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ABSTRACT

The object of this investigation was to apply optimiza-
tion techniques to determine the performances of deposited
barium chromate and peroxide prepared vanadium pentoxide
catalysts., These were compared to commercial vanadium pen=
toxide catalyst on vapor-phase oxidation of naphthalene in
a fixed-bed laboratory scale flow equipment. In the com=
mercial 8 to 14 mesh vanadium pentoxide catalyst, contour
tangent elimination methods were used in the determination
of the optimum region of phthalic anhydride yields the de-
péndent variable taken as the basis of comparison. For the
piacement of the first two experiments the unidimensional
minimax techniques were used to determine the values of the
two independent variables: flow rate and reaction tempera-=
ture, The maximum phthalic anhydride yield was found to be
89.5 w. % at an average temperature of 863°F and 0.0210
ft3/min flow rate on 30 ml of 8 to 14 mesh commercial

vanadium pentoxide catalyst.
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The deposited barium chromate and peroxide prepared
vanadium pentoxide catalysts, in the range of 650-1100°F
and 0,0175-0,050 ft3/min flow rates used, were found to be

complete combustion catalysts for vapor-phase oxidation of
naphthalene.
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ERRATA

Phthalic anhydride yield values presented in this
thesis should be divided by a factor of two since pH end
points showed that phthalic acid has two equivalents being
titrated to the phenolphthalein end point. A pH vs. ml
NaOH (0.400 N) plot, obtained by titrating 0,065 gm

phthalic anhydride in water, is presented below:
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ODUC

The catalytic vapor phase oxidation of naphthalene for
the production of phthalic anhydride has been known since
1917. Numerous experiments have been carried out during the
past 40 years, and a large number of these experiments were
concerned with the catalytic properties of various prepara-
tions and with the determination of conditions for producing
phthalic anhydride. Nowadays tens of millions of pounds of
highly refined phthalic anhydride per year is produced in
numerous commercial plants by the oxidation of naphthalene

in the vapor phase over a contact catalyst.

Most workers who have studied the catalytic oxidation'
of naphthalene agree that the principal reaction to be con=-

sidered are those indicated below (2, 3)
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ky > Phthalic AAnhydride ky
k4 :
Naphthalene ' K5 > Maleic Anhydride
+ CO + COp
k,y »1, 4=Naphthoquinone kg

Reactions kl and kz are the most important reactions involved
in the oxidation of naphthalene. Their rates are approxi-
mately equal and considerably greater than that of reaction
kg (1, 2, 3, 7, 8). Of the 1, 4-naphthoquinone initially
fb:med, a large fraction is oxidized further to phthalic
anhydride and some to maleic anhydride, CO and COZ. A por=
tion of the phthalic anhydride formed by reactions ky and kq
is subsequently oxidized according to reactiqn k4. A summary
of the kinetics of the major reactions in naphthalene oxi-
dation is presented in Table I. The catalysts used for the
development of this kinetic scheme were more or less similar
in composition == namely, V,05 and K28207, or K2804 supported
on 5i0,.

Qased on the foregoing analysis, one may simplify the
kinetic scheme originally advanced to that shown below (1,
2, 8):

1L Nephthoquinone
e S
> phthalic Anhydride — >

Maleic Anhydride
Co, COy
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On assuming that each of the reactions involved is first
order with respect to both the organic reactant and the
oxygen concentfations, the following kinetic equations are

obtained (2):
- $5 o)

-4
- 4 (pg)

(ky#p)p? Oy Co,
2 | 2 .0
- kyp%0y €O, + kyp” C,Co,

2 ‘ 24 c
- Ky f Gy CO, - ks 2 CaCO, + k4P G, Co,

- & ¢op

where Gy = naphthalene concentration

)

c

I

naphthaquinone concentration

phthalic anhydride concentration
this scheme is probably quite good for relatively low naph=
thalene feed concentrations, but not at all valid for naph-

thalene concentrations much greater than 1 mole % (1, 2, 8).

Naphthalene to phthalic anhydride

The manufacture of phthalic anhydride from naphthalene
can be accomplished by a number of different process varia-
tions (9), which basically divide themselves into fixed=bed
and fluid-beﬁ operations. Fixed-bed reactors have certain
unavoidable deficiencies. Tube diameters must be kept small
in order to avoid excessive radial temperature gradients,
and the charging of the catalyst can be an exacting and

tedious task. Feed concentrations of naphthalene in air must
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normally be maintained below about 1 mole % in order to
avoid an excessively high temperature leading to low yields
of phthalic anhydride and excessively rapid catalyst de-
terioration.

The advent of the fluidized bed technique for carrying
out catalytic reactions has offered a solution to several
of these problems, but has raised others peculiar to fluid-
ized bed processing., Catalyst charging problems are elimin-
ated; temperatures within the bed are very uniform; and
heat-transfer coefficients are such as to permit efficient
recovery of the heat of reaction. However, problems as-
sociated with the scale~up of the fluid process are much
greater than with fixed beds., These problems arise largely
from the fact that the gases flowing through a fluid bed do
not proceed in plug flow from the inlet to the outlet, but
rather undergo varying degrees of backmixing and/or bypassing.
As a result, the gases leaving the fluid bed have a broad
distribution of residence times rather than a single resi-
dence time. A comparison of operating conditions and yields
in phthalic anhydride manufacture. from naphthalene by dif-

ferent processes is summarized in Table II (9):
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TABLE 11. Phthalic Anhydride Productionm0perating
Conditions and Yields¥*.
Fixed Bed Fixed Bed
Reactor Conventional German
Catalyst V205 on inert V905/8i09
support 20-30%
(alkali-free) K9S0y
Oper. temp., °F 750-885 645-705
press., psi 25 7.3
lbs. catalysts/lb, charge/hr. 5.9 13.4
lbs. air/lb. C10Hg 25-30 30
Yield®, crude
Phthalic Anhydride 80 104
TABLE 11. (continued)
Fluidized Fluidized
Reactor Conventional German
Catalyst »VQOS on inert V505/5109
upport 20-30%
(alkali-free) K9S0y
Oper. temp., °F 680 700
press., psi 15 15
lbs. catalysts/lb. charge/hr. 37.5 37.5
lbs. air/lb. Ci10Hs 15.0 15.0
Yield*, crude _
Phthalic Anhydride 80 100

