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A STUDY OF PROMOTER ACTXON, THE OXIDATION OF
ANILINE SULPATE BY HOT SULFURIC ACID IN THE PRESENCE
OF COPPER AND MERCURY SULFATES

1. Introdustion

Oxidation by hot sulfurie acid finds important
applioation &n the X jeldahl method for the determination
of nitrogen in organic sompounds, and has until reeently,
been used to prepare phthalic aeid from naphthalene. In
both reactions mercury and sopper sulfates aot as catalysera
to promote destructive oxidasion by sulfuric acid,

Kjeldahl published his method in 1883.} Since thas
time it has been the subject of many investigations whieh
sought to pressridbe empirical methods for the determination
of nitrogen in various types of oompounds.® The only study
of the kinetics of the reactim, and a determination of the
relation between satalytio effeot and amount of catalyst
present was that by Bredig and nr ’?" They determined the
rate of oxidation of aniline sulfate, and of naphthalene, by
hot sulfurie aeid in the presenae of metal sulfates,
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2. Previous Data

The resulta of the study by Bredig and Brown
which are pertinent to this invesntigation are;

1. The reaction between sulfuric acid aend
aniline sulfate proceeds aacording to the equatim:

CgHgNHg g .HgS04 + 8BHg304 =~=- 1800 + 2880g + (NiHg)g30, + 3REO

2. The reaction obeys the first-order law,

3« The reaction is catalyszed by mercury and copper
sulfates. 1Iron, nickel, and magnesium show only a slight
catalytic effeot; all other metals show no satalytio effeot,

4. The effect of copper and mercury together is
greater than the sum of their individual effects,

5. The catalytic effeet of mercury is proportional
to its eaneantraﬁian.’

6. The volume of zas formed s that required by the
preceding equation, and 4» & true measure of the reaction
rate. Hercury may be introduced as mersurgus or mercurioc
axide or sulfate without affecting the measured rate of
oxidation,

7. The presence of a small amount of water doos not
affect the rate of oxidation.
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The bath was made from a welded iron box fifteen inches
square and twelve inoches deep fitted with an asbestos
covered 1id held in plase by anchor bolts. This iren
box was plaged in a wooden box and insulated from i¢ on
the bottom and sides by two inches of glass wool which
served as an excellent insulator,

Ordinary paraffin (i4,P., about 65 degrees) was
used as the bath liguid. %hile 1t served the purpose
well, paraffin is not the most desirable material for use
sbove temperatures of 2560 degrees. At 275 degrees, the
wax distilla slowly from the bath. Por this reason paraffin
mast be added from time to time, and the thermcatat muatb
be placed so that the fumes may be exhausted Ifrom the roonm,
At the higher temperature also, thermal decomposition sets in.
One result of this is that the heating coll tubes become
coated with carboan which finally results in thelir being broken.

The bath was heated by two coils of Wo. 24 nichrome
wire; each eoll contalning 18 feet of wire with a resistance
of sbout twenty-seven olms, The source of ourrent was at
110 volts, These colls were plaged in two pyrex glass tubes,
I, which were placed down the corners and dlagonally aoross
the bath,

One coll was used as a sontinucus heater and waa
sufficlent to hold the bath near 270 degrees, The other was

an intermittent heater and was oporated through ths mersury



regulator, R, shown in the dlagram end through a relay
not shown, Both c¢ila were connested to the source of
power through an auxilisry veriable resistance (not shown)
which permitted the bat. to be adjusted %o high, low and
medium heat,

The bath liquid was stirred by the pulley and
shaft arrangement, 3. The stirrer ran at about 400
revolutions per minute,

Two~ineh holes were drilled at the centers of the
four quarters of the 11é of the iron box. Through these
holes the reaction flasks were inserted and held in the
bath,

The reastion flasks, P, were made from 28 mm.

1.4, Pyrex tubAng and held about 75 oo, The Llask was
held in place in the bath Ly means of the large cork
atopper shich was put in plses before the capillery side-
arm was sealed on,

The reaction flask was fitted with a capillary
tube, ¢, having a side~arm. This served both as a atirrer
and as a means of introduocing the sample of aniline sulfate
golution, The side-arm of the capillary was closed by a
glasa-plugged tight-fitting plecs of rubber tubing, The
stirrer was rotated at 120 revolutions per minute by neans

of the pulley aystem, P, which was supported by a ring-stand
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post bolted in the 114 of the bath,

The flaaks were olosed with an ordinary merocury
seal,

The gas collegting burettes were the ordinary
water=-jacketed type reading to 0.20 se. The gas was
collested over meroury which was allowed to run from the
burette as the volumé inereased, As an ald in reading the
burette and in adjusting the meroury level to one atmosphere,
it was fitted with the two side~arms as shown,

The gas burette was oconnected to the reaction flask
by capillary tubing. The stop-cock, A, was used in introdueing
the sample whenever a slight suction was required to start
the flow down the capillary tube into the flask,

The bath temperature was measured with a 360 degree
thermometer which had an error of «1,5 degrees at 275 degrees
for which it was corrected, The temperature regulation of
the bath was unusually good, and was constant within M 0.10
degree.

METHOD OF PROCEIURE, Quantities of the ocatalyst
{(merouric oxide or copper sulfate pentahydrate) were weighed
out and introdused intc the reaction flask through a long=
stem funnel, PIfty cubic centimeters of sulfuric acid were
then introdused through the funnel; this served to rinse the
catalyst into the flask, The stirrer and mercury seal were
then put in plece and the flask fitted into the bath., The
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mixture was stirred for one hour, This was sufficient
time for the catalyst to dissolve and for the mixture to
ocoms Lo temperature,

The stirrer was then stopped for a short time while
the samples was introdused, This was done by adding a welighed
amount of a standard solution of aniline sulfate in sulfuric
acid from a weight ' burette to the well of the aslde~arm of
the saplllary stirrer; the stop~tock, éw'qung closed, The
stop-cock, A, wae then opened, and the solution allowed to
run into the reaction mixture. Sometimes a very slight
sustion applied at,A, was vequirsd to start the flow down
the tube. The sample was followed immediately by 1-1.8 ce.
of concentrated sulfurie asid to rinse the solution into
the flask. The stirrer was started, stop-cook, A, was
closed, and, the initisl time noted. After asome practice,
the miccesaive ateps in thle operation gould be done very
guiekly. Oreat eare had to be exereised to prevent air
from being drawn into the system when the sawple was intro-
duced,

