until
waste-water pH reaching to 6.0-7.0. It isdipped in
de-ionized water for 2.0 h, thenfiltrated and dried at
75~80 °C, EG product is obtained.

(b) Preparation of acetic ester and propionicester

With adefinitemoleratio, aceticacid (or propionic
acid) and acohol are added into the reactor appending
stirrer and water segregator. Reaction lastsacertain
timeat boiling point with EG ascatalyst, then the solid
liquid reactant isfiltrated under vacuum. Wash thefil-
tratewith saturated solution of Na,CO,, CaCl,, NaCl,
respectively, collect the upper layer solutionand distill
under air pressure. Theditillatesareanayzed withre-
fractor and IR, respectively. Yield of ester iscalculated
according to equation (1).

Yield% = (m ester obtained in experiment

/' m )* 100% @

ester obtained in theory:

RESULTSAND DISCUSSION

Character of theprepared EG

(a) Expanded volumeof EG

Expanded volumeisan important factor to judge
of theintercalation reaction of H,SO, into natura graph-
ite. A0.300g EGisexpandedinstantly at 900 °C in
Mufflefurnace, it turnsinto expanded graphite. Expanded
volumeisdefined asthevolumeof expanded graphite
corresponding to 1.0 gram of EG, written asmL/g.
Volume of expanded graphiteisdetected with amea-
suring cup, and expanded volume of the prepared EG
Isdetected asabout 400 mL/g.

(b) X-ray spectrum of material graphiteand EG

Anaysisof XRD for natural graphiteand EG are
carried out. Two characteristic diffractive peakswith
interplanar crystal spacing of 0.334 nmand 0.167 nm
are observed in the spectrum of natural graphite (Fig-
ure 1). In the XRD analysis of EG (Figure 2), the
interplanar crystal spacing changesto 0.342 nm and
0.172 nm, respectively. Theincreasing layer spacestes-
tify new substanceshaveinserted into graphene planes,
and theintercal ation moleculesizeissmaller than na-
nometer size. Thelager expanded volume expandable
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graphlteposs&ssai thehigher dosageof H,SO, it holds.

o=0.334 nm

Intensity

10000 =

260/(0)
Figurel: XRD of natural graphite
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Figure2: XRD of EG

(c) TG-MSanalysis

Graphitecrysta hasgraphene planesstructure. The
force between graphene planesmol eculesisFan Dehua
force. So graphite canincorporate awiderangeof in-
tercal ate guestsbetween graphene sheetstoform graph-
iteintercal ation compounds (GICs). When graphiteis
oxidized, it will form carbonic cation, and then accept
anionicintercaates. Whenvitriol isused asintercala-
tion substance, thereaction (2) might happen!*®.,
n(graphite)+ nH, SO, + n/2[O]=>
[graphitee HSO, e H_SO,] +n/2HO 2
[O] representsoxidant; [graphite HSO,-H,SO,] rep-
resentsgraphite sulfate.

Duquesne et al studied weights lose and gasre-
lease during thethermal decomposition of EG™™, and

givethereaction (3) according to experiment results.
C+2H,80,=CO,+2H,0 + S0, ©)
Inthisexperiment, TG-M Sanalysisiscarried out for
the prepared EG under the condition of N, ambience
and aheating rate of 20.0 K/min. Through theresults
showedinFigure 3 we can concludethat thereare SO,
released when the temperatureisabove 400 °C, and
another obviousloseof weightisat 700 °C. The de-
tected resultsare consi stent with equation (2) and (3),
and it testifies that HSO, or H,SO, is loaded into
graphene planes. Through oxidationand intercalation
reaction, EG solid acidloaded withHSO, or H,SO, is
samply synthesi zed.
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Figure3: TG-M Sof EG

(d) Energy dispersion spectrum EDS analysis of
EG

Fguer 4and5areresultsof EDSfor natura graphite
and theprepared EG. EG givesardative higher inten-
sity of Sthanthat of natural graphite. Theresultsindi-
rectly testify theintercalation of HSO, or H,SO,.
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Optimizing of esterification reaction

Toinvestigatethe catalytic activity of the prepared
EG edterification reactionsunder different moleratio of
alcohol to acid, amount of EG, reaction temperature
and reactiontimearecarried out. Wegainthefeasible
conditionsto synthesi ze acetic ester and propionic es-
ter, and theresultsarelistedin TABLE 1.

