
a B w m  of m m o f m  m m m *  m m  m i m f i m  
of AwiLxm sulfate m  hot sulotexc acid ih m m  msBaam

OF 0OF«H AMD MKBCHirr SULFATES

ssr

Berman H. Kavcler
/ I I

Thectc submitted to the Faculty of the Graduate school of tho University of Maryland in partial fulfillment of the requirements for the degree of Doctor of Philosophy.

1931.

, dHEIfSTRY LIBRARY
■UNIVERSITY OF MARYLAND



UMi Number: DP70424

All rights reserved

INFO RM ATIO N TO ALL USERS 
The qua lity o f th is reproduction is dependent upon the qua lity o f the copy subm itted.

In the unlikely event that the author did not send a com plete m anuscrip t 
and there  are m issing pages, these w ill be noted. A lso, if m aterial had to be rem oved,

a note will indicate the deletion.

UMT
Dissertation Publishing

UMI DP70424

Published by ProQ uest LLC (2015). Copyright in the D issertation held by the Author.

M icroform  Edition ©  P roQ uest LLC.
All rights reserved. This w ork is protected aga inst 

unauthorized copying under T itle  17, United S tates Code

ProQuest
ProQ uest LLC.

789 East E isenhow er Parkway 
P.O. Box 1346 

Ann Arbor, Ml 48106 - 1346



Tho writer wishes to m p m m  his 
gratitude to Dr# M* M. Haring, under whoa* 
•upervtolon this work woo earrlod out, tor 
his interest and helpful sdvioo*



i. introduction #««*«**#«*•**•*«**«*•«•*••••**• 
8. Previous Data
3* Experimental Method «»«****•****•«•»•«*«**•* 
4. The Data end CaXcttXation* *,♦**.*•.♦******** 
0* Blaeuaeion of Eitalli #*•»«**«**•»•*«***•••« 
3* Coasparlaon of ReauXta with Those of Bredlg 

and Brown *«**««*•#•**••***•**##«»**«*«*•••• 
T* The Reeetlea Between AniXine SmXfete and

SuXfurie Acid ****.•*♦#*♦♦***************•*♦ 
@« Boaegeneeae catalyst*j Theoretical Blaotienlon 
9* The Mechanism of the CnteXyeie hy ̂ eroory 

and Copper ♦,*♦♦#*****•*#*«#**♦#♦***#*####** 
XO. Promoter Aotlon in Boaegeneoue Cat&Xyalaf 

TheoretioaX Diaoueaion *♦**♦«#•##*,******#*• 
XX« mnhmim of the Procter k$ttm Between

Copper and Heronry *»#***»•«•**#•#*••*#*♦•** 
itSi owiiiwory #****#»»#*♦#*>*•*♦*■*»*•*««*******#*## 
10* References



A STUDY OF PROMOTER ACTION, THE OXIDATION OF 
ANILINE SULFATE BY HOT SULFURIC ACID IN THE PRESENCE 

OF COFFER AID MERCURY SULFAfES

1. Introduction

Oxidation fey feet sulfuric acid finds important 
application in the KJeldahl method for the do termination 
of nitrogen in organic compounds, and has until recently, 
boon uaod to prepare phthalle acid from naphthalene# In 
both reaotione mercury and copper aulfatea act ae ©atalyaera 
to promote destructive oxidation by sulfuric aoid,

KJeldahl published hie method in 1883#* Since that 
time it has been the subject of many Investigations which 
sought to prescribe empirical methods for the determination 
of nitrogen in various types of compounds#^ The only study 
of the kinetics of the reaction, and a determination of the 
relation between catalytic effect and amount of catalyst 
present was that by Bredlg and Brown?** They determined the 
rate of oxidation of aniline sulfate, and of naphthalene, by 
hot sulfuric sold in the presence of metal sulfates#
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§• Previoua Data

the results of the study by Bredig and Brown 
which are pertinent to this investigation are*

1* The reaction between sulfurle acid and
ant lino sulfate proceeds according to the equation:

g •%S04 *  a@%304 — -  laoog *  gasog + (H%)g304 *  sa%o

2, The reaction obeys the first-order lav*
3* The reaction is catalysed by mercury and copper

sulfates* Iron, nickel, and magnesium show only a slight
catalytic effect| all ether metals show no catalytic offeet*

4» The effect of copper and mercury together le 
greater than the sue of their Individual effects*

§• The catalytic effect of mercury is proportional 
be lbs concentration.^

f* The relume of gas formed is that required by the 
preceding equation, and Is a true measure of the reaction 
rate* Mercury may be introduced as laerourous or mercuric 
oxide or sulfate without affecting the measured rate of 
oxidation.

T* The presence of a small amount of voter does nob 
affect the rate of oxidation*
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The bath was made from a welded Iron ben fifteen inches 
square sud twelve Inohss deep fitted with am asbestos 
covered lid held,in place by anchor belts* This iron 
box was placed in a wooden box and insulated from it on 
the bottom and sides by two inches of glass wool which 
served as an excellent insulator*

ordinary paraffin fM.P* about 65 degrees) was
used as the bath liquid* while it served the purpose
well9 paraffin is not the most desirable material for use 
above temperatures of 880 degrees* it 278 degress, the 
wax distills slowly from the bath* For this reason paraffin 
must be added from time to time, and the thermostat mist 
be placed so that the fumes may be exhausted from the room*
At the higher temperature also, thermal decomposition sets in*
One result of this is that the heating coil tubes become 
coated with carbon which finally results in their being broken*

The bath was heated by two colls of Be* 24 htohrome 
wirej each coll containing 18 feet of wire with a resistance 
of about twenty-seven ohms* The source of current was at 
110 volts* These colls were placed in two pyrex glass tubes, 
f, which were placed down the corners and diagonally across 
the bath*

One coll was used as a continuous heater and was 
sufficient to hold the bath near 275 degrees* The other was 
an Intermit tent heater and was operated through the mercury



regulator, E, shown in the diagram and through a relay 
not shown. Both cells were connected to the source of 
power through an auxiliary variable resistance {not shown) 
which permitted tlm hat1*, to he adjusted to high, low and 
medium heat*

the hath liquid was stirred by the pulley and 
shaft arrangement, j|* the stirrer ran at about 400 
revolutions per minute.

