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: was more effectwe as the temperature decreased.

el L MRS S M i S s M e i e

L. SUMMARY

The effectlveness of a. molten alkah carbonate eutect1c in removxng lead

compounds from gaseous mlxtures was inve stlgated Some laboratory te sts
-.and one test of a dev1ce on an automob1le were used in th1s 1nvest1gat10n° re-

'sults md1cated that molten alkah carbonate scrubbers can be an effectwe method .
' for removzng lead and partlculates from exhaust The alkah metal ;carbonate

"_V:eutectzc isa bas1c low- meltmg, nonv1scous clear 11qu1d that reacts chem1cally

w1th ac1d1c lead exhaust components and phys1ca11y wets part1culate matter.

Tests have shown that the 51ze of the lead chlorzde part1cu1ates produced m

blaboratory generatzon experlments approx1mated those found in automob11e ex=-

haust The size of the part1cu1ates from a cooled gas stream var1ed from 0 01

to 5u. "In general, partlculates from 0.1 to lu in size predommated It was
- found that 1ncreasmg concentratmns of lead chloride vapor produced partxcu-

: flates of larger average size,

'Both tmpmgement,of' the_ gas on the molten salt sur:t'ace and contacting the

" gas with molte_n salt wetted-mesh scrubbers were shown to be effective lead
‘removal te'ch'niqu'e s. The lead removal efficiency in a wetted-mesh scrubber

'mcreased as the gas reS1dence time in the wetted-mesh 1ncreased and de-

creased as the gas velocity through the mesh mcreased Over the temperature

_ range measured (430 to 500°C) the lead removal eff1c1ency in a wetted mesh

’ scrubber 1ncreased as the melt temperature decreased. This temperature de-

pendence would not be expected for lead chloride vapor, but is not unreasonable
if some of the lead chlor1de condensed to particulates at lower temperatures.,

Ina wetted- mesh scrubber the removal efﬁcmncy was essentially 1ndependent

. of the lead part1culate concentration in. the gas stream over the small concen-

) trat1on range measured ‘The fractmn of lead removed after 1mp1ngement

agamst a molten salt surface mcreased as the 1mp1ngement velocn:y mcreased

' -gIn add1t1on, over the temperature range rneasured removal by 1mp1ngement

These results suggest that a mufﬂer replacement demce could: potentlally

_remove nearly all of the lead from the exhaust.. A conceptual device that could

be retrofit to ex1st1ng automob11es was de s1gned ‘This conceptual muffler re-

'placement unit would. cost about $20 to fabrxcate and charge with salt, Salt
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vreplacement would be requlred every: 15, 000 to 30 000 mlles at current prices,

each salt charge would cost ~$2 Cons1der1ng normal commerc1a1 markup,

. total’ consumer cost fcr emlssmn control by thls method is' estlmated to be

<1¢/gal or <l m111/m1. It isg est1mated that th1s umt w1ll remove: >93% of the
" lead, >99% of the sulfur oxades and >80% of the partlculates in all operatmg

‘-"i.-_ modes of an automob1le.

Tests of a. prehmmary molten ca.rbonate dev1ce on an automoblle (de51gned

,“constructed mstalled a.nd tested on a: compa.ny veh1cle at. company expense

. - prior- to contractual obllgatmns) were carrled out in both start stop street drlv- :

"f“'i.mg and h1gh sPeed freeway dr1v1ng cycles. About 60 to 70% of the total ‘partic~

ulates, 85 to 95% of the lead, and ~5 to 30% of the nitrogen oxides were re-
moved from the exha.ust in the molten salt scrubber. (Up to 80% of the mtrogen

ox1des ‘have been removed in an ‘additional" catalyst bed.) These results showed

.- that even before the: melting temperature of the salt was: reached the demzstmg

mesh and/or the salt on the mesh removed 80% of the lead from the exhaust
'Redes1gn and te sting of a second device (funded at company expense) has resulted
in improved lead and partlculate removal; additional improvements to further

increase lead and pa.rtlculate removal ‘and to enha.nce retroﬁtabxhty are planned,
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i.hea.lth ( 7) lead 1s pmsonous

o next few years.

~heaval,

L. INTRODUGTION

In the Umted States 200 000 tens of lead and one rmlhon tons of. partzculate

»“‘matter are spewed into the a.tmosphere each year.(. ) Motor vehlcles are respon
-s:.ble for esserttla.lly all of the lead and: up to 10% of the partlculates. A.lthough

cat present there 1s no proof that the amount of lead in urban air is harmful to

(8 13) and concern 1s mountmg that long range i1l

| effects may he found (14 15) In addltlon lead is'a poison for most catalysts '
: wh1ch control ca.rbon monoxuie and hydrocarbon emission in exha.ust (16 17)

- 'I‘he refore, control of automotlve lead emlssmns will probably occur thhm the

(819)

AL CONTROL O.F LEAD IN AUTOMOTIVE EXHAUST

- There are two ways to control lead emlttmg from automoblle exhausts. One

vcan elther remove the lead from the exhaust after cornbustxon or proh1b1t 1ts ad-

d1t10n to gasoline as antiknock lead tetraethyl or lead tetramethyl (20 The pres-

“‘ent trend is to proh1b1t its use in gasolme.(2 ,22) However, this-could open a

(23)

lergest supphers of lead antiknock addltlves. Lead removal from gasolme woul¢
(24-27)

Pandora's box’ to new problems according to Ethyl Corporatmn —ore of the )

if present octane ratmgs are main-

(2,23)

throw the lead and chemical industry into an economlc up-

a:nd may cause other p:.'oblerr).s.(z_3 32).

mcrease the pr1ce from 1 to 6¢/gal,
tamed Removal of lead may cause valve problems

leum reserves (23, 28)
1 (2,29~ 31)

consume more petro -

It was found at Atonucs Internatmnal that lead compounds can be effectivelyr

removed from ‘automobile exhaust by scrubbing the exhaust with molten alkali.

3

carbonate euteetlc. 3) This teehmque of controllmg lead emission has the ad-

vantagethat the exhaust is kept hot for further catalytlc treatment to control

mtrogen oxzdes hydrocarbon and carbon monox1de emission and it sn'nultane-
(34) partmulate matter (33) {which are both known
(33)

cat_alyst po1sons), and partially removes nitrogen oxide 8.

ously removes sulfur oxides,

'B. NATURE OF LEAD IN AUTOMOTIVE EXHAUST

*Antiknock tetraethyl lead (TEL) is added to gas'oli:ne to improve the octane

, ratin‘gﬁ' ~1 gm/gal will improve gasoline antiknock properties three octane

CAI-70-47
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» numbers,(z' ) addltlonal amounts of TEL. are less effectwe in 1ncreasmg the ,
: ‘;octane ratmg. A rnaxxmum of f-3 to 3. 5 gm/gal of TEL is added to gasolme feed-
(2,20) Alkyl chlorlde and

N stock to 1mprove the octane ratmg ~8 octane numbers. :
brom1de are also added to gasolme to keep lead depoSIts from buzldmg up in the ‘

: engme.(zlo) Volatzle lead hahdes are the mam Iead compounds m exhaust Ap-

- the operatmg mode of the automoblle. h

prox1mate1y 60 to 80% of the lead in the gasolme is found in the exhaust (35 36)

‘most of the rest of the lead 1s found m the ‘0il dramed from the crankca.se Stud-

ies, have shown that lead concentratlon in the exhaust is: strongly dependent upon

(36) At slow speeds much of the lead bullds :

‘ ‘up in the engme and’ exhaust system, the bulldup is- removed from the. system :

“during hlgh speed (hlgh temperature) Operatlon of the automob1le.(‘3 )

Therefore
‘lead concentrat:ons in the exhaust vary from nil to as h:gh as 500 rels ‘under

normal dr1v1ng speeds the lead concentratlon in the exhaust is from 1 to 40 y.g/!
: (See References 35 through 37.) The lead concentratlon in ambient urban air is

three to four orders of magmtude less or 10 to 10° ;J- /E (38-43)

