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ABSTRACT

Froduction of camphens Trom st-pinensg was studied
i this study. Different catalysts were tested and the
most selective catalyst was Tound as clineoptilolite
which was & natural zeclite. The effects of the
reactiocon pavameters such as  temperature, catalyst
amount, time, particle size, agitation on the yield of
camphere were investigated. The yield of camphene at
the optimum conditions 1s 42.84 Y. And the kinetics of

the reaction was also studied.
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i. INTRODUCTION
i.1. The Purpose of the Study

The purpose of the study was to investigate the
isomerization of et-pinene to camphene over several
catalysts in a batch slurry reactor, to determine the
most selective catalyst Tor the camphene production and
tee establish a relationship between the yield of
camphene and the af-pinene/catalyst ratio, the
temperature and the reaction time from a statistical
analysis of a set of experiments according to a central
composite design. In addition, it was tried to
determine the kinetics of the isomerization of e~pinene
to camphepe over the mocst selective catalyst.

1.2. The Importance of Camphene

As known, camphene is an important chemical of
industry from which many preoducts of commerce are made.
1n general camphene is consumed in the production of
toxaphane, iscbornyl acetate,iscbernecl and camphor.
Comparatively small amocunts are used in  producing
fragrance chemicals by reaction with phencls; typically
such compounds have woody odors.

Toxaphene, a potent insecticide that is especially
effective against the 'catton bcll weevil, is produced
in tonnage quantities yearly by chlorination ef
camphene. When camphene reacts with acetic acid in the
presence of a strong acid catalyst, iscbornyl acetate
is produced. Acid 'catalyzed reaction of camphene with
alcchols or glycols produces iscbornyl ethers or
hydroxyethers, which are notable for their wocody, cedar

like odors, as presented below:

%m‘*
E tn&w /
CH, “'\‘ R

whnruyl ether
o hydroxyether
R = alieyl or hydvoayalbyl 1



1.3. PFroduction of Camphene

Camphene is produced commercially by treatment of
otpinene over acidic catalysts in the absence of water.
It can be pradﬁced similarly from Frpinene, pinene
containing materials such as gum turpentine, wood
turpentine and sulfate turpentine which is obtained in
the manufacture of paper from delignification of wood.
Production from p~pinene is more expensive. Tricylene
is al&ays obtained with camphene as an eguilibrium
product. The isomerisation of epinene is generally
carried ocut at reflux temperature in the presence of
titania,, minerals containing the specific group of
silicates or activated clays.Freparation of the
catalyst has a gfeat influence on proeduct yield and
composition. Many other diverse acidic catalysts have
been evaluated but apparently have not achieved
commercial importance. The chief by-products of the
iscomerization are p—menthadienes, which are
collectively referred to as dipentene in the trade
These are remcved from the camphene-tricyclene product
by fractional distillation and then the camphene-
tricycleng is distilled at reduced pressure to produce
cuts containing varying amounts of twe products which
are blended to ;uit the intended end use. Commercial
camphege centains & camphene:tricyclene ratic 431 and
has a minimum melting point of 39-46 ©C. In most
applications, tricyclene undergoes the same chemical
reactions as camphéne.'nne of the main products of the
isomerization of gtpinene is  limonene. The most
important terpene resins are thuse made from limonene
or dipentene,m'pkpinene and at-pinene via cationic
polymerization. Uptiéally active d-limocnene is a by~
praeduct of théwCitrus fruit industry. dl-Limonene is
sometimes used to designate a crude distillate fraction

from pull mill liguor. dli-Limonene in addition to other
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terpenes formed in the processing of sulfate liguor
from craft paper manufacture (1).
Table 1 presents some physical proporties of e

pinene, camphene and limonene.

Table 1. Some physical properties of opinene,

camphene and limcnene

Common namef Bp,°C Mp,°C d,t;)/(:m:3 2% ( u)d
a-pinene 156 =S50 0.8595 1.4658 *s5i
camphene | 158 49 *108
limonene 176.5 ~74 0.841 1.4730 Tiag

1.4.The Literature an the Production of Camphene

Many methods have been suggested in the literature
for the preparation of camphene. One of them is the
productibn of camphene from beornyl chloride attempting
to produce a chlorine free product.fttemps te produce
chlorine-free camphene have led to the development of
varicus cne—-step methods using a catalyst to promote
the iscomerization of pinene dirvectly to camphene, thus
eliminating the bornyl chloride stage.Several methods
have been reported using various types of catalysts
both organic and incrganic as well as mineral toe effect
this one step conversion of pinene directly to
camphene.In all cases, where organic or incrganic type
catalyst are used,the yield of desirable products has
been relatively low AS, for example, in the
neighborhood of about 15 %4 .The catalysts, in most
cases,must be treated by means of an acid to activate
the surface there of. This activation improves the
behavicur of the catalyst so that yields of camphene as
high as S0 % are realized .However, these relatively
higher yields are cbtained only after the pinene being

isomerized has been subjected to prolonged heating



periods in the presence of the catalyst (2.

Carson has discovered a new catalytic process
where in it has been found that the specific group of
silicates known as the chlerites would promcte the
isomerization af isomerizable terpenes giving
relatively high yields of pure camphene in a relatively
short period of time.

The chlorites are silicates of magnesium or iron,
usually cccuring in scally aggregetes and being softer
than the micas and pliable instead of being elastic.
According toe Pauling, chlorite structure consists of
alternate micalike and brucite-like layers. The mica-—
like lavyers have a composition varying betwean
Mgg(AlSi0 W (OH) p and MgAl{ALSBid0 () (0H) 5 Lng  the
brucite—~like layers have the composition MgazAl(OH) 4.