*Yield expressed by industry custom, as pounds of phthalic
per 100 pounds of naphthalene; the maximum possible is

about 125,
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Presegt Research

Use of optimization techniques for an engineering com-
parison of deposited V205 and BaCrOa catalysts on the con-
tinuous vapor-phase oxidation of naphthalene was the purpose
of this research. Use of chromates, dichromates, and chromic
acid as oxidizing agents is well known in the literature,
and they find many applications as in the preparation of
anthraquinone, benzoic acid, saccharin, etc. The high
thermal stability of alkali and alkaline earth chromates is
bparticularly interesting in the current search for oxidation
catalysts to use in the vapor-phase oxidation of hydrocarbons
in the temperature range of 300 to 800°C., Barium chromate
was selected for use in the supported catalyst form for the
oxidation of naphthalene because of the high thermal stabil-~
ity (1100°C) and low solubility in water (3 ppm), (4, 5).
Optimization techniques were utilized to decrease the amount
of data required to compare commercial VQOS catalyst vs.
supported Bacr04 and peroxide prepared V205 catalysts, The
contour tangent elimination method (10) was used to optimize
the yield of phthalic anhydride with respect to reaction
temperature and flow rate (space velocity and naphthalene
concentration). The évaluation of each catalyst was based
on the comparison of regions determined by temperature and

flow~rate combinations for optimal phtha;ic anhydride yields
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which were based on the amount naphthalene sent to the
reactor. No quantitative product analysis was made for
naphthalene, maleic anhydride, naphthoquinone, and CO, COy.
A fixed~bed plug flow glass reactor was emplqyed in
this study. The advantages of fixed-bed reactors over
fluid-bed reactors for scale-up and reaction comparison

purposes has been established in the foregoing discussion

(2).
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ERIMENTAL PROCEDURE AND RESULTS

Apparatus

Figure 1 is a flow diagram of the apparatus used for
the catalytic vapor-phase oxidation experiments. The tap
cogpressed air, used as process air, was passed through a
25-liter metal sﬁrge tank equipped with a purge valve and a
process=-air inlet valve. A surge tank was necessary in
order to prevent surging due to pressure variations in
compressor tank. A small bed packed with about 250 ml of
anhydrous Ca012 was placed after the process~air inlet
valve to remove any possible oil and water mixed with the
tap-compressed air, From the dryer, the procesé air went
to the naphthalene vaporizer, and a water manometer con-
nected to the air stream ﬁas useful to check the system
ﬁressu:e and flsw fluctuations. The naphthalene vaporizer
consisted of 35 mm., O, D., 28 cm. high, pyrex liquid naph=
thalene storaée~tﬁbe>through which proeeés air was»bubblgd.

The air was introduced through a 40-cm,~long 10-mm. O. D.

9
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Eube_gxtending to the bottom_9f the naphthalene storage tube
and fitted into it with a leakproof 24/40 ground-glass pyrex
joint. Bubbling action was increased by adding cpnst;ictions
at the bottom of this tube. The naphthalene vgporizer was
immersed in a 600-ml beaker in which water was boiled to
melt the naphthalene. The vapori;ed naphthalene and air
mixture was taken out of the vaporizer through a small tube
in the side of the vaporizer and connected with a leak=proof
ground=glass ball joint to the reactor inlet tube. |
All glass connection tubes, 12 mm. O. D. Pyrex, were
wrappéd with resistance wires connected in series. Heat,
which was supplied by means of a variac in order to main-
tain the lines at 150°C9 prevented plugging of the lines due
to solidification. This system alsoc worked as a preheater,
The reactor, vertically placed, was a plug-flow tubular
reactor, 25 cm, high 2.5 cm, O. D., made of high~temperature
Vycor glass, and equiéped with a thermocouple well. It was
packed with a small glass wool plug, and 30 mli. of known
mesh catalyst to be used. The purpose of the glass wool was
to support the catalyst bed. The reactants were fed into
the reactor at the bottom; and the naphthalene, excess air
and products were taken off at the top by a side glass con-
nection, made of 12 mm. O, D. pyrex tubing and wrapped with

resistance wires, series connected with the others. Clamps
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were used to support the ball-joint connections of the side
tubes of the reactor, naphthalene vaporizer, and condenser
system, A bigger screw-=tightened clamp was used to secure
the ground-=joint fit of the reactor and thermowell. The
thermowell, made of 12-mm. O. D., 32-cm.-long pyrex glass
tubing, was extended to the bottom of the reactor. A
Calomel-alumel calibrated thermocouple was immersed into 3
cm. high pure molten tin placed in thermowell. The purpose
of tin in the thermowell was to prevent convectien heat
transfer around thermocouple, to secure a better connection
with reactor medium, and to provide a one~measurement nom-
inal temperature of the catalytic bed. A model 80237 Thermo
Electric Co., Inc, Potentiometer Pyrometer with a range of
_0«2400°F was used to measure reaction temperature. The
whole reactor system was immersed into a molten lead bath
up to the top of the catalyst bed to maintain feaétor
temperature., Lead bath temperature was regulated and the
initial reaction heat was supplied by’resistance wires
wrapped around the bath and controlled by a variac trans-
former. About 200 ml. of powdered graphite was used to
cover lead in order to diminish poisonous lead vapors.

The exit gases from the reactor were then trapped and
solidified by a condensing and scrubbing system consisting

of a 2-holed 5-liter air cooled, round-bottom flask, a 50 cm.

12
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long 3 cm. O, D, vertically placed glass wool filled, air
cooled glass tube and three 500 ml flask scrubbers, Round
bottom flask holes were 29/42 Pyrex ground joints tightly
fitted with reactor outlet and vertical cooling tube., Rub-=
ber hose was used to connect the scrubbers, vertical tube
and wet test meter. The first scrubber was filled with 150
ml. of benzene and anthracene solution, and the next two
with 100 ml. of 0,02 N NaOH. The purpose of the first
scrubber was to knock out any possible product gases not
solidified in the round-bottom flask and glass weol packed
vertical tube; whereas the NaOH scrubbers were aimed at re~
moving Co, evolved during the reaction. The scrubbed gases
were then sent to a wet-test meter before they were vented
in the hood. Since all reaction gases were removed and air
was in a very large excess compared to naphthalene, it was
assumed that the flow measured by the meter was the same as
that which went into the process., The wet-test meter used
was a calibrated "Brecision'" model of Precision Instrument

3

Company with 0,001 ft~” scale divisions,

Materials Employed

Naphthaiene was chemically pure, with a melting point
of SOOC.

Benzene was commercial grade,
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Anthracene was the Coleman & Bell Co. certified chemi-
cal,

NaOH solutions were prepared from pure NaOH quantitative-
ly with 0.02 and 0.4 normalities, 0.0154 N HCl was standard-
ized against 0.02 N NaOH.

The catalyst A was obtained from Dawvison Chemical Cor-
poration as 900-08-x1949 pelletized 3/16%. This Vé@s catas
lyst was then crushed to have 8-<14 mesh size,

Catalyst B was deposited BaCrO& on the Aluminum Company
of America's Grade F-10, 8~14 mesh activated alumina. It
was prepared by a method described in Appendix l11l; con-
tained 1.75 wt. % BaCrQ,.

Catalyst C, supplied by the Carborundum Company, con-
tained 3,7 wt. % BaCr0y4 depésited on a gamma-alumina support
of Al1010NT 1/8" cylindrical pellets with 94 m2/gm surface
area,

Catalysts D and E were prepared by a method described
in Appendix 111. They were deposited V205 catalysts on the
Aluminum Company of America’s Grade F-10, 8-14 mesh activated
alumina., Catalyst D contained 2,14 wt, % V,05, and catalyst
E 2,56 wt. % V5,05 (Appendix III).