1, Concentratlon of Lead Chloride in Gaseous Mixtures

The vapor pressure of lead chlorzde both liquid and solid (mp 501 °C), has

‘ been measured by several 1nvest1gators(43 -48)

and summarlzed in two readﬂy
(49,50) '

available references 'The data for the vapor pressure of the liquid are in .
I agreement( while the reported vapor pressure of the solid are in poor agree=-
ment, Furthermore, the vapor pressure at the melting point, calculated from

| the equatmn for the vapor pressure of the ‘solid, (50). does not correspond to the
e 11qu_1d vapor pressure at the melting point; therefore, it is believed that the
- solid {(apt)r pressure isvin error.’ Consequently, in Figure 1 where the lead
 chloride vapor pressure is given, the solid vaporvpressure is dotted and drawn
‘so that_at the melting ‘point the vapor pressure of solid and liquid are identical.
‘.Using the ideai Yga‘snlaw‘ the max1mum concentration of gaseous lead” chlorxde
. as a function of temperature has been’ calculated from these vapor pressures
~ from F‘gure 1. Figure 2 shows the equlhbrmm concentration of lead chloride -
in equilibrium w1th ‘both 11qu1d and sohd lead chloride as a function of tempera-
‘ture, Agam, the’ curve for the sohd is dotted to reflect the uncertamty in the :
~ data., These data show- that at 400, 450 and 500°C the maximum concentratmn‘ B
| of gaseous lead chloride in equ111br1um wzth the solid is 12, 170 and 1200 ,u.g
»Pb/l respectwely. At 500 550, and 600°C, the maximum concentration of
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: i' bo:oa_,te eutectic

" sulfur dioxide

,,gaseous lead chlonde in the vapor state in equlhbrmm w1th the hquxd is, ~1200
L _,;4600 and 15 000 pg Pb/,e respectlvely |

Uk

. ‘2.-. sze of Lead Part1culates in Automotlve Exhaust o

51 o
The Sw1ss Commzssmn ( )¢ usmg an electron mlcroscoplc techmque re=-:

v ports the slze of 1ead partmulates in automotive. exhaust as between 2 a.nleO m,u»
s (m1111m1crons). : However several Workers(37 52 57) have found that mass. .
’ o medlan dxameter of lead part1cula.tes in urban air is cons1derab1y larger, i.e,
_;_é‘:,between 200 a.nd 600 m‘u.. Further work Wlll be requlred to’ estabhsh the size
,b d1str1but1on a.nd factors which’ mﬂuence the size dlstmbutlon. Since 1mt1a.lly the
"‘.Iead compound wa.s present 1n the gaseous state, the partzculate size observed

'ma.y have depended on the samplmg procedure. -

C. THE MOLTEN CARBONATE METHOD TO CONTROL PARTICULATES IN
AUTOMOTIVE EXHAUST '

Lead halldes are mﬂdly acidic substances therefore they would be expected

' to react chemlcally w1th basic alkali metal carbonate eutectic, - This is the basis

for the use of molten alkah metal carbonate eutectic to scrub gaseous, liquid, or -

solid lead hahdes from automotwe exhaust, (33) Since molten alkah meta.l car-

(58)

is a stable nonvolatﬂe, nonviscous liquid above its melting

B pOiht (39 7°C), it can read11y be brought into conta.ct ‘with automotwe exhaust in

' a moltenfsalt.scrubber. -The alkali carbonate eutect1c has a moderate surface

ten"sio'nA(e.g'., _236 dynes/cm at 455°C); therefore, it will wet particulate matter

and subsequentiy remove them if_rom the gas stream. The alkvalivcarbonate eutec-

tic has been studied extensively as a fuel cell electrolyte and as an absorbent for

(34,59) ynder contract PH 28-67- 128, (60) Consequently many of its

'physmal chermcal .and corros1on properties are known, These are g;ven in

Appendlx 1.

In a.n automotwe molten ca.rbonate scrubber the heat of the exhaust is used

to melt the salt and mamta.m it m a molten condition. The exhaust temperature -

(61) .,

as a function of the d1stance from the ma.mfold ﬂange at various speeds

‘ glven in F:.gure 3. These data show that except at idle the exhaust is hot enough
-~ to melt the salt and maintain it in a molten state. At temperatures above 650 C,

: corrosmn may be a problem, therefore some means of coolmg the exhaust may

AI-70-47
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‘ contactmg the molten carbonate.

‘ vbe "desira’bi‘e. The da.ta in Fzgure 3 show that thls can readlly be accomphshed

by allowmg a portlon of the exhaust gas to cool in a longer exhaust plpe pnor to b

S In’ add1t1on to the exhaust temperature (61)
(62)

the large varzatlon in the exhaust

| "ﬁow rat “lat d1fferent speeds must be cons1dered The approx1mate exhaust '
: f,'fctemperature, 30 cm (1 ft) from the mamfold ﬂange and the ﬂow rate of exhaust -
“at 20, 40 and 60 mph and at w1de open throttle (W’OT), are glven in Table I

Ee _‘~'(Un1ess stated othervnse all ﬂows 1n th1s report are expressed in actual vol- <

' 'umes not standard volumes ) From these exhaust temperatures and flow rates

other exhaust parameters ‘related to a molten carbonate smog dev:.ce have been

’calculated° these are gwen in ‘I‘able I "~ The exhaust velocrty was calculated for

the various flows passmg through a 0. 046 m (1/2- ft ) area; the 1mp1ngement

velocity is the veloc1ty of gas ex1t1ng from a 5 -cm (2-in.) pipe. The re suience '

time of- the exhaust gas 1n a 0.014 m (1/2- ft ) device is reported in Table I.

Lead concentratlons are estlmates only; at 60 mph it was assumed that all the

_lead in the gasohne contammg 3 gm/gal is exhausted, In add1t1on to the calcu-

lated exhaust variables, the range over which those parameters were var;ed in

' these laboratory scrubbing tests is also g1ven in Table I

AI 70 47
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R § o : TABLEI | : ¢
APPROXIMATE VALUES OF AUTOMOTIVE EXHAUST VARIABLES

A

_ Cvru’xsmg‘ Speed (mph)

.,Rangés R

™

- Variable 1 .v'C’on"ditionk's . — - — >S5
R T 20 | 40| 60 | wor* | Studied
' Exhaust Temperature {30cm(1£t)from {350 |500 |[700 | 900 | 355t0
(°C) ~manifold D | ’ 600
Exhaust Flow (scfm) : vave_xy-ages 20 40 | 65 {200 -
Exhaust Flow average - 20, 50 | 100 | 365 -
(actual 4/ sec) S _ 1. N o
Velocity (m/sec) 0.046m” (0.5-t%)| 0.4 | 1 2| 8 0.5 to
v , _ ~ surface » -1 1.9
K Impmgement Veloc:.ty ' 5-cm(2-in,) 12 | 30 70. 190 | 12 to
(m/sec). | plpe » , B » -] 98
‘Residence Time (sec)" o. 014m (0.5-6¢> )| 0.7 03| 01| 0.04 0.01to
T device o R R S , 0.1
Lead Concentration | approximate - 1 10 - 30 | 500 25 to-
(ngl/t)  average - EEE RO : 300
‘#Wide Open Throttle
tReference 61
‘§Reference 62
" AI-70-47
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lil. EXPERIMENTAL APPARATUS

Thc apparatus used in the laboratory expenments cons1sted of a- 1ead part1c-
ﬁ{ulate generator, a molten salt scrubber, and several posb— scrubber traps. _ The

e 'artmulate'generator and the wetted-wall wetted-mesh and 1mpmgement molten ‘

.Yre dlscussed below.

