
JOURNAL OF CHROMATOGRAPHY 549 

VI. REACTION OF INSOLUBLE SULFIDES WITH METAL IONS IN AQUEOUS 

MEDIA* 

HAROLD 0. PHlLLIPS AND KURT A. ICRAUS 

Clbenzishy Division, Oak Ridge National Labovntovy, Ouk 

(Received July Sth, 1904) 

Ridge, Term. (U.S..4 .) 

ADSORPTION ON INORGANIC RlATERIALS 

The favorable properties of precipitated CdS (when used without diluents) for 
the recovery of several metal ions which form less soluble sulfides were discussed in 
an earlier communicationl. At room tempera&-e (25”) the exchange rates were 
found to be fast, and quantitative removal of a number of heavy metal ions was 
achieved from dilute and concentrated solutions essentially through metathetical 
reactions. 

The present paper describes the reaction of precipitated sulfides of A&I), 
Fe(II), Cu(II), Zn(II), Pb(II), Cd(II), and As(II1) with solutions containing macro 
amounts of heavy metal ions, such as A&I), Cu(II), and H&II), which form highly 
insoluble sulfides* * . The ease and extent of substitution of metal ions by many of the 
sulfides seems noteworthy. 

Although displacement reactions of this type have been studied for sulfide 
minerals, such as sphaleritea-* and galenaD it was generally believed that these were 
surface reactions and, hence, that they occur only to a small estent. To improve the 
extent of reaction while maintaining the speed of surface reactions for chromato- 
graphic purposes, some workers have employed devices such as impregnation of 
papers with CdSlOl 11, cellulose (cotton) with CdS1+l” or 25-61~ and Filter Cel with ZnS7. 
High-fired ZnS as a “filter-medium” was studied by KUTZELNIGG~*. He examined 
reactions with a number of metal ions in solution. While he did not report flow rates 
used or uptakes, we conclude from data presented in his tables that he was dealing 
with low degrees of conversion (usually less than 0.1 moles/l of bed). RYARCNIKOV 

and co-worker+ reported as part of a routine study on selective “sorption” by a 
number of inorganic materials that CdS selectively adsorbs Cu(I1) ions. This was 
thought to be a unique reaction. 

In the present paper we would like to show that these reactions are not unique 
and that they frequently occur with high degrees of conversion even when the 
materials are not specially treated, or dispersed as thin layers on supports or diluents. 

* Research jointly sponsored by the Office of Saline Water, U.S. Department of the Interior, 
and U.S. Atomic Energy Commission under contract with the Union Carbide Corporation. For 
the previous paper, see ref. I. 

** .kcording to W. ha. LATIhIER2, the sol ubility products of the sulfides are : I-&(11) I .G* Io-6a ; 
Xg(I) 5.5.10-61; Cu(II) 8. IO-~‘; Pb(II) 7. Io-zu; Ccl(lI) 1.0. 10-g@; Zn(I1) 7. Io-2o (sphalerite) ; 
FeS 4. IO-lo. 
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ESPERIMBNTAL 

Most sulfides were prepared by addition, with stirring, of excess ammonium 
sulfide to 0.2 to 0.4 M solutions of the metal ions; As(II1) sulfide was prepared by the 
addition, with stirring, of excess H,S gas to a 0.2 M As(III)-0.7 n/r WC1 solution. 
The resultant precipitates were filtered, washed with water, dried at 25O, ground and 
sieved (So-170 mesh). Small columns (ca. 0.2 cm2 x I to 2 cm) made from these 
materials (without use of diluents) have reasonably good flow characteristics. Some 
required a few lb/in.” over-pressure for satisfactory flow. Bed densities (g/cc) were : 
_4gS:1.5; 1~eS:I.o; CuS:1.5; ZnS:1.4; CdS:o.g; PbS:1.6; As,S,:o.5. 