The system was kept constantly at one atmosphere
pressurs by allowing mereury to mm from the burette as the
gas collested, The side-arms of the burette were very
eonvenient in this operation.
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4, The Datma and Caloulations

The data rocorded in this investigation were:

‘1) the weight of standard aniline sulfate solution
introduced into the resstion mixture; 2) the volums of
ges at O, B, 10, 15, 25, 45, 90, (minutes for mixed
eatalysts) 120, 150, 180, (minutes for aingle catalyats),
240, 360 mimates for sero catalyst concentration; 3) the
temperature and preasure of the sollested gas.

The standard aniline sulfate solution in sulfurie
acid was an approximstely 8 percent solution by weight,

The welight of aniline sulfate introduced varied from
0.0800«0,0900 grams. For comparison, the datae from each
determination was osslenlated by direst proportion to the
volume of gas which wonld have bean given off by 0,0600
grans of the salt. 7This ocsloulation is valid since Bredig
and Brown showed that the volume of gas whish results is
direatly preportional to the smount of aniline sulfate
preaont, All velumes ware corrected to standard conditions,
The data sc treated is found in the tables below under the
golumm giving the number of the determination,

For an individual experiment these deberminations
were averaged and resorded as "average"., These average
values were then plotted on & large soale and the best smooth
curve was drawn through the pointa, In s few cases this curve
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414 not pass through the origin, but had an Iintercept
ew the volume axis of from one to two ouble centimeters,
In such cases the curves were corrected to pass tlhrough
the origin,

From this ocorrected curve in oash experiment,
the voiumes at the recorded times were read, and the
velues obtained are recorded as "Corrected from Curve”,

These values are takenias the best averages of the volume
resdings recorded in each sxperiment, The curve had to

be corrected through the origin in some instanges to correct
for any small volume of air whigh may have been drawn into
the reaction flask with the sample of aniline sulfate,

The equation for the reactlion given abova shows that
twenty-nine moleoules are involved, Henge, it 1s of interest
to caloulate the reagtion veloeoity constant and to determine
the order of the reaction. The resstion mixture contained
three molecular species, but only the anlline sulfate changed
in concentration as the reaction progeeded. The sulfurie
asid was present in large excess and changed but l1little in
sonsentration; the metal salts aet as true catalysts and are
not used up in the reaction,

In view of these facts, ths equationa for the
reaction veloeity having terms representing the ooncentration
of sulfuric seid, (b), and of metal salt, (o), all reduss to

the axpression for the mono-molecular rate, with these
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goncentration terms embodied in the valoulated conatunt.o
Thus,
t N b1 &
(K% m K, mg din and
PEEE R

L1 1 a
o ——

If the reaction 18 mopno~, die, or tri-molecular
with respecot to aniline suilfate, then the following
‘expressiona wilil hal&:g

Kig!‘ in ]

t =X
K’t ﬂl B
a{a=x)

Kt a% % &W - "‘%ﬁ""’”
where,s, 1a the initial concentration of the aniline sulfate;
%, 18 the amount decomposed at time, tj {a-x) &£s the amount
left at time, t, |

The values obteined for the gonstants by eaeh

equation are more nearly sonstant for X', although the valuea
obtained for K'' are almost as sonstant, A plot of the dats
using log{eoncentration of aniline sulfate) against time gave
more nearly a straight line than the sorresponding graph of
3/{congentration of aniline sulfate)against time, This faot,
and the fact that the volume of gas is proportional to the
concentration of aniline sulfate is additional evidence that

the resation comes nearer to obeying the mono-molecular law
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rather than the di-moleésular law. The values for X! are
_glven for each expsriment in the tables below. A few
typical values for X't are alac recorded, Both sonstanta
are calculated in moles per liter and the time is expressed
in minutes,

Since the logarithm expression in the equation for
Kt 15 a ratio, it can De evaluated quiekly by using the
volumes corresponding to the concentrations. Hence,

& = 156.3 00,, and X = the volume of gas measured at time, t.
The purity of the aniline sulfate as determined by analysis
was taken into acsount in caloulating the value of "a",

An important part of the study of this research was
to determine the promoter effect in the mixtures of salts
used as oatailysts. 7To evaluate the promoter effect, the
"promotin factor™, B, was caleculated using the relation:

\

Ba ..é.f.;‘:Vf 3is the volume of gas at time, ¢, when a mixture
o

13 used as catalyst, and Vg 13 the volume calculated by

adding the volumes obtained when the amount of each metal
in the mixture 18 used alone as a ¢atalyst,
The "promotion factor" caloulated from the values of

'
Kt 18 called, B' in the tables below. B'a K'e e
K,y 8lone + T'Hg alone

Although the data gives reaction sonstants whigh
gorrespond more nearly to the monoe-moloscular constant, the

valueg of E' are not sufficlently constant to compare the
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reaction rate between experiments without taking some
arbitrery mean, This has been done, using the values atb
45, 80, and 90 minutes, and the average of these values
of X' gives the "average" value recorded in the tables,.
This alliowa the results of all the experiments to be
sompared at comparable times.
The unit weight of catalysts were the molar
equivalent quantities: 0,0308 grems of mercurio oxide,
and 0,085) grams of copper sulfate pentahydrate, Multiploes
of these unit welghts were used in the experiments, and are
shown after the weight of catalyst in each table, These
values are important in studying the relationship between
the promoter effeot measured by the promotion factor and
the composition of the mixed catalyst sinse they give
immediately the mol ratio of copper to mercury in the
mixture,
The data caloulated aas descrided for each experiment

is given in the follewing tabless

Volume of sulfuric acld sceeecvsceseeB0 e,

TONMPEratur® seveeovsesvonsrcsssassees2Vh

felght of satalyst indicated with each Table,

Volumes in oc. at time,t, in minutes, corrected to

0.0800

grams aniline sulfate and to standard conditions.
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TABLE B
8440 g. Hgo (8)