CULATE GENERATOR

‘ : Lead hahd ‘ part1cu1ates were generated ina dev1ce shown 1n Flgure 4. Thzs ;
‘vifconsa.sted of a ceramlc boat full of molten lead chloride inside a heated metal
" tube; a carr1er gas was. slowly passed through this tube to carry the lead chlo-
. ride vapor frorn the generator into a dilution gas. The molten lead chlor1de was
. mamtamed at a temperature of ~575 to 600°C. The carner gas flow rate varied
. .fr_om 30 t_o 300 _standard cc/min as the dilution gas flow varied from 3 to 21 stan-
dard liters/min. Lead chloride partlculate concentrations of 25 to 370 y.g/actual

liter were obtained in the molten salt scrubbers,

B. COCURRENT _'W,E TTED-WALL SCl?.ﬁBBER SYSTEM
The apparatus used in'the. cocurre-nt scrubber tests is shown in Figure 5.

o . In. th1s system a NZ pump gas was used to pump the melt up from the reservoir
so that it would ﬂow down through the wetted- wall contactor. . The post-scrubber
traps cons1sted of an ice-cooled condenser an aqueous sodium hydroxlde trap,
iand aqueous nitric acid trap, In some tests a second molten carbonate bubble-
_t_hr'ough,,& wetted-mesh scrubber was inserted between the molten salt scrubber
and the ice: cooled condenser. .An in-line, wet-test meter following the post-

scrubber traps was used to measure the gas flow rate,

» The cocurrent scrubber is shown in more detail in F1gure 6. The molten
e salt‘pumpy gas feeds down through the center tube forces melt up to the wetted-
- ‘Wa.li.columns.Where‘it contact‘s” the gas-cont_a.ining' particulates. The 'meit and
- “'.gas con“{:ainin'g pa”rt'iculates ﬂow*cocurrently down the wetted-wall columns to
the melt reservoir where the gas reverses direction and the melt globules re- '
. turn to the reservon'. '

' AI-70 47
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F;gure 5, Cocurrent Wetted-Wall Test System
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, C \NETTED MESH SCRUBBER

The molten carbonate wetted mesh scrubber is shown 1n F1gure 7 It con-‘.‘

. ,151sted of a l-m.v ID stamless steel tube 18 in. long. ‘The 1n1et for the gas (con- '

3 tammg lead par b ulates) was at the s1de of the tube ~1/ 2 1n. above the: molten ;

carbonate level m the tube. ﬂ The gas contammg lead partmulates pas sed up

‘ .'through a se tlon (xnr‘ some cases two sectmns) of stamless steel wetted mesh.

"",";_biThe lower ectmn ‘f wetted-me sh was 1-1/4-in, th1ck and was constantly wetted

w1th molte‘n arbona»ef"whzch was pumped up from the molten. salt reservoir by
Ca pump gas ' ubbhng up through the melt pump tube. In some cases, a: second ,
-'.“sectlon of mesh was mcluded above the lower sectlon. ‘The . second section of
i ~mesh was wetted by carbonate entramed in the . gas when it pas sed through the
lower sections of mesh 'I'he second section of mesh vamed in thickness from |
0 to 5« 1/4 in,; only the portmn of the mesh that was wetted during the experi-
.me_rit u/as,conmdered in calculating the gas re51dence time in the wetted-mesh
“reactor. kDifferent.._thicknesses' of mesh were used in ord'er‘to vary the gas _resi-'

dence time in the mesh without irarying the g'a's,. \relocity through the mesh,

D. IMPINGEMENT -i-‘\W_ET'vI‘»ED-ME'SI-I SCRUBBER "
‘In order Ito*dete'rmine the fraction of the lead chloride removed by impinge-
* ment and by wetted-mesh a combination scrubber in which both mechanisms of
lead removal occurred was used, A diagram of this combination scrubber is
given in F1gure 8. The d11ut1on gas (n1trogen staurated with water vapor at 50°C)
- mlet is at the top of the f1gure, the carrier gas conta1n1ng the lead chloride va.por
is fed into the d11ut1on gas at th1s point, ‘The gas stream paSSed down through a
3/8 -in, OD tube where it 1mp1nged agamst a ‘molten salt surface. The gas then
passed up through four separate sectmns of Type 304 stamless steel mesh that
‘had been prewetted (d1pped in molten alkali carbonate and allowed to drain over-
bmght at 500 C). Four separate sections of mesh were used to determme if all
" sections of the wetted-mesh were equally effective in removing partlculates.
~The volume occupled by each mesh section was 0,675 1n.3., ‘Each mesh sectmn
. had a metal surface area of 13,1 m.z and metal packlng dens1ty of 2. 92 gm/m. ‘

Apprommately 2 to 3 gm of melt were retamed on each mesh aectmn.
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s‘E AUTOMOTIVE EXHAUST SCRUBBER

- The exha.ust was sampled before and after the lea.d removal devme by draw-v

: mg gas samples through 0.45 I mllhpore f11ters followed by aqueous scrubbers. o

 " vThe dual samplmg system sampled the 1n1et and outlet: exha.ust strea.ms mmulta.u
: neously. After 500:to 1000 11ter gas sa,rnples were drawn through the sampllng

: systems the pa.rt1cu1ates were Washed from the sa.rnplmg system 1nto a 1arge

e ;' :‘-bea.ker where the wa.ter Was slowly evaporated at 60 C After the res1due was L

& ':,"'drled to consta.nt wezght a benzene extra.ctzon and a water extractmn of the pa.r-;v-‘

T "»*(_;«‘t1cu1ate remdue was made to determme the fractmn of orgamc and morgamc S

matenals present
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~IV. TEST PROCEDURE
v .A. typ1ca1 expenmental test system is shown in Flgure 5; the various scrub-- ‘
‘ ,"f,j"bers descnbed were substltuted for the cocurrent wetted-wall scrubber shown

m Flgure 5 Apprommately 5 to 6 gm of. PbClz were placed in the ‘boat m the

‘~100 gm of alkah metal carbonate eutectlc were placed

» :partuclate gene’rator and
; ost scrubber traps were fllled with aqueous solutlon or
system was assembled and brought up to the deszred tem-‘ :

B ‘perature. . Thi carner‘" gs.s flow was started through the partlculate generator
: and the d11ut1on gas flow was started through the preheater. (A molten carbonate :
or a coiled copper or stamless steel preheater was used in these tests ) ‘The

tests were 1 to 3 hr in’ duratmn.

Slnce gaseous 11qu1d and solid lead chloride were used in the te sts, s1mp1e
- gas samphng before and after the scrubber could not be used to determme the
part1cu1ate removal effmxency “In preliminary attempts to use this technique .
to determme lead removal eff1c1ency, more than half of the lead condensed out
on the vwalls of the sa.mplmg system, furthermore the amount of lead that con-
“+densed out on the samphng system wall was not reproducible, Therefore the
test as sembly was dismantled and boiled in nitric acid to remove the lead from
' ;thve entire system. These various solutions_ were analyzed for lead by atomic _
absorption spectroscopy.' ‘In general, 95+% lead material balances were obta.ined.ﬁ
in the ‘tests‘. T.est‘s‘shc‘>wed that the remainder of the lead had penetrated the wall
of theIead particﬁlate generator and could be removed only by dissolving the in-
ner layers of thebmetallic particuiate generator in strong acid. The lead partic-
ulate r'emoval efficiency Was calculated from the amount of lead in the molten
salt scrubber divided by ‘thetotal amount of lead found in the molten salt scrub-

ber and the post-scrubber traps.
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‘ ;.only a few .m1111gra

: tlculates 'we

of PbCl

" .‘,‘v;,;BESuLTsAND Dlscusszon |

7 A». SIZE OF PARTICULATES CONDENSED FROM THE GENERATOR

Partrculates were fxltered from s1de gas streams of the 1n1et and outlet to

| the molterr salt scrubbers wzth 0 45;1. and 0. 1/1, m1111pore fllters. In general

of lead chlorlde were collected on the f11ter. These par-

_':m1croscop1ca11y to 'deterrmne the partmulate s1ze.