Two-inch holes were drilled at the centers of the 
four quarters of the lid of the iron box* Through these 
holes the reaction flasks were Inserted and held in the 
bath*

The reaction flasks, F, were made from S3 mm* 
l.a. Pyrex tubing and held about T5 ee* The flask was 
held in plaee in the bath by means of bhe large eork 
stopper Which was put in place before the capillary side- 
arm was sealed on*

The reaction flask was fitted with a capillary 
tube, £, having a side-arm* This served both as a stirrer 
and as a means of introducing the sample of aniline sulfate 
solution. The side-arm of the capillary was ©losed by a 
glass-plugged tight-fitting piece of rubber tubing. The 
stirrer was rotated at 120 revolutions per minute by means 
of the pulley system, ?, which was supported by a ring-stand



post bolted In the lid of the both#
The flasks wore closed with an ordinary mercury

seal*
The gas collecting burettes were the ordinary

water*Jacketed type reading to 0*20 ee* The gas was
collected ewer mercury which was allowed to run from the
burette as the volume Increased* as an aid In reading the
burette and in adjusting the mercury level to one atmosphere,
it was . fitted with the two side-arms as shorn*

The gas burette was connected to the reaction flask
by capillary tubing* The stop-oock, ĵf was used In introducing
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*3 degrees at 275 degrees
for which it was corrected* The temperature regulation of

ethe bath was unusually good* and was constant within - 0*10 
degree*

m m m  OF FHOOIOTEE. Quantities of the catalyst 
(mercuric oxide or copper sulfate pentahydrate) were weighed 
out and introduced Into the reaction flask through a long- 
stem funnel* Fifty cubic centimeters of sulfuric acid were 
then Introduced through the funnel} this served to rinse the 
catalyst Into the flask* The stirrer and mercury seal were 
then put In place 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 tm the mixture to 
some to temperature*

The stirrer was than stepped for a short time while 
the sample was Introduced. This was tot by adding a weighed 
amount of a s tandard solution of aniline sulfate in aulfurio 
sold from a weight.5, burette to the well of the side-arm of 
tho capillary stirrori the stop-eeek, being closed* The 
stop-oock, A, was then opened, and the solution allowed to 
m m  into the reaction mixture* sometimes a very slight 
auction applied at,A, wee required to start the flow down'jee^

the tube* the sample wee followed Immediately by 1*1*5 co. 
of concentrated sulfuric sold to rinse the solution Into 
the flask. The stirrer wee started, step-eook, was 
slewed, and, the initial time noted. After some practice, 
the sueoesalve steps in this operation would be done very 
quickly, Orest sere had to he exercised to prevent air 
from being drawn into the system when the sample was intro* 
dueed*

The system was kept constantly at one atmosphere 
pressure by allowing mercury to run from the burette as the 
gas collected. The side-arms of the burette were very 
convenient in this operation*



•  9  m

4* The Data and Calculations

The data recorded in this Investigation were*
1) the weight of standard aniline sulfafc© solution 
introduced into the reaction mixturef 2) the volume of 
gas at 0, 3, 10, 15, 25, 45, 90, (minutes for mixed 
catalysts) 120, ISO, 110, (minutea for single catalysts),
240, M O  minutes for m m  catalyst eoncentratlonj 3) the 
temperature and pressure of the collected gas,

The standard aniline sulfate solution in aulfurio 
aoid was an approximately § percent solution by weight.
The weight of aniline sulfate introduced varied from 
0.0500^0.0900 grama, far comparison, the data from each 
determination was calculated by direst proportion to the 
volume of gaa which would have bean given off by 0*0500 
grams of the salt. This calculation is valid since Bredtg 
and Brown showed that the volume of gas which re suits Is 
directly proportional to the amount of aniline sulfate 
present. Ill volume ware corrected to standard conditions. 
The data so treated Is found in the tables below under the 
column giving the number of the determination.

for an Individual experiment these determinations 
were averaged and recorded as "average" * These average 
values were then plotted cm a large seals and the best smooth 
curve was drawn through the points, in a few eases this curve
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concentration terms embodied In the calculated constant*® 
fhu#t

<!£%) «l! » i In * _  and
1 t (ft^ET #

»» ♦ i(K b) * *if& I in (a-x)
If the'reaction la mono**, di*# or tri-molecular

with respect to aniline sulfate, then the following
Qexpressions will hold*9 

K* • 1 la *r xs=*r
X "  * *

X  * ( a-*)

1 1  i _
t 1 TSjys -*r-It* t» m i — ^ ^

where,a, is the initial concentration of the aniline sulfate* 
x$ la the amount decomposed at time, t| (a-x) is the amount 
left at time, 1*

fhe values obtained for the constant# by each 
equation are acre nearly constant for if, although the values 
obtained for K** are almost as constant# A plot of the data 
using Xog<concentration of aniline sulfate) against time gave 
more nearly a straight line than the corresponding graph of 
Vt concentration of aniline collate) against time# This faot# 
and the fact that the volume of pis is proportional to the 
concentration of aniline sulfate Is additional evidence that 
the reaction comes nearer to obeying the mene-molecular law



» 12 *.
rather than the dl-moleeular law. The values far E* a m  
given for each experiment in the tables below# A few 
typical values for 1** are also recorded. Both constants 
are calculated ia moles per liter and the time is expressed 
In minutes#