The effluents were usually analyzed for displaced metal ions by EDTA ti- 
trations; Ag(1) was determined by Volhard titration (SCN-), Fe(I1) by titration with 
IGInO,, and As(II1) by iodimctric titration in neutral solutions. Radiometric analyses 
were used to determine the breakthrough of added metal ions. Radiotracers (“*Cu, 
llOAg, 203Hg) were obtained from the Isotopes Division of Oak Ridge National 
Laboratory and used without further purification though checked for purity. The 
stoichiometry of the reactions was obtained from the effluent analyses and the weight 
of sulfides used. 

Composition of the solid was taken as the stoichiometric sulfide after drying 
at 105~ for 24 11. The weight loss on drying was 6.7 O/~ for ZnS and about I o/o for the 
other sulfides. 

RESULTS .4ND DISCUSSION 

We shall first discuss the stoichiometry of the reactions of various solid sul- 
fides with solutions of adsorbable ions. We shall then present results concerning the 
uptakes of ions by the solids on a weight and volume basis; some comments on the 
rates of reactions are also included. Finally, we show that the adsorption properties 
of sulfides are not very well correlated with their structure and crystallite size. 

(I) Stoichiometry of disfilacenaent reactions 
Small columns of the sulfides were found to remove quantitatively, from a 

variety of solutions, metal ions [e.g., Ag(I), Cu(II), Hg(II), Au(III)] which form more 
insoluble sulfides. The stoichiometry of the reactions can frequently be approximated 
by the metathetical reaction : 

where M*m is the metal ion in the original sulfide and N+n is the displacing ion. 
The eschange equivalence of the reactions was studied for a number of systems 

by determining the conversion ratio R of the number of moles of metal ions displaced 
from the solids to the number of moles of metal ions retained or “adsorbed”. 

(a) Ag,S. Silver sulfide was found to react sufficiently rapidly with added 
Hg(I1) to cause essentially quantitative removal of this element from solution. 
A typical adsorption-displacement experiment i? illustrated in Fig. I which gives the 
conversion ratio R of moles Ag(1) eluted per mole Hg(II) adsorbed from a 0.053 M 
T-Ig(NO,),-0.0002 M HN03 solution. Flow rate was I cm/min; temperature 25”. 

J. Ckoinatog., 17 (IgG5) 549-557 



ADSORPTION ON INORGANIC MATERIALS. VI. 551 

According to cqn. (I), elution of 2 moles of Ag(1) per mole of Hg(I1) would 
have, been expected. Since R c 2, there is either some adsorpti.on of excess Hg(I1) 
*on the HgS formed or some adsorption of A&I) on HgS ; both reactions seem possible. 

(b) CZ&. Adsorption experiments were carried out with solutions of Ag(1) and 
H&II). A typical experiment with 0.098 M AgNO,-0.1 M I-IWO, is illustrated in 
Fig. I. Flow rate was 0.3 cm/min, temperature 25O. Copper (II) was found immediately 
in the effluent and X was 0.5 as expected from eqn. (I). 

I I 
- 

o CuS * O.lM Ag(1) 

I I I I 
20 40 60 

COLUMN VOLUMES OF EFFLUENT 

Fig. I. Reaction of H&PI) with A@ and AgjT) with CuS. Column 0.2 cm2 x 1.2 cm; Aow rate 

0.3-1 cm/min; 2fj". 

Adsorption of Hg(I1) by CuS was relatively slow at room temperature. At 
97” essentially quantitative adsorption occurred for many column volumes with 
0.05 M Hg(II)-o.ooo2 M HNO, solution at a flow rate of 0.9 cm/min. The conversion 
ratio (X a 0.5) was substantially less than expected from eqn. (I)’ and dependent on 
flow rate. Apparently the HgS forming during the reaction adsorbed excess Hg(I1). 
This at least in part is due to formation of double salts of the type 2HgpS l HgXz (where 
X is an anion such as nitrate) since these double salts are white20 and the columns 
slowly changed in color from black to grey. 

