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INTRODUCTION

The Bureau of Mines at ité'Morgantown, W. Va., station is conducting re-
search and development work on the problem of roducing synthesis gas from raw
coal for use in the Fischer-Tropsch process.§ Synthesis gas used in this
process, as well as in those for producing alcohol, ammonia, and methane, must
be purified to an exceedinzly high degree,*

In converting synthesis gas, consisting essentially of hydrogen and car-
bon monoxide, into any of the foregoing compounas, catalytic treetment is nec-
essary for economical operction. As the most satisfactory and active cetalysts
employed in the Fischer-Tropsch synthesis are sulfur—éensitive, the purified
synthesis gas must. have an extremely low.sulfur content, A maximum concentra-
tion of 0,1 grain of total sulfur per 100 cubic feet of purified synthesis gas
has. been specified far this process, ’

As 1t is known thet carbon dioxide has a deleterious effect on the Fischer-
Tropsch synthesis,i/ and a5 most of the experimentzl work on the synthesis has -
been carried out with a feed gas containing about 2 to 3 percent carbon dioxide,
a part of the purification program at Morgantown has deelt with the removal of
this compound from the rew synthesis gas,

Thé Morgantown stagion hes constructed & pilot plant on'the campﬁs of
West Virginie University to study the removael of hydrogen sulfide, organic
sulfur compounds, and carbon dioxide from synthesis gas made directly from
coal,

This report, the fi:st'of & series on the operation of the purification
pilot plant, deals with the removal of hydrogen sulfide and carbon dioxide
using agueous solutions of di- and triethanolamine.

SUMMARY AND CONCLUSIONS

1. The purification pilot plant end the equipment, solution, and gas
cycle used for removing hydrogen sulfide and carbon dioxide are described,

3/ Strimbeck, G. R., Holden, J, H., Rockembach, L. P., Cordiner, J. B,, Jr.,
and Schmidt, L. D., Pilot Plant Gasificetion of Pulverized Coal with
Oxygen and Highly Superhected Steam: Bureau of Mines Rept, of Investi-
getions 4733, 1950, 41 pp,

4/ sends, A, E., Weinwright, H. W., and Schmidt, L, D., Purification of
Synthesis Gus Produced from Pulverized Coal: Ind., Eng, Chem,, vol, 40,
1948, pp. 607-620. ’ : »

2/ Elliott, M, A., Bureau of Minss, privete communicetion, 1951,
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12, Results from one pilot-plant rwn in which 35 percent TEA was used
and the absorber was operated at atmospheric pressure rather then 300 p,s,i.z.
showed that about 5.5 times as much steam for reactivation 1s required at the
lower pressure in order to purify 1,000 cubic feet of raw gas,

- 13, A brief description of the apalytical methods used during the pilot-
plant operation is included in the report. : :
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PURIFICATION PROGRAM

The gas-purification research and development progrem at Morgantown in-
cludes the recovery of sulfur as a feature of the gas-purification system. in
any large Fischer-Tropsch plant, Important credits result from the. sale of:
byproduct sulfuré/ and venting to the atmosphere of any large guantity of sul-
fur in one form or another is avoided, Examination of the sulfur reserves,:
rates of consumption, and new discoveries indicates that vhen large commercial
synthetic liguid fuel plants were operating, production. of byproduct sulfur
will be of importamce with respect to conservation of natural resources,.

The recovery of sulfur from sour natural gas or refinery gas poses no _
problems in most instances as the gas is usually high in hydrogen sulfide and
low in carbon dioxide., Sour netural gas from one field is known. to contain. 7
* percent hydrogen sulfide., The sulfur-recovery plant operating on gas from
this field treats an acid gas containing 56 percent hydrogen sulfide.l/

Synthesis gas produced at the Morgantown station contains: approximately
0.5 percent hydrogen sulfide and 12 to 15 percent carbon dioxide whenever a
coal containing about 2.5 percent sulfur is gasified.@/ Such a_ratioc of car-
bon dioxide to hydrogen sulfide in the rew gas, 30:1, makes selective absorp-
tion of hydrogen sulfide extremely difficult, Preliminary cost estimates on

6/ Sands, A, E., and Schmidt, L, D., Recovery of Sulfur from Synihesis Gas:
Ind, Eng, Chem,, vol, 42, 1950, pp, 2277-2287.