Each of the specific minerals that may be grouped and
referred to as chlorites and kEnown by the mineral
names, prochlerites, clincchlere and pennite, may be
represented by a type structural formula varying from
[0g A181 0 4(0H) Mg o{OH) 20 ,A181 g0 (1L (0OH) (Al Mg (OH) g1 to
[DéﬁlgﬁiE.Gq(DH)%.QIEﬂQ&.(DH)EQQ-QIESiEQé3£(GH)6-ﬁleﬂgq
(OH) 41, According to Carson, a quantity of a chlarite
mineral is dried for one hour at 100 °C and pulverized
te a grain size of about 28 mesh. One part of this
mineral catalyst is slowly added to 43 parts of
a-pinene which is held at the reflux temperature until
addition of the“batalyst was complete. The mixture is
refluxed for twe  hours during which time the
temperature of'thewreaciion mixture has risen from 156
tc 165 °C. And then the mixture is cooled,filtered to
remer tﬁe catalyst and filtrate is fractionated. It
was found that a 90 % conversion of the pinene was
cbtained at the given temperature in 10 minutes to give

a yield of 63 4 (weight) sclid camphene, based on total



pinene used, the remainder of the material being
chiefly monccyclic terpenes. Although the reaction rate
increases in fineness of the catalyst, little effect of
fineness has been noticed above a grain size of about
0.075 mm. The prefferred operating range is between
about 155 °C and 167 °C at normal atmospheric pressure.
It i1s reported that under proper conditions af
pressure, temperatures up to 200 °c or higher may be

used. At atmospheric pressure, the reaction time may

vary between about 10 minutes and about 8
houwrs.Comnpleteness of isomerization of pinene is
desirable. When the reaction is not carried to
completeness, unreacted terpenes as, Toar example

@-pinene remain in small percentages and because of the
relative closeness of the boiling points of gepinene
and camphene, seperation by the oardinary methods of

fractional distillation is not feasible.
The ratic of chlorite catalyst used to the terpene

being treated may vary between about 0.003 and 0.1 and
is preferably between 0.013 and 0.085.

Firkpatrick {(3) used halloysite as catalyst for
the isomerization of pinene to camphene. Halloysite is
an aluminium silicate mineral having a chemical formula
approximating Al d13.88i0p.28H0. Its crystal structure
consists essentially of an irregular or discrderly
stacking of layers which may be represented by the
general type structural formula 04.814.0,4(0H) 2A1 L(0H) 4.
They reduced a quantity of 0.147 mm —0.075 am and
washed it with a relatively weak soluticon of acetic
acid and then washed it distilled water and then heated
at 250 °C for one hour. Later, one part of this treated
halloysite was added to 283 parts of commercial ef-pinene
containingé aboutw 96~97 %v o-pinene and mixture was
heated to a temperature of 150 °C. After 10 minutes of

heating the reflux temperature was 170 °C. It was found
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that a 20 % conversion of the pinene was obtained at
the given temperature in 10 minutes toc give & yield of
60 Y% camphene., The time for complete conversion of the
terpene being i1somerized varies with the amount of
catalyst used and the temperature employed.The ratic of
catalyst to the terpene being treated may vary between
about 0.01 and 0.1 and is preferably between 0.03 and
Q.04

In one study (4), the gas—liquid chromotographic
anal;sié of the isomerization prmdi.tc:tg of d-pinene was
studied to seperate them with a high accuracy.

Korctov and coworkers (3) prepared camphene by
igsomarization of pinene in the presence of Tils. Pinene
vapers in an inert gas were passed threugh a layer of
Ti catalyst suspension in camphene at a flow rate of
9ml/s. They obtained a product containing 96 Y
camphene.

Fetelina and coworkers (&) studied the seperation
of the main products such as camphene and tricyclene of
the iscmerisation of st-pinene by means of a cation
exchance capaciﬁy and the swelling ability of Ankalite
KT-3 on the composition of the product of the catalytic
isomerization *bf wh&pinene. They prepared variocus
sampleé of Alkalite KT-3 changing the ratiec and order
of addition of the reactants and the temnperature of
condensation.Théy found that the vield of thewcamphene
and tricyclene increased as the swelling ability of the
resin increased and as the exchance capacity decreased.
The maximum yield of camphene was obtained to be 47.7 %4
and of tricyclene 9.3 % .

Afanas’evaA and coworkers 7) studied the
continuous isomerization of technical pinene into
campherne under laboratory conditions. Finene vapor
diluted with nitrogen was bubbled through the heated of

a Ti catalyst in camphene (first pass) or in the
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isomerisation mixture (subsequent passes). After three
passes, 'isomerizatian af pinene gave & product
containing 96 % camphene. The effects of several
parameters sucﬁ as vapor feed rate, temperaturé and e&
pinane cmncentra%ion in the feed on the production of
camphiene were investigated.

Later o, the same investigators (8) used a pilot
plant for the coentinuocus isomerization of a-pinene into
camphene. The pilct plant was a vertical coclumn through
whiéﬁ a liQUid suspensian‘df a Ti catalyst in camphene
flowed downwards, thlerakpinene vapor moved upwards. A
product consisting typically of B0.1 % camphene, 14.5 %
tricyclerne and other terpenes was produced from a Teed
stock containiné a2 % ge-pinens. The overall vyields of
camphe%e and tricyclene was fTound to be about 50 % on
feed without recycling.

In a Japan patent (2) isomerization of pinene to
camphene using TiG:-Ti(OH), catalyst was described.
According to the patent, the titanium catalyst used was
prepared as follows: 1 mole of TiOp in 25 %4 agquecus
solution of NaOH is heated 6 hours at 120 °C, the
precipitate was washed with water, acetic acid was
added (to pH 2.4-2.6), the precipitate was again washed
with water and the pH adjusted to 3-3.5 to give &
catalyst. 100 parts of pinene were heated 2 hours with
2 parts catalyst at 145 °C and filtered to give an oil
containing 65 % camphene.

In one study (10) activated carboan has been used
as catalyst to produce camphene. The experiments showed
that activated carbon  increased the yield of camphene
while decreasing polymer formation during the
igomerization of a pinene containing feed. In  that
study, 100 parts of at-pinene were mixed with 2 parts of
a commercially available activated carbon under the
trade name Darce S-51. The mixture was agitated while

5



passing a stream of nitrogen over the surface of the
mixture to provide an inert atmosphere.The contents
were next heated Tor about twe and one half hours at
reflux temperatures ranging from 156 9C to 165 °C.
ATter cooling the reaction mixtuwre, 1t was filtered and
the catalyst was removed. From the analysis of Tiltrate
a vield of camphene based on the weight of reacted o
pinene was foundﬁ to be 58.8 ¥ JWhen the activated
carben was dried in oven at 200 °C Ffor twelve hours
prior to use and the mixture was heated at reflux 1546°C
increasing to 165 °C for one hour, the analysis of the
product gave a yield of camphene 59.8 % which was very
close toc the result obtained before. The amount of
activated carbon employed can be varied from 0.8 % to
10 % based on the'wéight of the material to be treated
for good conversicns  to camﬁhene at temperatures
ranging from 75 °C o 175 °C or higher for from about
10 mirutes to Tifteen hours. The mixture obtained is
rich in camphene, free of polymers and low in by-
product terpene fTormation.