Thousand ‘vfold m gmflcatmn (IOOOX) photographs of lead partlculates f1lt-

Zered from’ the gas streams used in our ‘test Sy'stem are g1ven in- Flgure 9.
F1gure 9a shows the partlculate 51ze of lead chlorlde partlculates filtered from

v‘ a gas stream contammg 500 /.Lg/l of lead chlor1de° th1s is somewhat hxgher than

the- rnammum concentratmn of lead part1cu1ates used in our part1culate removal

-expemments (370 /J.g/E) These particulates were f11tered from the gas stream

after the gas had passed through the scrubber in a “test in which no melt was in- |

' the scrubber, The concentratmn of partlculates on the VC Millipore ﬁlter was

apprommately 1000 Hg of PbCl /cmz. The particulates appear to be one

.'i‘rmcron or 1ess in size w1th an oblong rather than a spherical shape. Fxgure %b

.’shows the part1culate s1ze of lead chlonde parhculates filtered from a gas |

stream contammg about 10 000 pg of PbCl /4. This is about the concentration

2 in the vpart1cu1ate generator before it is diluted by the dilution gas.

The particles shown in Figure 9b were filtered from the particulate generator

carrier gas after the gas containing particulates was maintained at 600°C for -

several'Seconds. Under these conditions the particles tend to agglomerate

~into spher1ca1 part1cles as large as three microns in size, These results show

that in order to s1mu1ate the size of lead partzculates found in automotive exhaust

'1t is 1mportant to d11ute the carrler gas stream contammg part1cu1ates in order

to prevent growth or agglomeratmn of the lead hahde part1cu1ates when the gas

stream is cooled Therefore the gas was d11uted ~30 fold in our particulate

' removal expenments.. o

Attempts were made to use an electron m1croscope to observe the size of

\lead halide part1cu1ates. Whenever the electron beam was focused on the par-
: t1cu1ates on the m1111pore f11ter ‘the lead hahde part1c1es ”evaporated” or
) ”deagglomerated“ 1nto very: fine partlcles of ~10 mu. size. Thus the use of

'an electron m1croscope to obtain the size d1str1but10n of lead halide parhclesb
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o Particulate

concentration
in gas stream
was 500 ug
TR FRCl,/4)

F1gure9a. '-'Phbt‘qmicrogré.ph of Lead Chloride
Particulates on a 100 mu millipore Filter
- Containing ~1000 ug PbClZ/cmz'

- (Particulate
concentration
in'gas stream
" was 10,0004g/2,)

Figure 9b. Photomicfogra.ph of Lead Chloride
~ Particulates on a 450 mpu milliporezf‘ilter
Containing ~15 mg PbCl2/cm”
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‘dlrectly was not succes sful However when lead chlonde partlculates were

‘ lb‘»‘ﬁrst removed from tHe f11ter paper by ultrasomc d1spersmp of the part1culates

i 1n ethyl alcohol 1n Wthh a’ standard electron mlcroscopy carbon. f11m Was dlpped

o ,small lead pf rt;.culates were revealed in an electron mlcroscope, In contrast

i to prevmus results lead chlorlde partlcula’ces prepared on. rmcroscope shdes v

in th1s manner d1d not "vaporlze or deagglomera.te" when the electron beam

g was ‘focused.“on them""“qus shown in Flgure 10 the partlculates were 1ong

strlng

up to’ 2,u."‘1n wlength and less than 0.1p in dxameter. These strmgs were

A composed":of numerous (20 to 30) partxcles whlch were 0. l ‘to less than O 01/,:. in <

81ze.

'I‘he results show that an electron m1croscop1c techmque m1ght perhaps be \
‘vused to determme lead hahde particulate size; however, further. study must be
made to determme if the part1cu1ates observed in the electron beam are’ the ,
'same as the orlgmal part1culates collected The. parhculates dxscussed above :

' were somewhat similar’ to, but defnntely composed of smaller dlameter chams
 than those’ shown in Figure 9a, Thus it would appear (as might be’ expectcd)

that the method used above did mod1fy the nature of the part1culate chains, How-.
ever it would also appear that the parnculate generator produces very small
part1culates 0. Ol to O0.1p in size, that tend to agglomerate in chains pr1or to

» ‘the formatmn of the larger spher1ca1 partnculates shown in Flgure 9b.,

‘» B.- LEAD REMOVAL EFFICIENCY

1. Wetted Wall Scrubber

The lead removal efficiency of the wetted- Wall scrubber (F1gure 6) and the
' .lead matenal balance is given in 'I‘able 11, The lead removal eff1c1enc1es given

. ‘m parent:les1s are the eff1c1enC1es if all of the missing lead paSSed through the
scrubbers' however, subsequent tests proved that the missing lead was in the
‘generator. In this senes, a test with no melt in the scrubber (Test 1, Table II),
a“test w1th melt only in the reservoir (Test 2), and two tests. with melt in the
reservo:.r and in the wet’ced-wall column (Tests . 3 and 4). were run, ’ Even vnth-,
,out ‘melt in the reservou ‘some of the lead (28%) was trappe:l m the scrubber,

- 'this shows that a- clean metal surface removes a portion of lead chlor1de at
these temperature s. With melt only in the reservo1r and not in the wetted-

- 'walr, 89 to 98% of the lead was removed from the gas phase durmg scrubblng,
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| Figure 10, |
Electron Micrographs of Lead
Chloride Particulates
: (Ultrasdnically removed froma
filter paper and dispersed ona
- carbon film,)
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: TABLE n |
LEAD REMOVAL EFFICIENCY OF MOLTEN CARBONATE WETTED WALL SCE
7 b Tempefature j Ga's-Meltv . R B o
Test| . . . (°C) Sl .2 1 Conc Pb|
No. _;Dc.esc.nyphon N Flow Rate | Velocity R‘e;}de:ce (ngf/8) | Efﬁ(((:;;:n
T Gas | Melt (1/sec) | (M/sec) s EC °
, (sec) "~ - :
1 |Empty 640 | 530 1.28 12.3 | NA 12l >‘v:-f:~,_'é"g,,(114)
. | Scrubber: ] S AR ' S
2 |Molten Car- | 530 | 530 1.09 92 | Na 46 | 98 (93]
bonate, No ' v ' ‘ L I SR
wetted column | 533 | 533 0.903 7.6 | NA 57 | 93 (88)
no pump gas | 530 | 530 0,645 5.2. |  NA 79 -89 (84]
3 |Carbonate | 360-| 435 0.954 9.1 | 0027 | 25 92 (87,
- | wetted e ' : S
- 124.8 cm
o column , ‘
4 | Carbonate | 630 | 530 112 | 107 | o018 | 33 | 99 (71
.l wetted. . Cean g v o
19,7 em 630 | 530 0.870 - 8.3 0.024 43 |96 (69
column - 580 | 530 0.626 6.0 0.033 58. | 98 (70

~ the post scrubber traps,

absorbed into the walls of the lead generator.

*Numbers in parénthesis is the lead removal efﬁmency assuming. all lead n'o>trir'ecA6{re‘réd':
Subsequent tests have shown that the m1ss1ng lead had probab]



b three cases. "

‘vIn the tests- thh wetted-walled columns in add1t1on to 1mp1ngement of the gas

- ‘on. the melt in the reservozr 92 to 99% of the lead was removed,

The results of Test 2 show that the lead removal eff1c1ency by 1mp1ngement

_of the. gas contaxmng lead hahdes mcreases as the 1mp1ngement veloc:ty in-

L creases.; Test 3 shows that when the gas temperature decreases below the melt-"
" mg pomt of the salt (397°C) the removal eff1c1ency is less but still qu1te effec-

i twe. - Test 4 demonstrates the d1ff1cu1ty in’ esta.bhshmg trends as a parameter 4 |
s varzed smce essent:ally all of the lead 19 removed from the gas stream in all

These results show that 1mpmgement of the gas on a molten salt surface is

an effectwe method of remowng lead from a gas stream. In fact 1mp1ngement

is such an effect:.ve removal mechamsm that it is impos sible to. determine the
: wetted-wall removal eff1c1ency in a combmatxon 1mpmgement-wetted wall scruba

‘ber (Test 4;) Since it appeared as if meanmgful data would be difficult to ob-

tain in a’wetted-v‘vall column, t_hls series of tests was discontinued and wetted- .