L/ Cooper, C, W, and Waddle, H., Recovery of Free Sulfur from Natural Gas:

' Ges, July 1945, pp. 31-33, - . S

8/ sands, A. E., Wainwright, H, W., and Egleson, G. C,, Organic Sulfur in
Synthesis Gas: Occurrence, Determination, and Removal: Bureau of Mines
Rept. of Investigations 4699, 1950, 51 pp. ‘ :
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. . Figure 1. - Synthesis-gas-purification pilot plant, -




Figure 2. - View of gas-purification pilot plant.



Morgantown Stetion. The pilot plant is quite flexible and can be used for in-
vestigating many purification processes, The plant was designed originally to
operate at a pressure of 6 p,s.i.g., but parts of it have been altered so that
operation &t 300 p.s.i.z. is possible,

Figure 1 is a flow diagram of the plant as it was originally designed,
With operation at 6 p.s,i.g, the capacity of the pilot plant is 500 s.c.f. of
raw synthesis gus per hour., The maximum flow of gas that has been used during
operation at 300 p,.s.i.z. has been 5,000 std.c.f., per hour, the flow of ges
being limited either by foaming difficulties of the liquid'scrubbing medium,
the capacity of the actifier, or the limited supply of feed gus,

The hydrogen sulfide and carbon dioxide removal equipment (absorber, ré-
activator, and iron oxide boxes), as well as the activated carbon drums for
orgenic sulfur removal, have been modified to permit cperation at 300 p.s.i.g,
The converter and its accessories, also designed for low Pressure operation,
are being removed at present and are to be replaced with high-pressure equip-
ment,  The converter will bes used to investigate the simultaneous removal of
hydrogen- sulfide and organic sulfur compounds at elevated temperatures end
pressures, ' ' : o '

Figure 2 gives a view of thz pilot plant. In this figure, the absorber
and reactivator ere to the right and the heater, converter, and cooler to the
left, The high-pressure iron ozide boxes (not shown) are to the right of the
reactivator, and the activated carbon drums ere behind the insulated converter,
A description of the eguipment used for removing the hydrogen sulfide and car-
bon dioxide from the raw gzs follows: '

Absorber

The absorber consists of & 21-foot length of 10-inch schedule 40 steel
pipe, and is equipped with & drain, pressure relief valve, seven gas sample
connections, and seven liquid sample connections. There is a liguid separator
in the exit ges line at the topr of the zbsorber where smzll amounts of en-
© trained solution are removed from the gas stream and returned to the column,
The pressure drop across the absorber is indicated by a water-filled manometer,

The absorber was packsd originally with 15 feet of half-inch porcelain
Raschig rings. The half-inch rings were replaced later with l-inch rings in
an attempt to reduce difficulties caused by the foaming of the amine solutions,

Reactivetor

The reactivator comsists of a 17-foot length of 10-inch schedule 4O steel
Plpe that is connected directly to the reboiler by 10-inch flanges. The re-
boiler is about 10 feet in length and 16 inches in diameter. It is fitted with
& pressure gege, a liguid-level gage gless, a dial thermometer loczted near the
end of the tube bundle, and connections for adding make-up condensate and
draining the solution.

The steam used for reazctification is controlled by a pressure controller
end 1s measured either by & steam rotameter or by weighing the condenseate,
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hydrogen sulfide is removed and then to ectivated carbon drums where the
orgenic sulfur is removed, ‘ ‘

The fouled amine solution leaving the botiom of the absorber through a
ligquid level control valve flows by absorber pressure through a heat exchanger,
where it is heated by hot lean amine solutlon and enters 1nto the upper sec-

tion of the reactivator,

The fouled amine solution passes down through the reactivator to the re-
boiler where cufficient indirect heat is supplied with low-pressure steam to
"boil the amine solution and expel the acid gas., The hydrogen sulfide, carbon

dioxide, and steam leave the top of the reactivator and pass through an acid
gas cooler and the steam is condensed and returned to the colum, Whenever
operation 1s such that the purified gas leaving the absorber (or activated
carbon drums) is returned to the gas holder for recycling, the acid gas leav-
ing the acid-gas cooler likewise is returned,

Reactivated amine solution leaves the reactivator, flows through the heat
exchanger where it gives up a2 portion of its heat to the fouled solution leav-
* ing the absorber, and is pumped through a water-cooled solution cooler back to
the top of tho absorber