In one wark {(11), China and fire clays were used
as catalysts ifc:r the isomerization of ot-pinene to
camphené. The best yields were obtained with 2 % China
clay treated with Hp8O, and activated at 350 °C.

Bardyshev and coworkers (12) investigated the
chemical reactions of pinenes 1in the presence of
salicyclic acid. Heating o(ic«r p pinene with salicyclic
acid for 2-360 minutes at 140 °C gave a mixture of
products containing camphene, tricyclene, @ and py-
fenchene, dipentene, terpinclens, ea-terpinen, bornecl,
ischornecl, of and F2] fenchol, a-terpinecl and polymeric
terpenes.

Fopov and Vyrodowv (13) investigated the
isomerization qupinenes containing 92.1 % ab-pinene,
1.8 % ﬁrpinene, 4.8% campherne and 1.3 % aS-carene at

8



110 “C in the presence of activated titanium dioxide.
The yield of camphene and tricyclene were found to  be
76.2 4 and 14.2 % respectively. Increasing the
temperature to 130 °C and later to 150 *C decreased the
tatal vield from 92.1 to 85.1 % and o B2.7 %,
respectively.

kullaj (14) studied the iscmerization of obpinene
intoc camphene and tricyclene with different samples of
Albaniéﬁ cléy activated by 10 ¥ HCl. Albanian clays
were divided intc four groups according to the rate of
the iscmerization of g-pinense intc camphene. It was
found +that, when the isomerization of @mpinene was
complete, the isomerization products caﬁtéined 30 %
camphene and 10 % tricyclene independently of the type
of activated clay which was used as catalyst.

In ancther work (15),Wthe relationship between the
characteristics such as pH, specific surface area of
10% HC1 activated clays and the rate of the
isomerization of atpinene inte camphene and tricyclene
was investigatedvbﬁf it couldn®t be possible to relate
them. However, it was observed that the maximum rate of
isomerization of @-pinene to camphene was obtained when
the Si0:/Al203 meol ratic was equal to 5.6 .

In one work (16), it was found that selectivity on
an industrial titanium catalyst for isomerization of el
pinene into camphene increased with the amocunt of Napd
on  its surface, whereas catalytic activity of the
sample decreased with increasing Nagl locading and
catalysts containing 1.6 % Napl0 gave 87 % yields of
desired products.

Ozek (17) studied the production of odorous
compounds from the nmatural moncterpenes. He chtained a
5% % canversian.from the iscmerization of eofpinene to
camphene over titanium catalyst in 45 minutes and he

alseo studied the effects of several parameters such as
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temperature, type and amcunt of catalyst and agitation
en the camphene production. In the experiments, he used
wood turpentine cbtained {from Ortas/BEdremit. Figure 1
and Table B present the gas chromotographic analysis of
the turpentine used in that work.

As understecd from the literature, there are
several studies on the selective catalysts for the
iscmerization of e@-pinene to camphene. But, these
studies, in general describe the invention of a new
catalyst for the production of camphene from @&pinene.
But the statistical analysis of the process, the
investigation of the kinetic parameters and reaction
kinetics are lacking. The pwpose of the present study
is to try for determining the relationship between the
yiei& of camphene and three variables, namely, the o
pinene /catalyét ratic, the temperature and +the time
and also to investigate the kinetic paramaters, the
kinetics of fherisumerization reaction of ¢-pinene to
camphene over the most selective catalyst found.

The study was carried out in three parts. In the
first part, the most selective catalyst was determined
after a selectivity study made on different eleven
catalysts. In the second part of the study, a set of
experiments according to an crthogonal central
composite design was carried cut in order to determine
the relationship menticned above. Finally, the reaction
kinetics and kinetic parameters were investigated.

Wood turpentine obtained from ORTAS Twrpentine
Company/Edremit was used in the experiments. The
cmnténté'uf"otpihene and camphene of the turpentine
were determinéa hy gas chromatographic analysis before

the runs.



L analyse condition (17);:

system:Shimadzu GC-YA and C-R4A Integrator

column: Thermen &00T (S0 m,0.253mm) FFS capiller
column '

carrier gas:nitrogen

temperature program:70°C in 10 min.,increasing at
a rate of 2 “C/min until 180 ©¢C

split ratio: &0:1

dedector temperature:2So ©C

injection temperature:250 ©C
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Table & Results

tuwrpentine (17)

e v amea s 4w — -

CH PRNO

14
17
18
206
21
22
25
26
27
28
30
31
32
33

35

36

-
21

40

TIME AREA HE IGHT
5.17 110 30
5. 633 660 147
6.0.7 403757 58033
6. 618 2304 633
©.825 14203 4078
7.178 79 19
7.95 7383 1690
8.33 58 10
8.4% 773 166
8.89%5 110 80
9.415 8253 1610
10,015 5570 878
10. 606 343 57
10.78 1071 186
11.791 27667 4270
12,197 1728 279
12,629 123 20
14.325 12%1 192
15.789 5789 913
16.596 5032 786
18.783 51 7
23.738 1491 199
20.971 567 81
30.163 91 11
30.767 275 24
31.684 1677 209
32.587 248 39
33.318 304 19
33.61 257 30
36.317 195 19
36.828 1789 255
7.455 324 44
37.633 75 9
37.962 4362 637
39.958 1333 196
41.308 77 10
41.975 60 7
42.217 103 11
42.717 73 10
42.85 167 12
43,145 109 16
43.81 549 64
44,183 7075 835
45.339 112 15
45,55 206 21
46,12 738 91
48.184 1948 234
49.194 111 12
49,567 83 10
50.196 333 39
52.433 86 11
52.55 108 14
53.413 93 14
57.3 152 19
65.4 33 3
66.25 62 8
66.783 106 12
75.575 77 7

