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In the early days of Chemical Engineering

practice, any unwanted material was simply discharged
into the nearest river, if liquid, or into the

atmosphere, if gaseous, this "being done apparently

without question* But with the rapid expansion of the
chemical and allied industries, this practice has led

to the pollution of our rivers and atmosphere to such

an extent, that stringent measures have had to be

taken to combat the nuisance*

Much valuable work has been done in connection

with the reduction of river pollution, e.g., sewage

works have been ereoted, and coagulation methods have
1

been successfully applied to certain trade effluents,

whereby suspended solids have been recovered and

reused in the process, or burned as fuel.

Since this paper deals with gaseous effluents in

particular, it will not be necessary to discuss river

pollution furthers it has been mentioned solely in so

far as it may give rise to pollution of the

atmosphere.

A survey of the annual reports of the D.S.I.R.
2

on "The Investigation of Atmospheric Pollution",

emphasises the fact that our atmosphere is still

heavily polluted, and that there is wide scope for

research into new methods of dealing with the problem

as it arises at its source.

The/
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The discharge of obnoxious and offensive gases or

vapours into the air is —trolled hy cert.iu legal

enactments.

The law requires that

(1) the manufacturer must see that his employees

are not subjected to any hazardous concentration of gas

(2) obnoxious or offensive gases or vapours must

not be discharged into the atmosphere to the detriment

or annoyance of neighbours,

(3) the best practical means must be employed

(a) to prevent discharge of these dangerous

gases,

and (b) to render them harmless and inoffensive.

(4) suitable plant must be erected and maintained

by the manufacturer to perform the requirements of (3)
above.

The following gases and vapours arising from

various industries are sometimes allowed to escape into

the air in spite of the regulations.

Smoke.

Acids:- HC1, %S04, HNOa, HGN.
Sulphur gases:- HjgS, SQg, cSg , Thio-ethers,

■

Mereaptans.
I :

Other gases and vapours:- ci*, oxides of nitrogen,

IIH3, organic amines, &c.

This list is not intended to be exhaustive, but only
illustrative.

Reference/
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Reference to a table of toxicities of gases

shows that many of these compounds are extremely

dangerous when inhaled in surprisingly small quantities

so constituting a real danger to the health of the
inhabitants of districts where they are liable to be

discharged.

There are a number of methods available for the

treatment of such substances, in order to comply with

the requirements of the law.

e.g# for smoke:- mechanical stoking,

acids:- absorption with water or alkali,

sulphur gases:- incineration, gas-washing

with hypochlorite solution or soda,
or infection of free chlorine.

other gases and vapours:- absorption by

solution, or by such substances as

activated carbon.
1

Most of these methods are either inefficient,

expensive, or require much supervision, especially
when the concentration of the offensive gas is small

and the total volume of the effluent large.

The above is especially true of frydrogep aplpfrl.de,
and this paper describes an investigation into a new

method of treating an effluent containing low

concentrations of %S.

Hydrogen sulphide/
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wmmt sfflpm-

The odour associated with hydrogen sulphide

requires no casement» but it is not always appreciated
that I%3 is one of the most deadly gases.

The following figures are interesting.

Minimum perceptible odour

Weak odour readily perceptible

Easily noticeable odour

Strong forceful odour

Slight symptoms of gas-eyes after 1 hour

Marked » » « » »

Dangerous in ^-hour
Rapidly unconscious

Death in a few minutes

Parts per
million
of air.

0.13

0.77

4.60

27.00

50—100

200-300

500-700

700-1000

1000-2000

In the higher concentrations mentioned above,
4

HgS is more toxic than HCU, and acts with equal
rapidity in paralysing the respiratory centre of the

brain.

H.S /
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HgS occurs vtxy widely in the chemical and allied
industries where organic bodies containing sulphur are

undergoing chemical change*

e.g. It arises in artificial silk works,

chemical works,
I '

qye~xaakiiig and dye works ,

coke oven and byproduct plants,
I

gaa works,

oil refineries,
6

sulphite paper mills, &e«

Again this list dees not pretend to be exhaustive.
The above mentioned industries give rise to %S at

various concentrations. If the latter is fairly high,

there are a number of successful methods of dealing with

it* e«g. It may be oxidised to sulphur in the "Claus*

kiln for the manufacture of sulphuric acid. In the gas

industry, the concentration is reduced to statutory

limits by passing it over bog iron ore, or in the more

modern works, by fractional combustion, or by tha
7

"Thylox" process.

When the concentration reaches values of the order

Of 20 parts per million of air, such as arises in the

manufacture of artificial silk, these methods are not

economically applicable. Since the occurrence of %S in
.

Ouch low concentrations, which, according to the table

on p.4, gives rise to "a strong forceful odour", is by

no means an uncommon happening, it will be the aim of

this work to attempt to deal with this aspect in

particular.
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'

The method adopted is claimed in B.P# 428,606,

whereby offensive bodies may have their obnoxious
properties destroyed by a process of catalytic

oxidation, using substances possessing high surface

activity, such as activated carbon, silica gel, and
the like.

! • •

it should be noted that this process is distinct

from those in which activated carbon is used as a
■

carrier for metallic oxides, the latter being the

catalytic agents.

The object of this work is therefor© an

investigation of the catalytic oxidation of HgS at
low concentrations in air, using activated carbon as

catalyst, as it is affected by

(1) concentration,

(2) temperature,

(3) time of contact,

and (4) speed of gases over the catalyst.
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EXPERIMENTAL.

The general principle involves preparing a mixture

of HgS in air at various concentrations, and subjecting
this to catalytic treatment by passing it over a mass of

activated carbon heated to various temperatures, and

flowing over the catalyst at various rates, with

subsequent analysis of the products of reaction.

This has necessitated the design and construction

of elaborate apparatus to handle the gases under the

various conditions, and to control the variables so

that the effect of each might be estimated.

A photograph of the apparatus is shown below, and
the details are described on pp. 9- 31.
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THE APPARATUS.

ElOTflrtmlr 9t tftq ABP,m1rUgf FftSt ,1*
i

The general layout of the apparatus used for this
*

investigation is shown diagramatically in the form of
a flowsheet in figure 1*

Jfydrogen sulphide is generated from A.R. sodium

sulphide| washed, d±ied, and oollected over mercury.

The %S is injected into a stream of dxy air, which is
pulled through the apparatus by means of a rotary

vacuum pump. After mixing, the gases pass to a

flowmeter and pressure gauge, and thence to the

catalyst chamber. The products of the reaction are

absorbed for analysis, and the air is passed to the

pump and discharged.

As has already been pointed out, is an

extremely dangerous gas, so that it has been neeessary

to adopt the most stringent measures in the

construction and in the working of the apparatus, to

prevent the escape of I^S into the laboratory
atmosphere.

To /
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To facilitate detailed description of the

apparatus, drawings have been prepared of the

following sections.

1. The Kg3 generator.

2. The measuring apparatus.

(a) The burettes and flowmeter.

(b) The piston burette with its

driving mechanism.

3. The catalyst chamber with its automatic
control equipment.

4. The apparatus for analysis and protection

of the pun$>.

a,s /
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ftlS QTOKtr,te, appqr&Wu ,.8«.

la order to obtain a pure supply of H^S,
A.R. sodium sulphide is acted on by hydrochloric acid

I
( 1 part eonc. to 1 part water.)

The flask (A) containing the sulphide is fitted

with a cylindrical dropping funnel (B), the H^S being
•

. ... . . ....

delivered through the tap (1). The dropping funnel is

fitted with an absorption tube (C) filled with

activated carbon to absorb any HgS Which may bubble

through the acid in (B).

The pressure in the flask (A) is prevented from

rising to a dangerous value by the following device.

The tap (3) connects with a tube (I) of barometric

height dipping under mercury in the flask (D).
If the pressure in (A) rises seriously above

atmospheric pressure while the apparatus is not in use,

it is released by bubbling through the mercury in (D).
%

In order to prevent the escape into the laboratory

atmosphere of any %S so released, it is absorbed in
tower (B), filled with activated carbon.

The two-way tap (2) permits of sweeping out air

from the flask (A).

The wash-bottle (F) contains a little water to

remove any drops of HC1 mechanically carried over

with the EgS.

The/
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The towers (G) and (II) contain phosphorus

pentoxide in order to thoroughly dry the gas before

going to the measuring apparatus via the tap (4) .

The air is removed from the apparatus by

connecting the tap (4) to a water pump and

evacuating as completely as possible, the vacuum being
registered on the tube (I).

The tap (4) is now closed and the acid allowed

to drop on to the 3odium sulphide in the flask (A),
until the H^S given off completely fills the whole
apparatus.

The tubes connecting this apparatus with the

burettes are swept out with %S before collecting a

sample of the gas.

8.
The %S so prepared does not attack mercury.



CQ
UJ

o>

I

,f
I—

orD<uu

COZ5I—<cr<CLQL<

1

lil
«1
■

1'
1'
I

■

I«111'
111'
I'
I'
h

I»111'
1

*

I

■

11111
>"I

«"ii

^|\

J'I'I

'H'l'l'l
'H~'l'
11M
'I

'H
11

'I'l'H
'I



15.

gft® .Eftasuyfag Apparatus. ,3,-

In this apparatus the HgS from the generator is
collected over mercury in a burette and subsequently

displaced into a stream of dry air at a given uniform

rate, so forming a mixture of P%S in air of any
desired concentration.

Two types of burette are used.

T&® first type (A) ( in duplicate) consists of a

tube 2 ft* long by 1" in diameter, fitted with a

one-way tap at the bottom, and a two-way tap at the top,

and a side tube down which mercury is dropped.

The burette is first filled with mercury to the

tap (1), and then connected to the source of pure 1^3
as previously described. The mercury is now run off at

-

the bottom, so pulling into the burette a sample of

the gas. When the mercury levels in the burette and
.

side tube are equal, more acid is added to the

generator, and more gas drawn in, until the burette is

filled.

The tap (1) is then put into communication with

the tower (B) containing activated carbon, and the HgS
which has been collected in the burette is displaced

into the tower (B) by pouring mercury down the side tube.

By this means the tubes connecting taps (1) and (4)

are cleared of air and filled up with pure f%S,
The/
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The burette is again filled from the generator

and is now ready for use. It is then connected via

taps (1), (3), and (4) into the injector (C), where
the %S meets the air.