(c) %rtS. Silver ions are quantitatively retained (or adsorbed) by a ZnS column; 
a black band is formed which, at reasonable flow rates, has a sharp frontal edge. 
Although some Zn(I1) appeared immediately in the effluent, the conversion ratio R 
only gradually approached the theoretical value of 0.5 predicted from eqn. (I). A 
typical experiment with a 0.048 M AgNO,-1 M NaNO,-0.001 M HNO, solution 
is illustrated in Fig. 2. Temperature was 25 O and flow rate 5 cm/mm. There is appar- 
ently some retention of displaced Zn(II), perhaps through reaction with some escess 
sulfide incorporated in the precipitate. 

Uptake of such “excess ” Zn(I1) by the material was demonstrated by passing a 
o.044 M Zn(N0,) a solution through a similar ZnS column. Fifty percent breakthrough 
of Zn(I1) occurred after passage of 13 column volumes (c.v.) which corresponds to an 
adsorptive capacity of the solid of 0.4 moles Zn(I1) per kilogram. While this value 
seems large, it must be recognized that it represents only 4 o/o of the theoretical 
conversion capacity of the solid. If this adsorption of e?cess Zn(I1) is indeed due to 
excess sulfide in the solid, this adsorption technique would constitute an exceedingly 
sensitive method of analysis of such solids. 
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On addition of silver nitrate solution [0.048 M A&1)-r. M NaXO,-0.001 M 
HNOJ to such a %n(II) pretreated ZnS, the conversion ratio R reached go O/~ of the 
theoretical value [eqn. (I)] within I c.v. - i.e., much more rapidly than with the 
untreated material. However, a small discrepancy between observed and predicted 
conversion ratios remained, implying a residual reaction of Zn(I1) with the silver 
sulfide formed or some other parasitic reaction. 

Removal of Cu(I1) from solution by adsorption on ZnS was tested with nitrate 

y---------j 

0 I I Ii 
0 50 joo (50 

COLUMN VOLUMES OF EFFLUENT 

Fig. 2. Reaction of &(I) and Cu(I1) with ZnS. Column 0.2 cm’ x 1.0 cm; 0.05 M metal solutions; 
flow rate ca. 5 cm/min; ~5~. 

solutions. A typical experiment involving addition of 0.052 M Cu(NO,),-0.004 M 
HNO, is also illustrated in Fig. 2. Flow rate was CCL. 5 cm/min, temperature 25O. 
On addition of the Cu(I1) solution rapid conversion occurred with the formation of a 
black band with a sharp frontal edge. Although some Zn(I1) appeared immediately 
in the effluent, the conversion ratio, as in the case of Ag(I), only slowly approached 
the theoretical value (R = I). 

Adsorption of Hg(I1) by ZnS seems more complicated. Tests were made with 
ca. 0.053 M Hg(N0,) z-o.oo2 M HNO, solutions at 25”. Under these conditions, 
Hg(I1) breakthrough occurred after IO C.V. at a flow rate of 0.3 cm/min. While Hg(I1) 
was absorbing, the column underwent a series of color changes (orange to black to 
grey) implying that a variety of compounds is formed. At elevated temperatures (97”) 
these color changes were faster but Hg(I1) still showed significant breakthrough after 
approximately IO C.V. Effluent analyses at both temperatures yielded very low values 
of X (ca. o.I), presumably because of a combination of Zn(I1) adsorption on ZnS and 
Hg(I1) adsorption on the HgS produced. 

(d) CdS. The stoichiometry for the displacement of Cd(I1) from its sulfide by 
Ag(I), Cd(I1) and Hg(I1) was described earlierl. 

In more recent experiments, Au(II1) (0.022 M AuCl,-o.G M HCl) was also 
found to react quantitatively with CdS to give a black band with sharp frontal edge. 
Displaced Cd(I1) appeared immediately in the effluent (Fig. 3). The value for the 
conversion ratio, R, increased to about 1.1 after rq c.v. Addition of more Au(II1) 
was accompanied by a gradual decrease in R until after ca. 60 C.V. it approached an 
asymptotic value of 0.80. Presumably some of the Au(II1) was retained by side 
reactions. 

