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There  have  b e e n  few p u b [ i s h e d  r e p o r t s  on the  c h e m i c a l  
s t a t e s  of s u [ f u r a n d  a r s e n i c  r e [ e a s e d  by  a c o p p e r  s m e l t e r .  T h e s e  
r e p o r t s  b a v e  g e n e r a [ [ y  a s s u m e d  tha t  su[ fur  o x [ d e s  a r e  p r e s e n t  in 
p a r t i c u l a t e s  a s  s u I f a t e s  a n d / o r  s u l f u r i c  a c i d  and tha t  a r s e n i c  is  
p r e s e n t  a s  a r s e n i c  t r i o x i d e  (NELSON, 1968).  R e s u l t s  o b t a i n e d  
u s i n g  a r e c e n t [ y  d e v e [ o p e d  a n a I y t i c a [  t e c h n i q u e  (HANSEN, e t  a i . ,  
1975) i n d i c a t e  tha t  n e i t h e r  of t h e s e  a s s u m p t i o n s  is t rue  of the  
w o r k r o o m  e n v i r o n m e n t  of  the  c o p p e r  s m e [ t e r  s t u d i e d  in th i s  r e o o r t .  

The d a t a  r e p o r t e d  in t h i s  c o m m u n i c a t i o n  a r e  t a k e n  from a 
sma[ [  s e r [ e s  of a i r  s a m p [ e s  c o [ [ e c t e d  in a l a rge  c o p p e r  s m e l t e r  
n e a r  Sa i t  Lake  C i t y ,  U t a h .  The s m e l t e r  bas  3 r e v e r b e r a t o r y  fu rn -  
a c e s  (5 m. h igh ,  10 m. w i d e ,  35 m. [ong) and  9 c o n v e r t e r s  (5 m. 
in d i a m e t e r ,  10 m. long) w h i c h a r e  u s e d  to  p r o d u c e  copDer  meta [  
from c o p p e r  s u [ r i d e  c o n c e n t r a t e s  by p y r o m e t a [ [ u r g y .  A d i a g r a m  of 
the  p l a n t  is  s h o w n  in F igure  1. This  p l an t  u s e s  a d i r e c t  c h a r g i n g  
p r o c e s s  in w h i c h  the  c o n c e n t r a t e s  a r e  fed d i r e c t l y  in to  the  r e v e r b -  
e r a t o r y  f u r n a c e s  w i t h o u t  a p r e [ i m i n a r y  r o a s t i n g  s t e p .  In the  f u r na c e  
t h e  c o n c e n t r a t e s  me[t  and  s e p a r a t e  in to  two  mo[ ten  [ a y e r s ,  i ron 
s i l i c a t e  s [ a g  on t h e  t op  and  c o p p e r  s u [ f i d e  on the  b o t t o m .  The 
c o p p e r  s u [ r i d e  is  t a p p e d  out  of  the  f u r n a c e  in to  [ a d l e s  of 9 me t r i c  
t on  c a p a c i t y  and t r a n s f e r r e d  in to  a c o n v e r t e r .  The c o n v e r t e r  is  a 
l a r g e  c y [ i n d e r  w h [ c h  f u n c t i o n s  a s  a r e a c t i o n  v e s s e [  w h e r e  c o p p e r  
s u l f i d e  r e a c t s  w i t h  o x y g e n  to p roduce  c o p p e r  me ta [  and  su[ fur  
d i o x i d e  g a s .  C o p p e r  ruerai  is  poured  out  of the  c o n v e r t e r  in to  a 
I ad [e  and t a k e n  to t h e  s m e [ t e r  a n o d e  o l a n t  w h e r e  it is  t r e a t e d  w i t h  
natura[ gas to remove excess oxygen and cast into anode form. 
The anodes are shipped by rai[ fo another [ocation for e[ectro[ytic 
refining. 

MET HODS 

Size c[assified particu[ate samp[es were col[ected on g[ass 
fiber fi[ters (without organic binder) mounted in high volume sam- 
p[ers equipped withAndersen cascade impactor sampling heads 
(BURTON, et ai., 1973). Samp[ers were operated ai 20 cfm for 
approximate[y 8 hours, 8:00 a.m. to 4:00 p.m. The sampling 
locations are given in Table I and Figure I. 
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TABLE I 

Copper  Smel ter  Sampling L o c a t i o n s  

Sample 
No. 

A5-21 
AIl-10 

A5-28  
A5 -30  

B5-28 
B5-30 
A12-17 

........ .Loc.ation ................ 