.mes‘h.tests wer:erstudied

These results also showed that it was important to determme what had hap- :

; pened to the m1ssmg lead, Without accurate removal efficiencies, quantitative
v:’de51gn data could not be obtained. Therefore a concerted effort was made to
find the mis sing lead, Add1t10na1 post-scrubber traps showed that httle, if
‘any, of the missing lead was escapmg from the system. A test using a closed -

: generator showed that only 90%: of the lead could be removed by normal clean=-

ing procedure and that most of the m1ss1ng lead was absorbed into the wall of

the particulate generator. Thls lead was not removed after each test since

~ this requn:ed d1ssolut1on of the lead generator.

2, Wetted Mesh Scrubber

The lead removal eff1cxency of carbonate wetted-mesh scrubbersis given

in 'Table 111, In these tests the velocity, residence tlme, temperature, and
lead concentration in the gas varied mdependently. From these data the lead

 removal effunency as a function of the parameters could be determmed. In all

cases (except Tests 4 and. 7) between 94 and 99% of the: lead was removed,
Since the lead removal varied over such a small range (<5%), it is dlffzcult to:

estabhsh deﬁthe trends, Therefore, the lead remammg in the gas streamﬁ ‘

P
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e LEAD REMOVAL EFFICIENCY OF A MOLTEN CARBONATE -
' WETTED MESH SCRUBBER |

- Test] -

" No,

—

o ’.[‘e'r;'i"pie‘avra.'(:x1'vrvc’éj
(°c)

‘Melt |

Gavs :
Velocity |

Gas o (m/sec)

, Gas v
Res1dence

Time
- (sec)

Lead -
Concentration
in Gas
- (pglh)

Lead

“Removal-

Effici ency
B (%)

| Lead
Remaining
in Gas

oy

v W N

o N o

515

515
510
500
500
500
| s00

430

| 550

540

500
550 |
500

430

355

. 500

2,44
1.86

182

1.80
'a.isﬁ
.‘0.\94

051

164

~0.01

©0.06
0.06-
0.025

0,028
0,05
0;11 

1 0.021

130
370
a7
106
1330
128
326

94,6
97,7
98.5
92.3
94,8
94.3
- 82.7
98.7

5.4
23
}1.5‘

7.7

5.2

5.7
17.3

1.3

AI-70-47
30

EPL 000265




j\‘(whlch varles by a factor of 5) is gwen in Table hest and W111 be dxscus sed below. ‘

’ "':;HOWever it should be cautloned that a small analytical error can have a large _

:effect on these results smce small d1fferences ‘of 1arge numbers are 1nvolved
'~~The error in’ analyms probably mtroduces an uncertalnty of tO 5% in. the re~

| ported values 1. e, , the lead remammg in the gas stream 1n Test 1 (Table III)

| *was between 4, 9 and 5 9%.

The percen »lead parnculates remammg in- the gas stream appears to in-

: as emperat re of the molten carbonate 1ncreases. At a velocﬂy of

i ‘1;7 m. /sec and ‘a restdence t1me of o. 02 sec Tests 4 and 8 Table II the per-‘

‘j\“cent lead remammg in the gas stream after contact w1th the- molten carbonate-

o g.’wetted mesh mcreased from 1.3 to 7, 7% as the mesh temperature was increased

~ from 430 to 500° C These 11m1ted data suggest that as the melt temperature
1ncreases the percent lead partmulates remammg in the gas phase after con-

" vtactmg the wetted mesh mcreases; This is contrary to what one ml_ght expect
from a kinetics standpomt unless the' molten carbonate is more effective in
removing particulate than g_a'seousll.ead halides and a greater fraction of the
lead exists as particulates at the lower temperatures, The data in Figure 2

"inldicates that p‘a'rti.culates should have been present at 430°C (Test 8) but not

" at 500°C (Test 4). In addition, the technique used to generate the lead may

have also allowed part1cu1ates to be present For example, the concentrations

of lead in the carrier gas was several times that in the dilution gas or as high

" "'as‘ 1800 F.g/f at 575°C in Test 4, When lead carrier gas was cooled to 500°C

‘by the d11ut1on gas, particulates may have formed and not have had time to re- -
7 sublime before the gas contacted the melt. This same sort of phenomenon _
‘may exist in automobile exhaust, i.e., 1ead particulates in a gas that is not -
: saturated with lead halide vapor, - Further experimental measurements should

‘be. made to show that the lead partzculate-vapor rat:.o obtamed in these experi-

v-'lments 1s the same as in automotive exhaust and that Iead removal vanes as the

‘ parnculate to vapor ratm var1es.

The fractlon of the lead part1cu1ate‘s remaining in the gas phase vincreases

s ’_as the gas velocxty through the mesh increases, At 500°C and a residence time

of 0 026 sec (Tests 4 and 5) the percent lead remammg in the gas stream in-
creases from 5.2 to 7. 7% as the veloc1ty through the mesh increases from 1. 15
_to 1,80 m/sec. These data suggest that gas velocity is a cr1t1ca1 parameter in
“ device clesxgn and probably constrains the design more than dem1stmg.
 AlI-70-47
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The percent lead partxculates remammg in’ the gas stream decreases as the
gas res1dence t1me in the wetted mesh mcreases (Tests 2 '3, and 4y, At ‘a tem-
vf'perature of 500 G and a gas veloc1ty of 1.8 m/sec the percent of the lead re-

' ma1n1ng 1n the gas stream decreases from 7.7% to less than 2% as the re51dence

" time'is mcreased from 0 025 to 0. 06 sec. Smce gas resuience tlmes of one-"

tenth of a second can. probably be obtained in an operatmg dev:.ce (even at w1de

! : Open throttle) res1dence time W111 probably not be as. c*utrcal a parameter as f'-, ~

f-gas velocrty in the dev1ce des1gn. =

' W:.thln the 11rn1ts o:f exper1menta1 error 1t does not appear that the percent
_lead remalmng in the gas phase after contact wrth the scrubber is a functlon of

1ead concentratwn 1n the gas phase. At veloC1t1es of 1.8 m/sec and re51dence

| ‘time of 0.06 sec (Tests 2 and 3), the lead remammg in the. gas pha.se was ~2%

when the lead concentratlon decreased from 370 to177 p.g/l

A.n attempt was made to duphcate ‘conditions in an operatmg device as an
automobile 1dled at a stop l1ght. ‘The temperature of the gas contalmng the lead
part1culates was 355 C i, e., ‘below the meltmg point of the molten carbonate.
Therefore ‘the melt on the wetted-mesh scrubber was probably cooled below
its freezmg point (397° C), only the melt being pumped over the mesh was molten
(temperature 500°C). In th:.s test the gas residence time (0 11 sec) was much
shorter than might be expected under idle conditions (~1 sec), and the gas
veloc1ty (0.5 m/sec) was apprommately that which might be expected in an auto-
mobile device, Even under these cond1t10ns only 17% of the lead remained in
the gas' stream, An order of magmtude increase in gas residence time, as
mlght be expected in an operatmg dev1ce would probably decrease the lead re-
maining to a neghglble amount. Therefore at idle, essent1a11y all of the lead

part1culates w111 probably be removed

- 3. Imp1ngement Scrubber

The lead removalﬂefﬁc_iyency ‘by‘ impinging the gas on a molten carbonate S
surface is given ‘in' Table IV, At the conclusion of each scrubber test, the.