The HgS is injected into the air stream by
displacing it from the burette (A) by dropping mercury

down the side tube at a slow steady rate from a
9

constant head apparatus (D). The latter consists of

a cylindrical dropping funnel fitted with a stopper

through which passes a capillary tube open to the

atmosphere. When mercury is allowed to run out of the

reservoir, air begins to bubble through the mercury

from the point of the capillary# the pressure at the

point of which is now atmospheric* The delivery head

is thus equivalent to the height of a column of

mercury between this point and the jet of the tap.

Since this height remains constant, the rate of

delivery of mercury remains constant*

Jets of various sises are used for delivering

different sises of drops.

In this way a uniform stream of HgS is passed to
'

the injector (C).
The rate of injection of the HgS is frequently

checked by noting the time taken for a given number

of drops of mercury to enter the side tube of the

burette«

The/
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The burette, having a centimeter scale fixed on

the outside, is calibrated as follows.
The burette and side tube are completely filled

with water, the latter being stoppered to prevent the
.......... ...

water from running out during calibration. The volume

per centimeter is determined by observing the volume of

water delivered between successive graduations of the

scale.

This type of burette is very satisfactory when the

rate of displacement of the gas is of the order of

1 c.c. per minute, but when it is required to reduce

the rate to a value less than half of this, it is

entirely unsatisfactory, because the mercury will not

flow at a uniform rate from the jet in fine enough

(pops. ■
/ ;•

The second type (E) xaeets this requirement.

In this case the gas is displaced from the tube

by means of a mercury piston driven by an electric

motor through a system of reduction gearing and

screwed rods. The driving mechanism will be described

in detail later in conjunction with fig, 4, p. 21.

This burette consists of a tube 2 ft# long by

3/4" in diameter, and is fitted with the tap system

(5) and (S) . ( A similar tube, 1" in diameter, is

available for certain experiments.)

V
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A centimeter scale is fixed en the outside of the

tube which is calibrated in the same way as the first

type.

The burette is charged as follows.

The piston is raised until the mercury reaches
the tap (5) which is then closed, and the mercury in the

manometer (G) is raised until it reaches the tap (6)
which is also closed*

The tubes connecting the %S generator with the
burette are swept out by passing some %S via tap (6)
to the limb (F), from which it is drawn through a

solution of copper sulphate by means of a water pump,

(not shown in the diagram.)
The tap (6) is now turned so that the source of

%S Is connected to the manometer (G), and acid is
added to the generator until a positive pressure is

registered on it. Tap (5) is then opened and a

quantity of the HgS is drawn into the burette by
lowering the piston. When the levels in the two limbs

of the manometer become equal, more acid is added to

the generator. Tap (5) is now turned so that the

burette is put into communication with tower (B),
filled with activated carbon to absorb the gas, and

the piston is again raised, displacing the HgS from (E)
and so sweeping the air out of the tubes up to the

tap (4). The burette is refilled by lowering the piston,

and after connecting it with the injector (C), it is
ready for use.

This type of burette is entirely satisfactory.
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The HgS which is displaced from the burettes is
injected through the jet (C) into a stream of dry air,
drawn in through the tower (H) containing calcium

Chloride* The mixture of gases is pulled through the

whole apparatus by means of a rotary vacuum pump*

The gases after leaving the injector (C) pass to

a differential flowmeter (I) , which has been

calibrated against a standard gas meter. This

flowmeter measures the volume of the mixed gases

passing through the apparatus in unit time. Since the

volume of HgS is so small relative to the volume of the
air in any given time, the reading on the flowmeter is

taken as the volume of the air alone.

Thus by adjusting the rate of displacement of the

HgS and the reading on the flowmeter, a mixture of H^S
in air of known concentration may be passed through the

apparatus at a given speed.

The fluid used in the flowmeter is ordinary

lubricating oil, in which the HgS doe® not suffer

decomposition. The bulb (K) on the delivery side of
the flowmeter is introduced in order to catch the oil

should it be accidently ejected from the U-tube.

The pressure in the apparatus is measured on a

mercury manometer (J), the mercury surface being

protected from the action of the HgS by a little oil.
The same head of oil is added to the limb of the

manometer open to the atmosphere to balance that on the

other side.
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EfeS now

unprotected

chamber, fig* Su

Det,a:p,s pf the Pistftn Burette

The piston (A) consists of a rubber stopper, the

widest part of which is slighter greater than the

inside diameter of the burette* A portion of the upper

part of the stopper is bored out, making a piston with
a flexible annular ring. This slides up and down the

,

inside of the tube fairly easily, end at the same time
fits the tube sufficiently well to retain without the

slightest leak, a quantity of mercury above it, so

making the piston perfectly gas-tight.

The rod which drives the piston is of standard

1/4* diameter mild steel, and is screwed into the

bottom of the rubber part of the piston, the latter

being prevented from slipping on the rod by a pair of

lock-nuts in position on the under side.

The shaft (B) carrying a worm wheel is coupled to

a B.C. electric motor, the speed of which is 1800 rpm.

on the 100 volt mains. The worm engages with a

2.5/

This precaution is necessary, since the

mixed with air, would rapidly attack an

mercury surface.
The gases now pass to the catalyst
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2«5" dia. gear wheel, which has a 0,5" dia. pinion
soldered to it. This in turn drives a similar gear unit.

Since each unit rims freely on its bearing shaft, the

whole set can be run on two shafts, so making the gear

system as compact as possible. The large gear wheels

dip into a trey of oil, and pick up sufficient to

supply the small ones. Thus the lubrication is

automatic*

The auxiliary shaft (G) is driven by means of

bevel gears. The wheel at the top of this shaft engages

with two gear wheels of equal diameter (1") keyed to the

screwed rods (D). The latter therefore turn in the same

direction at the same rate.

The screwed rods (D) are 2,3" long, and have a

standard 5/16" 'Whitworth* thread run on them for the

whole of their length. The ends are turned down to

13/64" dia. to fit the bosses of the gear wheels. The

rods are supported oh lock-nuts at either end, and are

Carried at 2" centres in bearings made from 3/4" x 3/8"
brass bar (E)« The rider (F) is cut from the same

material, having two female threads tapped through it,

in which the rods can run. The piston rod is fixed to

this rider by a pair of lock-nuts on either side.

Since the rods (D) are driven at the same rate in

the same direction, the rider travels along the screws,

carrying the piston with it. The rate at which the piston

rises can be varied by arranging the gear ratios, and by

controlling the motor speed with the resistance (I) .

The/
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The rods with their bearings and also the gearing

are supported in a framework constructed with "MECCANO"

parts. The wheels and axles are also standard

"MECCANO" products.

In order to facilitate the filling of the burette,

the wheel (K) is de-clutched from the shaft (C), and by-

turning the wheel (J) by hand, the piston can be raised
or lowered very quickly. After filling the burette,

(K) is again clutched to the shaft (C), and the driving

is taken over by the motor.

The supporting structure carries a switch (H) in

such a position that the rider (P) catches the knob as

it rises, so switching off the motor. This precaution

is considered necessary In case the lock-nuts at the top

of the piston should reach the constricted part of the

burette and damage it. The switch is set to * trip' when

the mercury ^ust reaches the tap (5) in fig. 3.

This piece of apparatus has proved itself to be

thoroughly reliable, turning out uniform results during

24 hours a day, 7 days a week, for long periods.

The dimensions of the apparatus used in the present

work were chosen for the particular problem in hand,

but any small delivery of gas can be realised by

altering the motor speed, the gear ratios, and the

diameter of the burette.
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j

I - ' ■

- ' *
The Oat^Iyst. Ghamber with Control Equinrnftnt. Fig. 5.

The gases after leaving the pressure gauge in

fig* 3, pass into the catalyst chamber via tap (1).
This Is a modification of a standard type described by

10
Rideal and Taylor*

'

The chamber consists of a silica tube (A)
■

. ■

measuring 14n * 1" dia., wound with Ni-chrome wire,
'

S*W«G* 23, and lagged with asbestos thread (B).
The catalyst, supported cm a plug of glass wool,

is contained in an inner glass tube (C), fused on to

the exit tubs (D).

The gases entering by tap (1) pass up the inside
'

of the silica tube (A), where they are heated. In

passing through the narrow aimulus between the tubes

(A) and (C), the velocity of the gases is increased

considerably, and the heat transfer at this point is

consequently improved. The gases, now raised to the

the reaction temperature, pass down through the catalyst

and the gaseous products of reaction pass out of the

chamber for analysis via. tap (2).
•

This arrangement acts as a counter current heat
,

exchanger, the hot gases passing out heating the cold
!

ones entering* In this way a more uniform operation

of the system is ensured.

The/
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The chamber is heated electrically from the

100 volt mains| the temperature being registered on a

thermometer (3), and controlled by a mercury

regulator (F), operating in conjunction with a relay*
The thermometer and regulator are both in contact with
the catalyst*

Since the mass of gas contained in the chamber at

any given instant is continuously being replaced by

gases at room temperature, the usual method of

thermostatic control, namely, shutting off the current

completely for a period and then switching on again,

is entirely unsatisfactory for the present problem.

Consequently the regulator is made to act as

follows* When the temperature of the furnace is at or

below the control point, the current, having passed

through the heating coil, passes along the variable
resistance (G), to the contact point (H), and thence by

the wire (a) through the relay switch, and returns by

the wire (b) to the main.

The value of this resistance is such that the

Current passing will raise the temperature above the

control point. When this occurs, the mercury in the

regulator rises and touches the needle, completing the

relay circuit, and energising the coil of the relay.
The/
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The relay switch now opens, disconnecting the wires
(a) and (b), so that the current is compelled to

Its circuit via the contact point (X) and the wire (c)♦
This means the addition of the resistance between

(H) and (I), which reduces the current flowing in the

circuit sufficiently to bring the temperature back to

the control point.

By this device the temperature of the furnace can

be controlled within the limits ♦ or - 2°C.

r
The circuit is completed with a switch, fuse,

ammeter, all of which are shown in the diagram by

conventional signs.

The electrical connections are arranged so that

the heating circuit can be supplied with A«C« or D.C.

at will*



Fig.6. Apparatus for Analysis and

ProtectionofPump.
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After leaving the catalyst chamber, the gases
• •

pass to the analysis apparatus via tap (D* This

connects with a three-necked bottle (A), which permits

of switching the gas stream In any one of three
directions#

There are three sets of gas wash-bottles,

designated in the diagram by Soman numerals* The

first set (I) acts as a by-pass to the others* It is

put into the circuit by the taps (2) and (3) during the

heating or cooling of the catalyst in an air stream

which is free from sulphur gases. The first two bottles

in this set contain eoncentratd iodine solution to

protect the pimp against traces of sulphur gases

which may not have been thoroughly swept out of the

apparatus. The third bottle contains a solution of

sodium thiosulphate to remove any iodine carried over

from the first two, so preventing it from reaching
the pump.