Sines the logarithm expression in the equation for 
K» la a ratio, it ean be evaluated quickly bp using the 
volumes corresponding to the concentre tione• Hence, 
a » 136*3 ee», and a * the volume of gas measured at time, t*
The purity of the aniline sulfate as determined by analysis 
was taken into aeeount in calculating 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 catalysts* To evaluate the promoter effect, the 
"promotion factor*, B, was calculated using the relations
B « — t ; >Yf is the volume of gas at time, t, when a mixture 

v o
is used as catalyst, and ?$ is the volume calculated by
adding the volumes obtained when the amount of each metal
in the mixture is used alone as a catalyst*

The ’ promotion factor” calculated from the values of
K* Is called, B* in the tables below* B*« LjL.,  .Kfou alone + alone

Although the data gives reaction constants which 
correspond more nearly to the raono-mol ocular constant, the 
values of K* are not sufficiently constant to compare the



u *
reaction rate between ©xpertfaents without taking sms© 
arbitrary man. This has been done, using th© values at 
45, $0, and to minutes, and th© average of these values 
of R* gives th© "average” value recorded in the tables, 
this allows th© results of ail th© experiments to b© 
compared at comparable times*

Th© unit weight of catalysts wore th© molar 
equivalent quantitiess 0.0305 grams of mercuric oxide, 
and 0*0351 grams of copper sulfate pen tahydrat©* multiples 
of these unit weights wore used In th© experiments, and are 
shown after th© weight of catalyst in each table* lhase 
values are important in studying the relationship between 
th© promoter effect measured by th© promotion factor and 
th© composition of the mixed catalyst si nee they give 
Immediately th© mol ratio of copper to mercury in the 
mixture*

The data calculated as described for each experiment
is given in the following tables t

Volume of sulfurlo acid .«*«•».*•• .**50 oe«
Temperature • 2VS
f eight of catalyst indicated with each Table.
Volumes in oc. at time,t, in minutes, ©erected to 
0.0500 grams aniline sulfate and to standard condition®.
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fABLK 11
S. HgO <1)

% too 03$ 040 040 040 030 Av. corr*
curve

8 1.2 2.3 i»$ 0,0 1*5 1*7 1*0 1*0 .00040
10 $.7 5.1 5*3 4.7 3*3 4*0 4*4 4*4 ,00208
1$ 7*4 7,8 0*0 7,$ 3*0 $*$ 7.0 7*1 ,0031$
ii 13,$ 14*0 13*5 12*9 10*8 tfk o 13*1 13*1 *00548
43 19.2 30*3 31*0 05*3 04,4 foliarSSfV 27*6 17.3 *004318
30 41*0 40*5 40*5 35*0 53,5 34*1 37,0 $7.8 .004630
00 §§•3 $5*3 54*4 31*3 50*5 33*5 54.3 34.3 ,004733

AT. .00486

TABUS 19
•8640 g. HgO (8)
.0381 g. Cu30g.SH20 (1)

% 201 203 90S 207 Average Corrected 
from curve

K1

i 2.7 2,0 3.7 2*7 2*8 2*8 .00369
10 7*3 3*8 8*1 3*1 3*8 6.8 !00449
1$ 12*9 11*1 13*3 10*7 12*1 12*1 .003361$ 13*1 13*5 26*3 27,8 28.8 25*8 .00723
4$ 49,2 43*4 43.7 43*8 43,8 . 43*8 *00732
38 50*3 $4*3 $3.6 $4*0 $4.3 $4*5 *00715
to 58*7 m 70,2 70,8 78,3 70.8 .0057$

At . .00708
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TABLE 13 
.0303 g. HgO (1)
.0351 g. CtiS04.S%0 (1)

% 0X5 2X6 218 Average Corrected
CWV0

KnxlfP JL%

6 8*x X*0 1*1 1*1 1*1 9.0 .mum
10 9*9 2*1 m 2*5 2*5 10.4 .001614
18 4*0 3*5 3*6 3*7 3*7 10*3 .001614
25 ¥*0 6*2 6*6 6*8 6*8 10*6 .001796
45 13*9 12*3 13*8 13*8 13.8 13*1 .00206
50 19*3 16*9 19*2 19*2 19.8 14*9 •002X8
90 29*8 26*3 29*1 29.4 29*4 16*5 .002325

Af. .00218

% 223 237

v m w  14 
.8440 g* ago (8)
•2808 g. MMg.ftfcO m

274 Average Corrected
f*w curve

KX

3 2.7 3.7 3*2 3*8 .00414
10 7.8 8*9 - 6*3 6*3 .00849
15 14*1 15*4 13.8 14*6 14*6 .00653
23 31*8 29*9 aa.o 89.9 29.9 .00349
43 57.7 51*6 58.0 54*1 53*6 .00933
60 68*7 62*9 68.7 65*8 63*6 .01103
90 75*7 77*7 81*0 76.1 62.0 .00841

At . .00886
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T m m  17
.0610 g* HgO (2)
.1404 g* CuSO-.SHqO (4)

% 200 210 812 212 224 828

8 «» 1*7 1.7 1*9 3*1
10 5*4 4* 3*8 4*3 4*6 5*0
15 8*1 7*3 8*7 6.5 7*8 7*3
25 10*1 18*4 11*1 11*2 12*7 13*8
45 28*8 85*8 85*0 £t& 1 24.7 26.5
50 59*0 54*7 23*4 28.3 32*9 36*1
90 48.1 49*7 45.7 45*5 45*4 51.5

230 234 230 AW*
Cow*
from
nnnr#

E1

2*4 i&m-m 1*8 2*0 2.0 .00265
5*1 4*3 4*3 4*6 4*6 .00295
7.8 7*3 0*2 7*8 712 •00318
13*6 13*5 11*8 12*4 12*4 .00550
84*7 27.6 23*4 24*8 24*8 *00585
32*0 30*8 52.6 33*4 33*4 .00403
43*6 82*4 47*7 49*3 49*3 .00424

t 226 232 235

3 2*5 2*3 2*5
10 4*8 5*0 5*3
13 8*3 0*4 8*323 13*4 14*8 14*8
45 30*2 29*4 28.6
60 40*0 3#*8 37*0
90 56*7 65*0 53*3

flBia 18 
*1280 g* HgO {4}
*0708 g. ettSOg.SBfeO {2}
Awai*ftg» Correefce*!from otirre
2*3 2*5
5*0 5.0
8*3 8*515.0 15*0
29*4 29.4
39*8 39*8
55*0 58.0