Four feet above ground level, south side, I0 ft. out 
from the center of #2 reverberatory furnace~ 

Eight f ee t  a b o v e  the edge  of w a l k w a y  15 ft .  e a s t  of 
#3 converter. Walkway l ies  level wi th  converters, 
and is approximately 15 ft. above ground leve[~ 

Four feet above ground IeveI, on the east edge of the 
crane ais[e, approx[mately 15 ft. below the south end 
of #3 converter. 

One quar t e r  of e a c h  f i l t e r  was  e x t r a c t e d  u s [ng  e i the r  co[d  
0 . 1  M HC[ (HANSEN, et a l . ,  1975} or hot w a t e r  (INTERSOCIETY 
COMMITTEE, 1972).  AU HCI e x t r a c t s  and s e l e c t e d  hot w a t e r  e x -  
t r a c t s  were  a n a l y z e d  by a t he rmomet r i c  p rocedure  (EATOUGH, et a l . ,  
1974, HANSEN, et a l . ,  1975).  In th[s t e c h n i q u e ,  S(IV) ox ides  are  
de te rmined  by a t he rmomet r i c  redox t i t r a t i on  and S(VI) ox ides  are  
de t e rmined  as s u l f a t e  by m e a s u r e m e n t  of the  heat  a s s o c i a t e d  w i t h  
BaSO 4 p r e c i p i t a t i o n .  This method is s p e c i f i c  for S(IV) o x i d e s ,  
S(VI) o x i d e s ,  and As(III)  o x i d e s .  It shou ld  be no ted  tha t  S(IV) 
ox ides  [nc lude  any  p a r t i c u [ a t e  a d s o r b e d  SO 2 as  we l [  as  su l f i t e  
c o m p o u n d s .  S(VI) ox ides  would  inc [ude  any  p a r t i c u l a t e  a d s o r b e d  
SO 3 or H2SO 4 as we l l  as  s o l u b l e  s u l f a t e  c o m p o u n d s .  For c o n v e n i -  
e n c e ,  S(IV) and S(VI) ox ides  wi l [  be re fe r red  to as  su l f i t e  and s u l -  
f a t e ,  r e s p e c t i v e [ y .  The HC[ e x t r a c t s  were  a I s o  a n a [ y z e d  by proton 
induced  x - r a y  f l u o r e s c e n c e  s p e c t r o s c o p y ,  PIXE (MANGELSEN, et a l . ,  
1974, WALTERS, et  a l . ,  1974),  w h i c h  m e a s u r e s  t o t a l  S, As ,  Fe, 
Cu ,  Zn, Mn, and Pb in the  sampLe a n a l y z e d .  The hot w a t e r  e x -  
t r a c t s  were  a i l  a n a l y z e d  by an  a tomic  a b s o r p t i o n  s p e c t r o s c o p y ,  AAS, 
t e c h n i q u e  (WOLLIN, 1970) for s u l f a t e .  The e x i s t e n c e  of su l f i t e  
w a s  i n d e p e n d e n t l y  conf i rmed  by p h o t o e [ e c t r o n  s p e c t r o s c o p y ,  ESCA, 
for two  of the  s a m p l e s  (HANSEN, et a l . ,  1974). P o s s i b l e  a b s o r p -  
t ion  of  SO 2 by the  f i l t e r s  dur•ng sampl ing  was  c h e c k e d  by d rawing  
0 . 7 8  ppm SO 2 from a pe rmea t ion  tube  a p p a r a t u s  (SALTZMAN, et a l . ,  
1971) t h r ough  three  7 .9  cm 2 s e c t i o n s  of  the b a c k u p  f i [ t e r s  e t  
1 .6  L/rein. for 4 hour s .  In a i l  c a s e s  the  t he rmomet r i c  rneasured 
l e v e l s  of  su [ f i t e  and s u l f a t e  for t h e s e  e x p o s e d  f i l t e r s  were  the  
saine as  t he  normal  b lank  v a l u e s .  
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RESULTS 

Table Il shows the resu[ts of the sulfur analyses for a set of 
seven particu[ate samples. [t was found that the hot water ex- 
traction results for sulfate were consistent[y higher than the hydro- 
ch[oric acid extraction resu[ts using either the thermometric or 
PIXE total sulfur reported as sulfate. The thermometric total su[fur 
(as sulfate) and AAS sulfate resu[ts were similar for al[ b[ank sain- 
pies and for sulfate in hot water extracts (HANSEN, et ai., 1975). 
The combined sulfate and suIfite concentrations as measured 
thermometrical[y in the HC[ extracts accounted for ail the su[fur 
observed with PIXE in the saine extractant solutions. The thermo- 
metric method gave slight[y higher values on the average. Regres- 
sion ana[ysis of thermometric vs. PIXE resu[ts for wt% total su[fur 
gives a corre[ation coefficient of 0.88, a s[ope of 1.09 * 0.41 and 
an intercept of 0.53 :~ 0.52 wt% 802-. 

