Thermodynamics of Arsenic in FeOx-CaO-SiO, Slags
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The distribution of arsenic between calcium ferrite slag and liquid silver (wt pct As in slag/
wt pct As in liquid silver) with 22 wt pct CaO and between iron silicate slag with 24 wt pct SiO,
and calcium iron silicate slags was measured at 1573 K (1300 °C) under a controlled CO-CO»-
Ar atmosphere. For the calcium ferrite slags, a broad range of oxygen partial pressure (10°'" to
0.21 atm) was covered, whereas for the silicate slags, the oxygen partial pressure was varied
from 10 to 3.1 x 10" atm. The measured relations between the distribution ratio of As and
the oxygen partial pressure indicates that the oxidation state of arsenic in these slags is pre-
dominantly As®* or AsO, s. The measured distribution ratio of arsenic between the calcium
ferrite slag and the liquid silver was about an order of magnitude higher than that of the iron
silicate slag. In addition, an increasing concentration of SiO; in the calcium-ferrite-based melts
resulted in decreases in the distribution of arsenic into the slag. Through the use of measured
equilibrium data on the arsenic content of the metal and slag in conjunction with the compo-
sition dependent on the activity of arsenic in the metal, the activity of AsO; s in the slags was
deduced. These activity data on AsO; s show a negative deviation from the ideal behavior in

these slags.
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I. INTRODUCTION

LOWw levels of toxic elements such as arsenic,
antimony, bismuth, cadmium, mercury, selenium, and
tellurium commonly are found in base metal ores.
Clean, coarsely grained ore bodies are becoming
depleted with the ore bodies of the future becoming
more complex, finer grained, and containing increasing
amounts of toxic elements. Worldwide, the industry
mines and processes hundreds of millions of tons of base
metal ores each year; thus, the accumulated mass of
minor elements introduced into the biosphere is large
and one could expect a significant environmental impact
to result. The current knowledge of the levels of the
minor elements mined and brought into the biosphere
each year is limited and insufficient for accounting
purposes. However, research at the Commonwealth
Scientific and Industrial Research Organisation
(CSIRO) is aimed at gathering the required data for
developing predictive models to account for the disper-
sion of minor elements in various solid, liquid, and
gaseous streams. The present study provides a compo-
nent of the work carried out to enable the development
of predictive tools for studying the deportment of minor
and trace elements between different phases during the
processing of base metal ores.

The accurate accounting of arsenic in copper smelting
processes is a challenging task, and mathematical tools
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often are sought to assist in bridging gaps in data and
accounting for uncertainties resulting for nonrepresen-
tative sampling and characterization of inhomogeneous
samples from the commercial processes. Predictive
models also are necessary to assist the industry in
understanding the effects that process variables have on
the deportment of minor elements such as arsenic
between phases. This understanding can be used to
develop alternative practices for controlling the deport-
ment of minor elements between different product
streams and for the safe storage/disposal of such toxic
elements.

The thermodynamics of arsenic (As), such as its
equilibrium distribution between slag and copper, its
oxidation state in the slag, and its activity coefficient in
the various slags, have been the subject of a numerous
studiest! ™ over the last 30 years. A summary of the
experimental conditions and partial results from these
publications are provided in Table I with some key
findings being summarized subsequently.

Nagmori et al!'! measured the distribution of As
between the liquid copper alloys and the iron silicate
slags at oxygen potentials (Po,) in the range of 10'" to
10°atm at 1473 K (1200 °C). They proposed the
following equilibrium:

AS"r%OZ = AsO, [1]

for which the equilibrium constant is expressed as
follows:

aaso, (v4.0,)(Xa0,)  [n7](74,0,) (WEDPCL A)

K= v/2 - v/2 - v/2
ansxpo, [vaXalps,  (n)[ya ] Wt pet Alpg,
2]
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Table 1.