Air* .00403

Air* *00480



«• 33 m

TABLE 19 
.1370 g, HgO (4.8)
.1879 g. CttSOg.GSgO (4.8)

t 230 237 230 Average corrected 
trm curve

K"X10® KX

5 Vht '* <•» 3,1 3,1 3*1 m ,00400
i® 7.® 7,3 3,2 3,0 3,0 m ,00443
13 11,4 12,4 9,7 11,2 11,2 32,9 ,00495
26 22,3 23,3 19,0 21,9 21,9 41,3 .00306
43 39,2 40,4 38,4 39,3 39,3 47,7 .00344
60 30,4 56,8 49,0 51,1 51,1 51,8 ,00331
90 «► 73,4 @3,0 @9,7 37*2 53*7 ,00612

Av. .00889

TABU! SO
.1820 g. HgO (4)
.0381 g, OuSOg.SHgO (1)

% 232 263 Average Corrected 
from ©urv©

1K

5 2.2 2,2 8,2 2,8 •00180
10 4.3 3,0 4,0 4,0 .00265
10 3,9 3,3 3.1 3.1 ,00233
20 12,4 9,4 10,9 10,9 ,00231
45 24.1 20,9 22.5 22.0 .00343
@0 32.3 28.1 50,2 30.2 .00357
90 43,8 48*4 44,3 44,3 .00374

.00367
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10ft
3 Hg - 3 Chi

t p 0 B
1 1*7 m m
10 4.7 m m
13 7*0 m m
33 13*3 (0,2) 1*61
43 87*8 ue.B) 1*61
30 36*3 {83,0) 1*37to 38*8 (37,0) 1*41

ItelO4 43*9 (20.4) 1.66

%

178
2 Hg **

W

4 0m 

6 i
3 8*0 1*2 1.67
10 4*6 2,3 1.84
13 7*8 4*3 1*78
83 12*4 7,3 1*70
43 24*6 14.7 1*09
60 33*4 21*1 1*36
90 49*3 34*8 1*46

I»xlO* 40*3 33*3 1.78

133 
5 Hg - 1 CU

f.. O B
2*6 m «*
6*1 m m
7.9 m ■m
14*1 17*0) i*0°
86*6 (14,9) 1*70
33,9 (81*7) 1.05
31*8 (30*7) 1*43

43*6 (84.4) 1*70

lift
4 Hg * 8 Cm

r Ml, 0 B
2.5 1*4 1.793*0 3*0 1*60
6*3 4*6 1.81
13*0 0*8 1*03
89*4 10*4 1*7939*6 23*3 1*7133.0 38.7 1*48

48.Q 33*3 1*30



*

• 07 m

19ft SO*
4*$ Hg * 4+5 Oft 4 m  • 1 0m

% F 0
, 6 E m 0 1

$ 3+1 m <•» io« 1,1 1,0
10 5+1 m - m 4.0 1+4 1,11
u n.a ■m ■ m 6.1 5,1 1,10
m il,i (9.8) 2.38 1040 0,1 1,45
45 59*5 (18.3) 2.12 10.5 15,i 1.42
50 51+1 (88.8) 1+91 50,1 19,9 1,50
80 5f+a (43.3) 1,54 44.0 55,5 1,54

M O 4 83.9 (30.0) 8.19 38.7 88.3 1.39

lift 

1 %  - 4  Cu

t F 0 B
5 1,5 1,1 1,16
10 3,0 2.4 1+05
15 4,1 0,0 1,00
15 1,1 1,5 1,30
45 17.1 13,9 1,35
§0 05,0 11,4 1+35
90 39,1 09,1 1+37

<IW  ii]»iwm iw iii n « i>iiWiniii 11WOTP) WMI ww*ww»»KWi» 11 n w     . m u mg nmiiw iin ^ i ,irnm>rnmmm>m

K**10* 89.4 80.4 1.44
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6* Discussion of fleaulbs

Bredig and Brown5*4 dotorsdnod the rate of 
oxidation for five concentrations of mercury, for on# 
concentration of copper, and for one mixture of copper 
and mercury#

The data of this investigation extends the study 
to; X) four concentrations of topperf S) eleven mixtures 
of copper and mercury* 3) cheeks the eerie of the previous 
investigators for four concentrations of mercury and for 
the rate without catalysts present*

the data may he compared on the basis of the 
volume of gas given off at definite time intervals, or, 
by comparing the values of the reaction constant* The 
"average” value far I* for this comparison was taken as 
the average of the values at 4§, 60, and 90 minutes as 
mentioned m  page 13*

The summary of the data in Table 10 and in Figs* 
f ~ 6 shoes that copper is a better catalyst than mercury 
at the lower concentrations but a poorer catalyst at the 
higher concentrations on a mol for mol comparison* Weight 
for weight, copper sulfate is a better catalyst for the 
reaction than mercuric sulfate# The presence of 1*4 
millimoles of metal causes the oxidation reaction rate to 
Increase about thirteen fold# (Table 10)*



m  -

The catalytic effect la proportional to the 
amount of matal present, hot la not directly proportional 
aa Bredlg and Brown decided’7* It la generally true In 
homogeneous catalysis that the catalytic effect increases 
proportionately with the increase of catalyst concentration, 
the optima amount of catalyst to promote the destructive 
oxidation of aniline sulfate by sulfuric acid la therefore 
the maxima amount which dll dissolve in the reaction 
alxfcur.10.