CGorr., 1
t #6566 #68 #60 #62 #66 ¥re Av, from K
ourve
] 1;5 - 9&9 1.8 1»‘ 1.2 1.6 OQB -031060
10 2.5 2.8 3.1 1.9 2.6 2.9 2.8 1.7 « 001038
6 3.8 . P § 4.7 2,5 5.6 5.8 8.8 2.7 .001151
25 6.8 6.1 8.3 4.9 8.7 6.5 6,56 5.7 +001478
456 14.5 12.8 15,0 10.9 14,3 13.7 13.7 12.9 « 001920
60 20.7 18.1 22,8 18.9 E£1.0 19,9 19.6 18.8 + 002813586
0 32.0 28.1 33,3 23,0 33.3 350,85 30,0 20.2 « 002308
120 39.3 358.8 42.8 3.0 44,0 39.8 40,3 39.B « 002430
180 50.3 4G6.4 50,7 45.8 B2,0 47.3 48,7 47.9 «002448
AV «00218
TABLE @
+0361 g. Cus0,.5Ha0 (1)
¢ #57 #60 #el #85 Averags Correcgted x*
, , from ourve
5 - 10‘ 1.9 ;"?O 100 0;2 WO
10 » 1;9 1.6 1;0 145 0.6 cmﬁﬁ
18 - 2.4 2.0 1.4 1.9 1.0 +» 000492
25 - 5c5 3«!5‘ 2-3 3«0 300 »000545
40 4.9 8.0 5.9 4.7 H.4 4.7 « 000876
a0 7.0 B3 9.0 6.7 7.8 Ted 000778
90 11.8 12,% 12,3 1l.4 18,0 1.6 » 0008568
120 - 1? * 8 18 t? 13 o‘? lﬁa& 1509 » W
150 21.8 21.9 21.0 20,1 21.0 20.1 » 0000919
180 28.4 26,0 24.5 23,9 24.9 25.9 » 000924
Av. «0300769
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TABLE 11
<0308 g« Hgo (1)
+8808 g. CuS0,.BHgO (8)

Cory, 1
4 200 238 240 242 240 280 Av, from X
eurve
S 1.2 8.3 2.5 2.0 1.6 1.7 1,9 1.9 « 00240
10 3. 8.1 8.3 4.7 3.8 4.0 4.4 4.4 ,00208
18 7.4 7.8 8.0 7.8 5.9 6.8 7.2 7.8 ,O0318
28 13,8 14.9 13.3 2.9 10.8 12.9 13.1 13,1 .00348
45 20.8 30.8 31.2 28.6 24.4 25.2 27.6 7.6 « 004318
80 41.0 40,8 40.5 38,8 5.5 34,2 3.8 37.8 004630
9“ 55¢5 53.3 54.4 51‘3 5315 &5;5 54.3 5‘03 QQQ‘?”
AV, « 004588
TARLE 18
+2440 g, Hgo (8)
+0381 g, Cus04.8Hg0 (1)
& 201 203 208 207 Average Corrected gt
from curve
& 2.7 2,0 3.7 2.7 2.8 2.8 +» 003608
10 TS 5.8 8.1 8.1 6.8 6.8 - 00449
15 12,9 1.1 13.6 10.7 12,1 12.) 00638
g5 28,1 23,6 26,5 27.8 25.8 25.8 00723
485 49.2 43.4 43.7 43,8 43.8 43.8 200732
60 80.8 54.6 B5.8 54.0 B84.6 54.6 «007186
90 63:7 - ‘70.3 "0‘5 "035 "0;5 c@%’?ﬁ

Av, 00708



+0305 g. Hgo (1)

- 80 -

TABLE 13

20351 g. Cus0,.5Hg0 (1)

t 213 216 218 Average (Correoted  K"x108  x'
from curve
8 2,1 1.0 1.1 1,1 1.1 2.0 « 001337
1ﬁ 8.9 3;1 - 305 3o5 1@04 0&161‘
16 4,0 3.8 3.8 3.7 3.7 10,3 +001614
25 7.0 6.2 6.6 8.8 6.8 10.6 « 001796
45 13.9 12,3 135.8 13.8 13.8 13.1 « 002086
60 19.3 16.9 19,2 1p.82 16.2 14.9 00218
90 29.8 26,3 29,1 29.4 20.4 16.56 +00R3I2S
AV «00218
TABLE 14
+8440 g, Hgo (8)
+«2808 Be G%Q‘qwﬁﬁ (8)
] 2286 237 274 Average Correoted x"
; from surve
5 2.7 a.” - 303 a.ﬁ .00414
10 703 8.9 - 305 a-a .OQM9
16 14,1 15.4 13.3 14,6 14.6 « 00653
86 31.86 29,9 28,0 20.9 20,9 « 00849
48 57.7 51.6 53.0 bd.1 53.6 « 00833
80 68.% 68,9 65.%7 65,8 85.8 +01108
80  75.7 7.7 81,0 78.1 82.0 +00841
AV, « 00056
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TABLE 17

.0610 g. Hgo (2)
-1404 g. Cuso,.5Ho0 (4)
ﬂm: 1
t 203 210 212 219 224 228 230 234 258 Av. from K
curve
5 - - lc? li? 169 ﬂal 2;‘ gsg 199 E.Q aiﬁ .m'
10 5“ - 5.3 4.3 416 5&9 5&1 413 ‘03 4*6 ‘aﬁ o%ﬁ
15 8.1 TS 8.7 6.8 7.5 TS T3 Tes 8.2 7.2 T7i2 00318
26 10,1 12.4 1l.1 11.2 12,7 13.2 135.6 13,6 11,56 12,4 12.4 .00330
45 28,8 25.6 25.0 22,1 24.7 26.83 24.7 27.6 £23.4 24.8 24.8 . 00385
60 39.0 34.7 28.4 28.3 32,9 3I6.1 32.9 36.2 32,6 3I3.4 I3.4 JO0AOD
90 48.1 49.7 43.7 43.5 43.4 5l.5 43.6 B2.4 47.7 49.5 40.5 .00424
TABIE 18 Ave L0040
«1220 g. Hgo (4)
0708 g. CuSO,.5Hx0 (2)
t 226 232 235 Averags  Corrected xt
from cuwrve
8 2.5 2.3 2,6 2.5 2.5 - 00522
10 4.8 5.0 6.3 6.0 5.0 « 00530
18 8.3 8.4 8.3 8.3 8.3 « 00367
26 15.4 14.8 14.8 156.0 15.0 00405
456 30.2 20.4 28.6 29.4 29.4 «004886
60 40,0 39.8 7.6 39.8 S59.8 « 0049156
90  85.7 55,0 B3.56 58.0 B6.0 «»00480
Av.  .00480