TOTAL 512106 77401

Mn

\

v
Sy
T
TV
T
Y

TV
TV
TV
™
T

TV
TV
TV
TV
TV

fo R ol il R R R

-t

of the GC

1DNO CONC

~}

OOOUVIOO— OO0~ OQIVOUr oo

analysis of wood

NAME

L0216

L1288 tricyclene
L8347 ex-pincoe
L4198 ot~ fenchene
. 1853 6cunpheqe
.0155

L4422 -pinene
L0113 AP

. 1509

.08

.6115 §-3 corene
. 0876 mycren&
.067 ot-phellandiene
. 2091 K —tecrpinene

1026 {imonene

e dd

.3375 p. }!e’liandc’ene
. 024 F-F

2404 ¥ - terpinene

.1305 p~cymene
.9864 derpinolene
.01

.2911 K~fenchone
. 1106

.0178

. 0537

.3274 Camp/ror

. 0484

71

. 0501

.038

.3494. f@ncﬁgl alcohol
L0632

LOMT

.8517 terpinen—4-ol
12686 & - 4erpinasl

o5 FTYP

.0118

.0143

021

.0213

1072 o~ ferpineol
.3815 borneol
0218

. 0401

1442

.3804 §- cadinene
. 0216

.0162

. 065

. 0168

.0212

. 0181

. 0296

01063

. 0121
. 0206
. 0131

0
O

. 9999



1.5. Finetic Analysis
1.5.1. The Effect of Physical Processes on  Ubserved
Rate of Hetercgenecous Catalytic Reactions

For an irreversible {luid phase reaction on &
solid catalyst pellet, the diffusion rate from the bulk

fluid to the surface can be expressed as follows:

f'p:kmam(':b"cs) c e n A A E ke (13

where c, and cg are the concentrations of the
reactant in the bulk fluid and at the surface
respectively. k; 1s the mass transfer coefficient
between Bulk fluid and sclid surface and ay is  the
external surface area per unit mass of the pellet.

The rate of the reaction on the surface, for a

first crder reaction,
]‘p:‘z CS ® B & 8 o 3 % 8 8 & 8 A A DB E s BN (8)

When both diffusion and reaction resistance are
significant, and for a Tirst crder reaction, at steady
state Egs.{(1) and (2) can be scvlved for the unknown
surface concentration. This result for ¢, can be
substituted in Eq.l to obtain an expression for the
rate in terms of the bulk concentration cp. If this is

done, the results below are cbtained:

K mdm
C's: Cb "R EREEEERE R XYY (3)
kK + kpdng
e =k - 1 ; “nen
p® Yo S = Ch s {4)
17k + 1/kg@an
! 1 1
whera = 3 + aeanas (5
ke K km @m

13



Eq.{(4) shows that for the intermediate case the
cbserved rate is a TfTunction of beoth the rate of
reaction constant k and the mass—transfer coefficient

kp - Eg.(3) can be written as:

FE/RT 1
L S 1 . = -
ke k Kmdm A Kmdm
Ak e E/RT
ar kg = m S cenees (&)

where Ae E/RT has been substituted For the rate
constant k of the surface step. Here E is the true
activation energy of the surface reaction. Since the
mass transter ccocefficient is relatively insensitive to
temperature, Eq.(6) shows that k, approaches a nearly
constant value equal to kpa, at high temperatures., At
low temperatures kogﬁe*E’RT, since kgag 1% the dominant
term in  the denominator, and & straight line 1is
cbtained on the Arrhenius plet. Figure 2 1illustrates
these results. At low temperatures the slope of the
straight line gives the correct activation energy, E,
of the surface reaction. As the temperature increases,
a curve which ultimately Tlattens toc a nearly
horizontal line is obtained. In this region E/  would
vary with the temperature. When experimental rate data
for fluid-solid catalytic reactions show a curved line
as in Fig.2 1t is possible that the external diffusion

resistances are important.
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Fig. 2. True (E) and apparent (EY activation

energies

Under the isothermal conditions, the bulk fluid
temperature is equal to the surface temperature of the
sclid catalyst. Hence, temperature diferences due to
the extérnal heat transfer resistance are not
considered.

On the other hand, it is well known that the
internal mass transfer resistances can be eliminated by
decreasing the size of the catalyst particles,
increasing the effectiveness factor (18).

1.5.2. Effects of External Diffusicn Resistance on
Selectivity

When more than one rvreaction cccurs,; the effect of
external transport on selectivity is important. The
local or point selectivity, Sp, at any location in a
reactor is defined as the ratic of the rates of the
desirable to the undesirable product. Consider a TfTirst

order parellel reaction for iscthermal condition:



%
A ——L» B desired

kr
l'-‘c—-—é-&

where B is the desired product. The selectivity of
B with respect te € is given by the ratic of the rates

L

v k4 (Ca) b
8, = B o “t-as oY .m
™ kalCyl g ka

Regardless of how much the surface concentration
is reduced by mass transter, Eq. 7 shows that the
selectivity is unaffected. For this type of parellel
reactions the rate is reduced by mass transfer but the
selectivity is uwnchanged. Eq. 7 is applicable when
external temperature differences are significant, but
the rate constants k; and kp must be evaluated at the
surface temperature. The effect of heat transfer on
selectivity depends on the activation snergies of the

reactions. Eg. (7)) gives

' pge—E/RTs
p-’: # 8 % B E S S A% S RE AR (8)

Ao E*El/RT -

if there were no heat transfer resistance Tg=Tp, .
Hence the ratio of selectivities with and without

censidering external temperature differences would be

(84 enpl(E{ /JR) ({Tg =Ty X/ (T Ty ) )3
TS i s ‘b = 'h
{85 expl{Ea/RI{{Tg~TRi/{Tg Tyl
p’ Ty a2 s b s 'b

When the net heat of reacticns is exothermic, Tg-
T, is positive. Hence if E7Ep, the selectivity at Tg
will be greater than that at T,. That 1is, the
selectivity is increased by mass transfer resistances

for an exothermic reaction when the activation, Ey, for

ié



the desired yeaction is larger than Egzg for the hbhy-
product reaction. For a net endothermic heat effect
the effect of heat +{transfer would be to reduce the
selectivity when Ep En.
1.5.3. Kinetics of Farellel Reactions

The rate of a hetercgenecusly catalyzed liguid
phase reaction per unit mass of catalyst can be given

by the following equation:

vV di;
— l Lﬁ.__g{___c =I'€‘1(CA)5 4 a8 3888 asmanran (1‘:))
M dt

where M~ weight of catalyst (g), Vi= volume of
the liqguid (cmg), ki= reaction rate canstant,

Cg§=surface concentration of reactant A.

if +the external diffusion resistances are
neglected, suface concentration become equal toe the
bulk concentrations. So, Eq. (10) can be written in
carms of the bulk concentrations, that is, in terms of
Cp nstead of (Cp) .