A c  data obtained using mixtures of metal salts as 
catalysts Is sheen in fables 11 - 21, As with single 
catalysts* the catalytic effect is again proportional to 
the total amount of metal present* fhe mixtures with a high 
mercury content are better catalysts than those with a high 
copper content. This may be expected frets the fact that 
mercury Is a better catalyst than copper when used alone at 
high concentrations, fwo experiments arc recorded for a 
scries of mixtures in which the total amount of metal is 
six units, and nine units* fhe data for these Is shown In 
Figs* 7 and 8, respectively* the data shows that for a given 
amount of metal catalyst, the optimum composition of the 
mixed catalyst Is approximately cue mol of copper to two of 
mercury*

fhe values of the promotion factor •HLaaA ffB»* are



- ao •

given ill Tables Xla-01a* An inspection of the values
shows the interesting fast that the promoter effect as 
measured by the promotion faster is practically constant 
for all tut mixtures# fhe variation from the lowest value 
of B, (Table 21a) is In most oases about and in
the extreme eases (Tables lie* 14a, 19a) about 65-70$*
The relationship between the promotion factor and the 
composition of the catalyst is an important relationship 
in classifying promoter action, and is the most important 
information sought in this research* In many instances 
the promotion faster varies as much as 300-400$ with 
varying eempositlOB. of the mixed catalyst**®^

Another interesting fast about the value of **1® 
is that It decreases steadily with time* This may mean 
that before the oxidation is templet# the value of "B* 
may become equal to unity; then no promoter action occurs*
This indicates, also, that the mixed catalyst is particularly 
effective daring the early stages of the oxidation«

The values of the reaction rate constant, K*, are 
not all that is desired If on# is to assign a definite 
order to the reaction* The meno-molocular constant is more 
nearly com tent than the corresponding values for X* or K* *» 
as has been previously stated* The only conclusion that 
the data permits is that the reaction is ^fsmede-mcmo^olecuiar19 
with respect to aniline sulfate*
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m *
centimeters* Fart ©f this deflation Is dm# to th© ©mts*mm 
of air with the sample of aniline sulfate and was corrected 
for toy th# method of correcting th® average ©wrv# through 
th© origin* to error which cannot be ©orroot©d for Is 
that eaueed %  adding th© ©old solution of salt to ih© 
reaction mixturef th© initial tlm© for th® ©tart ©f th® 
reaction la in error toy about on©-quart®r t© onetoalf minute* 

toother source ©f error which apparently did not 
interfere greatly with th# de tend nut ions recorded in this 
rsssaroh is that due to th© solubility of sulfur dioxide in 
rubber* Although that solubility is appreciable,(10a) th© 
rubber was exposed to th© gas in many ©apartments before 
thos© recorded* th© pressure of th© gas was always loss 
than ome-half atmosphere * th# tin© of exposure was not
men*© than 180 minute©* Thee© fasts would lead me to expect 
a small sours© of error due to th© reset ion between th© gas 
and th© rubber connections* The apparatus eould bar© been 
constructed entirely from glass but then it would haw© been 
too fragile to be serviceable*

Ih© solubility of COg and $0g in the reaction 
mixture Is eonsldered negligible at degrees* The 
previous investigators have shewn that the formation of water 
a© the oxidation pr©seeds dees net interfere with the measured 
rat© with the excess of sulfuric acid present*
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d# Comparison of fleculta with those of 
Bre&lg and Brown3**

It was expected at th# atart of this work that 
th© Taltiea obtained by th# previous Investigators for 
th# reaction rat# without catalyst# and for four con­
centration# of mercury a# catalyst could be used in thia 
research* However, attempt# to cheek th# data a# recorded 
by Bredlg and Brown In the## eases were not successful*

Hi# catalytic effect in# to the presence of 
mercury I# greater than Brown calculated and recorded in 
hi# the#!#3* fable h§# page 65. Hi# data recalculated, 
yield# value# comparable to the## recorded in Table 10 
for the increased rate in th# presence of 1.4 millimole# 
of mercury*

The promotion factor*!1* for th# mm mixture 
recorded by Brown in hi# thesis3, page ?t# ha# th© value 
1*3? which Is in close agreement with the data of this 
study*

fhe Tallies which Bredig and drown 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 agreef therefore, ml? In the general 
conclusions* 1 close inspection of the data leaves only
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tli* possibility that the sulfuric acid used toy the 
previous workers may have contained copper or mercury

r-

sulfates as an Impurity.
His values for it obtained In the previous research 

are somewhat mere constant than these obtained for this 
data* However, Brown applies a correction to his data, as 
explained on page it of M s  thesis®, the application of 
which Is not mads clear* St times the correction Is too 
largo to appear reasonable*
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«► m *
benson© ring* The fcri-sulfonic mid I* very probably
SOPWlQt

§# lm th© presence of mercury or copper

fbat copper md  mercury have a profoimd of foot 
upon tho rats of destructive oxidation of aniline la 
evident from tho preceding data* This foot was also 
noted by HoXdemaa*8* who found that tho odor of sulfur 
dioxide became apparent when m m  a small amount of 
mercury was added to a aelution of aniline sulfate and 
sulfuric aeld at 190 degrees* Hats while the presence of 
mrtury to desirable in the roast ion between sulfuric aeld 
and seme compounds* as in the preparation of phthallo sold 
from naphthalene, and tho preparation of the b-sulfonic 
sold of antJiraquinone In place of the a^eompound* with 
aniline sulfate the presence of Mercury causes only 
destructive oxidation*

d* Other possible reactions in the System*

In considering the mechanism of the catalytic 
effect of the added metals* it will be necessary to consider 
all the possible reactions in th# system* These might be 
mentioned at this time*

James Kendall md  ©o*workers hare shown definitely 
that In almost ©very solution* complexes of solute and



m gff m

solvent are formed# Thus we might expect ®noh complex 
formation between the milfurie acid, aniline sulfate and 
th* dissolved metal salt

That aniline may form smth. complexes Is shown by 
th* following which are recorded in th© literature!
HgBifc(da)gf HgBr(An); Hg(C?:)a(An)gj Hg(cn)g(An)414j sad

itt I#
Cm(W%CH8Fh)3{1fl4304)g! WlCi8tHCtl8(isi)s»^%OiO*Oi8*Bg0IaCAil}4 !