ANALYTICAL METHODS

Whether the pilot plaqt wa.s oper“tlng on TEA or DEA, the following ana~
lytical tests were necessary:

1, Hydrogen sulfide content of gas entering ebsorber,

2, Hydrogen sulfide coutent of gas entering and leaving the iron
oxide boxes, :

3. Hydrogen sulfide contont of the acid gas,

4, Hydrogen sulfide content of the fouled amine solution,

4

5. Hydrogen sulfide content of the lean amine solution,

6. ‘Thiosuifate content of the lean amine solution,

7. Carbon dioxide content of gas entering and leaving the absorber,
8. Cerbon dioxide content of the lean amine solution,

9., Organic sulfur content of gas entering and leaving the absorber,
10, Total sulfur content of the leen aﬁin¢ solution.

11,  Determination of free amine in sclution,

'12. Determination of totael amine in solution,

4806 -7 -



sulfide and sodium thiosulfate concentrations, was conslderably less than that
obtained by titrating an iodine-amine solutlon which had stood for 24 hours,
Inasmuch as it is possible to determine the concentrations of the various sul-
fur compounds, this phenomenon of excessive titration was not studied, but it
is believed to result from the unsaturated hydrocarbons, which probably are ab-
sorbed by the amine solutions.

The sulfide sulfur and total sulfur contents of the amine solutions are
determined as follows:

The hydrogen sulfide content is determined by ons of two methods. In the
first method, concentrated hydrochlo”1c acid is added to the solution {con-
tained in & closed flasx) and the libereted hydrogen sulfide is swept from the
flack with nitrogen into.a Shaw flask containing 10 percent cadmium chloride,
The excess of lodine then is titrated with standerd thiosulfate colution, In
the second method (recommended by Glrdler) the sulfide is precipitated, as
nickel sulfide using a 5 percent aqueous solutlon of nickel sulfate, The
nickel sulfide is filtered from the solution end added (along with the filter
paper) to an acidified iodine solution, The excess iodine iz titrated with
standard thiosulfate solution. : ’

Because certaln organic sulfur compounds do react with the amine solutlons
it was advisable to know the . tote 1 sulfur content of the lean solution, This
vas determined by pipetting a sample of the emine solution into a besker con-
taining an excess of bromine coversd with dilute hydrochloric acid., .The mix-
ture is evaporated to- dryness on & steam bath and the residue taken up with
triple distilled water, The solutlon then is boiled, and the suliur is pre-
cipitated.as barium sulfate, -

SELECTIVE REMOVAL OF HYDRCGEN SULFIDE

As mentioned previousl 1y, it is feasible to obtain an acid ges hizh qnough
in hydrogen sulfide content to allow economic recovery of sulfur from gases
containing low emounts of carbon dioxide. As the carbon dioxide content of a
gae increases, selective removal of hydrogen sulfide becomes increesingly dif-
ficult and the cost of hydrogen sulfide removel rises, Using triethznolamine
&s the scrubbing egent, pilot-plant runs wers mede to0 study the effectiveness
of this compound in removing hydrogen sulfide selectively from a gas contain-
ing relatively high amounts of carbon dioxide,

It also was desirable to obtein sufficient data so that cost estimstes
could be made on the purification of gaces having various compositions, An
extensive program was carried out, which included the study of various solu-
tion concentrations, the effect ow0 verying concentrations of carbon dioxide
and hydrogen sulflde in the rew ges on solution circulating rate ez, the effect
of organic sulfur compounds on the purifying sclution, the effect of scrubbing
rates on residual hydrogen sulfide in the purified gav, and the foaming char-
acteristics of emine qolutlonc
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Inlst gas Outlet gas  Acid gas |
COp 12,0 percent * 7.7 percent = 90 percent
HoS 350 grains 25 grains 10 Do,