Feor & first order parellel reaction system

catalyzed by solid in liguid pnhase

A rEL% B desired
P S

ko ™
2 dd
- ! ) = (kg +kziCph casenasasas (11D
M dt
Vv d
1 CB z‘:l CA A 4 28 4488 s ena e (18)
Mo dt
v di
! = ko Cff  cecrerannenaneas (13
M dt
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iT the Eg. {11) is integrated, following equation

is abtained:

Me
-1‘1 C'/C = (l’: + k‘) t 2 s a % e N (14)
AR i 2 V1
Eg.(14) shows a linear relation between

~1n(Cg/Cgh) and ¢ . 8o (kjtkg) value is obtained from
the slope of the line.

To eliminate time in Egs. (12) and (13) these

equations are divided by Eg. (11) .

9t _ k1 (15)

dCp  kytkga

dCp ka

=T L T T O I N R A A ) (16)

dCpn kytkp

Egs.{15) and {i6) are integrated with the
conditions that t=0, QQ=CQQ o CE:LBG 2 q:=q30 then the

yvields of B and C are:

CgC k C: <
Xp= —b o = L -2, - Ly, amn
LAO ky +ko Lgcl ki ko
C—C I c K ;
Xp= -G = 2 {1- A J = £ Xeg (18)
Ca o ky +haz A o ky +ko

where Xy is the total conversion. The ratic af
Eq. (17) to (18) gives

Xg Ty
g ko

% a 8 8 8 2 8 2 R E R &R 2D RSN R NSRS ‘19)
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In similar way, the ratic of the Equations 12 and
13 gives Equation 20,

dCg _ kg
dC ko

- % & » 5 ® 8 3 ll.ll’....'lll'.....(at:))

After integration of Eg. 20, Egq.21 which is eqgual
to the ratic of the yield of B toe the yield of © is

obtained.

L

Ca - Cgo _ Ky
o - Lo ]

saa v s s anansnanes saseaaai2l)

As seen Eg.21 is identical to Eg. 19.

The ratic of ky to kp is obtained by plotting Xg
against Xp. By using Egs. (14) and (1%) rate constants,
ki and kao, are calculated seperately.

2. EXPERIMENTAL
2.1. Catalyst Freparation

In selectivity studies for the iscmerization of of
pinene to camphene, depending on the infoermation about
the catalysts in literature, several materials such as
halloysite, activated clay, activated titanium dicnide,
titanium axide/silicagel and naturail zeclite
{clinoptilolite) have been employed for the preparation
of the catalysts. After the selectivity screening test,
the most selective catalyst has been determined and
later, this selective catalyst has been used in the
statistical analysis of the experiments according to a
central composite design and used in kinetic studies.

The catalysts used in this work were prepared as
follows:

A.Halloysite Catalyst

During the preparation of halloysite type of

catalysts, the method described by Eirkpatrick (3) was

i9



employed.
1. Halloysite 1

A quantity of halloysite composed of 27 4Al 04,574
Sil and 16 % Hp0 is reduced into the powder form by
grinding and treated with a weak (14.3 % w) solution of
acetic acid Ffor 18 minutes, then it is filtered and
washed with distilled water. After this pretreatment,
halloysite is again treated with the sclution of acetic
acid under the continuous stirring for 1 hour. After
filtration it is washed with distilled water and heated
at 250 °C for one hour.
2. Halloysite 2

Toe prepare this catalyst, the method in  the
preparation of Halloysite 1 is used. The only
difference is in the treatment time. Halloysite in the
desired size is contacted with the acetic acid sclution
under continuous stirring for"two days instead of one

hour.

B. Activated Carbon Catalyst

For the preparatian of this catalyst, the methods
given by Davis (10) and Yolgérmez (19) have been used.
3. Activated Carbon
Activated carbon greund to a grain size of
approdimately 0.073 mm. 1is contacted with a HC1
sclution of 10 % for one night. After filtration, it is
washed with distilled water and dried at 103 °C for &2
hours.
C. Activated Clay Catalyst

The clay catalyst were activated by the treatment
of clay with HCl sclution (11, 14, 15,20 )
4, Activated Clay ©

This catalyst is an activated clay obtained from
the margarine department of Taris 0il Company in Izmir.

5. Activated Clay 1
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This catalyst is alsc an activated clay, but it is
activated by dry method (20) .Accerding to this method,
the clay froam Madak Company 1is mixed with a HCI
sclution until the mixture becomes mud whereby the
weight ratic of water to acid is 4 and acid to clay is
0.4 .Theh clay is heated in a 150 °C oven for 4 hours.
The product cbtained is washed with water and the pH is
adjusted to 3-3.5 give a catalyst and then it is dried
at 105°C for 4 hours.

&. Activated Clay 2

The clay obtained from Madak Campany is activated
with the method given in the preparation of activated
clay 1 .

7. Activated Clay 3

Green clay cobtained from Ankara region is used.
The activation procedure described above is repeated.
D.Titanium Catalysts

Une of the catalysts used in the isomerization of
et-pinene to camphene is titanium catalyst (5, 7, 9. 13,
16, 17) and it was prepared as fTollows:

8. Titanium diocxide - Silicagel Catalyst

The mixture of titanium dioxide (Sigma) and
silicagel (Merck) with a wmole ratic of /1 is treated
Wwith a HCl sclution of 2 % for one night. Then the
mixture is washed with distilled water and dried at
105°C for 2.5 hours. After drying, the mixture obtained
is calcined at S00°C for 4 hours.

9. Titanium dioxide - Scdium hydroxide Catalyst

1 mole TiOz in 25 %  aguecus sclution of NaOH is
heated 6 hours at 120 °C, the precipitate is washed
with distilled water, acetic acid is added (toc pH 2.4-
2.4) . The precipitate 1is again washed with distilled
water and the pH is adjusted to 3-3.8 Lo give a

catalyst. The catalyst is dried at 103 °C for S hours.
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10, Titanium dicxide ~Sodium  hyroxide -Hilicagel
Catalyst

Preparation procedure for catalyst 9 is applied to
the mixture of titanium dioxide —-silicagel with a mole
ratioc of 1/1 .