Either of sets (II) or (III) may be put into the

circuit by means of taps (4) and (5) • These two sets
contain the same solutions for analysis purposes, and

are used alternately during long runs.

The/
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The first two of each set contain between them a

known amount of standard iodine solution, while the
I
third contains a known amount of standard sodium

thiosulphate solution.
' ' '

After passing through these bottles, the air,

having been stripped of all sulphur gases, is much too

wet to send to the pun?). It is therefore passed up

one of the towers (B), either of which may be switched
into the circuit at will by means of the taps (6) and

1(7). These towers contain calcium chloride, large

1ub3>3 being placed at the bottom, followed by smaller

granules on the top. By arranging the calcium chloride

in this fashion, the risk of clogging the towers is

reduced to a minimum. Two towers are necessary, so

that the calcium chloride can be changed without

interfering with the continuous operation of the

apparatus•
;

The air, having been dried, now passes to &

tower (C) filled with glass wool, which takes out any
I

particles of calcium chloride mechanically carried over

from (B).

(D) is a large bottle which acts as a trap for any

material or liquid coming over as a result of an
accident, so preventing any damage being done to the
I

pump.

The/
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The pump is a positive displacement rotary vacuum

pump, manufactured by Messrs, W. Edwards & Co#.
Zt is coupled to a 1/4 H.P. A.C. electtic motor of the

synchronous type, which drives the pump rotor at a

constant speed. Consequently a very steady flow is

maintained throughout the whole period of operation.

This machine is capable of handling a larger
volume of air than is required for this work, so that

the actual flow through the apparatus is regulated by

means of an air-leak into the trap (D) , controlled by

a screw clip (E).

In order to keep the laboratory as quiet as

possible, the pump is discharged through a tube

1811 x 2W dia. filled with cotton wool, to act as a

silencer.

To simplify the working of the apparatus, and to

make It as flexible as possible, the fullest use is

made of the various types of glass taps.

All the important connections between glass tubes

are of fused glass, while parts such as the injector

and burettes are made entirely of glass.

mum mm am
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Q,f APPaya-W.*

This apparatus has been developed from a simpler

form, with which the preliminary work was carried out,

and upon whleh the design of the present set was based.
!

In the original set, which incidentally was only
used for a few experiments with a 1# mixture of HgS in

air, the HgS was prepared in Kipp*s apparatus from
ferrous sulphide. A continuous stream of the gas,

measured by a calibrated differential flowmeter, was

mixed with one hundred times its volume of air drawn

from the compressed air main, and measured by a second

differential flowmeter.

This M mixture was passed to a large carboy,

from whleh it was allowed to pass to the draught fans.

A sample of the mixture, sufficient for analysis, was

drawn from the reservoir by means of a water pun?), and

passed through a third flowmeter to the catalyst

chamber in much the same way as in the present set.

This arrangement required so much supervision that

it was soon scrapped in favour of the above apparatus.



32.

WorKtog tit? AppwtfW.*

A quantity of the catalyst is placed in the

chamber and heated to the reaction temperature for 34

hours» in a stream of dry air flowing at the same rate

as is to be used in the actual experiment. By this

means, all the moisture which can be removed from the

catalyst at the working temperature will be swept away

in the stream of dry air. The heating is then switched

off and the catalyst allowed to cool in the stream of

dxy air, after which it is taken out and weighed.

In order to standardise the conditions as much as

possible, the weight of the catalyst is adjusted to the

same value for all the experiments.

This mass is replaced in the catalyst chamber and

reheated to the reaction temperature in a stream of diy

air as described above. Meanwhile the H^S generating

apparatus is being evacuated to remove all the air,

after which it is filled up with pure I%S. One or

other of the burettes is then filled as previously-

described.

When the catalyst is *on tenperature', the !%S is
injected into the air stream at the required rate, the

burette reading and time being noted. The gas stream

Us immediately directed from the by-pass bottles into

those containing the solutions for analysis.

At /
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At various intervals during the run, the second

set of analysis bottles is switched into the circuit,
.

the burette reading, time, and atmospheric pressure
■

being simultaneously noted. The solutions in the first

set of wash-bottles are then analysed, and the course

of the reaction during the given period estimated.

When it is desired to close down the apparatus,

the HgS is turned off and the apparatus freed from the

gas by allowing the air to continue passing for some

time at the reaction temperature* The catalyst is now

cooled in a stream of dry air, removed from the chamber

and weighed.

This procedure is continued until some Hg3 passes

the catalyst unchanged. When this stage is reached, the

catalyst is taken out, weighed, and sealed up in a

T——<1 mm mm mm

THE CATALY3T.

The catalyst used in this work is a granular form

of activated carbon, manufactured for industrial use by

"British Carbo-Uhion, Limited".

All the samples used are from the same stock.

Grade:- A.K.T.TV.
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THB ANALYSIS.

During the catalytic oxidation of HgS in air, the

following reactions may take place concurrently.
;

(1) 21%S ♦ Og - 2%0 ♦ 23
(2) 21%3 +■ 30s 21%0 + 230e

The sulphur formed in (1) is deposited on the

catalyst, while the SOg formed in (2) may he partly
adsorbed by the catalyst, or partly carried away from

the catalyst by the air stream.
....... • ; . - ■ . . ' '. ' * ' ' .. . ' " '' ' • : ,

The gases leaving the catalyst may therefore

contain
(a) unchanged %S,

and (b) SC% from reaction (2).
The method of estimating these gases in presence

of each other depends on their reaction with a solution
26

of iodine as follows.
;

(3) EgS + 3% » 2H£ ♦ S
(4) S0g * 1% ♦ 2HgO « 2HX + J%S04

Prom equation (3) one molecule of l%3, containing one

atom of sulphur, reacts with two equivalents of iodine

forming two equivalents of hydriodic acid, and

precipitating one atom of free sulphur. In the same

way, from (2), one molecule of SC%, containing one atom

of sulphur, reacts with two equivalents of iodine

forming two equivalents of hydriodic acid and two

equivalents of sulphuric acid.
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Xxt other words, 34 gms. of I%S (containing 32 gms.j
of sulphur), react with 2000 c.c. Normal iodine solution
to give 2000 c.c. N. HI, and 64 gms. of S% (containing
32 gms. of sulphur), react with 2000 c.c. N. Iodine to

give 2000 c.c. N. HI, Plus 2000 c.c* H. %S04.
Thus in (3), for every c.c. of N. iodine used up in

oxidising the I%S, one c.e. of N. acid is produced,
while in (4), for every c.c. of N. iodine used up in the

oxidation of SQg, TWO c.c. of N. acid are produced.
We have thus a basis for the analysis of mixtures

of HgS and SOg.
The gases are bubbled through wash-bottles as

described on p. 29, the first two of which contain
between them an accurately measured volume of a

standard solution of iodine, while the third contains
an accurately measured volume of a standard solution of
sodium thiosulphate. After absorption of the gases,

the contents of the three bottles are transferred to a

beaker, and the bottles are washed out with distilled

water which is added to the main solution. A measured

quantity of the sodium thiosulphate solution is then

added, sufficient to destroy the colour of the iodine.
The excess is back-titrated with the standard iodine

solution, using starch as indicator. The amount of

iodine used up as a result of the reactions (3) & (4)

is thus determined.

V
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A drop of sodium thiosulphate solution is now

added to destroy the blue colour of the starch* after
.

which the solution is titrated with a standard solution

of sodium hydroxide, using bromo-thymol-blue as

indicator* The amount of acid produced is thus

determined*

The following example will illustrate the method.

* sue. su sua*.*. ...™ o, ^ usee up wus

found to be equivalent to 12*3 c.c. N. iodine, and the

amount of acid produced equivalent tt> 20*8 c.c. IT.

From (3) and (4),

2000 c.c* IT* X, a 32 gins* S as or 30g -

12.3 c.c. H. I« s 32 x 12*3 £ms. S as fLS or SO,
2000

. ; .. : ; ,• " . : ; . V; .iy; - ' '
ss 0.197 gms* S as H,S or 30^

Now every c.c* of N* iodine gives rise to one c.c.

of N. HI, whether the iodine was used up by BgS or SO, •
Therefore 12.3 c.c* of the N. acid produced are due to

HI, while the excess (20.8 - 12.3 m 8.5 c.c*) is due to

%so4*
From (4),

2000 C*o. N* Ilg3O4 s 32 gms* S as SO, •
8.5 c.c* N* I%S04 s 32 x 8.5 gms. S as SQg

2000

e 0.136 gms. S as SQg
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Therefore the gas contained 0*136 gas. 3 a3 SOg
and 0*061 guts. S as KgS

Total 0*197

Prom the above it is clear that if the acid value

had been 12*3 c.e* N., the whole of the gaa would have

been E^S, and if it had been 24*6 c«c* N., the whole
would have been SO*.

When only a trace of HgS is present in the mixture,
it is easily recognised In the solution after the colour

of the iodine has been removed, due to the blue colour

imparted to the solution by the presence of colloidal

sulphur.

The weight of S as H^S entering the catalyst
chamber is calculated from the observations of the

volume of the gas, along with the temperature and

pressure.

Prom these data, the course of the reaction can b©

followed under the various experimental conditions.
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DBFITOIQKS. i

Before proceeding with a detailed presentation

and discussion of the results, the following points

require to be carefully defined#

The Time of Contact of the reactants with the catalyst.

The conception of the Time of Contact of the

reactants with the catalyst is a very simple idea, but

the expression of this important quantity is extremely

difficult, especially in the case of heterogeneous

catalysis.
27

According to Marek & Hahn, it may be determined by

calculation from such data as pressure, gross voids
between the granules of the catalyst mass, volume of

gases undergoing reaction per unit time, and temperature.

However, lack of details and standardised nomenclature

in the literature makes it difficult to interpret the

results in a logical way, and negligence in reporting

on these factors has detracted from the value of much

experimental work.

In the present case, using an adsorptive catalyst
like activated carbon, it is quite impossible to arrive

at any reasonable conception of the idea of Time of

Contact based on the above considerations.

In/
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In order to overcome this difficulty and so that

the experimental results might he expressed explicitly,

the term "WEIGHT TIME COOTACT" will be adopted

throughout this work. It will be defined as follows.