Analytical Methods

The reaction products accumulated in the 5=liter round
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bottom flask, its inlet joint and glass wool filled vertical
tube were washed out with saturated benzene-anthracene
solution, It was assumed that all maleic anhydride would
react with anthracene to form a water insoluble complex.,
Scrubbers 2 and 3, originally each a known volume of

0.02 N NaOH, after reaction were usually acidic., If not,
they were first acidified with a known volume of O,0154N
HCl. The benzene and scrubbing solutions were combined in
a l-liter separatory funnel, shaken and the phthalic acid
extracted into the aqueous phase. The aqueous layer was
separated, boiled to expel CO7, cooled then titrated with
0.4 N NaOH to the phenolphthalein end point. No analyses
for unreacted naphthalene, maleic anhydride, 1l-4

naphthoquinone and CO+C02 were made.

Qperating Procedure
The operating procedure involved, in the first place,
a preliminary run of passing air through the system for 1 to

2 hours at the desired operating temperature and flow rate
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of the run. The purpose was to permit the system temperature,
particularly the catalyst and bed temperature, to attain a
steady~state condition. The current to the resistance wires
around the lead bath was turned on at least 30 minutes prior
to the preliminary run. Twenty minutes was enough to melt
all the lead in bath. During the preliminary run, the naph-
thalene vaporizer was cleaned with benzene and acetone after
two successive runs and filled with 5 to 10 gm, of fresh
unmelted naphthalene and weighed. Glass wool was placed

into the vertical tube, no. 2 and no. 3 scrubbers were

filled with 100 mli, 0.02 N NaOH in each, and 150 ml. of
benzene-anthracene solution were put into the no. 1 scrubber,
A run was then started by placing the naphthalene vaporizer
and condensing apparatus into the system and applying cur-
rent to the wires around connection lines., After the initial
temperature was noted, current to the lead bath was turned
off temporarily., Total flow, flow rate, and temperature
were noted at 5~ to 30-minute intervals, but kept under
close control to prolong the steady-state conditions. Ex-
perience with the lead~bath variac setting was necessary to
keep temperatures under close control, The time for these
runs varied from 50 minutes to two hours, Flow=rate regu-~
lation by the inlet process air valve on the surge tank was

satisfactory. The water monometer level was checked
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continuously to find out possible solid plug-up of lines,

A bunsen-burner was kept ready to heat up such pqints if any
happened to form. At the end of each run, air was passed
through the reactor for at least 30 minutes before the cur-
rent to the electrical heaters was turned off and the con-
densing system disconnected from the reactor, in order to
burn any carbon deposits on catalyst particles and to re-
move any products accumulated in the pores of the catalyst.
The naphthalene vaporizer was weighed after it cooled to

room temperature, and product analysis for phthalice anhydride

was made at the end of each run.

Experiments and Results

'. "Search by golden section" and "lattice search" tech-
niques (11) were employed to determine optimum flow rates
and temperatures of the first two runs proper, no. 5 and no,
6. Runs ne, 1 = no. 4 were discarded due to the large re-=
action temperature fluctuations, plug-up problems in con=-
nection tubes, and unsteady flow rates,

The temperatures for runs 5 and 6 had been determined
by the golden section search method to be at 750°F and 850°F
(Appendix 1;). Optimum fiow rates of these two runs were
determined to be about 00615 ftsfmin for run 5 and 0,030

ft3/min for run 6, by the lattice search method.
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Naphthalene concentration in the air flow was always kept at
approximately 1 mole %. The phthalic anhydride yields based
on weight of naphthalene vaporized during the run were 22.5
wt. % for run 5 and 57.0 wt, % for run 6 (Table 11I). Since
yield increased as temperature and flow rate increased, no
experiments were run in the region where the temperature

was lower than 759°F and flow rate was less than 0,0159
ftslmino Runs 7 and 13 were made to defermine the promising
region of optimal phthalic anhydride yields., Run 7 gave
35,5% phthalic anhydride yield at any 930°F and 0.0224
ft3/minvflow rate whereas run 13 gave a yield of 61.3 wt %
at avg,‘887°F9 and 0.0209 ft3/min flow rate with a contact
time of 3,04 seconds, which indicated that the yield would
be smaller than 61.3% in the regions where the average re=
action temperature was greater than 890°F, and the flow
rates were larger than 0,0224 ft3/m:1°.n° In run 14, the
temperature was decreased to avg., 863°F while the flow rate
and contact time was held constant at 0,0210 fta/min and
3,04 sec. This run gave the overall maximum phthalic an-
hydride yield of 89.5 wt %. Runs 15, 16, and 17 were placed
relatively close to run 14, in order to have a better
definition of the promising region, and to have enocugh data
to apply the contour tangent elimination method (10) for its

determination. Run 18 was placed at avg. 860°F and 0,0215
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ft3/min as a double check of the maximum 89.5 % yield of run
l4. In run 18, an 88.5 % yield was obtainede'

Runs 8 through 12 were discarded because, when naph-
thalene in a storage tube is subjected to melting, cooling,
and recrystallization, it changes its structure and gives
poor phthalic anhydride yields, All through runs l to 18,
catalyst A, 8=14 mesh commercial VQGS catalysts was used,

By the contour tangent elimination method, the boundaries
of the optimum phthalic anhydride yield region were deter-
mined as shown on fig. 2.

Runs 19 through 23 were made for evaluation of catalysts
B, C; D; E. 30 ml of catalyst B, 8~14 mesh deposited BaCr0Oy,
was used for run 19, Ne phthalic anhydride, naphthaquinone,
nor maleic anhydride was formed during the run. Some un-
reacted naphthalene was seen in the condensing. system. The
heat of reaction was high enough to maintain bed temperature
at about 775°Fg while the current to the lead heating media
was turned off; indicating that the oxidation of naphthalene
was taking place. Some NaOH additions to the scrubbing
during the run were neutralized in relatively short times,
showing that there was complete oxidation to 002. Run 20
was discarded because naphthalene had plugged up the con-
nection tubings, In run 21, 15 ml. of catalyst C was used,

The heat of reaction was enough to raise the reactor
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temperature from 625°F to 695°F in five minutes., The re-
action had started rapidly after the bed temperature had
reached 720°Fs and the bed temperature then increased to
1100°F.

When temperature was lower than 700°F9 the solid for~
mation in the condensing system, qualitatively indicated
by crystal structure and color, was unreacted naphthalene.
At temperatures of 720°F and higher, no additional solid
formation was noticed in the condensing system., The col=
lected solids were completely soluble in benzol, showing
that no phthalic anhydride, maleic anhydride, or naphtho-
quinone was produced. There was complete oxidation of re=
acted naphthalene to CO, CO;, the rate of naphthalene con-
version depending on the severity of reaction conditions.