TABLE 19

«1372 B Hgo (‘oﬁ)
1579 g. cﬁSQ‘ubasQ (4.8)

t 255 257 268 Average Corrected X"xio6 xl
. from surve
5 T - . Y § el 3.1 - « 00400
10 ’f.@ 703 6;8 693 6.3 - ¢m
18 1l.4 12,4 9% 1l.2 11,82 32,9 «00495
86 22.8 23.6 19.8 2l.9 21.9 41.6 .006806
46 39,8 40.4 38,4 39.3 30.3 47.7 « 00644
60 50.4 853.8 49.0 5l.d 61.1 51.8 00881
90 - '?3.4 6600 69&? 8?.2 &5;? pmlg
Av, « 00639
TABLE 20
+1280 g. Hg0o (4)
+0381 g. CuBOg.SHaO (1)
t 262 263 Average Corrected Kl
N Jfrom surve

- 2.2 2.2 2.2 2.8 » 002858
10 4.6 3.8 4.0 4.0 +O0R65
15 6.9 5.3 8.1 8.1 « 00268
26 12.4 9.4 10.9 10,9 «00281
45 24.1 20.9 82.5 28.8 +00348
80 38.3 28,1 30.8 30.2 « 00357
90 48.8 42.4 44.6 44.6 00574

AV « 003857
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15a 16a
3 Hg - 3 Ou 5 Hg -~ 1 Cu

t ¥ ¢ B P ¢ B

5 1.7 - - 2.6 - -

19 4:? b - &cl - -

18 ".0 - - ?.9 - -
25 13,8 (B.2) 1.61 14.1 (7.0) 2,00
45 3.9 ias.a; 1.61 86,6 (14.9) 1.78
80 36.2 aa.a; 1.57 35.9 az.vg 1.65
90 B2.2 (37.0) 1.4} 51.8 (35,7 1.48
xwiot 43,9 (26.4) 1.66 43,8 (24.4) 1.78

78 18a

2 Hg - 4 Cu 4 Hg - 8 0Cu

& p c B p o B
§ 2.0 1.2 1.67 2.5 1.4 1.79
10 4.6 2.8 1.84 5.0 3.0  1.60
1B 7.2 4.3 1.7% 8.3 4.6 1.81
25 12.4 7.3 1.70 16,0 8.8 1.83
45 24.8 14.7  1.89 20.4  16.4 1.79
60 33.4 21.1 1.88 59,8 23,3 1.7
90 49.5 34.2  1.45 55.0 38,7 1.42

rxiot 40.3 23.56 1.72 48.0  26.6 1.80



loa 20a
4,8 Hg - 4,5 Cu ‘ﬁa"lﬁﬁ
¢ ¥ g B r ¢ B
a 3.1 hd - 203 icl 3;0
13 508 bt - ‘&QG 2;‘ 1.“
15 3.3..3 - bud 5&1 5»3 1.80
A8 39.3 (18.3) 2.12 £2.5 13.9  1.62
60 51.1 (26,8} 1.8} 30,2 18.9 1.828
9@ 87,28 (43.8) 1.54 44,86 33,3 1434
K10t 63.9 (30.0) 8.13 36,7 22.5 1.69
8la
1 Hg - 4Cu

% P ¢ B

8 1.6 1.8 1.28

19 3.0 2.4 1.88

13 4.8 2.0 120

26 8.6 8.6 1.30

48 7.6 13.0 1,38

60 £25.0 18.4 1,38

90  39.8 29,1 1.37

K ' x1.04 20.4  20.4 1.6
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8. Disoussion of Results

Bredig and Brownd:% determined the rate of
oxidation for five concentrations of meroury, for one
concentration of copper, and for one mixture of aopper
and meroury.

The data of this investigation extends the study
to: 1) four concentrations of sopperg 2) eleven mixtures
of aopper and meproury; 3) ohesks the work of the previous
investigators for four concentrationa of mercury end for
the rate without catalysts present,

The data may be sompared on the basis of the
volume of gas given off at definite time intervals, or,
by eomparing the values of the resction eonstant, The
"average” wvalue rar"x* for this ecomparison was taken as
the average of the values at 45, 60, end 90 minutes as
mentioned on page 13,

The sumnary of the data in Table 10 and in Pigs,
2 -~ 6 shows that copper 48 a better oatalyst than meroury
at the lower concentrations but a poorer oatalyat at the
higher concentrations on a mol for mol gomparison. Welght
for weight, eopper sulfate is a betier catslyst for the
reastion than mereuric sulfate, The pressnce of 1.4
millimoles of metal causes the oxidation reastion rate to
inorease about thirteen fold, (Table 10).



nzgu

The catalytio offeot is proportionsal to the
amount of metal present, but ia not direotly proportional
as Bredig and Brown deolded”. It e gonerally true in
homogeneous catalysis that the catalytie effest increoases
proportionately with the inorease of eatalyst consentration,
The optismm smount of catalyst to promote the destrusctive
oxidation of anilins sulfate by sulfurie anid s thersfore
the maximmm amount which will 4issolve in the reaction
aixt\mlo,

The data obtained using mixturss of metal salts as
catalysts is shown in Tables 11 - 21, As with single
catalysts, the catalytle effect 18 again proportional to
the total amount of metal present, The mixtures with a high
meroury sontent are better catalysts than those with a high
goppor gontent, This may be expested from the fact that
meroury is a better catalyst than copper when used alone at
high gonsentrations., Two sxperimsnts are recorded for a
sories of mixtures in which ths total amount of metal is
aix units, and nine unita. The data for these 18 shown in
Pigs. 7 and 8, respectively. The data shows that for a given
smount of metal oatalyst, the optimum composition of the
mixed catalyst is approximately one mol of copper to two of
nOPOUrY .