The "WEIGHT TIME CONTACT" of one of the reactanta

is expressed as the time in hours required for a given
mass of that reactant to pass over a fixed weight of

the catalyst, contained in a chamber of fixed dimensions.

In the present Q ase, where the quantity is
referred to in terms of %S, it is defined as the time
in hours required for 0.1 gms. of sulphur in the form of

HgS, to pass over a fixed weight of carbon - always 6.3 gms.

in these experiments - contained in a tube 3/4" in

diameter.

e.g. In the first experiment to be described on

p. 43, the time required for 0.1 gms. of S as I%S to pass

over 6.3 gins, of the catalyst, contained in the 3/4"

tube, is very nearly one hour, and is taken as such

within the experimental error.

Thus in the example ^ust quoted, the Weight Tim©

Contact as defined above will be unity.

In all that follows, this quantity will be

designated by bracketed Roman numerals - (I).
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Another term commonly used in the literature,

Md Incidentally expressed in tfce sane indefinite
manner as time of contairt, is Space Velocity.

28
Marek & Hahn define the Space Velocity as the

volume of reacting gas measured at normal temperature

and pressure, passed in contact with unit volume of the

catalyst per hour.

This is not a very satisfactory conception when

applied to a porous catalyst like activated carbon,

where it is a matter of some real difficulty to estimate

the volume of the catalyst#

A much more exact measure of the amount of carbon

present is afforded by its weight. The term Space

Velocity will therefore be replaced by

"WEIGHT YQUm VSXPGITYV

For the purposes of this work it will be defined as

the volume of reactants, measured at room temperature,

passing through a fixed weight of catalyst contained in

in a tube of fixed dimensions, in unit time.

e.g. In the first experiment described on p. 43,
the Weight Volume Velocity corresponds to a rate of flow

of 115 cc/min. of HgS-air, measured by a differential
flowmeter at room temperature, and passing through 6.3 gms.

Cf carbon contained in a 3/4" dia. tube.

I
I
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THE EXPERIMENTAL RESULTS.

Preliminary experiments were performed with a

lo mixture of %S in air to find out the approximate
conditions under which no would pass through the

catalyst mass unchanged.
It was found that SOB only left the catalyst when

a 2£ mixture was flowing through the system at a

Weight volume velocity of 120 c.c./min., at a

temperature of 18Q*C, this being the highest permissible

temperature without fear of ignition of the catalyst.

Accordingly an experiment was begun in which

6.3 gms. of carbon were heated to 180*C, over which a

1# mixture of %S in air was passed at a

Weight volume velocity of 115 c.c./min., and analyses

were performed at frequent intervals until a small

quantity of unchanged HgS began to pass the catalyst.
The reaction was then stopped and the carbon sealed up.

This experiment was commenced using the original

form of the apparatus described on p.32 , but its

operation required so much supervision, that it soon

became necessary to introduce the dropping burettes

as described on p* 15.

The following table gives the results.

Table I /
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TABLE 2-

Concentration 1#.

Temperature 1S0*C.

Weight time contact (I).

Weight volume velocity 115 cc/mln.

Time
in
hrs.

Total
time

S as
HkS
entr.

Total

Ventr.
S as

HBS
leav.

S as

SOjj
leav.

Total
SO^
leav.

3 as

30,
Iner.
wt.
carb.

Total
incr.
carb.

4$ 4& 0.405 0.405 - 0.011 0.Oil 3*0 0.528 0. 528

4^ 9 0.405 0.810 mm 0.067 0.078 16.6 0.425 0*953

4^ 13$ 0.405 1.215 tlim 0.120 0.198 29.7 0*349 1. B02

4^ 18 0.405 1.620 - 0.160 0*358 39.5 0.296 1* 598

4& 22& 0*405 2.025 mm 0.165 0-523 40.7 0*255 1.853

27 0.405 2.430 - 0.186 0.709 46.0 0.278 2* 131

4^ sii 0*405 2.835 mm 0.192 0.901 47.5 0.213 2.;344ij It <!#

4^- 35 0.405 3.240 - 0.1B9 1.090 46.7 0*241 2* 585

4* 40^ 0.405 3.545 - 0.219 1*309 54.0 0.203 2* 788

45 0.405 4.050 - 0-226 1*535 55.8 0.187 2, 975

49'^ 0.405 4,455 - 0.210 1*745 51.9 0.201 3* 176

8^ 58 0.715 5.170 m 0.549 2*294 77.0 0*040 3* 216

9 67 0.771 5.941 - 0.477 2*771 62.0 0.127 3. 343

This table is continued on the next page.

j* From this point onwards, it was observed that
.

sulphur was distilling from the catalyst and

condensing on the exit tube.

Table I (cont.) /
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I.

(Continued.)

Time
in
hrs.

Total
time

S as
H«S
entr.

Total
HfiS
entr.

S as

%S
leav.

3 as
SO©
leav.

Total
SOg
leav.

S as

SO,,
%

Tncr.
wt.
earb.

Total
iacr.
carb.

- 67 0.771 5.941 - 0.477 2.771 62.0 0.127 3, 343

9 76 0.709 6.650 0.467 3.238 66.0 0.152 3. 495

9 85 0.762 7.412 - 0.456 3.694 60.0 0.174 3. 669

9 Oil<!/«at 0.755 8.167 - 0.445 4.139 59.0 0.232 3. 901

9 103 0.757 8.924 - 0.426 4.565 56.0 0.272 4. 173

lll£ 0.702 9.626 - 0.418 4.983 60.0 0.225 4 .398

7 118^ 0.621 10.247 - 0.306 5*289 49.2 0.241 4,>639

6 124& 0.473 10 -720 - 0.254 5.543 53.6 0.164 4. 803

6 130^ 0.500 11.220 mm 0.258 5.801 51.5 0.183 4. 986

S*jr 137 0.544 11.764 mm 0.236 S.037 43.4 0.195 5. 181

6^- 143^ 0.559 12*323 mm 0.247 6.284 44.3 0.215 5*396

6 149& 0.527 12.850 - 0.216 6.500 41.0 0.205 5, 601

6 155# 0.504 13.354 Trace 0.219 6.719 43.4 0.155 5, 756

6 163i 0.500 13.854 0.003 0.205 6.926 41.6 0.080 5. 836

168 0 *541 14.395 0.009 0.222 7.148 42,7 0.070 5,906
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Since it is desired that this process should work

at as low a temperature as possible, a fresh

experiment was begun at 100*C, the conditions of

concentration &c., being identical with those of the

last experiment*

In this case a quantity of unchanged Bg3 passed the

catalyst right from the start, so that the experiment

was abandoned.

The next experiment was carried out at 120°C

under the same conditions of concentration &e. as

above. The results are given in table II.

TABLE II.

Concentration '3$,

Temperature 120®C.

Weight time contact (I).

Weight volume velocity 115 cc/min.

Time
in
lirs.

Total
time

3 as

entr.

Total

I%S
entr.

3 as

HgS
leav.

3

leav.

Total
so,
leav.

S as
so»
%

Incr.
wt.

carb.

Total
incr.
carb.

9 9 0.768 0.768 m 0.004 0.004 0.6 0.817 0.817

9 13 0.761 1.529 m 0.021 0,025 2*8 0*795 1.612

9 27 0.779 2.308 m Q.OSO 0.075 6*5 0.735 2.347

9 36 0.708 3.016 mm 0.064 0.139 9.1 0.616 2,963

s-h 44*ijs- 0.798 3.814 m 0.088 0.227 11.1 0.656 3. 619

9^ 54 0.797 4.611 0.908 0.388 0.315 12.0 0.635 4. 254

6 60 0.507 5.118 0,013 0.058 0.373 14.0 0.378 4*<532
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Table III gives the results of an experiment

performed at 150*C, under the same conditions of

concentration, &c», as in the previous eases.

mm, m*

Concentration 1%.
i

Temperature 15Q*C.

Weight time contact (i).

Weight volume velocity 115 cc/rnin.

Time
in
hrs.

Total
time

S as

entr.

Total
BUS
entr.

S as

leav.

S as

SOJJ
leav.

Total
SO*
leav.

S as

gOs%

Ihcr.
wt,
carb.

T<

C£

)tal
icr,
ix*b.

10 10 0.854 0.854 - 0.029 0.029 3.6 0.916 0.►916

10 20 0.860 1.714 • 0.151 0.180 17.6 0.781 1-►697

6 26 0.532 2.246 0.131 0.311 24.6 0.394 2i►091

10 36 0.851 3*097 0.259 0.570 30.5 0.553 2<►644

10 46 0.830 3.927 - 0.267 0.837 32.3 0.494 3, 138

10 56 0.817 4.744 - 0.264 1.101 32.3 0.460 34598

10 66 0-841 5.585 - 0.282 1.383 33.6 0.497 4.095

10 76 0.824 6.409 0*008 0.264 1.647 33.0 0.474 4^569

10 86 0.813 7.222 0.011 0.240 1.887 30.8 0.444 54023

* From this point onwards a small quantity of sulphur

was distilling from the carbon, and condensing on the

exit tube.

In/
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concentration

Wei&httime Contact

Weight Volume Velocity
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c(v!bon
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la these tables the column marked n3 as 30g

represents the amount of sulphur as SOg leaving the
catalyst, expressed as a percentage of the amount

of sulphur as HgS entering.

The results given Tables I, II, & III, are

reproduced graphically in fig. 7 .

On the graphs, the percentage of 3 as so*
leaving the catalyst is plotted against the amount of
S as %S entering*

Perusal of the graphs shows that veiy little SO^
leaves the catalyst at first, but the amount gradually

increases as the reaction proceeds, reaching a

maximum in the cases of the 1BG*C and 150®C curves,

and then falling off again, while at 120*C this
maximum is not reached before HgS begins to pass the

catalyst unchanged.

It is clear from these curves that as the

temperature is increased, the amount of S as SGg
leaving the catalyst after the treatment of a given

quantity of S as HgS, also increases.

From the tables it is evident that as the reaction

proceeds, the catalyst is gradually increasing in

weight.
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In order to find the effect of reducing the

concentration of the HgS, the next experiments were

carried out with a 0.2$ mixture of '%S in air. This
mixture was made "by reducing the amount of 3 entering
the catalyst in a given time to one half of that used in

:

the previous experiments, and increasing the amount of

air five times*

Thus the Weight time contact is increased to (II)»
and the Weight volume velocity increased to 575 cc/min.