Thirty ml of catalyst D, 8<14 mesh, V'205 catalyst pre=
pared from ammonium vandadate by hydrogen peroxide (Appendix
I1I1), was evaluated in run 22, During this run, which took
60 minutes, no solid formation was noticed in the product
condensing system. Starting with an initial temperature of
76O°F9 the bed temperature increased to a maximum of 800°F
after ten minutes, while the current to the outside heating
media was turned off., The temperature was decreased gradu-=
ally to 660°F9 at which point the lead bath started to

solidify. It was established by neutralization of additional
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NaOH placed in the scrubbers that there was 100% conversion
of 5.4 gm. naphthalene evaporated during the run, to complete
oxidation products of 002 and possible CO, all through the
temperature and flow rate combinations of 800 to 660°F§ and
0.0182 to 0.0292 ft>/min.

Run 23 was used for the comparative evaluation of 30
ml, of 8 to 14 mesh catalyst E (Appendix III). The bed
temperature had increased from 738°F initial to 800°F in
5 minutes, During the run time of 60 minutes, the bed
temperature was gradually decreased to 700°F, while the flow
rate was increased from 00,0260 ftg/min to 0.0391 ft3/min3
and 5.0 gm., of naphthalene was sent to reactor. No solid
formation was observed in the condensing system throughout
this run. There was 100% conversion of naphthalene to its
complete oxidation products of 602 and possible CO, as 002
formation was established by the neutralization of NaOH added
to the scrubbers during the run.

No optimization techniques were used for the evaluation
of oxidation of naphthalene in runs 19 through 23, because
of no visible amounts of phthalic anhydride, naphthoquinone
or maleic anhydride formations in soclid condensing systems
at any temperature -- flow rate combinations used in these

runs.
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RPRETATION OF RESULTS

The tests described in the preceding chapter may be
divided into two groups: (1) the group upon which the de-
ductions about catalyst A performance on the oxidation of
naphthalene as to the optimum yields of phthalic anhydride
are based, and (2) the group from which limited information
has been obtained relative to the performance of catalysts
B, C; D, E on complete oxidation of naphthalene to CO, COy.
This group is not strietly within the scope of the present
work. Thus, group (1) would comprise most tests dealing
withs

(a) Utilization of optimum techniques in order to de=
termine optimum flow and temperature conditions for optimum
phthalic anhydride yields,

(b) Comparison of optimum operating conditions with
literature values,

All the remaining tests are included in the seecond group

and are discussed later. It should be pointed out, at the

24
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outset, that no significant errors in data presented are

apparent from Table I1I and Fig. 2.

Utilization of Optimum Techniques

Search problems can be classified according to their
number of independent variables, to whether or not experi-
mental error is present, and to whether the system is uni-
modal, In this problem are two independent variables:
reaction temperatures and system flow rate., The phthalic
anhydride yield, as calculated directly on the amount of
naphthalene sent to the reactor, is the dependent variable,
The assumptions made are that the data are error-free and
that the function is unimodal. The unimodality assumption
holds in a large number of practical search problems. A
unimodél function does not have to be smooth, or continucus;
it can be broken, discontinuous, and even undefined in cer-
tain intervals (10). Unimodality means that, if two ex-~
periments are run on the same side of the optimum point,
then ﬁhe one nearer the optimum gives a higher value of
dependent variable, i.e., the phthalic anhydride yield.

In this search we were not particularly interested in
finding out all there is to know about the oxidation of
naphthalene, We merely wished to determine what settings

of the independent variables would yield the maximum value
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of phthalic anhydride yield taken as a criterion of effect-
iveness, From another point of view, the problem was to
reach a specified minimum acceptable level of performance

in as few trials as possible. Thus, each experiment had two
purposes, not only to attain a good value of the criterion,
but also to give information useful forvlaﬁating future ex-
periments where desirable values of the criterion are likely
to be found.

Contour tangent elimination methods, which use contour
tangents determined by successive local explorations of
strongly unimodal response surfaces to eliminate parts of
the experimental region from all further consideration, are
convenient to be used on strongly unimadal funetions. The
contour tangent computations are straightforward for three
dimensional response surfaces,

The foregoing assumptions and theory did not contradict
the outcome of the experimentation. The contour tangent
elimination method has worked successfully in the determina-
tion of the optimal phthalic anhydride yield regions. The
effectiveness of the method is indicated by the size of un-
certainty remaining in the area. Eight sequential experi-
ments reduced the size of this area from 252 unit2 to 8
unit? (Fig. 2). The response surface was strongly unimodal.,

Although no contours were attempted to be drawn on fig. 2,
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the final region of uncertainty showed that the maximum lies
in the middle of this region; the almost equidistant bound-
aries of the region around the maximum vield had yields 22
to 45% lower than the maximum. Although the placing of the
first two experiments were according to the unidimensional
minimax techniques {golden search on temperature and lattice
search on flow rates), the remaining runs were all placed
randomly from three-dimensional, two-=variable search strat-
egies, The randomness of the sequential experiments did not
decrease the effect of the contour tangent elimination
method, only because each experiment was sequentially placed

to reach the maximum in as few trials as possible,

Optimum Operating Conditions

The equipment and the process used in this research can
be compared with the commercial fixed-bed conventional pro-
cess shown in Table 11, gives the operating conditions of
the process mentioned as 80% crude phthalic anhydride yield
at 25 psi pressure and the temperature range of 750 to 885°F
on a V505 on inert support (alkali-free) catalyst, In this
research, a maximum yield of 89,5% phthalic anhydride was
obtained at an average reaction temperature of 863°F and a

contact time of 3.04 sec, (fable 111). The pressure on the

system had about 3 in of water. The mole ratio of naphthalene

27
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to air was 1,54%, which was analogous to the naphthalene
concentration employed {n industrial fixed-bed processes,
The operating conditions do not contradict each other, as
25 psi pressure applied in commercial systems would bring
the reaction conditions to the same level obtained in this
research, although the optimum temperature range is lower
in the former.

Runs 14 and 15, having almost equal flow rates of
0.0210 ft3/min and 0,0212 ftS/min respectively with contact
times of 3.04 sec and 2.96 sec had largely different phthalic
anhydride yields, 89.5% and 72.0%. Although there are 3°F
difference between their reaction temperatures, the drop in
yield was probably due to the fact that the molar ratioc of
naphthalene in run 15 was 2,08% whereas in 14 it was 1.54%
which was approximately the optimum naphthalene concentration
in commercial operations (2). Within the optimum region,
correlations of yield with average temperature, contact
time or naphthalene concentration were not attempted.

Contact times, calculated in Appendix 1 and presented
in Table 111, are not true contact times since they were not
calculated at reactor temperature and pressure, but at S.T.P.
Thus, contact times presented were & linear function of flow

rate as catalyst volume was kept constant at 30-ml,
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Feed naphthalene concentration to air was a function
6f amoun? of naphthalene in the vaporizer and flow rate; and
was held_épproximatély constant at 1,5%0.6 m@lé % all through
the experiments.