J. ChromaQ., I7 (1965) 549-557 
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COLUMN VOLUMES OF EFFLUENT 
1 Reaction of Au(III) with CclS. Column 0.2 cm” x I.0 cm; 0.02 .VI Au(ll’l); ilow rate 

(e) PbS. Reaction of PbS with Ag(I), Cu(I1) and Hg(I1) was found to be rapid 
and quantitative with small columns. The conversion ratios for Ag(1) and C~z(11) 
rapidly approached the theoretical values of 0.5 and 1.0 respectively as illustrated 
in Fig. 4 for 0.04s M AgNO,-I N NaNO,-0.001 M HNO, and 0.053 M Cu(NO,),- 
0.004 M HNO, solutions. The conversion ratio X in the case of Hg(II.) [0.053 Ad 
Hg(NO,),-o.ooorr n/r HNO,] was close to unity for the first 30 C.V. and then decreased 
to ca. 0.65. The color of the column slowly turned grey, presumably because of for- 
mation of the double salt Hg(NO,),* 2: HgS. 

(f) FeS. Iron sulfide reacted sufficiently rapidly with Ag(1) (0.050 &i AgNO,), 
Cu(I1) [0.052 n/r Cu(NO,),-0.004 M HNO,], and Hg(I1) [0.053 M Hg(NO,),-o.ooz M 
HNO,] to remove them quantitatively from their solutions at flow rates from I to 
3 cm/mm. Fe(I1) appeared in the effluent in the espected ratio except in adsorption 
experiments with Hg(I1) where R was about 90 o/o of theoretical. 

(9) As,S,. As shown in Fig. 5, addition of Ag(1) [o.o4S M Ag(NO,),-r lW 
NaNO,-0.001 M HNO,] to As$, gave quantitative adsorption at a flow rate of 
7 cm/ruin; a black band with sharp frontal edge formed. After a few C.V. the con- 
version ratio reached the asymptotic value 0.33 as cspected from cqn. (I). While 

c;: : 

COLUMN VOLUMES OF EFFLUENT 

Fig. 4. Reaction of .4g(I), Cu(II) and Mg(I1) with PbS. Column 0.2 cm2 x CCL. 1.4 cm: 0.05 n/r 
metal solutions; flow rate CU. 5 cm/min; ~5~. 

J. Chromatog., 17 (rc#fj) jdg-sj7 



554 H. 0. PNILLIPS, I<. A. ICRAUS 

addition of Cu(I1) [0.052 Jl Cu(NO,),-0.004 2LI HNO,] yielded a well defined dark 
band with sharp frontal edge at a flow rate of 3 cm/min, the extent of reaction was 
small and copper breakthrough occurred after ca.. 7 c.v. As(II1) appeared immediately 
in the effluent and reached an apparently asymptotic value R = 0.75 after 3 C.V. It 
is not clear why this value is larger than the theoretical value 0.67 expected from 
eqn. (I). 

I 1 I I 

-0 25 50 75 100 

COLUMN VOLUMES OF EFFLUENT 

Fig. 5, 13eaction of Ag(I) with .4s&. Column 0.2 cm2 x 1.5 cm: 0.05 M .4~(1) ; flow rate 7 cm/min; 
“-5O. II 

With H&II) [0.053 n/r H&NO,),-0.0002 M HNO,] removal was quantitative 
only for cn. 13 C.V. at a flow rate of 4 cm/min. There was no significant color change 
at first. Only after ca. 4 months did the column turn black. The conversion ratio R was 
ca. 0.3- i.e., less than half the value predicted from eqn. (I). 

(2) Uptakes am-i rates 
The moles of metal per kg solid “adsorbed” by small (1-2 cm) columns of 

Ag(I), Cu(II), Zn(II), Pb(II), Cd(I1) and ,4s(TII) sulfides varied from 0.5 to 14.5 at 
50 y0 breakthrough (Table I) for the solutions given in Section I and at the flow rates 
given. 

Values for the uptake by iron sulfide were variable and hence are not given in 
Table I. This variability may have been caused by partial oxidation of the original 
sulfide (FeS?) to ferric oxide and sulfur during the air-drying step. Some average 
values for metal ion uptakes (at 50 o/o breakthrough) by “iron sulfide” are Ag(1) : 5.S 
moles/kg; Cu(I1) * .2.0 moles/kg; Hg(I1) : 2.5 moles/kg. 