The values of the promotion fagtor "B" and "B1'" are
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given in Tables lla=2la. An inspeation of the values
showa the interesting fact that the promoter effect as
measured by the promation faotor 18 praotically conatant
for all the mixtures, The variation from the loweast vslue
of B, (Table 21a) ia in most cases about 15-20%, and in
the extreme eases (Tables 12a, 14s, 19a) about 65-70%,
The relationahip Letwsen the promotion faotor and the
sonposition of the catglyst 13 an important relationship
in olessifying promoter action, and is the most important
information sought in this research., In many instanges
the promotion fastor varlies as much as 300-400% with
varying composition of the mixed eutulysﬁ.gab

Another interesting fact about the valus of "B"
1s that 1t decreases siteadlly with time., 7This may mean
that before the oxidation 1s complete the value of "B"
may become equal to unity; then no promoter aetion occours.
Thia indlcstes, also, that the mixed gatalyst is partioularly
effective during the early stages of the oxidation.

The valuss of the reaction rate sonstant, K!, are
not all that is desired if one 45 to assign & definite
order to the reaction. The mono-molascular constant is more
nearly constant than the corresponding values for X" or Xttt
as has been previously stated, The only conclusion that
the data permita i1s that the reaction is "psuedo-mono-molecular"
with reaspest to aniline sulfate.
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The value of X' 1a not ¢onstant, no doubt,
becauss of the number of reaotions which ogour in the
reaating aystem. FEvidense of the existence of conourrent
resctions may be obtained by an inspeotion of the volume~-
time curves in Pigs. 2-3 where 1t 15 seen that the curves
go through a change in slope at sbout sixty minutes, The
reason for this change, noted also by the previous dnwwaduu‘au
cannot be explained exsept on the assumption that there ia
a change in the velooity of a concurring reaction.

A cursory examination of the data in the preceding
tables might lead one to the sonelusion that the apparent
lagk of agreement betwesn the volumes recorded is the result
of poor experinental measurements, The purposs of this
research was to evaluate the promoter effect and does not
require pregise measuromenta, However, in the opinion of
the writer the recorded values are the best that the method
of study permitas.

The error in the weights of the reascting materials,
in the pressure, temperature and volume of collested gas
were of the usaal »cghwmww and were less than a.waa. The
temperature regulation of the thermoatat was 2 0.0 degroe
and dfd not introduce an appreociable error in the results,

The values for the volumes regorded in the previous
tables show in some ocases a deviation of four to five cubis
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centimeters. Part of this deviation is due to the entrance
of air with the sample of aniline aulfate and was corrected
for by the method of correcting the average curve through
the origin. An error which sannot be currected for ls

that caused by sdding the oold solution of salt to the
reaction mixture; the initial time for the start of the
reaction is in error by about one-guarter to one<half minute,

Another source of orror which apparently d4id not
interfere greatly with the determinations resorded in this
research is that due to the solubility of sulfur dioxide in
rubber, Although that solubility is appreciable (10a) the
rubber was exposed to the gas in many experiments before
those recorded, the pressure of the gas was always less
than one~half stmosphers, and the time of oxposure was not
more than 180 mimutes, These fantes would lead one to expeet
& small socurece of error due to the reaction between the gas
and the rubber connections. The apparatus could have been
construoted entirely from glass but then 1t would have bteen
too fragile to be servigeabdbls,

The sclubility of COg and 30g An the resction
mixtare is aontidnvta,nﬁgllgihia at 275 degrees. The
previcus investigators have shown that the formation of water
a8 the oxidation proeeeds does not interfere with the measured
rate with the excess of milfuric sclid present,
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8. Comparison of Results with those of
Bredig and Brown®ré

It was expeoted at the start of this work that
the values obtained by the previcus investigators for
the reaoction rate without oatalyats and for four cone
gentrations of meroury as catalyst could be used in this
ressarch, Howaver, attempts to check the data as recorded
by Bredig and Brown in those cases were not suscessful,

The catalytie effoot due to the presence of
meroury is greater than Nrown calculated and recorded in
his thesais®, Table 52, page 656. His data recaloulsted,
yields values conparable to those recarded in Table 10
for the inoreased rate in the presence of 1,4 millimoles
of meroury.

The promotion factor”"B" for the ane mixture
recorded by Brown in his thesis®, page 76, has the value
1.37 which $a in close agreement with the data of this
atudy.

The valuss whieh Bredig and Brown obtained for the
volumes of gas and for the value of K' at definite time
intervals are all uniformly higher than the values obtained
in this study, and we agroe, therefore, only in the general

eoncluasions. A eloss inspsction of the data leaves only
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the possibility that the sulfurie acld used hy the
previcus vorkers may have eontained sopper or neroury
sulfates as an m&éﬁ

The values for X' obtalned in the previous research
are somewhat more oonstant than those abi&im& faor this
data, However, Brown applies a eorrection to his data, as
explained on page 30 of his thesis®, the application of
which 1s net made olear. At times the correction 1s toe
iarge to appear reasonable,
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bengens ring. The tri-sulfonic acid is very probably
formed,

2. In the presense of mergury or soppsr

4

That sopper and mersury have s profound sffect
upon the rate of destrustive oxidation of aniline i»
evident from the preeeding data, This fact was also
noted by Neldermanl®, who found that the oder of sulfur
d1oxide became apparent when even a small smount of
neroury wvas added to a solution of aniline sulfate and
sulfurie asid at 190 degrees, Thus whils the presense of
meroury is desirable in the reaction between sulfurie aeid
and aomo compounda, as in the preparation of phthallie asld
from naphthalene, and the preparation of the b-sulfonie
soid of anthraquinens in plece of the a~compound, with
aniline sulfate the presence of merasury causes only
destructive oxtdatien,}®»13