Another type of reaction which isay possibly occur 
is one in which mercury of copper replaces hydrogen in tho 
Ijiqtyim^^ ̂fyeclOWS m d  forms on orgaaesie tel compound# Thl# 
reaction is very readily carried out with ssereury which has 
a groat affinity for oar boo* Such Mroo^iatsd aryls are 
rather a table eoiajKmads* Thus, if aniline is added to a 
solution of msrewrie acetate in water solution* p-amlnophonyl- 
mercuric acetate separates after standing a short tins along

IHwith sows of tho oowtowdi f The copper compounds arc loss 
easily prepared and. are not as stable#*^
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Oxi the other head, bi^moleeular reactions ere 
very common end their nature may he definitely established! 
therefore, many regard the hi-molecular system as the 
simplest possible* The theoretical treatment of reaction 
velocity has been based almost entirely m  the hi'-molecular 
change*

before a molecule may decompose, it mast collide 
with another molecule, and mast posse as a definite amount 
of energy of decomposition. To account for the source of 
this energy has been a difficult task, and la a problem 
which has met but slight experimental proof*

A study of the reaction rates of bi-molecular systems 
led Arrhenius to two important conclusions* He ot^ervsd 
that the number of molecules decomposing represent but a 
small fraction of the number of collision a actually occurring 
in the system, and, that the temperature coefficient of 
reaction velocity Is much ̂ essHhan one would expect on the 
basts of the Increased number of collisions due to the 
temperature rise* On these facts, Arrhenius 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 molecule capable 
then of decomposition* Tims, he proposed that an equilibrium 
existed between active and inactive molecules, A A*•
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Whatever the source of activating energy* ft 
catalyst apparently operates to 1norease the number of 
activated molecules, and increases the reaction velocity 
by shifting the above equilibrium to the right*

If the mebhaalaH of activation were definitely 
explained, then the mechanism of catalytic action could 
perhaps be understood* However* the theories of activation 
advanced have met bat little successful experimental 
verification*

studies of the reaction rate in the gaseous state 
have given rise to the "radiation hypothesis" which suggests 
that the energy of activation comes from radiant energy 
existing in or passing through the reacting system* This 
theory would retire the existence of mono-molaoular 
reactions as a sustaining argument and would also require 
that the activating radiation be defined by the photochemical 
law, e m Hhv* In neither respect has It been substantiated*
The theory of "estivation by collision" is based on the 
assumption that the kinetic resulting from the inelastic
collision of reactant molecules appears as quantised energy 
of activation* In the case of bl*melecular reactions this 
theory finds sound theoretical explanation since it can be 
shown that the rate of activation by collision is sufficiently 
great to account for the required energy of activation* While
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tlit number of proof# it somewhat limited, meti experi­
mental evidence It at land to prove this hypothesis*
Per that reason it is the rnoat successful hypothesis la.
explaining th© source of activating energy In bl-molecular 
reactions. In the eases where the photochemical law la 
not obeyed aa required by the radiation theory of activation, 
soma investigators point to the possibility of chain reactions. 
By this mechanism, only a small amount of radiant energy is 
required to initiate the decomposition of a few molecules, 
and then this energy may he handed on from one molecule to 
another in a series of atom chains# This may he exemplified 
fey the following*

%  4 activating energy mmmm g$J
B 4 Clg «*—*- HC1 4 01
01 4 %  HC1 4 B, etc#
fhe theories mentioned in accounting for the 

activation of molecules in the gaseous state should fee 
generally applicable to the liquid state, but this has not 
met with success# The reason Is that the liquid state is 
much more complex and little understood, and, does not lend 
itself to precise theoretical treatment. Also, reactions 
in the liquid state are complicated fey the formation of 
various types of complexes between the reactant, solvent, 
sad catalyst. Theories of activetlca and catalysis in 
solution therefore have been based mainly on the Idea that 
reaction proceeds through the formation of an Intermediate
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complex*
To Justify such a theory it irnat ho shown that

such complexes can exist, that by their formation the
molecules of the reactant may ho activated, and that the
formation of the complex corresponds to a diminution of
the free energy of the aye tom.

The existence of complex eompoun&a In almost
every type of aye tern hae been definitely shown hy
Kendall and oo-workera. In many eases these complexes
may he Isolated from the ay a tern. Such evidence has oauaed
the Idea of complex formation to be accepted as an adequate
explanation of the mechanism of catalytic effect hy many
workers, more particularly Sabatier *

Studies of the hydrolysis of eaters, the muta-
rotation of sugars, the decomposition of niiramlde, and
many reactions which are catalysed by hydrogen or hydroxyl
ion have been best explained by the existence of a ternary

21complex between reactant, advent and catalyst «
Reactions Uke the Frieda1-Crafts reaction, the

decomposition of dlaso-eempmrads, and others have also been
21explained by the existence of Intermediate complexes «

Thus it la postulated that in the hydrolysis of 
sucrose, catalysed by H*, catalysis results from the formation 
of the complex* {sucrose)*(water£*(B+)** And that the
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Frledel-crafta r*«ctlo» ppoModa through th* formation*

01*
OgH.H *■ AlClg HC1 + 11

c6h»
01*

kX ♦ R'Cl 11015 4 §§MjHP

Hence* while a aystern may ordinarily decompose*
M l  (ah) d* the catalyst may hasten

the reaction hyt
t 4 b (ah)

(ah) 4 a (she)
(aha) •►••• 4 4 #

In the oaa# of oxidation catalysis the catalytic 
effect is supposed to proceed through the formation of a 
peroxidijsed intermediate*

we nay represent such a state of affairs hy the 
following in Shiah no represents the active form of the 
metal ion* Ogg the oxidising agent* and An* the material to 
he oxidised* Other than the oxidising notion* the following 
reaction m y  take place and produce a catalytic effect}