Most uptakes by the sulfides are enormous compared with standard ion es- 
change resin capacities. Particularly striking is uptake achieved with Ag(1) ; for the 
sulfides tested, it ranged between 5 and 20 moles per 1 of bed at 50 O/- breakthrough. 

Indeed, for the reaction of Ag(1) with columns of many of the sulfides, flow rates 
as high as 50 cm/ln.in were possible without smearing the frontal edge of the adsorption 
bands. Very high flow rates were also feasible for Hg(I1) with PbS and Cu(I1) with 
CdS and PbS. Except for CuS and As& the uptakes of Ag(1) correspond to sub- 
stantially more than 50 y/o of the value expected for the displacement reaction eqn. (I). 

For A@,, the lower value obtained might imply that the final compound formed 
was Ag,AsS, rather than Ag,S which seems to be the case with the sulfides of Zn, 
Cd and Pb. 
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T.4l3LE I 

UPTAKE OF A NUMBER OP METALS BY VARIOUS SULFIDES (IS”) 

S1cZJm? Ufitake ut 50 Qj& breakthrough 

iK0Lespg Moles per Moles per % of theo- 
l/bed I mole M,Su ret,ical 

[eqn. (I) 1 

Zn 

Ccl 

l’b 

AS 

CU 

& 

-Q(l) 
Cu(I1) 
wz(lI) 
=&(I) 
Cu(lI) 
I-@(II) 
Xu(ll1) 
-Q(l) 
Cu(l1) 

Hg(11) 
-%3(l) 
Cu(l1) 
l-Ig(lT) 
&g(I) 
Hg(lI) * 
1% (11) 

7 
4 
0.3 

z 
1, 

; 
5 
5 
7 
3 
4 
0.3 
0.9 
I 

X4.5 
G.G 
0.5 

13.5 
4.8 
4.4 
3.6 
7.1 
1.8 
4 .3, 

II.1 

0.9 
2.1 

3 .2 
3.3 
5.1 

no.3 
9.3 
0.8 

12.1 

4.3 

4.0 
3 .2 

11.4 

“.cJ 

0.7 
5.5 
0.5 
1.1 

4.9 

::: 

1.4 
0.6 
0.05 
I.95 
0.7 
0.G 

0.5 
1.7 
0.4 
1.0 

2.7 
0.2 

0.5 

0.3 
0.3 
1.3 

z; 
5 

9s 
e3 
64 
7s 
85 
43 
98 
46 

7 
17 
=5 
32 

10,s 

* Adsorbed at 97”. 

Copper uptake by the various sulfides was consistently less than silver uptake. 
In the case of its reaction with ZnS, CdS and PbS very high uptakes were, however, 
achieved. With As,S8 the extent of reaction was so small as to imply that the reaction 
of Cu(I1) occurs here only on the surface of the particles and that reaction within 
the particles is effectively arrested. 

Uptake of Hg(I1) by various sulfides was complicated because of the possible 
reaction of the HgS formed with additional Hg(I1) to form double salts which could 
lead to “capacities” in excess of unity if computed with eqn. (I). In spite of this 
possibility, ZnS, As,S, and CuS showed surprisingly low uptake of Hg(II)* at room 
temperature. This is particularly striking in the Hg(II)-ZnS system, since for it the 
free energy of the metathetical reaction is by far the largest but estent of reaction 
particularly small. Apparently reaction of Hg(I1) with these sulfides occurs princi- 
pally on the surface of the particles. 

Uptake of Au(II1) was tested only with CdS. At 50 y. breakthrough uptake 
corresponded to 78 o/o of theoretical. In some preliminary esperiments good adsorp- 
tion was also found for platinum and bismuth with CdS. 