3. Other possible reactions in the Systen,

In eonsidering thse mechanism of the catalytie
effect of the added metals, 1t will be necessary to consider
all the possidle reactions in the system, These might be
menticned at this time,

James Kondall snd co-workers have shown definitely
that in almost every solution, somplexes of solute and



-3 -

solvent are formed, Thus we night expesot sueh gomplex
formation between the sulfurie acid, aniline sulfate and
the dissolved metal salts.
That aniline may form such complexes is shown by
the following whisch are resorded in the llterature
HgBrg(An)gs HgBr(An); Hg(ON)g(Anlgs Hel(CR)g(An)g %y and
Cu(WHCHgPH)3(NHeS0g)gs NAC1g.Hgllg(An)g.RHg0C002g Hgllg(an)y O2l®

Another type of reaction which may possibly oceccur
is one in which mersury of sopper replaces hydrogen in the
benzeno nucleus snd forms an organomotal compound, This
reagtion ia very readily carried out with mereury whiech has
& graat affinity for carbon. 3uch mereuriated aryls are
rathor atable gompounds., Thus, Af aniline is added %o a
solution of mereuwric acetate in water solution, p-sminophenyl-
merourieo agetate separates after standing a short time along
with some of the ‘Mmmd.zv The copper conmpounds are less
easily prepared and are not as stable,l®
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- On the other hand, bismolecular reactions are
very common and their nature may de definitely established;
therefore, many regard the blemolegular system as the
eimplest poasible, The theorstical treaitment of reaction
veloolty has been based almost entirely on the bi-molesular
change,

Bafore s moleoule may decompose, it rmat collide
with another moleoule, and must possess a definite amount
of energy of decomposition. To ascount for the sourge of
this energy has beon a difficult task, end is a problem
whish has met but slight experimental proeof.

A atudy of the resmction rates of b&~mm1aaular systoms
led Arrhenius teo two important conolusions, He a%'rrvud
that the number of moleoules deconposing represent but a
small frasction of the mumber of sollialons actuslly ocourring
in the system, and, that the temperature coeffieient of
rem'tion velooity is mach m than one would expect on the
basis of the increased number eof collisions due to the
tempersture rise, On these factes, Ar-henius postulated
that there were two types of collision between molecules,
An elastic collision, and an inelastic collision, The latter
only resulting in the activation of the molesule oapable
then of decomposition. Thue, he propoaﬁa that an equilibrium
existed between active and iInactive moleculea, A At.
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Whatever the source of activating energy, &
catalyst apparently operates to increese the number of
activated molecules, and inscresses the reaction veloelity
by shifting the adbove equilibrium to the right.

If the meochanimms of setivation were deflnitely
explained, then the mechaniam of catalytisc setion eould
perhaps be understood, However, the theories of activation
advanced have met but litile suscessful experimental
verifioation.

Studies of the reaction rate in the gaseous state
have given risa to the "radlation hypothesis" which suggests
that the energy of sctivation comes from radiant energy
existing in or passing through the reaeting syatem, This
theory would require the existence of monoemoleaular
roactions as a sustaining arguwent and would alao require
that the astivating rediation be definsd by the photochemical
law, £ = Whyv, In neither reapect bas it been substantisted,
Ths thecry of "activation by collision” is based on the
assumption that the kinetic energy resulting from the lnelastie
collision of reastant mwleoules appears as guantised energy
of activation. In the oase of bi-molecular reactions this
theory finds sound theoretieal explanation sinece Lt can be
shown that the rate of sctivation by pollision 1s sufflelently
great to account for the required snergy of astivation, While
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the number of proofs is somewhat limited, wmuch experi-
mental evidencs ia at hand to prove this hypothesis,

For that reason it is the most suscessful hypothesis in
explaining the source of aotivating snergy in bl-molseular
reastions. In the cases where the photochemiocal law 1s

not obeyed as required by the radiation theory of scetivation,
some investigators point to the possibility of chain reactions,
By this mechanism, only a small amount of radiant energy is
required to inlitiate the decomposition of a few molecules,
and then this energy may be handed on from one molecule to
another in a series of atom shains. This may be exemplified
by the following:

Hy + aotivating energy ~--- B2H

H ¢ Clg ==== HCl 4 C1
Cl + Hy w~=== HC1 4+ H, ete.

The theories mentloned in acsounting for the
sotivation of noleoules in the gaseous state should be
generally applieable to the liquid state, but this has not
met with sucogeas, The resson i1s that the liquid state is
much more ocomplex and little understood, and, does not lend
itselfl to precise theoretical treatment., Also, reactions
in the liquid state are complieated by the formation of
varioua types of complexes between the reactant, solvent,
and catalyst., Theories of actlvation and catalysis in
solution therefore have been based mainly on the idea that
reastion proceads through the formation of an intermediate
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eonmplex,

To justify sush a theory it must be shown that
such complexes can exiat, that by their formation the
molecules of the reactant may be activated, and that the
formation of the aomplex scorresponds to a diminution of
the free snergy of the aystem,

The existence of complex gompounda in almoat
every type of system has been definitely shown by
Kendall and co-workers. In many canes these complexes
may be lsolated from the system. Such evidence has caused
the 1dea of complex formation to be assepted as an adequate
explanation of the mechanism of catalytie effeet by many
workers, more partioularly Sabatiorae.

Studies of the hydrolysis of esters, the muta=~
rotation of sagars, the desompesition of nitramide, and
many reactions whieh are gatalyzed by hydrogen or hydroxyl
fon have been best explained by the existenne of a ternary
complex between reactant, solvent and oa&uly&tal.