The Results of the Studies on Existing Form of Arsenic in Slag

Investigators Equilibrium System Slag System Temperature (K)  Po, (atm) Results

Nagamori et al.ll Slag-Cu alloy FeOx-Si0O, 1473 10" ~10°% Atomic dissolution (As)
Kashima et al.>) Slag-Cu alloy FeOx-Si0, 1473 107" ~ 107  Oxidic dissolution (AsO; s)
Lynch and Schwartze! Slag-Cu alloy FeOx-SiO, 1473 and 1536 10°'° Atomic dissolution (As)

Dabbs and Lynch™ FeOx-Si0, 1458 and 1523 1072~ 10® Atomic dissolution (As)

Jimbo et all® Slag-Cu alloy FeOx-Si0O, 1473 10"~ 107 Oxidic dissolution (AsO, AsO; s)
Takeda et all”? Slag-Cu alloy CaO-FeOx 1523 107" ~ 107®  Oxidic dissolution (AsO) s)
Eerola et al® Slag-Cu alloy CaO-FeOx 1523 10"~ 10°  Oxidic dissolution (AsO; s)

Kim and Sohn" Slag-Cu alloy FeOx-Si0, 1523 1012~ 10°  Atomic dissolution (As)

The distribution coefficient Li/sc is defined as follows:

Jsic_ (wipet As) _ Kobadps!
As T A - [ ]
[wr pet As] [n7](7as0,)
Rearranging Eq. [3] yields the following:
K(nr)vasl | v
log L3/ = log ——2As. 4 Zog P, 4
o) 208 M

where [ ] refers to the arsenic in the metal, () refers to
the oxidic arsenic in the slag, ny is the total mole num-
ber of constituents in 100 g of each phase when all con-
stituents are expressed with a mononuclear metal atom
base such as FeO; 5, CuQ s, efc. Provided that ny and
the actrvrty coefficients are kept constant, the plot of
log L 5/C against log Po,could give a linear relationship
with a slope of v/2, which suggests the dissolved species
in the slag. However, the y,5,, in the slag may not be
constant, and it could change with oxygen partial pres-
sure because of the change of slag chemistry (Fe*"/
Fe?" ratio). The dependency of the log YAsOy ON OXygen
partial pressure (Eq. [5]) may not be strong because
oxygen partial pressure only changes the Fe®'/Fe’"
ratio, whereas other major components are kept at the
same level. Equation [5] is expressed as follows:

lOg Yasoy = ad X log POz [5]

Considering the effect of the oxygen partial pressure
on the activity coefficient, Eq. [4] can be rearranged as
follows:

K
tog 1€ = tog XA | Y100 po — tog(y4,0,)
[HT} 2
= log (17)[7s +2log Po, — alog(Po,)
[YZT} 2
—10g KDL L5 ) tog(Poy) 6]
7]
The “a” term in Eq. [6] is expected to be much smaller

than v/2 the slope of L /C still would be close to v/2,
which indicates the oxrdatron state of As in slag.
Nagamorl et al’s experimental results showed that
L), / is virtually constant and 1ndependent of the
temperature and oxygen potential in the range of 10°¢
to 10 '" atm. Therefore, they concluded that As dis-
solves in the sla% in atomic form rather than as an oxide.
Kashima ef al*?! examined the distribution of As
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between a silica-saturated iron silicate slag and liquid
copé)er at 1573 K (1300 °C) and at Psp, ranging from

to 0.1 atm. The oxygen partial pressure was
estrmated by the relations between Po,, Pso,, and the
matte grade. By plotting the L} / " against the log Po,,
the results showed that the As dissolved in the slag
predominantly as AsO, s. Lynch and Schwartze!¥ equrl-
ibrated the Cu-As alloy with a silica-saturated iron
silicate slag at temperatures between 1473 K (1200 °C)
and 1536 K (1263 °C) and an oxygen partial pressure of
10'% atm. The As distribution ratio obtained by Lynch
and Schwartze showed much scatter. By assuming the
As exists in the slag in atomic form, they derived the
dCthlty coefficient of As in the slag. However, the Fe "/
Fe? " ratio in their slag indicates that the CO-CO, gas—
slag system had not reached equilibrium. Dabbs and
Lynch™ used a static dew-point technique to evaluate
the solubility of arsenic in the srhcate slag at an oxygen
partial pressure from 10 '? to 10® atm at temperatures
of 1458 K (1185 °C) and 1523 K (1250 °C). They found
the solubility of arsenic in the slag to be independent of
oxygen partlal pressure, which indicates that element
arsenic exists in the silicate slags. Jimbo et al.! found
that the dissolution of As in the slag is dependent on the
oxygen partial pressure in their experiments. Plots of As
solubility in their slags, expressed as log LS vs log Po,,
suggested that As exists in the slag as AsO and AsOy, 5
They also found that when the oxygen partial pressure is
strongly reducing, the As solubility in their slag
approaches zero, which indicates that As dissolves in
the slag only in oxidic form and that no measureable
solubility of atomic As exists in such slags at very
reducing conditions.