The optimum contact time of 3.04 sec obtained in this
research corresponds te 1.2 sec as true contact time calcu-
lated at 863°F average reactor temperature, The contact
times in commercial processes working at optimum conditions
are lower than 1.2 sec (3). Contact time and flow rate
being inversely proportional to each other, lower contact
times render high flow rates increasing the economic feasi-
bility of the process, if the amount of catalyst charged is
constant. It would probably be possible to make an optimiza-
tion study by changing the volume of catalyst charged to the
reactor as an independent variable. This was considered to
be a separate research in itself and was out of the present

study of the catalyst comparison.

Performances of Catalysts B, C, D, E

No success was obtained in producing phthalic anhydride
by vapor-phase oxidation of naphthalene on catalysts B, C,
D, Es On catalysts B and C, the only solid product collected
in the condensing system was unreacted naphthalene which de-~

creased in amount with increasing severity of reaction
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conditions. The balance of reaction products were gaseous
(CO, COy). Catalysts D and E gave complete oxidation pro-
ducts of CO; and CO in the possible temperature and flow
rate ranges. As a result it can be said that deposited
barium chromate catalysts B and C and peroxide-prepared
vanadium pentoxide catalysts D and E were more active in

the oxidation of naphthalene than commercial vanadium pen-
toxide., Catalysts D and E were more active than catalysts
B and C if the activity of a catalyst is considered to be
its complete or destructive oxidation power rather than its
selectivity. It would be possible to make a study of adding
inhibitors, promoters, and poisons to these catalysts to
change their effectivity in favor of oxidation to phthalie
anhydride., However, no such study was attempted since it
was considered to be outside the scope of the present re-
search., The activity of the supp@rted»barium chromate cata-
lyst is undoubtedly associated with the formation of small
amounts of lower valent states of chromium resulting in
lattice defects (5), which are very mobile, particularly
once catalytic temperatures are reached. The same is valid
for vanadium pentoxide catalyst which was observed to have a
mixture of valance states in the active catalyst which re-
sults in the lattice defects necessary for catalytic active

ities (3, 5, 6). It is probably the nature of these lattice

31
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defects, which were characteristics of barium chromate crys-
tals and which were different in peroxide prepared vanadium
peroxide (catalyst D‘and E) than in commercial grade cata-
lyst A, that caused the complete oxidation of naphthalene,
One may speculate that the products of oxidation depended on
the point of attack on the ring which were determined by
lattice defects of catalyst crystals; an attack on an X =
carbon may lead to nmpthaquin@neg and a‘g -carbon to phthalic
anhydride and on a bridge‘carbon to complete combustion (3).
As a resuit9 the catalytic oxidation of naphthalene on
catalysts B; Cy D, and E were in complete disagreement with
the kinetic scheme presented in the Introduction, because
the only reaction that took place during the oxidation was

the least probable, the complete combustion to CO and 002.
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An attempt made to use deposited barium chromate and
peroxide~-prepared vanadium pentoxide as contact catalysts
for vapor-phase oxidation of naphthalene showed that the
kinetic scheme of oxidation reactions found in the litera-~
ture was apparently not valid for catalysts in which the
lattice defects were different from those of the classical
commercial vanadium pentoxide catalysts, although they
showed excellent oxidizing properties.

An investigation concerning the feasibility of using
these catalysts for low-temperature combustion of hydro-
carbon and CO to COy, for example in automobile exhausts,
should be made; and the thermal stability of peroxide-

prepared vanadium pentoxide catalysts should be determined.

33
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Run Ne. 5

Initial temperature = 750°F

Naphthalene + Vaporizer (initial) = 190.0 gm
50 ml1 0,02 N NaOH each in scrubbers 2 and 3,

Time Temp. =
(min)  OF. 3 3 (min)  £:3/min
0 750 0 0 0 0
5 755 0.0775 0.0775 5 0.0155
10 768 0.1565 0.,0790 5 0.0158
i5 762 0.2328 0.0763 5 0.01526
20 755 0.3070 0.0742 5 0.01481
30 752 0.4700 00,1630 i0 0.01630
35 750 00,5475 00,0775 5 0.61550
40 750 0.6285 0.0810 5 0.,01602
45 755 06.7145 00,0860 5 0.01702
50 760 0.7985 0.0840 5 0.01680
55 765 0.8770 00,0785 5 0.01570
60 762 0.9620 0.0850 5 0,01L700
70 760 1.0290 00,1670 10 0.01670
80 770 1.2835 00,1545 10 0.01537
90 760 1.4372 0.1537 10 0.,0153¢9
1060 752 1.5955 0.1583 10 0.01583
110 755 1.7527 00,1572 10 0.01572
120 770 1.9185 0.1658 10 0.01658

Naphthalene flow was cut.
180 stop air flow.

Napthalene + Vaporizer = 188.1 gm.

§

Amount naphthalene evaporated = 190.0 - 188.1 = 1,9 gm.,

Napith, _ 1.9 gm, gm, naphthalene

iz - T.9185 f£t3 age - 000 Bme Fomee
Naphth, .. 1.9 e gm, naphth
Oxygen  (1.9185)(0.21) = %74 3

£t~ oxygen
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m 1e ratio naphth . te a if’ = .:’;,.w.‘..._ L B _.y.«:‘..j,. L ,- '( & oo

v (ft3/min) = ;i%%gé»a 0.0159 ftgfmin avg.

= 4,1 sec,

Contact time = (0“0159?(28¢327

AnaLxsisz

Initial NaOH = 0,02 N (100+13) 113 mi,

i
1

NaOH burette
1307 = 50 = 36030
41,0 = 15,2 = %g&ﬁ 0,02 N

(]

Contact time = , A " S D o 22 &'o 1 see,

Analysis:
zlnitial NaCOH

0.02 N (100 + 13) = 113 ml.
NaOH burette
13.7 = 50 = 36,30

41.0 ~ 15.2 = 25,8
62.1 0.02 N

Total NaOH = 113 + 62.1"= 175.1 mi, 0,02 N

gm = moles phthalic anhydride

wt, phthalic anhydride

A 3 d = 52 100
% yiel -w;nl 5 X 56505 = 27.5%

38
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No visible amount of naphthoquinone had been formed.,
Carry the next run at 850°F and larger flow rate, If yield
percentage decreases, decrease the temperature to less than

750°F,f®r the following run.

39
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Run No. 6

Initial Temperature = 850°F

Naphthalene + Vaporizer (initial) = 188.1 gm.

50 ml, of 0,02 N NaOH each in scrubbers 2 and 3.

Time Temp., 3 3 =
(min,) .(_Ei_," (£e2)  (f££7) . (min)  ££3/min
0 850 0 0 0 0

5 915 0.164 0.164 5 0.0328
10 920 0.326 0.162 5 0.0328
15 950 0.492 0.166 5 0.0332
30 885 0.973 0.481 ‘15 0.0320
40 875 1,305 0.332 10 . 0.0332
45 200 1,465 0.160 5 0.0320
60 . 850 1.964 0.499 15 0.,0333
90 900 2,977 1.013 30 0.0337

Naphthalene flow was cut,

150 cut air flow,

Naphthalene + Vaporizer = 183,7 gm.