(1) Me 4 %  »*•»«*«» «M» 1#%
Inductor exldiser unstable peroxide

the peroxide may then spontaneously decompose* or m y  react
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with the oxygen acceptor*

(2) M©Og 4* A& mmmmrnm M® 4 AllOg
unstable peroxide oxygen Inductor oxidised

accepter product

If equation (2) results In only partial reduction 
of th# peroxide to M®0, for example, than th© action will 
not be atrlotly catalytic according to th© definition of 
eatalyal© became© th# inductor will not than be continually 
regenerated*

Many instance© of oxidation ©atalysl© have been 
explained by th® neohaaim given above*®®

that th# mechanism of the catalytic effect produced 
by metal ion© 1© not a simple ©xidatien*r©duebi<si of the 
ion (m+* •*«*• Me**4, f̂ gi eaamplo) can be shown In ©one 
oases where thermodynamic data 1© available* Bohn a on and 
Hebert©#** have pointed this m% In their study of the 
ferric ©alt deeenpeeitlon of hydrogen peroxide2®*5* iy

aapproximating the F of formation of FeC^ , they were 
able to show that th# reciprocal exidatlen^reduotien of

— «*• f©*** was very improbable*
fhe preaonc# of th# Intermediate© which a catalyst 

nay form may be proven by isolating ameh complexes, by 
ape# tographie ©tudlee, by ©tudying the relation of ©atalyti© 
effect to the activities of th© o^sponents of th© system, by
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1 deas based on molecular structure, and by th# us# of 
available thermodynamic data*

Xu postulating th# existence of intermediate® 
which exert a catalytic influence, it Is important to 
remember that such m  tntermdiat# mat b# unstable, and 
that th# velocity of th# roast loci through th# postulated 
path must b# mere rapid than by th# umoatalyaed#

9- The Mechanism of th# catalysis hy Mercury 
and Copper.

That th# pro so no# of oithor ooppor or mercury 
sulfates ha# a profound effect upon th# rat# of oxidation 
of aniline sulfate by sulfuric acid la evident from th# 
preceding data*

What we are concerned with her# la the behavior of 
th# metal ions acting a# inductors of th# oxidation reaction* 
Th# catalysis m y  b# accomplished through a physical effect 
in that th# added salts m y  tmm ternary complexes which arc 
more easily oxidised than aniline sulfate Itself t or, the 
effect may be chemical in that th# metal m y  for® a 
peroxldlsed complex or react ohemlealXy In am# other way*
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With the data at hand, the problem of assigning 
a mechanism to the re&etion is very difficult* The lack
of tharnodsraaHde data and th# lack of evidence of any 
intermediate eeapwod formation makes it neeessary to 
draw only general conclusions* The coiaplextty and number 
of possible reactions which m y  occur in the. system also 
increases the difficulty of postulating a mechanism for the 
catalytic effect*

Ma^seing of ternary
complexes m  being untenable and too complicated to explain 
th# catalysis* we m y  account for th© behavior of the 
added metal salts, through two chemical effects*

Th® first of these la the possible formation of an 
in which the metal present substitutes 

in place of hydrogen in the phenyl nucleus. Such a compound 
may then hydrolyse yielding a hydrosy compound which Is more 
easily oxidised than aniline sulfate * we have noted the 
possibility of the format! on of sash compounds on page 37 « 

That mercury m y  set in such a way to produce a 
hydroxyl group in the benaea* ring has been shown by Bawls* 
et *!». Semens and nitric acid in the presence of mercury 
nitrate give tri*nitro phenol very readily* whereas* in the 
absence of mercury salts the reaction yields only nitrated 
bensene, They were unable to account for the formation of the 
01 group* but were able to show that it was due entirely to
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th* presence of mercury and was not formed hy th* 
oxidising action ©f nitric acid* They were able t© 
iaolat* an intermediate complex from th* system whose 
constitution was not determined? th# mercury apparently 
acts In its catalytic role through th# formation of this 
complex# They also obaerred that th# presence of sulfuric 
sold In the mixture decreased the yield of plerle sold 
probably through destructive oxidation*

The catalytic decomposition of HgOg has been the 
subject of a number of investigations®2* This system Is 
well suited to a study of the mechanism of homogeneous 
catalysis because of Its simplicity*

The catalytic decomposition of hydrogen psrcxids
88a bby Iron and copper salts has been extensively studied * t 

and it has been sheen that the catalysis proceeds through 
the formation of ferric and cupric acids* The existence of 
these compounds has been Shewn by speetographlo measurements 
on the reaction mixture, and in the case of Iron, also by 
the action of barium ferrate on HgOg* such a mechanism 
follows the peroxide theory outlined above and suggests a 
very probable mechanism for the catalytic effect noted in 
this investigation*

Both mercury and copper may exist in the form of 
higher oxides which are rather unstable compounds although 
readily formed* Copper may form two peroxides* CuOg*S^Ot
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and, mercury, the peroxide, IgO^. Hobertaen
assigns th® f m a «  %0uOg to th# active form of copper 
In th# decomposition of HgOg5®®.