Reactions like the Friedel~Crafts reaction, the
decompoalition of diaso-oompounds, and others have also been
explained by the existence of intermediate complexes: .,

Thus it is postulated that in the hydrolysis of
suorose, catalysed by H*, catalysis results from the formation

of the complex: (sucrose).(water).(H*)x. And that the



Friedsl~Crafts reaction proceeds through the formatliong

Clg
OgHgH + AlCly ===~ HC1 + A
CGeHs
Clg
Al 4 RICL ===e Al0lg + OgHg-R'
CgMg

Hence, while a system may ordinarily decomposes
8 + D ween (gh) wewe 4, the satalyast may hasten
the reaction by
R 4D mene (ab)
{ab) + ¢ ==ve {abo)
(abo) ww== @ 4+ ¢

In the case of oxidation catalysias the catalytie
effect ia supposed to procesd through the formation of a
peraxidised intermediate.

We may represent such a state of affalirs by the
following in which Me represents the active form of the
metal ion, Og the oxidising agent, and An, the material te
be oxidized, Other than the oxidiszing action, the following
reaotion may takte place and produce a catalytic effect:

tl’ Mo & aa [ ——— u‘@a
induotoy oxidiger unstable peroxide

The peroxide may then spontanecusly deccmpose, or may resot
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with the oxygen acceptort

{(2) He0g + AD wowene Heo + AnOg
unstable psroxide oxygen induotor axidized
sageptor product

Ir equation {2) results in only partial reduction
of the peroxide to NeO, for example, then the sction will
not be striotly catalytiec ascording to the definition of
catalyais begause the induotor will not then be sontinually
regonorated,

Many instances of oxidation gatalysis have been
explained by the meghanism given above 28

Thet the meshaniem of the gatalytie effact produced
by metal fons is not a simple oxidation-redustion of the
fon (He*tt cowe Het++, for example) can be shown in some
cases vhere thermodynamic data 1s available., Bohnaon and
Robertson have pointed thils out in their atudy of the
ferric salt decomposition of hydragen peraxiﬁuﬂab, By
approximating the P of formation of Feez + they were
able to show that the reciprocal oxidation-reduntion of

Pe -+ wawe By »

wasy very improbable,

The pressnce of the intermediates which a catalyast
may form may be proven by isolsting auoh complexes, by
speotographic atudiea, by studying the relation of satalytie

effect to the sotivities of the companents of the system, by
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$deas based on molesular structure, and by the use of
available thermodynamic data,

In postulating the existence of intcrmediates
whioh exert a catalytie influense, it is important to
remembor that sush an intermedlate mast be unstable, and
that the velooity of the resction through the postulated
path must be more rapld tham by the unoatalyzed. )

‘9« The Mechanism of the Catalysis by Heroury
and Copper.

That the prosence of either copper or merewry
sulfates has & profound effest upon the rate of oxidation
of aniline sulfate by sulfurle scid ia evident from the
preceding data,

¥What we are oonoerned with here 4s the behavior of
the metal fons acting as indugtors of the oxidation reastion,
The oatalysis may be agcomplished through a physieal effeet
in that the added salis may form ternary complexes which are
more easily oxidized than aniline sulfate itself; or, the
offect may be chemiosal in that ths metal may form a
peroxidised complex or react chemieally in some other way.
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With the data at hand, the problem of assigning
a mechanism to the reasction is very difficult, The lack
of thermodynamic data and the laok of evidence of any
intermediate compound formation makes it necessary to
draw only gemeral conclusiona, The complexity and number
of posaldble reaations which mgy ogour in the aystem also
incrusu;" the Mrfionity of postulating & mechanism for the
gatalytic effect.

Disalssing the SossiBle: ;formation of ternary
eemtmt a8 being untenable and hi.:fw Qmpl&uta& to explain
the catalysis, »e may sscount for the bshavior of the
added metal salts through two ¢hemical effects,.

The first of these 18 the possidle formation of an
organometal compound in vwhioh the metal present substitutes
in plece of hydrogen in the phenyl nusleus, Sueh a compound
may then hydrolyse ylelding & hydroxy compound whioch is more
easily oxidized than aniline senlfats, We have noted the
poaaibility of the formation of sush gcompounds on page 37 .,

That mereury may act in such & way to produce a
hydroxyl group in the benzene ring has been shown by Davis,
ot 2123, Benzene snd nitric astd in the presence of meroury
nitrate give trie-nitro phenol very mnﬁ!m whereas, in the
absence of mergury salts the reaction yields only nitrated
bensene. They were unable te asgcount for the fermation of the
OH group, but were adble to show that it was due entirely to
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the preasnce of mercwry and was not formed by the
oxidizing action of nitrisc aeid, They waere able to
isolate an intermediate somplex from the system whose
constitution was not determined; the meroury apparently
acts in its catalytic role through the formation of this
somplex, They also observed that the presence of sulfurio
acid in the mixture deoreased the yield of pleris ascld
probably through destruetive oxidetion,

The catalytic decomposition of HgOg has been the
subjeot of a number of investigations®@, This system is
well suited to a study of the mechanism of homogeneous
catalysis because of {ts simplioity.

The oatalytie decomposition of hydrogen peroxide
by iron and gopper salts has been sxtensively atudiad%"h,
and it has been shown that the catalysis proceeds through
the formation of ferrie snd oupric agids. ‘The existence of
these gompounds has been ghown by spestographioc measurements
on the reaction mixture, and in the case of irom, also by
the action of barium ferrate on HgOg. Suoh a mechaniam
follows the peroxide theory outlined above and auggosts a
very probable meshanism for ths catalytio effeot noted in
this inveatigation,

Both merewry and copper may exist in the form of
higher oxides which are rether unatable oompounds although
roadily formed. OCopper may form two peroxides: Culg.Hg0,
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and, cugﬁgg mercury, the peroxide, Kgog%g Robsrtson
assigna the formla HpCuOg te the active form of copper
in the decomposition of 'ﬁg@g“¢

This suggests a possidle meschaniam for the
catel ytic effeot in the anlline sulfate-sulfurlc asid
aystem. The copper or meroury sulfates give rise to the
peroxidised intermediate represented by the formula,
HoM0g, These oompounds are readily formed, and are
unstable, being readily reduced by the aniline sulfate,
Thus the oxidation proceeds more readily by this path and
8 oatalytis effect kmtultn-

10. ¥Promoter Astion in Homogeneocus Catalysis;
Theoretional Disoussion}®,

An interesting phenomenon in catalytioc action is
that produced in many instanses by s mixture of metal
salts aoting as a satalyst, Thus, it has been found that
in some cases the addition of a relatively inert material
may enhanse the catalytic agtivity of a eatalyst, or, that
a mixture of two catalysts 1s more active than thelir single
aptivities would suggest. This enhangement of catalytie
aotividy 1s known as "promoter action", The term was

suggested in patents of the Badische-Anilin und Soda-Pabrik 87
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which is the first literabture use of the term,

Exemples of pravoter aetion are more numsrous
in heterogenecus gatalysis than in homogeneons systema.