Naphthalene evaporated = 188,1 -~ 183.,7 = 4.4 gm,

M:—-—E—L-M e = 1,475
air 2,977 ft ft° air

Naphthe _ 1,475 _ 7.04 gmg
air 0.21 - ft 0y

= 4,4)(22,4 =
Mole ratio naphth, to air = 5.977)(28.32)(128.16) 0.0093
at S,T.P.
(0.0093)(1.34) = 0,0124

v (£t3/min) = 28321 = 0.03308 £t3/min,
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Contact time = = 1,93 sec.

Analzsis
Initial 0.02 N NaOH = 100 ml.
From burette:

0.02 N NaOH  0-50
0-50
0-50
0-50

50 ml,
»50 mlp
ml

00400 N NaOH 20'4607 = 26;7 mlq

 phthalic anhydride = £300)(0,02)+(26,7)(0,4) . 16,68
gm, moles phthalic anhydride 1600 | 1050

' o = (16,68 8 250 .
wt. phthal;c anhydriﬂe_ ‘5—‘16%él&—&L11'= 1000 gm

% yleld %—g- x }-g- 57
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Run Ro, 7

;ni;ialviemperatu:e = 845°F
Naphthalene + Vaporizer (initial) = 188.0 gm.

100 ml. of 0.02 N NaOH each in scrubbers 2 and 3.

0 845 0 0 0 0
5 870 0.116 0.116 5 0.0232
10 890 0.226 0.110 5 0.0220
20 915 0.4420  0.216 10 0.0216
30 920 0.661 0.219 10 0.0219
60 950 1.3315  0.6705 30 0.02235
90 955 2.013  0.6805 30 0.02268

‘Naphthalene flow was cut.
Naphthalene + Vaporizer = 184.4 gm,
Naphthalene Vaporized = 188-184.4 = 3,6 gm.

Naphth, _ 3.6 2m. _ = 1,79 £e3
air - 2.013 ft3 -7 gm/£

oxygen ~ 0.21 8.55 gm/ft

Mole Ratio to air =
v (£6%/min) = 3;213 = 0.0224

Contact time =

Analysis:
200 ml. 0.02 N NaOH initial
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21.0 - 32.3 = 11.3 ml.  0.400 N NaOH

gm=moles phthalic anhydride

8,52)(148,

wt. phthalic anhydride = = 1600 =

= 1270 = 28
% yleld = ff5 x %%%' 35.5

43
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Run No, 13

;nitial Tempe:ature = BOOQF

Naphthalene + Vaporizer (1nitial) = 188,.3 gm,

100 ml. of 0.02 N NaOH each in 2 and 3 scrubbers.

0 800 0 0 0 0

5 875 0.1085  0,1085 5 0.0217
10 895 0.2125  0.1040 5 0.0208
15 900 0.315 0,1025 5 0.0205
25 880 0.524 0.209 10 0.0209
30 880 0.630 0.106 5 0.0212
35 895 0.738 0.108 5 10,0216
45 875 0.922 0.184 10 0.0184
55 900 0.1435  0.2215 10 0.02215
60 880 1.255 0.1125 5 0.02250

Cut the naphthalene flow,

90 air flow was cut.

Naphthalene + Vaporizer = 185,3 gm.

Naphthalene Vaporized = 188.3 =~ 185.3 = 3.0 gm.

Naphth, _ _3 = 3
Gt T T T 24 en/te

Naphth, - 2.4 = . 3
Oxygen— = 071 11.5 gm/ft

Mole ratio to air =
_Contact time =

Average Flow Rate = %4%%§-= 0.0209 ftslmin.
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Analxsj.s,,:
1200 ml. 0,02 N NeOH initial
= (0,02)(200)+(0,4)(21) _ 12,4
gm-moles phthalic anhydride = = 1000 o 1000
‘ - (12 48,.11) . 1840
wt, phthalic aphydri__de =600 a 1000

% yield = 4858 = 198 - 61.3
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Run No, 14

,Initial,Temperagure =,7709F

Naphthalene,+ Vaporizer (initial) = 196.9 gm.
100 ml., 0,02 N NaOH each in scrubbers 2 and 3.

Time
‘ .LFS._ e () (min) (fed/min
0 770 0 0 0 0
'5 840 0,1175 0.1175 5 0.0235
10 860 0.2185 0.1010 5 0.0202
15 875 0.3220 0.1045 5 0.0209,
20 870 044255 0.1035. 5 0.0207
30 850 0.6285 0.2030 10 0.0203
40 805 0,8370 0.2085 10 0.02085
50 880 1.0480 0.2110 10 0.0211

Naphthalene fipw was cut.
80 air flow was cut.
Naphthalene + Vaporizer = 194.95 gm.
Naphthalene vaporized'= 196.9,-j194.9§ = 1,95 gm.
m-. _ h22_&m..5 = 1,85 gm/ft3
, 1.048 ft°

Average Flow Rate = 1380 = 0.0210 £t%/min.
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Analysis:

200 ml, 0,02 N NaOH initial

23 - 23.4
= 20.4 ml.

gm-moles phthalic anhydride =7(0,02)(200)+(20.4)(0.4)-(11.6)
(0.015) = 11,986 m, moles
. = (11,986)(148,11) - 17
wt. phthalic anhydride = {lL L.%%

wt. phthalic anhydride = &ng <L g

1000 '

~ 1780 , 100 _ g9.5
% yleld = 500 * 1.95

47
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F;nit;alwremperature =_780°E 
1ﬁaphthalene + Vaporizer (1nit1a;) = 194,.8 gm,
100 ml. 0.02 N NaOH each in scrubbers 2 and 3.

Time Temp. 3 3. 3
Smin; (035 (££7) (££7)  ~ (min) (ft"/min)
0 780 0 0 0 0
5 880 0.1305 0.1305 5 0.02601
10 870 0.2395 0.1090 5 0.02180
20 860 0.453 0.2135 10 0.02135
30 850 0.662 0.209 10 0.0209
40 870 0.865 0.203 10 0.0203
50 870 1.070 0,205 10 0.0205
60 870 1.276 0.206 10 0.0206
70 870 1,4825 0.20625 10 0.0206
75 870 1.5855 0.103 5 0.0206
90 Naphthalene.ggpw was cut.,
120 cut air flow.
Baphthe = — % 8le = 2,52 gm/ft3
~air - L.3855 ft 52 &/
Naphth, _ 2‘22__ P
Oxygen - 0,21,’ 12 gm/ft
Average flov rate = Lag833 = 0.0212 ££7/min.

Contact time = 5

Mole ratio to air -

_Anngs;g:

200 ml, 0,02 N NeOH initial



T 1083 49

0.400 N NeOH  2,00-40.1 = 38.1 ml.

gm-moles phthalic anhydride

wt. phthalic anhydride =

2880 . 100 .
% yield = %g%g x 3% =720
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Initial Temperature = 755°F
vNAphthalene + Vaporizer (initiaL) = 190.8 gm.
100 ml. 0.02 N NaOH each in scrubbers 2 and 3.