Table IV gives the results at 180°C.

wm vr-
■ •'

Concentration 0*1%.

Temperature 180CC.«

Weight time contact (II) •

Weight volume velocity 575 ec/min.

Time
in
hrs.

Total
time

3 as

?%s
entr.

Total
%S
entr.

S as

HfeS
leav.

S as

SO*
leav.

Total
SCfe
leav.

S as

go*%

Incr.
wt.
carb.

Total
incr.
carb.

8 8 0.313 0.313 ** 0.064 0*064 20.5 0*267 0.267

10 18 0.399 0.712 0.002 0.177 0« 241 45.0 0*190 0.457

10 28 0.351 1.003 0.004 0.199 0.440 57.9 0.129 0.586

Table/
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Table V gives the results of working at 150°C, the
other conditions being the same as in the last table.

TABLE V.

Concentration 0# 1%.

Temperature 150*C.

Weight time contact (II) .

Weight volume velocity 575 cc/min.

Time
in
hrs.

Total
time.

S as
I-LS
entr.

Total
H«S
entr.

S as

leav.

3 as Total
SQ«
leav.

3 as

soB
%

Ihcr,
wt.
carb.

Total
incr.
wt*

11 11 0,450 0,450 - 0.061 0,061 13,5 0,429 0,429

9 20 0.341 0.791 - 0.090 0.151 26.5 0.243 0.672

10 30 0.382 1.173 0,002 0,120 0,271 32.0 0.216 0,888

On working at 120°C under the same conditions of

Height time contact and Weight volume velocity as above,

it was found that some unchanged I%S passed the catalyst

right from the start, and it was therefore abandoned.

The results given in Tables IV & V are reproduced

graphically in fig, 8.

From /



Fig. 8.

Gv\S. <S AS HgS ENTER IN6.
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Prom the graph it will "be noted that as the

temperature is increased, the amount of 3 as 30g leaving
the catalyst after the treatment of a given quantity of

Hg3, is also increased, as in the experiments with the
1$ mixtures of in air.

For the purpose of comparison, the first portions
of the curves for the 1$ experiments, shown in fig. 7 ,

have been replotted in red on fig. 8 , on the same

scale as those for the 0.1$ experiments.

It is evident that in the case of the 0.1$ mixtures,

flowing through the system at a weight volume velocity

of 575 cc/min., unconverted H^S begins to pass the carbon
much more quickly than in the case of the 1$ mixtures

flowing at a weight volume velocity of 115 cc/min., in

spite of the fact that the weight time contact is

doubled. This in conjunction with the fact that some

H»S is always present in the issuing gases at 120°C
when the 0*3$ mixture is treated as above, suggests that

these conditions of weight time contact and weight-

volume velocity are pretty near the limit of the

catalytic capacity of the catalyst mass used.

Conpaping the two seta of curves in fig. 8,- those

at en 1$ and those at 0.1$- it will be seen that the slope

of the second set is greater than that of the first.

I.e. the percentage of S as SO^ leaving the catalyst
after the treatment of a given quantity of H^S, is
greater for the 0.1$ mixtures than for the 1$ mixtures.
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The concentration of the HgS-air mixture was then

further reduced to 0*05%, so increasing the weight-

time contact to (IV) , while the weight volume velocity-

was kept at 575 cc/min.
The result of working at 150*C is given in Table VI.

TABLE VI* ' j
0*05%.

150*C.

(IV)*

575 cc/min.

Time
in
hrs.

Total
time.

3 as
HIS
entr.

Total
%3
entr.

S as

I%S
leav.

S as

SQb
leav.

Total

n30®leav.

3 as
SOU
%

User*
wt*
earb.

Total
infer,
wt*

9 9 0*111 0* in - 0.008 0.008 7*2 0.104 0.104

9 18 0.190 0.201 — 0.037 0.045 19.6 0.193 0.297

10 28 0.180 0.^1 - 0.048 0*093 26*6 0.119 0.416

10 38 0.134 0 .£15 ■m 0 • 052 0.145 38 #8 0.094 0.51O
|

The graph of this experiment falls almost exactly

coincident with that of Table IV, ( 0*1%, 180°C,

W.T.C*,(II), and W.V#V# 575 cc/min.) See fig* 8.

Coshering this experiment with that at 150*C shown

in Table V, it is evident that as the Weight time contact

is increased, other things being equal, the percentage of

3 as SOg leaving the catalyst after the treatment of a

given quantity of HgS, is also increased.

Concentration

Temperature

Weight time contact

Weight volume velocity
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The Introduction of the new piston burette as

described on p. 17, made it possible to carry out

experiments at a concentration of 0* 01$, and a

weight time contact of (XX), the weight volume velocity

being maintained at 575 cc/min.

Tables VII, VIII, and IX give the results at 1SQ°C,

150®C, and 120°C respectively.

TABLE VII.

Concentration 0*01$.

Temperature 180®C.

Weight time contact (XX).

Weight volume velocity 575 cc/min.

Time
in
hrs.

Total
time.

S as

HoS
entr.

Total

entr.

S as

leav.

S as

leav.

Total
S0B
leav.

3 as

%

Incr.
wt.
earb.

24 24 0.100 0.100 - 0.040 0*040 40,0 -

24 48 0.098 0.198 - 0.080 0*120 81.6 mm

24 72 0.102 0.300 m 0.091 0*211 89,2 -

24 96 0.102 0.402 m 0.093 0.304 91.2 mm

24 120 0.098 0.500 mm 0.094 0.398 95.9 0.198

It will be seen from the above table that nearly

96% of the amount of S entering the catalyst has left it

as S0E. Consequently it was thought that the experiment
would continue for a long time before there would be any

unchanged %S passing the catalyst.
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Time has not permitted the following of this

experiment further, and the carbon was removed, weighed,
and sealed up. Since the apparatus is now running for

24 hours a day during several days, it is only practicable

to weigh the catalyst at the end of each run, and not

after each analysis as previously.

TABLE VIII.

Concentration 0*01%.

Temperature 150*0•

Weight time contact (XX) •

Weight volume velocity 575 cc/min.

Time
in
hrs*

Total
time.

S as

HoS
entr.

Total

ventr.
3 as

leav.

S as

30e
leav*

Total
SOfe
leav.

S as

SOfc
%

Incr.
wt.
carb.

34 24 0.104 0*104 mm . 0.019 0*019 18*3 -

24 48 0.108 0*206 0.040 0.059 39.2 mm

24 72 0.108 0.314 0*050 0*109 46.2 mm

24 96 0.104 0.418 «■» 0.051 0.160 50.9 mm

24 120 0*101 0.519 - 0*054 0*214 53.5 mm

24 144 0.104 3.623 - 0.065 0*279 62.5 -

24 168 0.103 0.726 Trace 0.061 0.340 59.2 -

24 192 0.103 0.829 0.002 0*064 0.404 62.2 0*634

Table/
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TABUS IX ■

Concentration O.QI$.

Teinperature 120®C •

Weight time contact (XX)♦

Weight volume velocity 575 ce/min.

Time
in
hrs.

Total
time.

S as
ILS
entr.

Total

v
entr.

S as

V
leav.

S as

SQ0
leav.

Total
30JJ>
leav.

S as

SO*
%

Incr.
wt.
carb.

24 34 0.105 0.105 mm 0.014 0.014 13.2 -

24 43 0.106 0.211 mm 0.034 0.033 22.6 -

24 72 0.102 0,313 mm 0.031 0.069 30.3 -

24 96 0.102 0.415 mm 0.032 0.101 31*4 -

24 120 0.101 0.516 - 0.036 0.137 35.8 -

24 144 0.097 0.613 0,005 0.032 0.169 27.8 0.679

•; • ' . ■ • , . • i • ' ■ .* .•

The results given in the Tables VII, VIII, and IX,
'

< •
. ■

f _ • .

are reproduced graphically in fig, 9 .
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From this graph It 1b again evident that as the

temperature Is increased, other things being equal, the

amount of S as SOg leaving the catalyst, after the
treatment of a given quantity of HgS, is also increased.

Coopering this set of curves at 0.01% and

weight time contact (XX) with those at 0.1% and

weight time contact (II), it is clear that the slopes

of the former are greater than the slopes of the latter.

It would seem therefore, that as the weight time contact

is increased, the amount of S as SQg leaving the catalyst
is also increased.

The next experiment was designed to see whether the

slope of this curve could be further Increased by

increasing the weight time contact to (C) • This

Involved the reduction of the concentration to 0.002%,

i.e., 2© parts par million.

In order to make this test as severe as possible?

the temperature was simultaneously lowered to 120®C.

The result is given in Table X.

Table X/
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TABLE X

Coneentration 0.002%.

Temperature 120®C.

Weight time contact (C) .

Weight volume velocity 575 co/min*

Time
in
hrs.

Total
time.

S as
ELS
entr.

Total
HAS
entr.

3 as

HgS
leav.

S ae

SOfe
leav.

Total
so8
leav.

S as

7*
Incr.
wt#
carb.

48 48 0.049 0.049 0.011 0.011 22.5 •»

24 72 0.027 0.076 - 0.011 0.022 40.7 -

24 96 0.024 0.100 m 0.013 0.035 54.1 -

48 144 0.049 0.149 - 0.022 0.057 45.0 -

24 168 0.025 0.174 - 0.018 0.075 72.0 -

24 192 0,025 0.199 - 0.018 0,093 72,0 am

24 216 0.025 0.224 m 0.019 0.112 76.0 -

24 240 0.026 0.250 m 0.018 0.130 69.3 -

24 264 0.025 0.275 - 0.015 0,145 60.0 -

31 295 0.033 0.308 - 0.022 0.167 66.7 -

24 319 0.025 0.333 - 0.019 0.186 76.0 am

24 343 0.025 0.358 - 0.019 0.205 76,0 <M»

24 367 0.024 0.382 - 0.020 0.225 83.3 -

23 390 0.025 0.407 tm 0.021 0. 346 84.0 0 .541

Time has not permitted this experiment to be

continued to the point where %S passes the catalyst.
The/

t
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The result given in table X is shown graphically

in red on fig. 9 •

From this it appears that even at 120*C, the

initial slope of the curve having a weight time contact

(C), is practically coincident with the curve at 180

the weight time contact of which was (XX).