' amount of lead in the melt and on each section of the mesh was determmed At
a gas temperature of 600°C, ‘gas 1rnp1ngement veloc1t1es of 34 and 5 m/sec on-
the 500° C melt surface resulted in removal of 76 and 12% of the lead, respec- _

:t1ve1y (Runs 4 and 5) In Tests 1, 2, ‘and'3 at a gas temperature of 530 C, the

s
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: removal efﬁc:lency dropped 51m1lar1y frorn 98 to 89% as the 1mp1ngement veloc-

1ty dropped from 9.2 to 5.2 ‘m/sec, Thus at constant temperatures the amount of

lead removed by 1mp1ngement 1ncreased as the- veloc:.ty mcreased As shown in

' .Table IV 1mp1ngement appears to be motre effectwe as a removal process at

R lower gas gemperatures (Tests 3 and 5), th1s same temperature effect was. ob-

' "served in the wetted-mesh scrubbers (Tests 4 and 8 Table III) Th1s tempera- :
- :ture effect is not clearly understood but is probably related to the part1cu1ate- .

wvapor ratm of lead 1n the gas stream (see dlscussmn given premously)

At Wlde open throttle in an automobﬂe (200 scfm) 1rnp1ngement veloc1t1es

from a 2-in, pipe would be approx1mate1y 190 m/sec (600 ft/sec), At this veloc-

j,‘_f‘1ty these data suggest that essentlally all of the lead partlculates would be re-

/ : moved by 1mp1ngement alone., ‘At a gas flow of 40 scfm (40 mph) the. 1mp1nge-

ment velocity would be approx1mately' 30 m/sec (100 ft/sec) .Under these con-
d1t1ons of flow and temperature (Table 1), essentially all of the part1cu1ates will
_be removed by 1mpmgement. “Thus vlmpmge_ment velocﬂ:y is a very significant ‘
design parameter, Due to removal by impingement at_high velocities, a sighih
icantly more'compact device can be used than if contact with wetted mesh were

' the only parnculate removal mechanism,

'I‘he percent of the lead partxculates removed by each mesh section com- "
pared to the total amount of lead found in the scrubber and in each post -scrubber
e trap is shown in Table IV, Tests 4 and 5. The percent of lead retamed by each

mesh sectlon decreases from- Sect10ns 1 to 4.

- Another way of re_presentmg the lead removal efficiency of eash ‘meshiysec-
_tion is to determine the portion of the lead removed in each section compared to
the amount of lead remaining in the carrier gas at the time it contacts ‘the mesh
séction. The results are shown in Table V. These data show that Mesh Sec-
tlon 2 was much more efficient than the other mesh sectlons and that Mesh Sec-
‘tions 3 and 4 were only about 1/4 as efficient as Mesh Section 2, Since the resi-
. dence tn'ne “and gas velocity were the same for each mesh sectmn th1s shows
. that some other parameters such as packing den51ty, surface area, melt content
on the mesh or partxculate«-vapor ratio of lead are mfluencmg the removal
These factors as well as the temperature effect discussed above should be
" 1dent1f1ed ' ‘
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TAB LE V

FRACTION OF THE LEAD RETAINED ON EACH W’ETTED-MESH SECTIO\T
& COMPARED TO THE AMOUNT OF LEAD R.EACHING :
R THE MESH SECTION ' -

-"q ,

o ‘ ' ' Lead‘Removal'
Lead Retamed/ 'I‘otal Contactmg Mesh Sectmns Eff1c1en<:y of Each.
i L (mg) AR - Mesh Sectmn »
. PECR v ' i (%) ‘

A

e ‘fx.:67 4/1*0211'4"“-* "3’@1’o“/3‘5*d"~”:o 76/4.01 | 0.65/3. 25166 [ 89 ['19] 20

| 5 45, 6/747 ‘ 25 6/29 1 045/3 531 0. 33/3 08 | 61 |88 13 | 11

*Sa.me as Tests 4 and 5in Table 1v, respect:wely.

T4, Automotlve Exhaust Molten Salt Scrubber

The Automot1ve Exhaust Molten Salt Scrubber was tested under two dr1v1ng

cyclesu The first dr1v1ng cycle was start and stop surface street drwmg where

‘the maximum speed was 30 to 40 mph. The second driving cycle was a 10- mile
: stretch of a freeway where the ma.xunum speed was 70 mph, (Smce this sectlon
'of the freeway is over a mountain pass, nearly wide open throttle could be main-

tained for over one mmute. )

‘The data in Table VI show that 66 and 74% of the total parnculates are re- -

"moved by the devzce under the slow and fast dr1v1ng tests respechvely. A
vvarlable fractmn (20 to 50%) of the partlculates collected were soluble in ben-

‘zene, i.e., were organic in nature, These data showed that 19 and 38% of the

organic partxculates were removed by the molten carbonate device operating

under the two dr1v1ng cycles. Since the removal efficiency mcreased with speed

‘(temperature) this probably indicates that a higher percentage of the orgamc

."parnculates” were actually partlculates at the operating temperature of the de-

vice (>400° C) It is not expected that orgamc materials that are gaseous at

- ~400°C. wﬂl be removed by the dev1ce. However these low boiling organic

= cornpounds are readxly ox1d1zed cata.lytlcally in a post-—scrubber ca.talyst bed,

* The wa.ter soluble ma.tenals whxch are pnma.nly inorganic materials were re-
- moved lby the molten_carbenate device to the extent of about 80%. All of these

- samples were analyzed forl_lead; ‘these data indicated that 96 and 84% of the lead
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. devxce were ‘made.,

'I‘ABLE vi

PARTICULATE REMOVAL EFFICIEN CY OF THE MOLTEN
CARBONATE DEVICE ON AN AUTOMOBILE '

f Mg,ljnr S.amplne-_ Ré‘mcsealb
- CER o Eff1c1ency
Inlet : " Outlet (%)
7‘--';.130 40 ] s0- 70 | 30-40 60 70| 30- 40 6-0-70 g L
_MPH | MPH | MPH | MPH | MPH | MPH
S Total i o 10 o6l 44,7 3 | e 66 | T
: -'_Benzene Extractlon 2‘.«67" ;9.1‘ 1 2.0 ) 5.6 |-19 ‘ 38
Water Extractmn 7.7 ‘ 35T a 1.5 o 6T B 1]8_1‘ - 80
' ﬁ._'Lead 46 21,0 | 0.2 3.4 | 9 | 84

~%Normalized to lOOO 11ter samples :
the samples were not at constant welght before -

- .TObtained by difference,

lead analysis was performed

was removed by'v.th’e molten»carbonate scrubber, at 30 to 40 _i’nph and 60 to 70

mph respec tively,

; .

- In the automoblle exhaust sample taken from the inlet to the rnolten carbo-

nate dev1ce .PbSO,, Pb OBz

42 2
‘ ray d1ffractlon.

could not be 1dent1£1ed by this technzque.

i taken from the outlet of the automoblle dev1ce Pb

2,‘ and PbClBr and Pb(NO3)2 were 1dent1f1ed by' Ka

Other amorphous lead compounds are probably present but

In the automotive exhaust samples

2OBr and PbSO were 1dent1-

fied, 'Only trace (if any) un1dent1f1able lead compounds were present in the out=

Hlet samples.

- Brlef tests to. determme the nitric oxide removal efﬁmency of the automobile

In these tests when a catalyst was included in the scrubbmg

traln up to 80% of the mtnc ox1de could be removed at high speeds, decreased

. 'mtrlc oxxde removals were found at lower speeds (lower temperatures)

Wlth-

out the catalyst in the scrubber tram the n1tr1c oxide removal effunency de-

: »creased from 30 to 15% as the speed 1ncreased from 30 to 60 mph_ when the

thermactor was connected (excess air in the exhaust) and the removal efﬁcxency

decreased from 15 to 5% as the speed 1ncreased from 30 to 60 mph when the

thermecftor was ‘dl_sconnected
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"C DISCUSSION OF RESU LTS

Insuf£1<:1ent data were obtamed to test any: theorehcal relatmns}np between

‘ ._‘i*removal ei'f1cxency and parameters of mterest. Therefore nelther graphs of

removal eff1c1ency vs parameters nor equatmns relatmg the removal ea1c1ency )

to va.rzous parameters are glven; ‘ The lead removal eff1c1ency in a wetted mesh

"scrubber mcreased as the gas re51dence t1me in the Wetted mesh mcreased de =

s “"‘the gas veloc1ty through the mesh 1ncreased, mcreased as the melt -

i b-f'-‘;rtemperature decreased and was' essennally mdependent of the lead partxculate