The a[rborne concentrations of sulfate and su[fite averaged 
109 • 73 ug SO2-/m 3 (mean * SD) and 54 • 39 ug SO2-/m 3 in the 

six samp[es on which comp[ete data are avai[able. -Respirable 
(particles < 7u diameter) sulfate and su[fite averaged 93 • 68 ug 
SO2-/m 3 and 23 ~ 29 sg SO2-/m 3. The major[ty of the sulfate, 
85% , was found in resp[rabl~ particles, whereas on[y 43% of the 
sulfite was in respirable partic[ea. The resu[ts in Table Il show 
different partic[e size distr[butions for sulfate and su[fite. The 
percentage of sulfate (column 5, Table Il) increased marked[y with 
decreasing part[c[e size. A similar but [ess pronounced [rend was 
observed with the absolute concentration of airborne sulfate. The 
percentage of sulfite was relative[y constant regard[ess of Dartic[e 
size. The airborne concentration of su[rite, however, decreased 
with decreasing particle size. 

Total arsenic concentrations as a function of partic[e size 
are given in Table III. Total airborne arsenic averaged 6.8 • 5.2 ug 
As/m 3, and ranged from 3.0 to 15.4 ug As/m 3 in the six samp[es in 
good agreement with the range of 2-22 ug As/m 3 reported by 
REN �99 and CARTER (1971) for samp[es from the saine sine[ter. 
The major fraction of the arsenic was round in part[c[es in the 
respirable size range. There was a consistent tendency for arsenic 
content of the partic[es to increase wtth decreasing part[c[e size. 

Tests were conducted during the deve[opment of the 
thermometric ana[ytica[ method (HANSEN, et al, 1975) fo determine 
the ex[en[ of AS(fil) interference in the ana[ysis. It was found that 
As (III), as arsenic trioxide or metal arsenites, ",vas oxid[zedafter 
S(IV) in the thermometric redox t[tration, and cou[d be detected 
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TABLE III 

Results ofX-ray F[uorescence Analyses for Arsenic 

Samp[e 
No. 

Particle Atmos pheric 
Size ParticuIate 

(microns C o n c e n t r a t i o n  
diameter) (mg/m 3) 

HC[ Extraction 

wt  % As mg As/m 3 

A5-21 

A 5 - 2 8  

B5 - 2 8  

A 5 - 3 0  

B 5 - 3 0  

AIl-19 

A12-17 

> 7 . 0  1 . 1 5  0 . 2 8  . 0 0 3 2  
1 . 1 - 7 . 0  * * * 

< 1 .1  0 . 2 6  1 . 6 0  . 0 0 4 2  

> 7.0 0.60 0,18 ,0011 
I. i-7.0 0.27 0.17 .0005 
< I.I 0.22 0,65 .0014 

> 7 . 0  1 . 3 0  0 . 1 4  . 0 0 1 8  
I .  1 - 7 . 0  O. 33 O. 15 . 0 0 0 5  

< I , I  0 . 2 0  0 . 8 6  . 0 0 1 7  

> 7 . 0  2 . 7 5  0 . 1 2  . 0 0 3 3  
1 . 1 - 7 . 0  2 . 1 8  0 . 2 7  . 0 0 5 9  

< 1 . 1  1 . 9 2  0 . 3 2  . 0 0 6 2  

> 7.0 2.08 0.12 .0025 
I. 1-7.0 0.46 0.17 .0008 
< I. 1 0.32 0.53 .0017 

> 7 . 0  0 . 7 1  0 . 2 5  . 0 0 1 8  
1 . 1 - 7 . 0  0 . 2 2  0 . 8 1  . 0 0 1 8  

< 1 . 1  0 . 2 2  0 . 4 2  . 0 0 0 9  

>7.0 1.59 0.12 .0019 
I. 1-7.0 0.60 0.47 .0028 
< I.i 0.34 1,81 .0062 

*Mis sing data. 
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without interference from S(IV). The PIXE analyses indicated that 
sufficient arsenic was present in the extraction solutions from the 
sme[ter samp[es to have been detected in the redox titrations if it 
were present as arsenic trioxide or meta[ arsenites. No oxidizab[e 
As (IID was detected in any of the smelter samples ana[yzed. 