E. NMatural Zeclite

Une of the catalysts tested in the iscomerization
reaction of of-pinene to camphens is clinoptilelite
which is a natural zeclite. According to Bottlova and
coworkerd (1&6), Naaﬂ’increases the selectivity of the
catalyst (Titanium in that work) intoe camphene . And it
is alsc known that, in the isomerization ot efpinene
oxide, 810@~A10§ catalysts are preferred (21) .
Considering the compesiticon of clincptileolite which is
ar alkali and alkali~earth hydro alumina silicate it
was decided on trying clincptilelite as a catalyst.

The zeclite tuffs rich in clinoptiloclite cobtained
from Bigadic (Ralikesir) was activated as follows to
use it on the iscmerization of alpha-pinene to
camphaene. The tuff samples were alsc analyzed for their
chemical composition by means of atomic absorption
spectrometer (Varian 10 Plus) except gravimetrically
analyslis of 810z and water. The chemical composition
found i1s 74.86 % 5i0p, 0.42 % Feglg, 0.70 % Mgl, 0.50 %
Nazd, 2.71 4 Kd), 2.04 % HZ0, 2.42 %Cal, 9.35 % Al 4.
11. Clineptilolite Catalyst

A quantity of clinoptilolite is contacted with
distilled water for 2 hours and then dried at 103°C .It
is reduced intce the powder form by grinding and then
activated at 300°C for 24 hours.

2.8, Experimental Set-up

A schematic diagram of the experimental system
used for this study is shown in Figure 3.

The experiments are done in a three-neck, 250 ml,.

flask. The necks house a sampling syringe, a condenser

ee



gpen to atmosphere and a thermometer measuring the
temperature of the reaction mixtwe. The flask is
heated with a heating mantle {(Electrothermal) and is

stirred magnetically.

t
i

cooling =

va&u‘qa :l

canu.,

i.condenser S.sampling syringe
2.three neck flask b.magnetic bar
3.thermometer 7.contrel table
4.heater

Fig.3. Experimental Set—up

L

2.3. Experimental Frocedure

For a typical run, a known amount of catalyst and
alpha—-pinene are charged to the reactor and
equilibrated to the reaction temperature. Throughout
the run, the temperature is maintained constant within
about F1°C. The mixture is stirred vigorously slurrying

the catalyst uniform by throughout the liquid.
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Condenser cocoling water is started. Represantative
sampleé are wWithdrawn pericdically using & syringe
(Birgi) and the catalyst is immediately seperated from
the liguid phase by filtration. The sample of liquid
phase 18 analysed by a Hewlett—Fackard gas
chromatography using flame ionization detector.

A capillary column of HF-FFAF (28mm. long, 0.32 mm
diameter) 1s used with nitregen flow of 1 al/min  .The
tempaerature of the injection is 270°C. Oven temperature
ig H0°C. Temperature increases at a rate of 2°C/min
until 130°C then increases at a rate of 3°C/min until
213°C. The sample volume is 0.5 Fﬁ‘ Figure 4 shows an
example of a GC analysis of & run.

The percentage vyield of camphene is calculated

from the following equation:

weight of camphene cbtained
Y¥ = - - 100 (22)
wagiht of o-pinene in the criginal mateial
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Tablef. Resultse of the GC analysis of the run in Fig.4&

Pk#l Ret Time | Area | Height Type Width | Area %
1 2.878 1234564 859814 BV 0.022 2.5255
2 4.143 337685 63607 VV 0.084 0.6908
3 4.591 1932411 408538 VvV 0.078 3.9530 tricycles
4 4.825 2959187 643033 VvV 0.076 6.0534 o-pigen
5 5.230 332456 49004 VV 0.110 0.6801
6 5.519 1368707 157951 VvV 0.141 2.7999
7 5.867 1.90152E+007 2104789 VV 0.116 38.8982 campher
8 7.667 491444 93678 VV 0.082 1.0053
9 8.023 141253 27024 VV 0.082 0.2890
10 8.161 212644 38446 VV 0.087 0.4350
11 8.672 1236695 180507 VV 0.110 2.5298
12 9.587 1.2173E+007 976919 VV 0.156 24.9016 Jimones
13 9.728 132646 36175 VV 0.057 0.2713
14 11.068 878294 163181 VvV 0.080 1.7967
15 12.200 979556 171250 VWV 0.088 2.0038
1lé 12.800 4816552 479249 VV 0.132 9.8529
17 12.914 102366 24950 VvV 0.063 0.2094
18 18.174 106368 17082 VvV 0.096 0.2176
19 20.324 106637 16777 PV 0.099 0.2181
20 24.367 110541 15127 VvV 0.114 0.2261
21 27.833 103444 14944 VV 0.107 0.2116
22 34.115 112866 13231 VV 0.130 0.2309
ptal area = 4.88845E+007
\
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2.4 Selectivity Experiments and Results of the
Experimen?s

Selectivity experiments were done at the same
conditicons for all the catalysts. Wood turpentine
(Ortas, Edremit) containing 85 % in welight ec-pinene was
used as a source of o-pinense. 2.5 g. catalyst and 100
g. turpentine were charged to the reactor and heated to
the reaction temperature of 183¢C . It took about 15
minutes to reach 185°C. The reaction time was taken as
£ hours after reaching that temperature. During the
experiments with activated clays the temperatuwre of the
isomerization of e@bpinene was uncontrollable as
menticned in literature. Temperature increased ta 170-
180°C in 10-15 minutes and reaction mixture osverflowed.
That is why, during the runs with activated clays, 1 g.
catalyst~ ingtead of 2.9 g. was used in selectivity
experiments to prevent explesicns. It couldn't be
possible to operate the reactor at 155°C in the runs
with activated clay 3 catai&st. The temperature of the
reacticn mixture rvetained constant at 1435°C during
those experiments.

Due to the difference in the amount of catalyst
used, the experiments with activated clay weire
considered as a different group in comparisocn with the
ather catalysts for the selectivity analysis. Each run
at the selectivity analysis was repeated 3 times toc be
able to apply one way analysis of varlance.

The results of the selectivity screening test are
given in Table 4.The following remarks can be noted
from the investigation of the selectivity table.

- To increase the treatment time with acetic acid
from one hour to4B hours during the preparation of
halloysite catalysts doesn't make any significant
difference in the yield of camphene.

~ Activated carbon prepared 1is an unactive



catalyst in the production of camphene.

- It is wvery hard to control the temperature in
the runs with activated clay. When the amount of
catalyst was decreased from 2.3 g. to 1.0g, the
reacticon temperature can be maintained at the desired
range. Activated clay 2 is more active than the others.