"ﬁﬂccncentratlon in the gas stream.; The results also 1ndlcated that the fraction of

lead removed after 1mp1ngement agamst a molten salt surface mcreased as the

: 1mp1ngernent veloc:.ty 1ncreased and that removal by 1mp1ngement is more effec-

~tive as the temperature decreased

S1nce in all cases (except for low-velomty, hlgh temperature 1mp1ngement)
hlgh lead removal eff1c1enc1es were obtained, a conceptual automotive device
was’ de51gned Desxgn criteria were estabhshec; by retrofit requxrement expe-

rience thh the company-funded automotive molten salt scrubber and by data

: generated under this contract.
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’ accelerate C
- *f.ventun recovery tube (4), and mto the reactlon zone mesh It 1s thIS ventun

Vew o et - ——— o

'I‘he conceptual demgn of a molten salt partxculate removal dev1ce wh1ch ig

’:icapable of retroflt on Ford Motor Company vehlcles is shown in F1gure ll A “
" l_fquarter scaleidraw1ng of thlS deV1ce is glven at the end of thls report The gas
‘ f{y,from the exh ‘us‘ mamfold is brought 1nto the dev1ce through the 1n1et (1)
b'”"‘f’vY:'Approxlmately‘S”/ oflthe full throttle flow (12 52/sec of 0 45 actual ft /sec 1s

thrdugh a ventur1 tube (2), across the ventur:L throat (3), out the _‘

] _actmn that prov1des the pumpmg power to l1ft the molten salt up through the g ‘

salt intake tube. (6) and disperse. the salt into the gas: stream The ventun throat‘

s smed to prov1de sufﬁczent pressure dlfferentlal to lift the: salt 1nto the venturi

throat when the car'is operatmg at approxnnately 20 mph. The remamder of the
exhaust gas (~2521/sec or 9.0 ACFS at full flow) is passed through a bypass
valve (7) mto the venturi bypass line (8) ‘and is exhausted out through nozzles (9)

- to impact upon ‘the surface of the molten salt (10). The cornbmed gas stream

then passes up through wetted mesh (5) where final removal of particules is -

accompllshed by absorptmn on the wetted mesh. The absorbed partlcules are -

~carried with the demlsted melt into the melt pool (11) where the heavier particles

of lead and corrosion products form a slurry at the bottom of the molten salt

" pool, _After the gases pass"through the reaction zone, they flow over a baffle

into the demisting zone (12) where final rernoval of entrained salt 1s accomphshco

ACS Industnes Inc. mesh style 38F wh1ch ‘has a predicted performance of

.99, 9+% removal of entrained salt is used as the demister. ‘From the demister

zone (12}, the exhaust gases pass under a baffle and flow up through two ba{fles

- (14), make a 90 degree turn, flow down through the exterior jacket (15), past

the bottom of the molten salt pool to heat and mamtam the salt in the molten

. salt and out the outlet port (16) to the tail pipe. When vservxcmgnls requ1red

(approxlmately every 15, 000 rrnles, see Append1x II) the molten salt is drai‘ned‘
from the dev1ce through the drain plug (17) and fresh carbonate is added throuch‘

: the fill tube (18)

Within" the con'stra'ints of limited availahle space to locate the device and a

4 paucity of des1gn data, the performanca of the device was estlmated These -

: : *Numbers shown on F1gure i1
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est1mates whlch take 1nto account lead removal by both 1mpact1on and wetted-

_mesh scrubblng are 99, 98, 97 and 939 lead removal at 20 mph 40 mph 60

mph and w1c1e open throttle ‘ respectwely. -

Prehmlnary corrosmn cla.ta obtamed at AtOmlcs Internatlonal (under compam

- fundmg) mdlcated that alummlzed steel would probably be suff1c1ently corros1on A

: : ‘res1stant to =c:c:mtam the melt for the hfe of the automoblle. Therefore alumz.mzeu

| "i*;isteel was spe\ 1f1ed as the contalnment materlal Smce weldmg alumlmzed steel,;

o ,jis dxfflcult, the c'crnt:eptual dev1ce was de51gned sO that 1t could be. ,fabncated in’ -

two halves, alum1n1zed and then put together with a fmal cold rolled seam

Calculatmns of the gas veloc1t1es at various pomts 1n the dev1ce were made

Lat Wlde open throttle and are tabulated in Table VII From these calculauons,

" the total pressure drop across the device at wide. open throttle was calculated to

be about 0.6 psi (Table VIII) whlch is less than the pPressure drop acrossa

" .standard exhaust train at these gas flow rates. Therefore it appears that the

pressure drop 1n the device will be small

The conceptual dev1ce des1gn was submltted to the Pr1c1ng and Est:matmg

.’ D1v151on of Aﬁormcs International. They estxmated that the total manufacturmg
- cost’ of the device (packaged FOB from plant) was $19.58 based on two mllhon :

: vumt/y}e ar, 2 shift operation with 250 work days/year. Computer automation of

the plant was estim’af.ed to 'lower the device cost 15 to 20%. The cost is com-~

_posed ".of "$13.05 material, $0.27 tooling amortization and $6.26 labor. The
' materials cost include $2.20 salt, $6.50 mesh, $3.03 structural materials and

- $0.30 shippingbox. No profit or installation charge is included in these costs.
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TAB LE VIL

TABULA.TION OF GAS VELOCITIES IN DEVICE
A AT WIDE. OPEN THROTT LE

Velocity

Al » m/sec (ft/sec)

131 | 4300
18 | s
105 | 345
R 5| 186

‘Over 1stBaffle - | 69" | 225 |
g Demlstmg Zone P B Te | 49 13-29% ‘
' Under 3rd Baffle . E 69 | 225

Between 3rd and 4th Baffle ol 3a | 112

~ Over 4th Baffle - 69 | 228

 Between 4th Baffle a"ndvandl Plate | 34 112

‘ Bvetw'éer.l”B'ottom and kOut'e»r'J"acke‘t ‘ - 69 : 225

o ';’Inlet a.nd Outlet”Tubes

R Reactmn Zone S

 %Function of vertical or horizontal gas .flow

TABLE VIII

TABULATION OF PRESSURE LOSSES
. IN DEVICE :

Water ’

Loca#;on | C psi (in. )

Venturi | 0234 | 6.9

' Turning Losses 0.203 5,62
Exit Baffling | 0.0058 0.16

- Bottom Exit 0.0864 0.24

Mesh | o072 | 2.0

CTotal | 0.60r | 14.4
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- Vii, RECOMMENDATIONS FOR FURTHER WORK

Smce 1aboratory tests have shown that lead can be removed from s1mu1ated

SoE \ex‘naust in a molten salt scrubber ‘and since an automotlve test has. shown that

: the dev1ce is compat1b1e vnth varwus operatmg modes of the automobﬂe, it 1s '
vrecommended tha v"dewce development be continued. Our data suggest that the R

' 'vr"‘}operatmg 'charactenstlcs of the devxce on the car as well as contmued Iaboratory

tests are

"”V'I'herefore it 1s recommended that devace testmg on the

5 automob11e on nued 51mu.1taneously w1th Iaboratory testmg

i Laboratory tests should be cont:mued to more adequately characterlze the '
‘ '_’lead removal eff1c1ency as a functlon of flow rate, lead concentratmn in the gas

 and melt, temperature, and residence time. - Continued tests of lead removal

g 'eff1c1ency by 1mpactmn should be made to evaluate the effect of temperature and

| gas/hquld or gas/solxd 1ead rat1o on removal. Addltlonal wetted-mesh. tests -
should be made to determme the effect of packing dens1ty, surface area, tem-

perature ‘and melt c(mtent on the mesh on lead removal eff1c1ency

Automotwe tests should be ‘contmued to determine the time required to melt
~ the salt under various cond1t10ns, pressure drop through the devme, melt pump- .
mg eff1c1ency and demlstmg ab:.hty of the device. Several lead removal tests '
" should be made to character1ze the lead removal efficiency of the device under
several different dr1v1ng cycles and/or at several constant speeds. Lead
removal eff1c1ency as a fuxrlctmn of time from cold start should be determmed
~and est1mates of lead removal efficiency for various driving cycles should be
calculated from the data Long term removal efficiencies should be determmed

and the recommended service frequency must be evaluated.