In order to obtain varying degrees of purity, estimates may be made by

examining figure 6 &nd edjusting ‘the 'L /6 value accordingly. : '
Estimates of liquidigas ratios for varying amounts of hydrogen sulfide in

the raw gas may bs made by referring to table 1, where a comparison of runs

14T end 15T with runs 21-T and 22.T shows that an increase from 350 to 650

grains of hydrogen sulfide per 100 std.c.f. requires an increase from 21 to

2h gal, per 1,000 std,c.f. in scrubbing rate, S

SIMULTANEOUS REMOVAL OF HYDROGEN SULFIDE AND CARBON DIOXIDE
In accordance with the Bureau's agreement with the Southern Natural Gas
Company, pilot-plant runs were mede to stuly the efficiency or diethanolamine
in removing both hydrogen sulfide and carbon dioxide from raw gas,
Fouled inert gas was used fof the majority of the runs but synthesis gas,
having the following compositions, was used in rums 1-D, 7-D, 8-D, 9-D, &nd
15-D, S S

TABLE 3. - Composition of synthesis gas. for DEA runs

Fun No, COo 02 j I1l. Ho co CHy | Np

N ) 31.7 10.6 10.9 27.9 | 3b4.3] 2,1 [ 2.8
7-D, 8-D ,... | 24,3 {1.0 1.0 36.9 1 29,8 2.5 4.5
9D iiieene.. | 21,1 R 8 38.9 | 33.0 2,7 | 3.1
15D .,...... i 18,6 Q 11,2 37.2 1 33.51 47 Lo

DEA agueous solutions of 20, 30, and 40 percent weére tested with gases
baving carbon dioxide contents ranging from 13 to 30 percent and hydrogen sul-
" fide concentrations from 175 to 600 grains per 100 std,c.f, With the exception

of run 12-D, in which the absorber was operated at 200 P.s.1.g., &1l runs were
mede with the absorber at 300 P.s.1.2. Data from 17 runs are presented in
"table 4%, Most of these data, plus some additional date, have been plotted
(fig. 7) to show the effect of sclution rate on the amount of carbon dioxide
removed from a raw gas containing from 25 to 30 percent carbon dioxide,

A comparison of the deta from the run at 200 r.s.i.g., run 12-D, with those
from the runs made at, 300 P.s.1.,2. shows that the efficiency for removing acid
gas is about the same at both rressures, On the basis of the results from this
one run, it appears that the cnly raal advantege of the higher pressure is the
additional volume of gas that can be treated without increasing the size of
the equipment, ‘

Runs 13-D and 14-D were mzde using 30 percent DFA 2nd ono-inch Raschig
rings in the absorber, Comperison of these deta with those from runs in which
“the absorber wms packed with half-inch rings shows that greater gfficiency was
~obteined with the smaller rings, :
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. The purpose of runs 10-D and 11-D was to find the minimum solution rate
at which purification to 25 grains of hydrogen sulfide per 100 std,c,f, could
be obtained, It was found that LA retios comparable to those used with 30
percent TEA were necessary, the difference being in the amount of carbon di-
oxide removed. Whereas the TEA removed only 36 percent’ of the carbon dioxide
in the rew gas, the DEA removed about 63 percent, EEEEE

STEAM CONSUMPTTON FOR REACTIVATION

Table 5 summarizes the steam consumption for several runs using TEA and
DEA, Steam consumption, of course, increased as the reactivator Pressure was
,;increased, about 1,0 to 1,1 pounds being used per.gallon of circulating solu-
“tion whenever the reactivator pressure was 5 p,s.i.g. As the reactivator was
- .small and partly exposed- to the weather, climatic conditions affected the
steam consumption somewhst, A commercial Plant operating under similer con-
_;ditions.wouldvundoubtedly‘use less steam per gallon of solution. The stea
Tigures shown in the table were obtained by weighing the condensate, = - -

TABLE‘S. - Stezm consumption for reactivation

Solution and .- | Reboiler pressure

: - » “|Steam consumed,
Eun No, strenzgth, percent - P.s.,i.2, -1 1b, per gal,
28, ... .. 30TBA - . 20 " b 1.33 R
8-D....| 30 DEmA R 10 c 1,18 0
33CT.... - 20 TEA : 10 Lo 1,13
Ba,... | 35 do, - . 6.5 4 1,15
L 35 do, 5 1,07
S5Teeia| - 50 do. - S T 1,06
7T-De..o | 30DBA T 5 1.06
9T, 0 TS0 TEAT 5 1,04 )
. 5-D.,.. - Lo pmEA 5 1.01 :
L., | T 20TEA 5 .96