Time Temp. 3 3 3
0 755 0 0 0 0
5 855 0.107 0.107 5 0.02014
15 845 0.325 0.113 5 0.02260
20 840 0.440 0.115 5 0.0230
30 825 0.675 0.235 10 10.0235
40 850 0.903 0.228 10 0.0228
50 850 2.142 0.239 10 0.0239
60 850 1.408 0.266 10 0.0266

Naphthalene flow was cut,
90 cut air flow.
Naphthalene #+ Vaporizer = 187.1 gm.
Faghthalgne Vaporiéed = 190.8 - 187.1,=~317 gme

Nephth, - 3. 3
Bithe = LLoADe = 2.64 gu/te

ERQEB.L=‘-'4= 3
Siysen- = G431 = 12.5 sw/e

Average Flow Rate = Lgé;ﬁ = 0.02346 ft3/m.in.

Mole :atio'to,air = gaxay

‘Contact time =
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Anslysie:
VZOO ml, 0.02 N NaOH initial
0.400 N NaOH = 0-30 = 30 ml,
0.0154 N HCL = 150 ml.

gm-moles phthalic anhydride = i (200)+(3 &)= 2(0,0154
1000
- 137
1000
wt. phthalic anhydride = LL;*%%éé5§&L£l =

= 2060 . 100 _
% yield = 1600 * 2.7 = 5.0
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Initial Temperature =: 800°
Naphthalene + Vaporizer (initial) = 194.6 gm.
100 ml. 0.02 N NaOH each in scrubbers 2 and 3.

0 800 0 0 0 0
5 820 0.0870  0.0870 5 0.0174
10 840 0.1745  0,0875 5 0.0175
20 850 0.3545 0,180 10 0.0180
30 835 0.5235 0,179 10 0.0179
40 840 0.8655  0.342 20 0.0171
70 840 0.2005  0.345 20 0.01725
90 843 1.575  0.3745 20 0.018725

Naphthalene flow was cut,
129,cutfair_flow. |
vNaphthalené + Vaporizer = 191.2 gm.
Naphthalene Vaporized = 194.6 - 191.2 = 3.4 gm.

Mole ratio to air 0.018

Contact time =
Average flow ratezsf;*QZQ = 0,0175.ft3/m1n.
Analysis:

200 ml, of 0,02 N NaOH each in scrubbers 2 and 3.
0.400 N NaOH 0.20 = 20 ml.
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wt, phthalic anhydride = £

% yield = %ﬁ%ﬁ- x 100 = 52.0
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Run_No, 18

Initial Temperature = 7709F

Naphthalene + Vaporizer = 194.0 gm.

100 ml. 0.02 N NaOH each in scrubbers 2:and 3.

Time Temp.
0 770 0 0 0 0

5 840 0.1176 0.1176 5 0.02352
10 865 0.2350 0.1174 5 0.02348
20 870 0.4550 0.220 10 0.0220
30 860 0.6700 0.215 10 0.0215
50 855 1.095 0.425 20 0.02125
70 860 1.525 0.430 20 0.02150
90 ,860 1.935 0.410 20 0.0205

Cut the naphthalene_floW.
120 cut aigvflowo
Nabhthalehe_}HV#porizer_= 190.1 gm,
Naphthalene Vaporized = 194.0 - 190.1 = 3,9 gnm.

Average flow rate = ;&%%2 = 0,0215

Contact time =

Analysis:
200 ml. 0,.02‘ N RaOH initial.
00406 N NaOH 0'4803 = 48 «3 ml,
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gm-moles phthalic anhydride

wt. phthalic anhydride =

w=

1000

% yleld = 2222 x 100 = 88,0

3.9
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Run No, 19

3Q mi. pf cata1yst,B.

AIpiﬁial_Teméerature = 67093;

Naphthalene + Vaporizer (initial) = 191.5 gm.

100 ml. O.QZ N NaOH in each no. 2 and no. 3 scrubbers,

(min) LSES. el (fe) . (min) (£t /min)
i) 670 0 0 ) 0
5 790 0.128 0.128 5 0.0256
10 800 0.241 0.113 5 0.0226

Very little phthalic anhydride.formation. No visible
napthoquinone was formed. ,it seems that there is complete
oxidation. Decrease the temperature. The variac was turned
to zero rate at 12th minute, but the temp. is st;ll.SOOQF.at
25th minute., For next run, decrease the initial temperature,

30 76_0_ | iy . - -

no trace of naphthoquinone was seen.

40 765 1.000 0.759 30 0.2518
50 775 1.276 0.276 10 © 0.02760
60 760 1.515 0.239 10 0.02390

Cut .air and naplithalene flow,
Ihe:g'is_no phthalic anhydride produced. Since the
heat of‘regctipn was high, we can assume that there was

complete oxidatioh.
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Run No, 21

15 ml, of catalyst C.

Initial Temperature = 625°F.
Naphthalené'+fVaporizer_= 210.3 gm.

100 ml. 0.02 N NaOH in scrubbers 2 and 3,

Time Temp. 3 3 3
0 625 0 0 0 0
5 695 0.151 0.151 5 0.0302
10 695 0.295 0.144 5 0.0288

No phthalic anhydride formation, all solids seem to be
naphthalene., Increase flow rate.
15 650 0.536 0.241 5 0.0482
The reaction is very small. Increase the temperature.
The reaction has started strongly after 720°F. 1t jumped
to 1100°F,
60 800 —- - === e
Stop the flow,
All of the products were soluble in benzol., No phthalic

anhydride or maleic anhydride whatsoever.
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30 ml. of Catalyst D.

Initial Temperature = 755°F.
Naphthalene + Vaporizer = 203.4 gm.

100 ml. 0.02 N NaOH + 4 ml. 0.400 N NaOH in scrubbers 2 and 3.

0 760 0 0 0 0
5 795 0.091 0.091 5 0.0182
10 800 0.216 0.125 5 0.0250

No solid formation. All is going to CO,. At 20th minute,
NaOH in scrubbers was neutralized. Decrease temperature to

find the lower boundary of COp formation.

34 760 no solid formations
39 745 " " L
43 720 " " "

64 660 " " "

70 6 50 " » " : "

75 660 " " "

Lead bath started to solidify, stop the run.
A very possible complete combustion catalyst for
hydrocarbons. 100% conversion to complete combustion

products,
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30 Ql._of Catalyst E.
100 ml. 0,02 N NaOH each in scrubbers 2 and 3.
Initial Temperature = 730°F.

Naphthalene + Vaporizer = 198.0 gm,

0 730 0 0 0 0
5 800 0.130 0.130 5 0.0260

No solid formation

10 795 0.258 0.128 5 0.0256
Nb so1id format;on

15 795 0,392 0.3 5 0.0268
No solid formation

20 775 05509 0.117 5 0.0234

No solid formation
30 760 0,733 0.224 10 0.0224
No solid formation, increase flow rate,
40 810 1,096 0.363 10 0.0363
ZNb solid formation, dqcrease.teﬁpe:ature,
60 700 1.857 ——- - =
Stop the run. No solids were seen in_condensing system;
gl;.;s going to the complete combustiop products.,
This is a very possible complete oxidation catalyst_fq;

hydrocarbons.
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APPENDIX III



1.