TABLE 1: Resultsand condition of thesynthesisof acetic
ester and propionic ester

Alcohol : Acid EG Temperature Reaction Yield of

Ester mol/mol  dosage/ % /°C time/h ester %
Acetic ether 15:1.0 75 85 15 51.6
Propyl acetate 2.0:1.0 8.0 96 1.0 95.9
Butyl acetate 1.6:1.0 9.0 120 1.0 98.2
Ethyl propionate 2.2:1.0 8.0 98 0.75 97.6
Propy!l propionate 2.0:1.0 8.0 101 1.0 97.2
Butyl propionate 2.0:1.0 9.0 102 0.9 96.1

Catalyticactivity analysisof EG

Takethesynthessof acetic ester and propionic ester
as probereaction, the catalytic activity of EG can be
analyzed according to theresultslisted in TABLE 1.
Under the catalysis of EG, theyields of acetic ether,
propyl acetate, butyl acetate, ethyl propionate, propyl
propionate and butyl propionate are 51.5%, 95.9%,
98.2%, 97.6%, 97.2% and 96.1%, respectively. Ex-
cept for acetic ether, yields of other acetic ester and
propionic ester areall above 95%, which areobvioudy
higher thantheyieldsinthe catalysis of SO,*/TiO,-
La,0,*. At thesametime, moleratiosof alcohol to
acidareabove 1.5:1.0, thedosage of EG isintherange
of 7.5%~9.0%, reactiontemperaturesareall above 95
°C (except for acetic ether), reaction times are less than
1.5h. Andthemost important isthat preparation method
of EGisvery smple, theused reactantsare cheap, and
the catalyst can be separated from reaction product
withfiltration.

About water-car rying reagent

Water-carrying reagentisin favor of ester yield due
to separation and formation azeotropewith water pro-
duced inreaction. Thenormally used reagent iscyclo-
hexane, the bailing point of azeotropeis68.95 °C when
it consistsof 8.4% water and 91.6% of cyclohexanég.,
When reactioniskept at 68.95 °C, it would not only
decreasereactionrate, but dso consumealargeamount
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of heat energy during distillation owingto theaddition
of vast cyclohexane. In ester reaction with EG ascata
lyst, the feasiblemoleratios of alcohol to acid areall
above 1.5:1.0, the superfluous a cohol would play the
roleof carrying water. So no additional water-carrying
reagent isneeded.

Reuse of EG

EG showsbetter activity for thetested ester reac-
tion, so itsreuse is carried out under the mentioned
reaction condition. Beforereuse, the catalyst istreated
with vacuum filtration and drynessat 75~80 °C.As
showed inTABLE 2, theseyieldsareall decreasewith
theincrease of EG using frequency. Theresultsillumi-
nate catal ytic activity of EG decreasesevidently with
using frequency, and thismight be caused by thechange
of EG grain brim structure. Theincreasing solid phase
mass transfer resistance causes the decrease of total
reaction rateand ester yield corresponding to definite
reaction time. But detection results of expanded vol-
umeof thesereused EGsilluminatethat EG expanded
volumehasno obvious change (Theexpanded volume
1S400 mL/g beforeused inthereaction, it’s 390~400
mL/g after the catalysis), and the catal ytic reaction has
no influence on expansion capacity of EG

TABLE 2: Thecatalyticactivity of EGin repeated use

Ester / Repeat time 1 2 3
Acetic ether 51.6 46.0 29.0
Propyl acetate 96.0 75.0 60.0
Butyl acetate 975 86.6 61.2
Ethyl propionate 97.6 76.5 52.4
Propyl propionate 97.2 78.7 54.6
Butyl propionate 96.1 7.7 51.6

Catalytic mechanism analysis

EG showsbetter cataytic activity in esterification
reaction, yieldsof acetic ester and propionic ester are
all above 95% except for acetic ether. Possible cata-
lyticmechanismmight be:

In the preparation of EG, graphite carbon cation
will produceunder oxidation of oxidant suchasKMnO,,
and then strong acid or itsanionlike H,SO, or HSO,
will intercal ate the graphene planesasshowed in equa-
tion (2). H,SO, or HSO, isfixed and the acidity is
enhanced dueto the el ectrostatic effect. In reaction,
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acid and dcohol diffuseinto grapheneplanesfromlig-
uid phase, and esterification occursunder the catalysis
of H,SO, or HSO,. Natural graphite and the prepared
EG arelipophilic and with weak polarity, so organic
moleculeswithlarge molecular weight will have stron-
ger affinity than the smaller one, and theformer can
eadsly diffuseinto graphene planesand give high ester
yield. Asfor ethanol, high moleculepolarity and low
reaction temperature (85 °C) with acetic acid cause
thelower diffuse speed and yield than other alcohol.
While, inthesynthes sof ethyl propionate, theimproved
reactiontemperatureof 98 °C intensifies the esterifica-
tion between ethanol and propionic acid, and thenin-
creasestheyield. EG grain brim structurewill change
gradualy inreaction, and it will increase solid phase
masstransfer resistance then causethe decrease of es-
teryied.

CONCLUSIONS

Feasible conditionsto prepare acetic ester and pro-
pionic ester withthe prepared EG ascatalyst aregained.
EG showsbetter catalytic activity for these ester reac-
tion, anditscataytic activity increaseswith theincrease
of acohol molecular weight and reaction temperature.
Whenitisrepeatedly used, thecatdytic activity lowers
sgnificantly, but the expans on performanceisnot af-
fected. Themain influencefactorsof EG catalytic ac-
tivity area cohol molecular weight, reaction tempera-
tureand reusefrequency.
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