_Unlike operation with monoethenolemine, in which the remctivator must be
operated at elevated pressures (higherﬁtemperatures) in order to substantially
remove carbon dioxide from the fouled solution completely, virtually complete
reactivation of DEA and TEA can be effected at atmospheric pressure. Reed and
Woodl7/ attribute this to the greater alkelinity of MEA as compared to DEA and
TEA, As would be expected, the operation at the higher reactivator prassures
removed carbon dioxide Pfrom the DFA and TRA more completely, and the hydrogen
sulfide less completely, '

The concantratién of hydrogen sulfide in the gas leaving the absorber
depends upon the amount of hydrogen sulfide remeining . in the leen solution,
which, in turn, is controlled by the degree of reactivation. As the steam
usage constitutes the greatest part of hydrogen sulfide removal costs, data
were obtained on the amount of steam reguirsd to give .various concentrations

17/ Reed, R, M., and Wood, W. R., Recent Design Deveiopments in Amine Gas
- Pwification Plants:. Trans, Am, Inst. Chem. Eng.,.vol, 37, 1941,
Pp. 363-383. = S o
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TAELE 6, - Removal of organic sulfur with TEA and DFA (Cont. )

. 4 Orgenic

Solution L/, gallon Organic S, grains /100 std.c.P. | sulfur
strength, solution per Before After { removed,
wt,, percent 11,000 std.c.f. zas ebsorber | absorber | percent

TEA

50 30.0 4o,0 32,0 20,0

50 32,2 21.7 12,56 ki, 9

50 19.2 31.3 21,5 31.3

50 27.7 17.4 12,1 30.5

50 34.6 11.7 6.7 k2,7
50 35.2 5.5 . 5.1 T3

50 31,2 142 5.8 - 59.1

50 35.2. 11,1 b6 58,6
50 33.8 7.9 3.2 59,k

50 26.1 36.0 23,4 35.0

50 26.2 37.0 22.6 38.9

50 15,7 34.8 24,1 Ly 3

30 40,8 28.8 15.8 4s 2

30 18 .4 38.0 14,8 61,1

30 17.6 19.8 11,1 L3.8

. Laboratory analyses of the lean amine solutions definitely established a
gradual build-up of sulfur compounds in the leen solutions, The distribution
of sulfur compounds in a lean TEA and DEA solution is shown by the following
analyses: =~ ’ ’ - o

‘Grains per

-gallon
| TEA  DEA
Total apparent HpS (excess Ip titrated immediately) ............ &8 170
Total apparent HpS (excess Ip titrated after 2 days) ........... 139 723

HpS content determined from NiS Precipliate .iveveivennnenvons ans 39 -
HoS content determined by liberation with acid P 34
Thiosulfate content of lean SOLULION wu'ereeneinevnennrnnsnnnn 6 98

SUlfate Content Of lean SOIUtiOn -u-n-c--‘-aoo-.oco'or.otnco-oc L . O O
Total sulfur content (by preécipitating as BaSOk) ............... 17k k95

It.can be observed that the total sulfur content of the lean solutions
greatly exceeded the combined hydrogen sulfide end thiosulfate concentrations,
The effect of time on the total apparent hydrogen sulfide content of the solu-
tions can also be noted, As stated previously, this great difference is prob-
ably due to the presence of unsaturated compounds., No such difference in val-
ues occurred whenever ths amine solutions were used with inert gas only.

These results indicate that the compouhds formed by the amines ‘and organic

sulfur do not break down undsr the ordinary operating conditions of our
reactivator, )
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FOAM, VOLUMES OF FOAM PER VOLUME OF GAS PER SECOND
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Figure 9. - Characteristics of antifoam agents with 35-percent TEA,
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Figure 10, - Effect of HyS concentration in lean 35-percent TEA on HyS concentration

in purified gas and on steam consumption at 0.5 psii.g.



those from the pressure run in figure 8, It can be noted that at atmospheric
pressure a scrubbing rate of 120 gallons per 1,000 std.c,f, of gas is needed
to reduce the hydrogen sulfide content from 400 to 25 grains per 100 std.c.f.
This rate is about 6 times the circulation rate needed at 300 p,s.i.g. The
steam consumption for the low-pressure operation appears to be sbout 10 per-~
cent less on the basis of pound of steam per gallon of solution and azbout 5.5
times as much for each 1,000 cubic feet of gas purified., Results from this
one run indicated that the selective absorption of hydrogen sulfide is im-
proved somewhat at elevated pressures,
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