The best known exsmples in the latter case are the well
known neutral salt effect in the hydrolysis of eaters,
many instancoes of the action of metal salts in the deoom
position of hydrogen peroxide, and the promoter effeet of
copper salts on the ferric salt catalysis of the reastion
between KI and KgSq0g, and between Hp0p and ax%,

Poase and 'i‘ayl»“ have oollected most of the
literature on promoter action up te 1920, and have atiempted
to set forth a definition of promoter astion as:"all those
gases in whiech a mixture of two or wore subatances 18
capable of producing & greater catalytieo effest than can be
agoounted for on the supposition that each subatance in the
nizture sets independently and in proportion to the amount
preaent”,

They asknowledge the btreadth of this definition, end,
in order to define the term further suggest the tarms
"agtivation” und "eo-activation". The former to refer to
the activation of a eatalyat by a relatively inert materisls
the latter to the activation of a eatalyst by another catalyst,

Any attempt at defining promoter action, especially
in hoemogeneous systems, is Aiffiocult because of the lack of
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measurements in a largs number of cases, As Robertson
has pointed autaah, the term "seotivation® has no signi-
ficange after the meochanism of the "promoter effeot” is
determined, Az an ald to study, however, the terms are
useful as s means of clessifying examples of promoter
sotion,

No general theories have as yot boen advanoed to
account for proamoctsr astion in hemogeneous catalysis, In
a few instanges, theories sulted to az partisular case have
been ndvanced, as for the promoter offeot which copper and
forric salts ahow in the decomposition of hydrogen peroxide,
This mechaniem will be discussed in the following seetion,

1. Hechanism of the Promoter Action Between
Copper mnd MHeroury.

The extent of promoter aotion in the mixed catalysts
has been evaluated by saloulating the promotion fastor whioh
is recorded in Tgbles 11-8la, We have proviously noted that
the value of the promotion fastor doss not vary to a marked
extent for any mixture of the two catalysts, end that it
approaches unity as the oxidation procceds. The mechenism
which produces this result esmnot b explained st this time.

Referring to the suggested mechaniasms for the
catalytic effect prodused by the salts ssting alone, two
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possible mechanisms may be considered,

The firat 1s, that one of the metals may form a
complex, elther a tornary cmplex salt or organometal
oompouwxi, which iz readily oxidised by sulfurio in the
presence of the other metal, The enhansed oxidation may
proesed either by replaosment of the combined metal by
the uncombined to form a atill more essily oxidiszed complex,
or by the formation of & peroxide which reacts with the
ocomplex as the metal parcxide was considered to reast with
aniline sulfate alome,

The sesoond 1s, a mechanism similar to that which
Robartson has shown to exist in the ferric salt decomposition
of hydrogen peroxide whiech is promoted by copper anln%b.
This follows from the mechanism suggeated for the simple
oatalysis based on the amsumption that peroxides existed
in the reaction mixture and produced the oatalytis offect,

Robertson has shown for the decomposition of hydrogen
peroxide, that: 1) ferrie salts are the primary catalysts and
asct through the formation of BQFW‘; 2) sopper salts are
secondary oatalysts and aot through the fommation of cuprie
aold, HgluOz; 3) when present together, HpFeOgq 18 readlly
formed and oxidises Cu'* readily to BpCu0; whieh ordinarily
is formed slowly; HgCuO, then rapidly suto-oxidizes hydrogen
peroxide, The change in path of ths resstion thus produces



the promoter astion.

Applying thie mechanism to the system under study,
we have: 1) copper is rapldly oxidized by sulfurloc acid
to cuprie aeid shich would normally be reduced by the
aniline sulfate; 2) ocupric acid oxidices the meroury
rapidly to mereurie acid whioh in turn oxldimes the
aniline more rapidly than does ouprie aoid,

This mechanism postulates a shift in the path of
the resction s0 that one metal agstively oxidizes antline
sulfate through the formation of a peroxide while the other
metal continually regenerates it in the peroxide.form.

Yo definite stolohiometrie relationship betwesn
the metals can be drawn from thie data since there 1s no
maximmm promoter effect at a definite composition of mixed
catalyst. ¥Yor, ia there any evidense to indicate the active
form of the peroxide or metal ion which operates in the
catalysis., Therefors, the mechanism will not be represented
by a seriea of equations,

That oopper éan exhibit satalytio power in oxidizing
mercury ions has been shown by mmthm. He has shown
that the rate of oxidation of ﬂsg“ wwee FHg*® in air, cen
be appreeiably inoressed Ly tha presence of Cu'?’,



SUMMARY

The kinetia study of the rate of axidation of
eniline sulfate in the presence of meroury snd copper
sulfates has been extended to include now, meagurements
for four soncentrationa of eopper and for eleven mixtures
of copper and mercury sulfates acting as catalyst,

Where the work was repeated, the goneral cone
clusions of the previous investigators have been confirmed.

The eatalytie eoffect is proportionsal to the total
amount of dissolved nmetal and for a given number of moles
of matal aoting as & mixed satalyat, the rate of decompo-
sition is greatest for the mixture whoss camposition 1s one
mol of ocopper to two mols of mercury.

The promoter effect as measured by the promotion
factor is practically conatant for all mixtures of copper
and mercurys no definite maximum offeot for a partioular
mixture was found,

Promoter astion between copper and meroury may be

classified as an example of "co-activation.”
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