2,

3.

4.
5.

6.
7.

T 1083

Preparation gg.Cata;z§t_§
40 gm. of 8-14 mesh~a1umina pellets was left in vacuum
for;@ﬁfﬁ%gutes. |
A sol&f;on»was made by 12 gm. of barium acetate and
5 gm. of chromic acid in 100 ml., of distilled water and
readily sent into the vacuum flask.
The catalyst carrier was soaked in this solution for

one and a half hours while the vacuum was on.

The vacuum was turned off, the excess@solution decanted.,

.The.gqgalmstxin;gﬁparcelain crucible was dried in oven

at 200°¢ for 16 hours.

% BaCr0, deposited = égﬁ:i‘ﬂ x 100 = 1,75,

30 ml. of this cgtalysf was placed in,reactor, and air
at 0.4 ft3/m1n was passed through at 800°¢ for two

hours, in order to complete calcination and activation.
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1.

2.

3.

4,

6.

7.

Preparation of Catalyst D

50 ml. of 8 to 14 mesh alumina pellets were put into
the vacuum flask, and left in wvacuum for one hour.

A solution was made with 5 gm. of ammonium vandadate
and 75 ml, of 30% hydrogen peroxide, and was put into
the vacuum flask.

The pellets were soaked in this solution for one houé
under the vacuum,.

The vacuum was turned off, the excess solution was de~
canted.

The prepared catalyst in a porcelain crucible was put
in the oven at 33090 for 20 hours.

The calcination and activation were done in the reactor
at_800°E by passing air through for two hours.

% 'VZ,OS deposited = éla.%%:éﬂ x 100 = 2.14



T 1083 64

1.

2.

6.

Te

Prepa .at~ion of C{,atkall}tst, E

42,92 gm, of 8 fo 14 mesh alumina was put into the
vacuum flask and left in vacuum for 45 minutes.
TA‘solu;ian was made of 5 gm. vanadium pentoxide powder
and 75 ml. SQ%‘hydrogeh peroxide, and sent into the
vacuum flask.

The pellets were soaked in this solution for two hours
under the vacuum,

The vacuum was turned off, the excess solution decanted.
The prepared catalyst in a porcelain crucible was left

in the oven for éh.hours at 180°C,

Air was blown through dried pellets to remove excess

Vo05 dust. % Vy05 deposited = £4a02:42.92 x 100 = 2.56.

.For calcination and activation, 30: ml. of prepared

catalyst was placed in reactor, and air passed through

for two hours at 800°F.
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CONTOUR TANGENT ELIMINATION (10)

Sample Calculation:

BLOCK I
17 yo=52 X9y = 840 Xg2 = 0.0175
16 y =55 xy, = 848 xy3 = 0,02346
15 yé==7,2_ Xél = 866 Xg9 = 0.0212

yi=mlei + my Dxy 0
to reach a maximum value for y.

Where

AX11 A x= X)) Xgp= 848-840

ihn
0o W

and

72 - 52 = 20

Ly2 Ay =7y2 =Y
K 0.0212 - 0.0175 = 0,0037

"2 axpy O X227%22 = *02

therefore
= 2= 1 . 4
_arid

0.375 bx; + 0.5 x 10* Ax, = 0

The slope of this line is:
: 4
=2 . .%35x10 - .9,695x 10%
Xy .‘ .
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Since the slope is negative, the area over this line

will give negative values of y, i.e., the yield will be

smaller than 52% and is cancelled from further experimenta-

tion.
Run
6 yp = 37 Xy1 =

887
890

930

BLOCK IIL
Run

16 Yo = 55 X01
17 y1'= 52 X1

13 yp=6L3  xy
A yy = 0=0.375

BLOCE 1V

Run
13 Yo =61.3 %01
16 vy =3 x11
6 yg = 57 X1

Ayy =0 = 0,162

-
E—4

[

848
840
887
O oxg =

- 887
848
1890 xpy
I xy - 0.0456 x 104 A x,

Xgy = 0.0209
x12 = 0.03308
xpp = 0.0224
1.73 x 104 A\ x,

xgp = 0.02346
x22 = 0,0209
0.251 x 104 A %9

xgp = 0.0209
Xyp = 0.02346
x99 = 0.,03308
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BLOCK V
Run
15 yo = 72 Xg1 = 866
13 y; = 61.3 xyy = 887
6 yo = 57 Xy = 890
ALyy =0 ==0.51 A% -
BLOCK VI
Run
15 Yo = 72 Xg1 = 866
6y, =57 xy; = 890
16  y, =55 Xy, = 848
Dyp=0=-0.625 &%y -
BLOCK VII
Run
17 Yo = 52 X901 = 840
13 yy = 61.3 x,, = 887
14 yy=89.5  xp = 863

67

X9 = 0.0209.
X99 = 0.03308
0.1245 x 10% A xy

x15 = 0,03308
Xyp = 0,02346
0.75 x 10% A\ %,

x02 = 0,0175
X12 = 0.0209

ALYy = 0= 0.198‘ VAN x1‘+ 1,07 x 104£}\x2
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BLOCK VIII

Run
16 Yo = 55 %01
13y, =6L3 x4
14 yo = 89.5 %91

&y, =0 = 0.3

]

848
887
863

AN

%02
X12

X22
- 1.4

X

0.02346
0.0209
0.0210
104 A%xo
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Run #5
Calculation of Average
Reaction Temperature

8001
790-
780
770 ° o
Ts:p.760~\‘ff—¢ _ ;j74 | (B,
7501 B

T40-

7307
7201

7104

o Temp.

g 3 g D A L] L] I

10 20 30 40 50 60 70 80 90 300 110 120..

Time, min,

Fig. 3
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Calculation of Average
Reaction Temperature

Sample Calculation (run 5)

1.
2,

3.

4,

5.

6.

Time vs. Temperature was plotted (fig. 3).

Draw a straight line through the lowest temperature

parallel_to the abcissa,

Draw straight lines through the mid-point of distance

between each consecutive temperature for the length of

their time interval.

Connect these lines by vertical lines and count the

pumber of square centimeters this curve éavers over the

line passing through the lowest temperature (for run 35,

= 42 cm?).

Divide this number by the length of abcissa in em.
(for run 5, =1§% = 1,83 cm)

Add this length vertically to the lowest temperature

and draw a straight line which‘divides area of sect;qn

4 into two equal parts, This gives us the averaged

reaction temperature, which‘was,7599F for run 5.

Av. Temp,. =,7599£
Max, Temp. = 770°F % Dev, = :._’959 x 100 = 1.45

Min. Temp. = 750°F 50-75
| % Dev. = 2205130 = 1,19
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% Max. Temp. Deviation = 1.45
% Max. Temp. Deviations for run proper on catalyst

A are presented on Table 11I.
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