Takeda er all” measured the distribution of As
between molten copper and calcium-ferrite-based slags
at 1523 K (1250 °C) under varied oxygen partial pres-
sures. They concluded that As exists in the slag as
AsO;s. Their results also showed a much higher
distribution ratio and hence the solubility of As in
calcium ferr1te slags as compared with iron silicate slags.
Eerola er al™® also studied the distribution behavior of
As between molten copper and calcium ferrite slags
under copper fire-refining conditions. The Li/sc they
measured at the oxygen partial pressure ranging from
10 % to 10 © atm are 1n good agreement with the results
from Takeda et al.,'’) which suggests that As exists in the
slag as AsO, 5 in calcrum ferrite-based slags. When the
oxygen partial pressure was increased above 10 © atm,
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the LS/ reported by Eerola er al'® is higher than that
of Tdkedd et al.,””V which indicated that AsO,s and
AsO; 5 could coexist 1n the slag at such oxygen poten-
tials. Kim and Sohn! investigated the effects of CaO,
Al,O;, and MgO additions to silica-saturated iron
silicate slags on the As distribution ratio between
molten copper and slag at 1523 K (1250 °C) as well as
the oxygen partial pressure in the range 10 ' to
10°® atm. They found that the As distribution ratio is
independent of oxygen partial pressure, supporting the
atomic dissolution hypothesis of As in the slag. They
also found that the As distribution ratio was not affected
significantly by the additions of basic oxides such as
CaO and MgO to the silicate-saturated slags.

As summarized in Table I and as discussed previously,
considerable discrepancies seem to persist between the
published experimental data on the oxidation state of As
in slags. Furthermore, the distribution ratios obtained
for similar silicate slags under comparable conditions
also shows some discrepancies. The studies discussed as
well as other pubhshed equilibrium data on the solub111ty
of copper in iron silicate and calcium ferrite slags'® have
shown that copper oxide can have significant solubility in
both iron silicate and calcium ferrite slags, and its
solubility increases with oxygen partial pressure. quuld
copper alloys have a strong affinity for arsenic!'"! and
readily could ‘“‘contaminate” silicate slags through
suspension/emulsification. Thus, it is possible that the
aforementioned discrepancies are at least partly due to
(1) suspended copper-arsenic microdroplets in the slag
and (2) interactions between oxide(s) of copper with
arsenic dissolved in the slag. Thus, the primary objective
of the present study was to resolve the discrepancy in the
published studies on the oxidation state and the solubil-
ity of arsenic in slags and then to deduce the effect of slag
chemistry and its oxidation state on the activity and the
act1V1ty coefficient of the most stable form of arsenic
species in slags. Because silver oxide is fairly unstable!'*
at oxygen potentials of interest, its solubility in slags is
likely to be low. Second, because of differences in other
physicochemical properties (e.g., surface and interfacial
tensions) of liquid copper and silver alloys, using silver-
arsenic alloys rather than copper-arsenic alloys could
reduce/eliminate the contamination of the slag by arsenic
containing metal droplets. It therefore was decided to use
liquid silver-arsenic alloys in the present study in which
the classical metal-slag—gas equilibrium technique was
used to determine the effects of oxygen partial pressure
and slag chemistry on the arsenic distribution between
the slags and alloys using a CO-CO, gas mixture to
control the oxygen potential.

II. EXPERIMENTAL

The master CaO-FeO, and SiO,-FeOy slags were
prepared by premelting mixtures of reagent grade CaCOs3,
Si0,, Fe,03, and prereduced FeO, in a platinum crucible
at 1573 K (1300 °C) under an oxygen partial pressure of
10 7 atm. The calcium ferrite slag contained 22 wt pct
CaO, and the iron silicate slag contained 24 wt pct SiO,.
Master slags of SiO,-CaO-FeOx also were prepared by
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melting together reagent-grade SiO,, CaCOs, Fe,05, and
FeOy in a platinum crucible at 1573 K (1300 °C) in a
muffle furnace without atmospheric control. The master
Ag-As alloy was prepared by melting granules of silver
and arsenic metal in an alumina crucible at 1273 K
(1000 °C) under a flow of nitrogen, which helped to
suppress oxide formation. The metal phase at the start of
each experiment was fixed at 1 wt pct As by mixing silver
granules with an Ag-As master alloy.