Corrosxon tests should continue to provule adequate design data for proto-
b»‘type development Several other mater1als should be tested and long term tests -

7 of alumlm.zed steel should be made.
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.+ VIl CONCLUSIONS ~

These results show that molten carbonates are effectlve asa means of ‘
removmg lead partlcles from exhaust Both laboratory tests and tests of a '
f ‘de\rlce on a car confn'm thls conclusmn A test on an automoblle showed that

a molten salt scrubbe is compat1b1e w1th an operatmg automoblle Control

i :“_Thls control techmque has the added advantage of s1mu1taneously reducmg

_1norgan1c and orgamc partlculates, sulfur ox1de and n1trogen oxide emissions.
: Therefore development of this method of controllmg lead en:nss:.ons from spark

: "1gn1t10n eng1nes should be contmued
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m MOLTEN ALKALI GARBONATE EUTECT!C
SR  (APPENDIX 1) |

The molten alkalx metal carbonate eutectlc cons1sts of 43 5 mole % llthmm

carbonate, 3,1 5 mole % sodmm carbonate and 25 0 mole % potassw.m carbon-

a.nd as an a.bsorbent for sulfur dmmde (1 12- 22) c
1(2 3-9, 26) 1(1 10-25 27+ 31)

chemzca and corro- '

In addltlon 1t has been studled as an absorbent for mtrogen oxldes (23 24)

| lea.d compounds( : 5) (23,25)

1norgan1c and orga.mc part1cu1ates
(3 23) , :

and as a reactio:

me dzum

- AL PHYSICAL PROPERTIES

The molten carbonate eutectic is a clear nonviscous (v1scosxty =.10 cp).
easxly poured or sprayed hqmd tha.t melts at 397°C. ’I‘he melt has a moderate
surface tensmn and therefore wets most particulates, The physical propertxes

g of the molten alkahc carbonate eutect1c are summanzed in Table A-1,
i
-B. CHEMICAL PROPERTIES
: The chermcal propert1es of this melt are those of a normal basm lxquld It
? reacts rap1d1y \mth acidic gases, liquids, and sohds. .Therefore, it is not sur-
pnsmg that it reacts with sulfur oxides, mtrogen oxides, and acidic halides such

as lea,d chlonde or lead bromide. Typical examples of reaction pr.oducts are

‘MZCO:"3 + P‘bCIZ——' 2MC1 + PbO + CO2 U ..._.(1) |
M2CO3 + SOZf-é M2803 + CO»2 o ‘ ‘ e .(2)
MZCO +:2NO —-—MNO_Z + MNO3 + CO2 o , ..1'.(3)‘

3T

' 'Where ‘M is ‘the ‘lithium; 'oodium, or' 'potas sium ion. “In all th‘ree react'ioné the
gaseous product is carbon dloxlde, the normal product of carbona,ceous com-

bustxon.
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TABLE A l : :
PHYSICAL PROPERTIES OF THE MOLTEN ALKALI CARBONATE EUTEC

Etjué.tion*-
(metric units)

Magmtude at 454 C (850 F

Engmeerlng
Umts

ﬁEat of Fusion
(397 C)

The rmal Conduct1v1ty .

o Meltmg Pcmt »

sy
LF=0L-TV

©(az0ed 143

" Molecular Weight

Dens,ity

Viscosity
Heat Capacity

Surface Tension

lp=2.3644-0,5541x10"

p=4.65x10">

(425 to 625°C)

C =28.41416.56% 10"
(400 to 800°C)

y=268.1-0.0694TS

3

.exp(11 OOO/RT)

3

) 11 900 Btu/lb mole

' o 242 Btu/hr ft-°F
_ 747°F '

| 100 1b/mole

123 1b/ft>

23.6 Ib/ft-hr

40.44Btu/lb-mole-°F

lo.01547 1b/gt -

1’0f3

| ,6‘,6‘ké'ag1’/:gﬁ}f‘

cal/ cm

) 397°C

. 100 gm/mol<

1. 97 gm/cc

'976cp

40.44 cal/ grr

*T in °K

- festimated
§T in °C -

: 2366 dynes/



The carbonate melts serves as a reactlon medlum where oxldatlon or reduc-
" tion reactlons occur. Sulfxte 1s omdlzed to sulfa.te, (Equatlon 4) orgamc partmu-‘
_“la.tes are oxxdxzed to carbon dloxlde (Equation 5) and mtrogenous compounds are

o ;reduced to mtrogen (Equatlon 5).

zmzso3 + oz—;—»zmzso | (4) 3

The carbonete entectlc hgrdrolyr'zes(zg) toashght extentaccordmg toEqua.-
: _uone T SR
,Mzco 't+“'nzo;:—2MoH‘f CQ:;T L | )

3

but the hydromde product is even a better absorbent tha,n ca.rbona.te for acxchc -

materlals. -

The carbonate eutectlc decomposes shghtlyat veryhlghtemperatures( 11,27 28)

accordmg to Equa.tmn 1.
‘ i

MZCO3"§5O—-E MZO + COZQ _..‘.(7)
“At 800 C, the carbon dlox1de eq\uhbnu:m pressure is a.bout 5 mm of mercury
*which is much less than the ca.rbon dioxide partial pressure in the exhaust; -

therefore decompos1t1on‘ w111 not be a problem.

c. CORROSION PROPERTIES

Control of the corrosive nature of th1s melt has been esta.bhshed in both the
fuel cell electrolyte program(32 33 34)
._ment of the Molten Carbonate Proc:ess.(3 ) Corrosmn is dxffusmn-lu’mted by a

: passwa.ted f11m tha.t forms on the alloys. This film is self- heahng and ha.s been

1dent1f1ed as a metal oxzde, lithium chromite, or an n'on chrormum spmel de-

a.nd in the Atom1cs Internatmna.l develop-

' pendmg upon Whlch metal is corrosmn tested. To 111ustra.te the noncorrosive
‘nature of the ca.rbonate eutectlc, the corrosion rates extrapolated from 1500~ hr
- vdynamu: tests were found at Atomics Interna.tlona.l( 14,18,35) to be less than
10 mils/yr at 500°C for 1020 steel, Armco v 1ron, and 304 SS The corrosion
‘ rate of 347 SS was <1 rml/yr at 500°C.. '
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X Econow CCALCULAT!ONS N O e
(APPENDIXIE) . R

The molten sa.lt must be changed permdlcally 1n an automotwe dev1ce in
‘-,order to mamtam the meltmg point of the mixture and to remove a.bsorbed sub-"

- | rom the system.:t 1

uonversmn of more tha.n 50% of the carbonate to

: ':é]* bizs‘orbed mtrogenous compound ar freduced to mtrogen byv
| 3 ‘Vthe a.bsorbed orgamc partlculates These compounds do not affect the serv1ce
; "£requency of the dev:.ce | Lead and other metals form a sludge at ‘the bottom of |
. the salt. Therefore in order to remove chlorides, sulfa.tes and 1norgamc sludge
- from the device the melt must be dramed from the system perlodmally It is -
assumed that 10, 000 gallons of gasolme contammg 3 g/gal of lead tetraethyl and
0. 01 wt % sulfur is combusted throughout an automobile's l1fet1me (150 000 m1les‘)
then approx1mately e1ght cha.nges of salt would be requxred. If it is assurned_
: that the original device costs $50 installed and that each salt change costs $“10,
~then the cost of controlling lead emissiohs.‘by this technique is less than 1¢/gal
. or 1 mill/mile. Cost estimates for removing lead from gasoline are as high
‘as 6 ¢/gal. | ’ B |
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