- Titanium catalysts treated with NalH are not
active and selective catalysts prepared by contact with
HEl are very selective catalysts in the production of
camphene.

-~ Natural  zeclite catalyst in the form of
clinoptileolite is the most selective catalyst when it
1s compared with the other catalysts used in  the
amcunts of 2.5 g. This result was alsco supported by the
calculations of one way analysis of varliance (22)

Although the catalyst of activated clay 2 seems to
be the most selective one from the point of the amount
of catalyst used in the run, we decided on choosing the
natural zeolite catalyst (clincptilolite) as the most
selective catalyst due to the reserves of zeoclite
tuffs rich in clinoptilolite in Bigadic
(Balikesir/Turkey). On the other hand, acid clay
catalyzed iscmerization rveacticons of of-pinene ave
rather uncontrollable, leading to severe eXplosions
(1), as alsc cbserved im our work. That is Why, the
cther investigations in the present study were done
with clinaptiloiite catalyst which is choosen as the

most selective one.
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Table 4. Results of the selectivity screening test

Catalyst type ti{h) wig) T2E) wyY
Halloysite e 2.5 155 24.71
Halloysite i 2 2.5 155 27.43
Halloysite 1 2 2.5 155 28.30
Halloysite 2 P 2.5 155 23.87
Halloysite & a2 2.5 155 28.92
Halloysite 2 2 2.5 185 31.00
Activated carbon 2 2.5 1588 .90
Activated carbon 2 2.5 158 .39
Activated carbon 2 2.5 155 2.18
Activated clay O .16 1.5 30.860
Activated clay © Q.16 2.5 41.13
Activated clay 1 O.16 2.5 31.92
Activated clay & 0.16 1.5 83.76
Ti0p ~ wiiip 2 2.5 133 G2.41
ATi0z - 8105 2 2.5 155 34 .57
Ti0g ~ 510z 2 2.9 155 29 .09
TiOz —~ NaOH 2 2.5 155 i 07
Ti0p — NaOH 2 2.5 155 Q.54
TilOp ~ NaOH e 2.5 1838 Q.87
Tilp - 810-NaOH 2 2.5 155 Q.47
TiDa ~ 510z ~NaOH 2 2.5 155 0.25
ITila — S8i0z-NaOH 2 2.5 155 Q.52
1Zenllte 2 2.5 155 43.73
Zeclite 2 2.5 185 37.92
feclite 2 2.5 1835 43.50
| fenlite = 2.9 185 43.90
Activated clay O a2 i 185 31.13
jActivated clay O e i 158 31.98
;Activated clay O e i 153 32.11
jActivated clay 1 e 1 155 34.88
HAactivated clay 1 e i 185 35.05
lAactivated clay 1 z 1 155 32,76
lActivated clay 2 2 1 155 37.53
}ﬁctivated clay & 2 i 155 38.74
HActivated clay 2 2 i 155 37.56
jActivated clay 3 2 i 145 ig.21
|Activated clay 3 | 2 1 145 16.98
2Activated clay 3 2 i 145 27.17

cic)



2.5. Optimization of the lsomerization of -pinene to
Camphene

Experimental designs are Tfrequently performed in
the study of emprical relationships between one or more
measuwred responses and a number of variables. They have
been used on a wide variety of praeablems, Tour example,
in biclogy, agriculture and chemistry (23).

The responce variable in this study is the
percentage vyield of camphene defined in Egq. (22). The
variables to be considered in the analysis are : the
amount of catalyst, the temperature and the time of
cperation. The amount of a-pinene was not considered as
a wvariable in the analysis, because 100 g. of wood
turpentine containing B85 % ¢pinene was used as
reactant in all the runs.

A central composite rotatable design was used to
cbhtain a relationship between the yield of camphene and
catalyst amount, time and temperature.

To assess the effect of each variable they were

standardized by defining the dimensiocnless variable as:

X1=(Xl"‘x10)/ﬂx aaa-.--ll-;-l---u--.a(EB)

. w~5.75 -4 T-103
That isj X1=——EFEE;4 XE=—_27—J xaz__gs___

(Xj:for amount of catalyst, Xa:for time, Xgifor
temperature)

The constants in the equations were cbtained from
the following relationships (24).

for an amcunt of catalyst varied from 2.5 to 9 g.:

2.5-a _ _, 778 _, and a=5.75, b=3.25
b b



for a time interval From 2 to &

Tor a temperature range from S5 ta 1585 °C

(1)

55— 155-a . )
""ba=~1 . _:‘g"_..=1 and a=105, b=50

& central composite design was built consisting of
the experiments belonging to a &3 factorial design
{experiments 1-8), six centre points (experiments 15—
20) to analyse the lineer efiect of each variable and
s5ix star points (experiments 9-14) to determine the
guadratic effects with a value of oFEB/A =1.4682 .

Table % shows the correspondence between the
natural and coded values of the three variables
(catalyst amount, time and temperature) at different

levels.

Table 5. Equivalance between the real and coded

values of the variables analysed

g coded level

variable -1.482 -1 ] i 1.4682
catayst amcunt (gl 0.28 2.5 S5.75 ? 11,21
time (h) 0.63 2 4 & 7.36
temperature (°0) 21 55 105 1595 189

The twenty design experiments and their yields of

camphene {Y%) are shown in Table 6.



Table &.Values of the experimental variables and

camphene yield ocbtained

Variables
Exp. nolj. - - - —
Cat. amount Timeilh), Temperature Responsg
(gl),Tar{Xy) Tor{Xs) (C),farlXzl) YA
1 2.9 2 55 0.42
2 9 2 =5 Q. a2
3 2.9 & 55 0.327
4 9 & 55 0.88
3 2.5 2 i85 42.84
é ' 9 2 185 34 .86
7 2.9 & 155 39.74
a8 9 & 185 34.83
9 . L.28 4 103 0.461
io it.21 4 105 13.42
i1 S5.78 Q.63 105 1.16
ie 5.75 7.358 105 10.31
13 5.75 &4 21 0
i4 5.75 4 189% 23.94
13 S5.75 4 105 3.15
14 S.75 4 105 0.63
17 5.75 & 105 2.63
i8 5.75 4 108 1.26
19 5.75 4 105 .71
20 5.75 4 105 0.72

# This experiment was done at the department of
Chemistry of Ege University in a high pressure reactor

to obtain the reaction temperature of 189°C.
Consequently, the hypothesized model is:
Y=bg +by Xy +hp Xp+bg Xz +bio Xy X +by3 X X3 +bpga Xp X3+

2 2 2 ,
b11x1+baexa+b3§3 ......-....-.(2'4)
By using multiple linear regression techniques the
regression ceefficients were calculated. To calculate

these coefficients InY was used instead of percentage

of vield. Resulted equation is:
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INY=0.209+0.571X (+0.601X o+1. 818X 5-0. 383X (X g-0. 410X X a
~o.ssexex3+o.aé7xf+o.332x;+o.45éx§ ... (BS)

To check the quality of fit a variance analysis
was carried out by calculating the means of the sums of
the squares corresponding te the different contributing
csouwrces to be considered: first order terms, second
srder terms, experimental error and lack of Tit. Table
7 shows the analysis of the variance. Since the mean
square for lack of fit is about the same size as the
ervor mean sguare in Table 7, such an analysis appears

to be adequate.