(3) Crystal size mui structure 
Crystallite sizes were determined * * for solids as precipitated and dried at 25” 

and for some solids after conversion (Table II). The observed rates of adsorption do 
not correlate in any direct and obvious way with the crystallite sizes or structure of 

l In the reaction of Hg(II) with .4s,S, the solid remained yellow at first which implies that 
the surface compound formed initially coulcl be Hg(AsS2),. This compound is yellow and has been 
described as a product of the reaction of Hg(II) with arsenic sulfide. See ref. 21. 

** Crystallographic information was prodded by R. L. SHERMAN of the ORNL Analytical 
Chemistry Division using X-ray low-angle scattering technique. 
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the sulfides, Although the ZnS crystallite size was smaller than that of CdS, the rates 
of conversion with A&I), Cu(I1) and I-I&II) were all more rapid with CdS. Similarly, 
since ZnS and CdS may belong to the same zinc-blende type of structure, H&II) 
might be expected to react with them in about the same manner. However, as shown 
in Table I, H&II) converted ZnS about 5 “/b at 50 y/o breakthrough, while it converted 
CdS about 64 “,/o at the same percent breakthrough and at a flow rate nearly 20 times 
faster. 

STRUCTURE AND CRYSTALLITE SIZE FOR SULFIDES UEPORE AND AFTER CON\‘ERSION 

Size (A) 

(iwitiat) 
CrysCattite 
size (A) 

(finat) 

Zn(I1) Zinc-blenclc - 30 N(I) 
Ccl(l1) Zinc-blencle - 70 --b(l) 

Cu(1 I) 
Pb(lI) Sodium cllloriclc 115 A&I) 
As(lIT) Amorpl’ons 20 -%(I) 

Cu(lT) - - 600 -WI) 

Hg(Z1) 

M(I) Monoclinic ’ N zgo I-Ig(I1) 

hlonoclinic - 430 
hlonoclin ic 550 
Hcsagonal 230 
Monoclinic - 470 
Monoclinic - 3Go 
Monoclinic N 700 
- - 150 
- - 250 

The data in Table II show that the crystallite sizes of many converted sul- 
fides were much larger than those of the original sulfides and, hence, that there was 
substantial crystal growth during the metathetical reaction. This would imply that 
the initial materials though largely amorphous, perhaps with crystalline “centers”, 
have amorphous regions which are relatively continuous over many ,hundreds of -4 
and that during the reaction a large portion of this larger amorphous particle is 
transformed to a crystalline particle. 

The rate and extent of conversion of these solids presumably are determined 
by rates of diffusion of the pertinent ions in the solids. Little is known about these 
diffusion rates for the type of micro-crystalline or amorphous materials with which 
we are dealing. However, the extreme rapidity of the reactions of Ag(1) with most 
sulfides and their large extent are probably in part connected with the large self- 
diffusion coefficient of Ag(1) in Ag2S. PESCI-UNSICI~~ has reported it to be ca. a - 10-0 

cni23ec-1 at 2s”. This value is large enough to allow half times of reaction of the order 
of seconds with particles in the micron range provided that this diffusion step is rate 
determining. Mow far this is true cannot be established at present. 

SUMMARY 

Sulfides of Ag(I), Fe(II), Cu(II), Zn(II), Pb(II), Cd(I1) and As(II1) “adsorb” a 
number of transition metal ions from solution. The process proceeds primarily 
through metathetical reactions in which the metal of the sulfide is displaced by ap- 
propriate ions in solution. The reactions are usually fast and can be carried out in 
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small columns at flow rates of several cm/min. With Ag(1) and I: to z-cm columns of 
various sulfides, flow rates as high as 50 cm/ruin were feasible without breakthrough. 
The percent conversion of the sulfides at 50 yO breakthrough varied from 5 yO for the 
reaction of Hg(I1) with CuS at 25” to about 12s y0 for the reaction of H&II) with 
Ag,S. With ZnS uptakes as high as 20 moles of Ag(1) per liter of bed were obtained at 
50 yO breakthrough and a flow rate of 7 cm/min. While possibility of conversion must 
depend on relative stability of the sulfides, neither the rate of reaction nor the com- 
pleteness of conversion seems related to the relative solubilities. The nature of the 
solid and the ease with which diffusion takes place are presumably important factors. 
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