DISCUSSION 

The data given in Table Il suggest that hot water extraction 
of su[fur oxides from partic[e samp[es apparently [eads to the oxi- 
dation ofvirtually all sulfur species present, and subsequent[y fo 
an overextimation of the sulfate present in the sample. The phe- 
nomena of extrinsic oxidation of SO 2 on glass filters leading fo 
high values for the concentration of sulfate in aerosols may be a 
reflection of s ulfur oxidation during the sulfate extraction rather 
than during the air sampling (LEE and WAGMAN, 1966). 

The two sulfur oxides, sulfate and sulfite, show markedly 
different size distributions, wh[ch suggests that they are formed by 
different mechanisms in the smelter environment and that sulfite is 
not readiIy converted to sulfate in the short rime period between 
generation and collection. If has been postulated by HANSEN, 
et al., (1974) that, in the smelter environment, SO9 is stabilized 
by chemisorption on ruerai oxide (i.e., Fe30 4, CuoE bearing par- 
ticles to form stable sulfite complexes s[milar tothose observed 
for Hg(II), Fe(III), and Ou(Il) in aqueous solution. This is sup- 
ported by the finding that the percentage of su[rite in the particu- 
late is high[y correlated with iron content (EATOUGH, 1974), 
correlation coefficient 0.87 (p < . 00 I) but hOt w[th zinc, copper, 
manganese, or lead. Further evidence supporting th[s hypothesis 
of iron-sulfite formation inc[udes M~ssbauer spectra results 
(HANSEN, et al., 1975) which show that iron is present on[y as 
Fe(III) in the particulates, and gas absorption studies (SMITHand 
WAGMAN, 1969), which show Fe~O a partic[es and SO2 gas react 
and form stable chemisorbed spedie~. The uniform su[tire content 
with particle size also suggests a mass reaction between SO 2 gas 
and airborne particles. 

The source of sulfate in the sme[ter environment is unknown. 
However, because of s[milar[ties in the s[ze distribution of sulfate 
in these samples as com™ with resu[ts found in amb[ent aero- 
sols, (NATUSCHand WALLACE, 1974; ROESLER, et al., 1965), if 
is Iikely that the sulfate is produced as a very sma[[ aerosoI by 
the oxidation of airborne sulfur d[ox[de within the reverberatory 
furnaces (1260-1538~ orconverters (1093~ Such a react[on 
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couId be catalyzed by the metals in the particulates from the 
smelter (CHUN and QUON, 1973; OHENG, et ai., 1971). It 
should be noted that the saine metals wh[ch can stab[Iize SOA as 
su[fite bave also been found to cata[yze the ox[dat[on of SO2Zto 
sulfates. These two competing processes are contro[Ied by a hum- 
ber of factors (HANSEN, et al., 1974). The process whichwiI[ 
predominate depends on the relative humidity, ambient tempera ture, 
the oxidatlon potent[al in the part[c[es, the activit[es of sulfite 
compIex[ng metal ions, and on the rates of various reactions or 
processes produc[ng sulfite or removing it as sulfate. The sme[ter 
env[ronment provides areas of high temperature and h[gh concentra- 
tions of sulfate, SO 2, and partic[es. 

Arsenic in the HCI extracts of the samples apparentIy was 
no[ present as arsenic trioxide or me[ai arsenites, if also was hOt 
present as arsenic pentox[de, since arsenic pentoxide [s readily 
reduced by su[fur d•oxide or su[furous acid in acid solution to 
arsenious acid, wh[ch wou[d have been detected in the redox ri[ra- 
tion. T',vo other forms of arsenic couId exist; arsenic sulf[des (or 
re[ated metal contain[ng compounds) and elemental arsenic, As 4. 
Both As 4 and arsenic sulf[des read•Iy form colloids which wou[d 
no[ have been removed in the filtration of the extracts. Visible 
evidence of co[loids was noted in some of the H�99 extracts. Ar- 
senic sulf[des ~s2S 2 orAs2S~) are [[ke[y to be present because 
these compounds enter the ~rn~t164 process with the copper su[fide 
concentrates. Further, because th[s smelt•ng uses a direct charg- 
ing process, the arsenic su[fides would be charged into the reverb- 
eratory furnace where they would me[t and become part of the 
mol[en copper su[fide phase (1300~ This phase is covered vr 
a layer of silicate slag which wou[d be expected to inh[bit vola- 
tilization of the arsenic sulf[des. Vo[ati[izationwou[d take Dlace 
when the mol[en copper su[ride [s tapped out of the furnace and 
allowed fo run down a 4 meter long open trench into a [adle. The 
arsenic su[fides presumably are no[ converted fo the ox[de at th[s 
rime, because there is [nsuff•c[ent high temperature contact with 
oxygen as if vaporizes into the air above the trench. There is 
currently no evidence to support or reject the possibi[ity of As 4 
being present. 
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