Table 7. Analysis of the variance

degrees of sum of mean of
squares squares Feg1 Fiestl

gsaurce freedom

18 crder term 3 54,523 i1B.174 36.29 S.41%
ad Grder term & 10.037 1.673 3.34 4,95
lack of fit 5 9.921 1.984 3.96 5.05
errar 5 2.504 0.501

total 19 76,985

When the calculated ratic between the square mean
of each contribution and the square mean of the
experimental error exceeds the tabulated F-test the
effect 0% the analysed source af wvariation is

considered significant (marked with an asterisk in

Table 7) at the significance level of 25 4 .
Fram Table 7; only first order terms are

important, so equaticn 7 can be written simly:

InY = 0,209 +0.571X; + 0.601X + 1.818X3 ....{(E&)
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The compariscon of the experimental percentage
vields of campherne with those obtained Trom Eq.2&6 is
given in Table B. Fraom Table 8, it is clearly observed
that at high temperatures,especially at 1585°C, there is
a great differerce in the calculated and experimental

vields.

Table 8. Calculated and experimental values of the

camphene yield

catalyst amocunt time temperature

g Y(g) (h) P e Yexp. Yeal.
2.5 e 55 Q.02 0,04
9 2 S5 O.48 0.19
2.9 1) S5 0.97 Q.21
4 & S5 Q.88 Q.65
2 2 185 42 .84 2.35
9 2 155 34 .86 7.34
2.5 & 1838 3%.74 7.82
g & 185 (L i 24.51
0.28 4 103 Q.61 Q.47
i1.21 & 105 13.42 3.22
5.75 0.63 1058 i.1é6 0.45
S5.75 7.34 105 10.31 3.39
5.75 4 21 0 0.046
.78 4 189 23.94 26.23
S5.75 4 105 3.15 1.283
5.75 4 105 0.463 1.23
5.75 &4 105 2.63 i.23
S5.75 4 105 1.26 1.23
5.7 4 108 0.71 1.23
5.73 &4 105 0.71 1.23

¥

That is why, having the importance of linear terms
of the model in mind, a new equation was developed for
155°C,. For this purpose, additional experiments were
carried cut by varying the amount of catalyst and/ocr
the reaction time, keeping the temperature constant at
185°C.The regression coefficients of the new equation
were calculated by means of the least square techniques
and the following equation with a regression

coefficient of 0.34 was obtained:



Y = 38.97 — 0.69%2w +0,4845% I =

W is the amount of catalysti(gl, t is the reacticn time
{h).

Table G presents the comparison of the
experimental and calculated wvalues of the camphene

vield at 155°C.

Table 9. Experimental and calculated values of the

camphene yield at 135°C

ECatalyst amcunt (g) Time (h)} Yeup, Ycal.
2.9 & 42.894 38.54
9 2 34.86 34.01
2.3 & 3%.74 41.21
9 & 34.83 35.67
i 2 35.56 37.60
S &2 42.84 36.81
7.5 a2 32.40 335.06
2.9 1 31.49 36.36
2.5 3 41 .47 37.22
2.5 4 41.21 37.88
2.5 =] 4t.21 40 .55

In order to visualize the obtained results better,
the experimental and calculated yields were plotted
against the amount of catalyst or the reaction time, as
represented in Figures 5 and 6. As clearly understood
firom the regressiocn coefficient and fthe figures, the
agreement of the experimental data with the model
applied is neot satisfactoery. That is why, several
models such as exponential model have alsc been tried
but it couldn't be poussible to cbtain a proper mocdel to
correlate the experimental data, probably, due tc the
high variety of the compocunds {(about 22 compounds, see

Fig. 1 and Fig. 4) in the reacticon studied.
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Fig.d Calculated anad experimental values of the

camphereyield with time at 1559C,2.5g catalyst amount.

2.5. The Effect of Temperature on the Camphene Yield
Te investigate the effect of temperature on tne
campherns yield, experimsents were carried out at

different tesmperatures keeping the amount of catalyst
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different temperatures keeping the amount of catalyst
and the redction time constant at 2.5g. and 2 hours
(for the first set of runs) and at 5.78g. and 4 hours
(for the second set of runs), respectively. The results
are presented‘in Tables 10 and 11 and in Figures 7 and
8.

Table 10. Effect of temperature on the camphene

vield at 2.5 g. and 2 hrs.

Temperature {°C)} % Camphene Yield
55 0.02
120 0.55
130 4.25
140 13.60
155 42 .84

Table 11. Effect of temperature on the camphene
vield at 8.75 g. and 4 hrs.

Temperature (°C){ % Camphene Yield

21 O
105 1.52
189 23.94
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Figure 7 shows the relaticon between temperature
and yield of camphene at 2.5 g. for 8 hrs. Below 1309C
vield of camphene is almost zero. After 140°C, yield of
camphene suddenly increases and maximum vyield is
obtained at 155°C. Figure 8 gives the temperature
dependency of yield for a catalyst amount of 5.75 g.
for a reaction time of 4 hours.S8imilar to the trend in
Fig.7, as the temperature increases the vyield of
camphen® alsc increases. But this increase is not as
drastic as in Fig.7 . The vyield obtained at 189°C 1is
rather smaller than that at 135°C although the amcunt
of catalyst used is two times greater than that in
Fig.7 .

2.7. The Effect of Catalyst Amcunt on the Camphene
Yield

The effect of catalyst amount was investigated at
1585¢C for 2 hours and at 103°C for 4 hours,
respectively by varying t