Thi# suggests # possible mechanism for th# 
catalytic effbet In th# aniline sulfate-sulfuric cold 
system, Th# copper or mercury sulfates giro rl#c to th# 
per oxidised intermediate represented by the formula.
HgMO$. These compounds are readily formed, and are 
unstable, being readily reduced by the aniline sulfate•
Thus the oxidation proceeds mere readily by this pith and 
a catalytic effect resuit*•

10, Promoter lotion in Homogeneous Catalysis*
Theoretical Discussion*^#

An interesting phenomenon in catalytic action is 
that produced in many instances by a mixture of metal 
salts acting as a catalyst. Tims, it has been found that 
in son# cases the addition of a relatively inert material 
may enhance the catalytic activity of a catalyst, or, that 
a mixture of two catalysts is mere active than their single 
activities would suggest. This enhancement of catalytic 
activity la known as * promoter action*. The tens was 
suggested In intents of the Badische-Anilin utsd Seda-Pabrik 8*
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which 1* th® first literature use of the torn*
Examples of promoter motion mm mmm numerous 

in heterogeneous catalysis than in homogeneous systmta#
Th® hoot known examples in th® latter case are th® well 
known neutral salt offset in th® hydrolysis of ester#* 
many Instances of th® action of metal salt# in th® deeds** 
position of hydrogen peroxide, and th# promoter offset of 
copper salt# on th® forri# salt catalysis of th® reaetlon 
between Kl and tgSgOg* and between HgOg and HX*®«

Peas# and Taylor®^ have collected most of th® 
literature on promoter action up to lit®, and hair® attempted 
to set forth a definition of promoter motion ass*all these 
eases in which a mixture of two or mere substances ia 
capable of producing a greater catalytic effect than mm  be 
accounted for on th® supposition that east! substance in th® 
mixture acts independently and in proportion to the amount 
present”#

They acknowledge the breadth of this definition* and*
In order to define the term further suggest th# terms 
11 activation* ami tteo*««tiwationw* The former to refer to 
the activation of a catalyst by a relatively inert material! 
the latter to th® activation of a catalyst by another catalyst# 

Any attempt at defining promoter action* especially 
in homogeneous systems* is difficult because of the lack of
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measnremegit# in a large number of eases* A# Robertson 
has pointed out0^  the tom "attUwtlon11 bft# no signi­
ficance after th# mechanism of th# "promoter effect" 1» 
determined* As an #14 to #fe**dyf however, th# torsi# or# 
useful 0# at mean# of classifying example# of promoter 
action.

Mo general theerlec hare ft# yet been advanced to 
account for promotor action In homegeneeua catalysis* la 
# few instance#* theories suited to a particular ease have 
been advanced, a# for th# promoter effect which copper and 
ferric salts show la th# decomposition of hydrogen peroxide* 
This mechanism will he discussed In the following section,

11. Mechanism of the Promoter Action Between
Copper and Mercury*

Hi# extent of promoter action in the mixed catalyst# 
has been evaluated by calculating the promotion factor which 
is recorded in fable# 11-Sla# we have previously noted that 
the value of the promotion factor does not vary to a marked 
extent for any mixture of the two catalysts* and that It 
approaches unity as the oxidation proceeds* fhe mechanism 
which produces this result emmet be explained at this time*

Referring to the suggested mechanism# for the 
catalytic effect produced by the salts acting alone* two
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possible mechanisms may be considered*
The first is, that one of the me tala may form a 

complex, either a ternary complex salt or orgenomebal 
compound, which Is readily oxidised hy sulfuric In the. 
presence of the other metal* The enhanced oxidation m y  
proceed either hy replacement of the combined metal hy 
the uncotnbined to form a a till mere easily oxidised complex, 
or hy the formation of a peroxide which reacts with the 
complex as the metal peroxide was considered to react with 
aniline sulfate alone*

The second la, a mechanism similar to that which 
Robertson has ahem to exist in the ferric salt decomposition 
of hydrogen peroxide which la promoted hy copper salta^8*5* 
This follows from the mechanism suggested for the simple 
catalysis baaed m  the assumption that peroxides existed 
In the reaction mixture and produced the catalytic effect*

Robertson has shown for the decomposition of hydrogen 
peroxide, thati 1) ferric a alt a are the primary catalysts and 
act through the femotion of HgFeOgf 2) copper salts are 
secondary catalysts and act through the formation of ewprie 
add, %dn%? 3) when present together, IfgFeOg is readily 
formed and oxidises On** readily to %cm03 which ordinarily 
is formed alcwlyi Hg0u03 then rapidly aute»oxidisea hydrogen 
peroxide* The change in path of the reaction thus produces
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the promoter motion*
Applying this mechanism to the system under study, 

wo havet 1) copper 1» rapidly oxidised by sulfuric meld 
to cuprlo mold whioh would normally to reduced by the 
aniline sulfate* 2) ©upric meld oxidises the mercury 
rapidly to mercuric mold which In turn oxidises the 
aniline mere rapidly than does euprlo meld*

this mechanism postulates m shift In the path of 
the reaction so that one metal actively oxidises aniline 
sulfate through the formation of a peroxide while the other 
metal continually regenerates It in the peroxide, form*

Ho definite stoichiometric relationship between 
the metals can he drawn from this data since there la no 
maximum promoter effect at a definite composition of mixed 
catalyst, Wor, la there any evidence to indicate the active 
fora of the peroxide or metal ion which operates in the 
catalysis* Therefore, the mechanism will not he represented 
by a eerles of equations,

That copper can exhibit catalytic power In oxidising 
mercury ions has been shown by dcrmath^^* He has shown 
that the rate of oxidation of Hgg** 2Hg** in air, can
he appreciably increased by the presence of Cm***
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The kinetic study of th# rot# of oxidation of 
aniline sulfate In tho presence of coronary and copper 
sulfates hao boon extended to Include new, measurements 
tor tom concentrations of copper and for eleven s&xturee 
of copper and mercury sulfates anting as catalyst*

where tho work was repeated, tho general con­
clusions of tho previous investigators haws boon confirmed* 

The eatalytie offaot la proportional to tho total 
amount of dl asolwed metal and for a given number of melee 
of metal acting as a mixed catalyst, the rata of deeompe- 
aition la groataat for the mixture whoa# composition la one 
mol of ooppar to two sttola of mercury.

The promoter effect aa measured hy the promotion 
factor la practically constant for all mixtures of copper 
and mereurys m  definite maximum effect for a particular 
mixture waa found*

Promoter action between copper and mercury may be 
classified as an example of *ee-aativattoa**
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