Thus for given conditions of temperature and

weight volume velocity) the amount of S as SQ^ leaving
the catalyst) after the treatment of a given quantity of

HgS) increases with the weight time contact*

Since it has been observed in all the cases so far

examined that an increase in the temperature produces an

increase in the amount of SO^ leaving the carbon, other

things being equal) it is perfectly safe to assume in the

present case, that by raising the temperature of this

system at a concentration of 0*002%) weight time contact

(C), and weight volume velocity 575 cc/min. , the result

will be a further increase in the amount of SOg leaving
the carbon.

With a view to completing the investigation of the

effect of varying the weight time contact and weight-

volume velocity) the following experiments have been

carried out all at 120*C.

The/



61.

The results of these experiments are given in

Tables XI, XII, and XIII.

Weight volume velocity 115 ee/mln.

Time
in
hrs.

Total
time.

3 as

HgS
entr.

Total
T1S
entr.

3 as
R.S
leav.

S as

so*
leav.

Total
SOg
leav.

3 as

S0s
%

Incr.
wt.
carb.

24 24 0.023 0.023 m 0.006 0.005 21.8 •

24 48 0.023 0.046 - 0.005 0.010 21.8 m

48 96 0.047 0.093 4N» 0.008 0.018 17.0 -

72 168 0.069 0.162 m . 0*011 0.029 16.0 -

96 264 0.095 0.257 m 0.040 0.069 42.0 -

72 336 0.073 0.330 «* 0.029 0.098 39.8 -

72 408 0.071 0.401 - 0.040 0.138 56.3 0.641

The results in this case are individually veiy

erratic, probably due to the exceedingly small flow of

HgS, namely 16 ce per 24 hours. However the trend of
the graph is perfectly definite, as will be shown later.

WW XI

Concentration

Temperature

Weight time contact

0.01$.

120®C.

<C).
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TABLE XII.

0*1%>

120®C»

<X).

1X5 ec/mlxu

Time
in
hrs*

Total
time.

S as

entr.

Total

entr.

S as

H*S
leav.

S as

so*
leav.

Total
SC3^
leav.

S as

r*
Incr.
wt*
carh.

24 24 0,204 0,204 ** 0.005 0.005 2.5 -

25 49 0.207 0.411 '

m 0.011 0.016 5#4 m*

23 72 0.2S4 0 • 595 0.026 0.042 14.0 mm

24 96 0* 191 0.786 m 0.034 0.076 17,7 -

24 120 0.194 0.980 - 0.048 0.124 24.7 1.145

Concentration

Ten^erature

Weight time contaot

"Weight volume velocity
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TABLE XIII.

Concentration Q.Q5#.

Temperature 120*C.

Weight time contact (XX).

Weight volume velocity 115 ec/min.

Time
in
hrs.

Total
time.

S as

I%3
entr.

Total
HLS
entr#

3 as

,Vleav.
S as
SOU
leav.

Total
so»
leav#

3 as Incr.
wt.
carb.

34 24 0#096 0.096 - 0.003 0.003 3.2 m

24 48 0.103 0.199 0*005 0*008 5.0 -

24 72 0,108 0.307 mm 0.003 0.016 7.5

34 96 0.097 0.404 0.012 0.028 12,.4 0.539

Hone of the last three experiments have been
■ ■

continued to the point when H^S passes the catalyst.
''

. ■' ': v-.v:..
The results given in these tables are reproduced

graphically in fig# 10, and the course which they have

followed will be discussed later#
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In the experiments just described, there are four

variables, namely,
(1) Concentration of %S in air,
(2) Temperature,

(3) Weight time contact,

and (4) Weight volume velocity.

The effect of each of these will now be discussed

separately.

Temperature is the only variable which can be

changed independently of the other three. In the case
i ' ' "

of the others, a change in one is always accompanied by
a simultaneous variation of another, e.g.,

If the concentration is kept constant, the W.

increases as the W.V.V. decreases.

If the W.T.C. is kept constant, the concentration

decreases as the W.V.V. increases.

If the W.V.V. is kept constant, the W.T.C. increases as

the concentration decreases.
'

V , ... . . •

The method adopted for coopering these variables

will be described below.

ID
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CD Concentration.

The complete oxidation of %S may be represented
by the following equation J-

2HgS + 30fe =* 2I%0 + 2SCfe
2 vol. 3 vol.

From this it follows that for the oontplete

oxidation of %S to SQ^j the volume of oxygen required
is 1& times that of the E^S. If the oxygen is derived

■ ' I
from the air, 7$ volumes of air are required per volume

of HgS. Therefore a mixture of I%S in air at a

concentration of 13.33% contains sufficient oxygen for

the theoretically complete oxidation of %S to 30^.
Thus even at the highest concentrations used in

this investigation, namely 1% H^S In air, there is
13 times the theoretical amount of air required to

cosplete the oxidation. Consequently the 'Mass action*
effect of the oxygen will not change with subsequent

dilution.

The effect of concentration as a variable in this
i

investigation may therefore be taken as negligible.

There remains to be discussed the effects of

temperature, weight time contact, and weight volume

velocity.

For/
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For the purpose of coa^paring these, each variable
will be plotted against the angle which the initial

portions of the curves in figs* makes with the

horizontal* In all eases this part of the curve is

sufficiently near a straight line to enable the angle

to be measured directly with a protractor.

The following table collects the whole series,
with the angles measured as above.

TABLE jbbl*

Cone. w.T.q* fiXtX.® %ngle.

1* 120®C (I) 115 cc/min. 1*

150°C (I) rt 4®

180*C (I) 10®

0.1# 150*C (II) 575 cc/rain. 30®

180®C Cii) it 50®

0,01# 120®C (XX) ti 65®

150*C (XX) it 75®

180®C (XX) « 85®

0*002% 120*C (C) it 85®

0.01# 120®C (C) 115 cc/min* 75*

0*1# 120®C (X) ii 20®

0.05% 120®C (XX) it 30®
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Perusal of Table XIV will show that an increase in

each of the variables temperature, weight time contactj
and weight volume velocity, is attended by an increase

in the slope of the curve which connects the percentage

of S as SQg leaving the catalyst, with the amount of
S as HgS enternig.

In order to show that this increase in slope is

due to an increase in the percentage conversion of the

HgS to SOg, and not simply to differences in the rate
of adsorption of the SQg formed under the various

conditions, the following experiments were performed.

Using the same apparatus as was employed in the

HgS experiments, mixtures of S% in air were prepared at
various concentrations, and passed over the usual

quantity of the catalyst under various conditions of

temperature, weight time contact, and weight volume velocity,
'

analyses of the gases leaving the carbon being carried

out at frequent intervals.

The SQg was obtained from a syphon of the liquefied
gas, dried by passing it through cone, I%S04, collected
over mercury in the burettes and injected into the air

stream as in the case of HgS.
In this way the carbon is required to; deal with

the equivalent of an instantaneous 100% conversion of

HgS to SOg, under various conditions of temperature etc.

so that these experiments will show the rate, extent, and

nature of the adsorption of SQg under the prevailing
conditions.
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The results of these experiments with S0B are

given in Tables XV, XVI, XVII, XVIII, and XIX.

TABLE XV.

Concentration of SOg 0.01%.
Temperature 180*C.

Weight time contact (XX)•

Weight volume velocity 675 ec/min.

Tir
hrs.

Total
time.

S as

SO,
entr.

Total
3%

entr.

S as

so*
leav.

Total
SQe
leav.

S as

SO,
%

Incr.
wt.
carb.

24 24 0.105 0.106 0.085 0.085 80.9 -

24 48 0.105 0.210 0.105 0.190 100 -

24 72 0.107 0.317 0.103 0.293 96.4 0.139 *

* This last result is practically 100% and may be

taken as such within the experimental error.
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TABUS XVI.

o*oas&.

120°C.

(XX) .

575 cc/min.

Concentration of S%

Temperature

Weight time contact

Weight volume velocity

Time
in
hrs.

Total
time*

S as

30»
entr.

Total
SOL
entr.

S as

30*
leav.

Total
SQg
leav.

S as

%

Incr.
wt*
carb.

24 24 0* 099 0,099 0*066 0.066 66.6 -

24 48 0.100 0,199 0.0S8 0.154 88.0 -

25 73 0.107 0.306 0.098 0.252 91*2 -

23 96 0.105 0*411 0.101 0.353 96*0 -

24 120 0.202 0.513 0.101 0.454 100*0 0*329

Table XVII /
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TABIff XVII.

Concentration of SQs
Temperature

Weight time contact

Weight volume velocity

Time
in
hrs.

Total
time.

3 as

SOg
entr.

Total
30q
entr.

S as

30g
leav.

Total
SOg
leav.

S as

%

Iner.
wt.
carb.

24 24 0.106 0.106 0.030 0.030 28.3 -

24 48 0*106 0*212 0.067 0,097 63.4 -

24 72 0,104 0.316 0.091 0.188 87,5 -

24 96 0.101 0.417 0.091 0.279 90.4

24 120 0.102 0.509 0.096 0.375 94.0 mm

24 144 0.104 00613 0.101 0.476 97.3 m

24 168 0,104 0.717 0.104 0.580 100.0 0.677

0,05%.

120®C.

(XX).

115 cc/min.

Table XVIII/
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same was-

Concentration of 30g 155•

Temperature 120°C.

Weight time contact (I).
Weight volume velocity US cc/min.

Time
in
hrs.

Total
time*

S as

SOg
entr.

Total
30g
entr*

S as

SOB
leav.

Total
SQg
leav.

S as

r»
Xncr.
wt.
cart).

•1 1 0.057 0*057 0*018 0*018 31.6 mm

1 2 0.061 0.118 0.031 0.049 51.6 mm

2 4 0.145 0.263 0.107 0.156 74.0 -

1 5 0.098 0.361 0.079 0.235 80*5 -

1 6 0.073 0,434 0.068 0.303 93*0 0.353

TABLE

Concentration of SGg 155*
Temperature 18Q*C.

Weight time contact (I).
Weight volume velocity US cc/min.

Time Total S as Total S as Total S as Incr.
in time* SOg SOg SOg SOfe SOg wt.

hrs. entr. entr. leav* leav* % carb.

1 1 0# 099 0*099 0.050 0.050 50*0 -

1 2 0.063 0*162 0*047 0.097 74.5 -

The last two experiments have not been continued to 1G0/J
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The results given in Tables XV to XIX are

reproduced graphically in fig* 11 , where they are plotted
on the same scale as the 'HgS' curves*

Prom this it is deduced that under given conditions

of weight time contact and weight volume velocity,

variation in temperature has practically no effect on

the adsorption of the S0e, as shown by the angles which
these curves make with the horizontal.

It would appear that by reducing the weight volume

velocity, the rate of adsorption is slightly slower,

but here again the effect is not a large one*
I

Thus under widely differing conditions of
i

temperature, weight time contact, and weight volume

velocity, the rate, extent, and nature of the adsorption

of S0$ by the carbon, do not change significantly.
Moreover the angles made with the horizontal by these

curves are in general greater than those made by the

curves of the 'IMS' experiments.
'

Since the »SOfe• curves represent the equivalent of
instantaneous 100% conversion of HgS to SOg, the large
differences observed in the slopes of the 1HgS' curves
must be due to variations in the actual conversion of

IlgS to SGfe.
Therefore the greater the slope of these curves,

the higher the conversion of HgS to SO^.
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By regrouping the data given in Table XIV, the

effect of the remaining variables may be isolated.

(2) Temperature.

Temperature varying.

W.T.C. & W.V.V. constant.

Temp. W,!•<?,. W,V,V. Cons.,. 6B8&*
120*C (i) 115 ec/mln. 1% l*

150*C (i) « 1% 4*

180*0 CI)
J3 ttI 1% 10*

150*0 (ID 575 eo/min. 0,1$ 30°

180*0 (ID H

WWWWW

0.1% 50*

120*0 (XX) 575 cc/min. o.ou 65*

150*0 (XX) « 0.01% 75*

180*0 (XX) n 0.01% 85®

ww^«»«i»wwwwwww<wii»

For each of the above groups, it is clear that as

the temperature is increased, so also is the slope of

the curve.

In other words, the higher the temperature the

higher the conversion of i%S to SO^.

In fig, 12 the above angles are plotted against the

temperature, from which it would appear that the

relationship is linear in the temperature range examined.



fig. 13,
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(3) Weight time contact.

mm-jQ&•
W.T.C. vaiying.

Temperature and W.V.V. constant.

W Temn. W.V.V. Cone. ^SBSltSL*
(I) 120*C 115 cc/min. 1% 1*

(X) 120 *C « 0.1% 20t

(XX) 120®C it 0.05% 30*

(C) 120*C H 0.01% 75*

(I) 120*C 575 cc/min. 1% m>

(II) 120*C n 0.1% mm

(XX) 120*C n 0.01% 65*

(C) 120*C it 0.002% 85*

Examination of each of the ahove groups will show

that as the weight time contact is increased, so also

is the slope of the curve.

As before, this means that the greater the

weight time contact, the higher the conversion of TL>S

to SOg.

Pig .13 shows graphically the relation between the

weight time contact and the slope of the *B^S' curves.
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(4) gfofrftft vplvm veipcte-

mm,mz

WM-

75®

85®

30®

65®

Proa the above it is evident that as the

weight volume velocity is increased, so also is the

slope of the curve.

Therefore the higher the weight volume velocity,
the higher the conversion of to SQ^.

This relationship is shown graphically in fig. 14.

Weight volume velocity varying.

Temperature and W.T.C. constant

W.V.V. Team. W.T.C. Cone.

115 ee/min. 120®C (C) 0.01$

575 cc/min. 120®C (C) 0.002%

115 ce/min. 120®C (XX) 0.05%

575 cc/min. 120®C (XX) 0.01%
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pi,sgussiqN w sm mmm>

During the catalytic oxidation of f%S in air, the
following reactions may take place concurrently.

(1) 2HgS + C% 2HgO + 2S
■

(2) 21%S ♦ 30e « 2r%0 + 2S0s

The results of this investigation show that

temperature, weight time contact, and weight volume

velocity all have a profound effect on the extent to

which each occurs.

Da seeking an explanation of the mechanism of this

process of catalytic oxidation, it vd.ll be necessary to

examine the various theories of catalysis.

Perusal of the literature can leave no doubt as to

the prolificacy of the subject of catalysis, and it is
not surprising that many theories have been created to

explain the phenomenon.

Irrespective of what the details of any particular

theory may be, it is certain that the phenomenon is one

which occurs right a$, the surface of the catalyst.
In the case of activated carbon the surface must

be, a priori, extremely complex.

Langmuir/
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Langaaiir has thoroughly developed a picture of

surfaces which seems to have received universal
■

approval. As applied to activated carbon, it is as

follows.

In the body of a mass of carbon, each atom is
surrounded on all sides by a number of others to which

it is attached. Consequently the four valency forces

of the carbon atom are completely saturated, and

therefore have no influence outside the carbon atom to

which they belong. However, as soon as any carbon atom

finds itself at the surface of such a mass, one or more

of its valency forces must be unsatisfied, since there

is no other carbon atom to neutralise them.

Obviously a carbon atom at the surface may present

various degrees of unsaturation, depending on whether

one, two, or three of its valencies are unattached to

other carbon atoms.

Diagramatically such a surface may be represented
as followsj-

C C C C C C

Body of carbon
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As a result of this arrangement, the surface has

the power to attract molecules from the surrounding

gaseous phase| a process called adsorption.
According to Taylor and Burns, the adaorptive

.

capacity of a surface is closely connected with its....

catalytic activity# Every atom calculated to be at
" •

such a surface does not posses this property, probably-
due to the fact that a valency of one atom may-

neutralise one of another atom when the surface becomes

distorted in any way.

This has been proved by many investigators who

have observed the effect on adsorption and catalysis of
13

minute quantities of poisons deposited on the surface.
14

Armstrong and Hilditch showed that the amount of poison

necessary to suppress catalytic activity entirely is

often far less than that required to combine with the

whole surface, and suggested that the catalytic surface

contains active patches. This conception that all

portions of the surface are not equivalent from either

the standpoint of adsorption or catalysis is clearly
described by Langmuir.

H«S. Taylor pictures a surface in terms of peaks

and valleys, the atoms at the peaks being more active

than those in the valleys. This is thoroughly
17

developed in the "Fourth Report on Contact Catalysis".

Studies/

I
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Studies of the adsorption of oxygen "by activated
carbon bring out the above points* All the oxygen

adsorbed cannot be removed from the carbon as such by

raising the temperature or by lowering the pressure#

but comes off as CO and CGg.
This Is due to the type of bond formed with the

oxygen and the carbon at the surface, where there are

evidently differences in activity# The following

diagram shows the three ways in which the oxygen may be

adsorbed at the surface.

(a) (b) (c)
0
0
0 0 0 0— 0

\/ »' \/ \/ 0 0 \/ \ / \ / \ / ^ /
c c c c e c c c c c c

VVV VVV VVVVxcccccccccc
\ / \ / \ /V \ / \ / \ / \ / v \ / \ /ccccccccccc

Body of carbon.

In (a) the bond is weak, representing a portion of
the surface which is not very active, and from which the

oxygen can be easily removed by raising the temperature

or lowering the pressure. In (b) and (c) the C-0 bonds

are much stronger. Heating in these cases may rupture

the C-C bonds in preference to the C-0 bonds, so that

CO and CQS come off. Such bonds represent the more

active patches of the surface*
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The theory of catalysis based on the conception of

such a surface) postulates that the phenomenon is

conditioned by two things, namely,

(1) the arrival of one or other of the reactanta at

active points on the surface,

(2) the activation of the adsorbed molecules.

The rate of arrival of the reactants at the surface

depends on the rate of diffusion of the gaseous

molecules through the stationary gas film which is
18

always bound to be present at any solid/gas interface.

The question of the acquisition of the necessary

energy for reaction after arrival at the surface, is a

matter of some controversy.
19

Langmuir takes the view that one of the reactanta
- • : • y

must be adsorbed and activated, after which reaction

occurs when a molecule from the gaseous phase hits the

activated molecule* Another view holds that the

conditions for reaction are established when the

molecules of both reactants are adsorbed side by side*
20 21 22

Gauger , Wolfenden, and Kistiakowski all suggest that

the reactants are decomposed into atoms at the surface,!
when the requisite condition for reaction is that the
atoms of the adsorbed gas are more easily detached

from the catalyst than they are from one another in the

gaseous phase.

It/
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It is often said that a higher quantum state is
involved in an activated molecule, but this is of

little value since^it is not backed by any experimental
evidence. Gauger thinks that the atoms in the

catalytieally active patches of the surface have one or

more electrons raised to higher eneigy levels than the

normal, so causing disturbances in the internal structure

of an adsorbed molecule, in which state it is more
24

likely to react. Burk suggests that activation is caused

by mechanical distortion of the adsorbed molecule

attached to the solid, in a manner which does not

correspond with its normal shape.
25

Hinshelwood suggests that one factor in

activation by solid surfaces may be the simple fact
that one of the reacting molecules is held fast by its

adhesion to the solid surface, so that the blow
inflicted by the collision of a second molecule is more

likely to produce a disturbance leading to chemical

change, than if both molecules were loose in the

gaseous phase.

All these views are of course highly speculative,
and the subject still remains one of the larger

unsolved problems of Chemistry.
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i

.

The mechanism of the catalytic oxidation of HgS
at low concentrations in air, using activated cartoon as

catalyst, may now be interpreted as follows.
| ' 'I

Consider one molecule of %S in the gaseous stream
entering the catalyst chamber.

Tn order that it may reach an active patch of the

surface, it must first pass by diffusion through the

stationary gas film, which, as has already been stated,

is always present at the solid/gas interface.
"

. ' ■ ■

Having reached the active surface, it may anchor itself

to an active point by means of its sulphur atom, as

shown in the following diagram.

H H

V
V V V c V V
vwVWNC C Cf C C C

\ /\/Y/\/\ /\/\/
C C C V c c c

Body of carbon.

According to the theory outlined above, the HgS
molecule is now in a favourable position for the

acquisition of the energy necessary for reaction.

Oxidation may now take place by reaction with

oxygen which may be adsorbed on adjacent active points,

or by impact by an oxygen molecule from the gaseous

phase•

The/
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Th« simplest effect} given the necessary energy of

activation, will be the union of the two hydrogen atoms

with an atom of oxygen. The probability of this happening
would seem to require that the oxygen should be

adsorbed on the surface and deconposed into atoms, and

that one of these atoms should be in close proximity

to the hydrogen atoms of the HgS. The HgO so formed
may now diffuse through the boundary film into the

gaseous phase, or be adsorbed at another active point

on the carbon surface.

The sulphur atom, now relieved of its hydrogen,

may remain on the surface of the carbon, so occupying
an active point, and constituting a catalytic poison.
Under certain conditions this sulphur atom may

volatilise into the gaseous phase, and leave the

catalyst zone as such. Alternatively, it may acquire
sufficient energy to unite with more oxygen to form

It is easy to visualise how this might occur by

the impact of an oxygen molecule from the gaseous phase,

without the previous adsorption and decomposition of

the oxygen.

The state of affairs may now be represented by the

following diagram.

Diagram/
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Body of carbon.

The first sulphur atom shown above la left attached
to the surface after its hydrogen atoms have been

oxidised off, but it has not yet acquired the necessary

energy to enable it to react with more oxygen to form

SOg. The second sulphur atom has acquired that energy,
and the union with oxygen has taken place*

If the energy characteristics of the system are such

that the attraction of the carbon surface for the SOg
Is not great, the SOg may leave the active point to

'
' ' '

• • ■

which it is attached, and pass by diffusion through the

stationary film into the gaseous phase, in which ease

it may be swept out of the system. The active point is

now relieved for the possible repetition of the cycle*

However, if the attraction of the surface for the SOg
molecule is great, it may remain attached to the active

point, at least for a time* Even after leaving the |

surface, it may be readsorbed at another part of the

catalytic mass*

So much for the history of one molecule*
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Consider now the behaviour of the system in bulk.

The catalyst chamber is so arranged that the gases

are passed down through a heated mass of granular

activated carbon, the cross-sactional diameter of which

is small compared with its depth. Consequently the HgS
molecules will come into contact with the upper layers

of the catalyst first.

Therefore, at the beginning of each run, the

processes ^ust outlined wills in general, complete

themselves in the upper layers of the catalyst. The

lower layers are thus not yet required for catalytic

purposes, but in all probability, they will adsorb

some of the SQ% formed and released in the upper layers.
'

.*.' " " '

Under a given set of conditions of temperature,

etc., it seems reasonable to assume that the percentage

of the BgS which is converted to as a result of the
catalysis, will be constant. This, of course, can only
be true so long as the catalyst remains unpoiaoned, or

so long as there are sufficient active points in the

catalytic mass to promote the reaction. As soon as this

number of active points becomes seriously depleted, as

for example, when sulphur is deposited on them, the

conversion to SO^, is bound to fall off, and eventually
some unchanged will pass the catalyst.



91.

The course of the oxidation of a 3$ mixture of

llgS in air, under the conditions set out in Table I,

(see p. 43) ,and graphed in fig. 7 , (see p. 47 ), will
now he followed in the light of the theory described

above.

After the treatment of a certain quantity of KgS,
it is found that a small percentage of this amount has

left the system as SQg. This quantity progressively
increases as more H*S is treated, until a maximum is
recorded, after which the amount gradually decreases,

.

until a little unchanged H^S passes the catalyst*
As stated above, for an appreciable time at least,

the percentage conversion to SO^ is likely to remain

constant, and since only a small proportion of this

leaves the system at the beginning, the rest must be

adsorbed by the portion of the catalyst so far not

required for catalysis* Still assuming this constant

conversion, it is found that more and more SQg leaves
the system. This is due to the fact that the lower

layers of the catalytic mass are becoming gradually

saturated with SO^ under the conditions of the
experiment, and therefore the rate of adsorption of the

gas is decreasing.

As the reaction proceeds, more sulphur is being

formed and deposited on the surface, so occupying more

active points, which are thus rendered useless for

catalysis. The/
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The process is then taken over by any active points

which iaay still be available at a lower level in the

catalytic mass*

The amount of SQg leaving the system now begins to

decrease, due probably to the decreasing conversion,

resulting from the poisoning of the active points by

deposited sulphur. A stage is then arrived at when

some unchanged HgS passes the catalyst, showing that
there are now insufficient active points left to

complete the reaction under the conditions of the

experiment.

The course of the reaction is not followed further,

the catalyst being sealed up to await analysis.

Qualitative tests have shown that the carbon now

contains adsorbed HgS, SOg, H^Q, and deposited sulphur.
The quantitative relationships are complicated and the

technique of estimation difficult, but work is now in

progress on this aspect.

The fact that there is still some unchanged H^s
adsorbed on the surface at the end of the reaction,

seems to suggest that some of these molecules are held

on the surface in such a position that activation is

difficult.
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The effect of the variables temperature,

weight time contact, and weight volume velocity, on the

catalytic oxidation of %S in air, will now be
interpreted in the light of the mechanism of the reaction

Just advanced*
• '

Temperature *

It has been stated as a result of the experiments,

that under given conditions of weight time contact and

weight volume velocity, an increase in temperature is

attended by an increase in the amount of S as 30^
leaving the catalyst after the treatment of a given

quantity of S as HgS, and it has been proved that this
is due to a higher conversion to SQg♦

The oxidation of H^S to SOg is thus favoured by
higher temperatures at the expense of the oxidation to

sulphur* Since the former reaction is more highly

exothermie than the latter, this is a direct consequence

of Le Chatelier's Principle.

Moreover, since the kinetic energy of the whole

system is greater at higher temperatures, adsorbed

molecules will be more easily activated, and the

probability of a molecule in the gaseous phase colli
with an activated adsorbed molecule and producing

chemical change will be greater*
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Wefeflfc coqtaqt-

Under given conditions of temperature and

weight volume velocity, it has been shown that as the

weight time contact is increased, the amount of S as SQg

leaving the catalyst after the treatment of a given

quantity of S as EgS, is also increased. Since this is
accompanied by an increase in the slope of the

curves, it must be the result of an increased conversion

of to *

As the weight time contact is increased, the catalyst,

according to the definition, is required to deal with
fewer molecules of E,S in a given time. Therefore the

probability of any HgS molecule reaching an active
point on which it will acquire the activation energy

necessary for its complete oxidation is much greater.

Thus the greater the weight time contact the

higher the conversion of the l%8 to SOfe.
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■

Weight volume velocity.

The experimental results show that under given

conditions of temperature and weight time contact,

an increase in weight volume velocity produces an

increase in the conversion of the %S to S08.
This conclusion is arrived at on the same evidence as

that given in the case of increase of temperature and

weight time contact.

When a gas flows over a solid surface, there is

always a film of the gas on the surface. This film is

more or less stationary and forms a boundary between

the solid and the bulk of the moving gas, which acts

towards the transportation of matter as though it were

a separate medium#

hny material, therefore» arriving at or leaving the

©olid surface must pass by diffusion through this

boundary layer or film# The rate of diffusion of a

gaseous molecule through such a film is a slow process,

and is inversely proportional to the thickness of the

film. Thus any factor which tends to reduce the

thickness of this film, will cause an increase in the

rate of diffusion of any material through it.

Therefore by increasing the velocity of the gas

over the surface, the thickness of the film is reduced

by a tearing mechanism.
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dpplying this to the present case, it is evident

that an increase in the weight volume velocity of the

gases over the carhon causes a decrease in the thickness

of the boundary film,
'

By reducing the film thickness in this way, it is

easier for a molecule of %S to diffuse, in the first
place, into the surface proper, and also for the SOg
formed to diffuse into the main body ©f the gas, where

IS

itAswept away by the more rapidly moving stream.
Moreover, the higher the weight volume velocity,

the higher the kinetic energy of the system.

Therefore, since the boundary layer is thinner, the loss

of kinetic energy of a gaseous molecule passing through

it by diffusion will be less, and the effect of a
................

collision of such a molecule with one adsorbed on the
'

surface will be more potent in producing chemical

change.

The process may be assisted by the fact that, since

the film is thinner, and the SOg can:.leave the surface
more easily, more active points are relieved for the

further possibility of the repetition of the cycle.
■

In the cases where the effect of increasing the

•weight volume velocity has been examined, there can be

no doubt that it is attended by an increase in the

Conversion of the HgS to 30^.
There/
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There will of course, be a limit to the value to

which the weight volume velocity may be increased,

since it is easy to visualise such a high velocity of

the gases over the surface that it will be in^ossible
for all the HgS molecules to reach the acitve surface
before being swept out of the system altogether*

The majority of the systems detailed in the

literature have been studied statically, i.e* a quantity

of the reactants of known composition have been enclosed

in a system usually at reduced pressure, and subjected
to catalysis there* The results are then interpreted

by measurement of the pressure changes occurring under

various conditions*

The experimental methods adopted in the present

investigation are entirely different. The gases are

flowing over the catalyst all the time, and the course

of the reaction is followed at constant pressure by a

chemical analysis of the products leaving the catalytic

zone.

Consequently the interpretation of the results

must be somewhat different from that in static systems,

in so far as they are affected by the rate of flow,

but/
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but, otherwise the two types of systems have many points

in common when it comes to the consideration of

adsorption phenomena and reaction kinetics*

The method adopted was of course dictated by the
aim of the work, namely, the application of catalytic

oxidation to the treatment of obnoxious industrial

gaseous effluents containing low concentrations of H^S.

The experiments described in this paper show that

this aim has been achieved*

HgS at a concentration of 0*01% in air, passed
over 6*3 gms# of activated carbon heated to !80»C, and

flowing over the catalyst at a rate corresponding to a

weight volume velocity of 575 cc/min*, and a

weight time contact (XX), is practically completely

converted to 30$.
The seme effect is achieved by the same catalyst

mass heated to 120*C, whan a 0.002% mixture of H$S in air
is passed over the catalyst at the same weight volume

velocity, the weight time contact being (C).
From this it can be deduced by a simple calculation

that 1 Ton of carbon will successfully deal with at least

200,OCX) cu. ft ./hour of an effluent containing 20 parts

per million of H^S in air, under the conditions of

temperature, weight time contact, and weight volume velocity
stated above.
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This is by no means the upper limit of the

catalytic capacity of the activated carbon, as will be

seen from the graph, fig« 14, which suggest that the

weight volume velocity can be increased still further.

The laboratory apparatus used in this work has of course

forbidden the investigation of the effect of higher

values of the weight volume velocity.

The actual exploitation of this process on a large

scale can only be tested by means of a pilot plant

working on a semi-large acale, but the data obtained
in this laboratory investigation should provide the

basis for the design of such equipment.
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C 0 p (? 3^ U s, j 0 H. g.

1# The %S present in obnoxious industrial gaseous
effluents at coneentrat ions in the region of a

few parts per million can be successfully converted to

SQg by a process of catalytic oxidation, using
activated carbon as catalyst*

winnow w* m aw

2. The systematic study of this oxidation reaction

shows that an increase in

(a) temperature,

(b) weight time contact,

and (c) weight volume velocity,

is attended by an increase

in the conversion of the %S to SOs.
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