A vertical tube furnace fitted with six silicon carbide
heating elements was used for the metal-slag—gas
equilibration experiments.!'*) This furnace was fitted
with water-cooled brass end caps to isolate the atmo-
sphere inside the furnace. Reaction gases entered the
furnace from the bottom and exited through an alumina
tube connected to gas bubblers. The Ar, CO,, and CO
gases were regulated by a set of mass flow controllers
then were purified by passing through heated copper
turnings before being mixed in a column of glass beads
and introduced to the tube furnace. A total flow rate of
500 ml/min was maintained for the duration of each
experiment. The required CO,/CO ratio for the desired
Po, for an experiment was determined by usmg the
following equation from Yazawa and Takedal'*

COy\ 29,510
CO T

log Po, =2 log( +9.05 [7]

In each experiment, approximately 8 g of the Ag-As
(1 wt pct) alloy and 8 g of slag were placed in a
magnesia crucible. The crucible was lowered to the hot
zone of the vertical tube furnace under an Ar flow in
which the temperature, as measured by an R-type
(Pt/Pt-13 wt pct Rh) thermocouple, remained constant
at 1573 £ 1 K. The thermocouples used were calibrated
against the melting point of copper, which have an
accuracy of within £ 1 K.

After the required equilibration time, the crucible and
its content were removed from the furnace and quickly
quenched in the cold water. The slag and metal phases
then were removed from the crucible and separated by
physical means. Care was taken to avoid contamination
of the slag with metallic droplets or with MgO-rich
phase from the crucible. Representative samples of the
metal and slag then were analyzed by inductively
coupled plasma (ICP) techniques after acid digestion.
Calcium and silicon in the slag were digested using a
borate fusion technique according to an Australian
standard.l'"” The silver in the slags was digested in
concentrated nitric acid to avoid forming insoluble Ag
compounds. The metal samples were dissolved in
chloride-free nitric acid, using a sealed microwave
digestion technique to avoid the loss of volatile species
of arsenic from the solution. The solution then was
cooled, diluted, and analyzed for arsenic and iron using
ICP atomic emission spectrometry. Ferrous oxide and
the total iron content of the slag samples were deter-
mined with the dl%estlon and titration technique
adapted from Young.

The calcium ferrite slags and iron silicate slags
investigated were known to be single-phase liquids at
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the oxygen partial pressures and temperatures of
experiments from the works of Takeda er a/!'” and
Muan.'® According to Henao er al.,'” the calcium
iron silicate slag with about 5 wt pct SiO, and
23 wt pct CaO was saturated with Ca,SiO4 at 1573 K
(1300 °C) and an oxygen partial pressure of 10 atm,
whereas the rest of the calcium iron silicate slags were
liquid.

In the present study, the distribution ratio of arsenic
between the slag and the liquid silver is based on the
bulk analysis of both phases, which are assumed to be
the pure liquids. For the slag samples saturated with
solid phases, the measured As distribution ratio will
deviate from the real value.

III. RESULTS

The time required for the silver-alloy, calcium ferrite
slag and gas to reach equilibrium was determined from
two series of experiments. In the first series, pure silver
was brought into contact with the master calcium ferrite
slag containing 1 wt pct arsenic at 1573 K (1300 °C)
and oxygen partial pressure of 10 7 atm. In the second
series, the Ag-1 wt pct As alloy was used so that
equilibrium could be approached from the opposite
direction. The results from these experiments are shown
in Figure 1, which depicts the equilibrium between the
calcium ferrite slag and metal being approached within
30 hours. Steady Fe’'/Fe?" values for the slag were
recorded, as shown in Figure 2, which suggests that the
gas—slag reaction also reached equilibrium in less than
30 hours. The good agreements between the As distri-
bution values from these two series of experiments
confirm that the technique produced reproducible
results and that a close approach to equilibrium was
reached. Similar tests were carried out for determining
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Fig. 1-—Variation of the arsenic distribution among the calcium fer-
rite slag, iron silicate slag, and liquid silver with the reaction time.
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the time required for the iron silicate slag, metal, and gas
to reach equilibrium. As shown in Figures 1 and 2, the
iron silicate slag, metal, and gas phases can reach
equilibrium within 18 hours.

Through subsequent experiments, the distribution of
arsenic between the slag and the metal was measured
under different experimental conditions, which include
variations in slag chemistry and oxygen partial pressure.
The experimental conditions as well as the compositions
of the slag and alloy after equilibration are listed in
Table II. The master slags were initially MgO-free;
however, after equilibration, the calcium ferrite slags
contained 2.5 to 3.5 wt pct MgO, and the iron silicate
slags contained 4.5 to 6.0 wt pct MgO. No evidence of
entrapped silver metal in the slags was observed; the
silver level in the slag after the equilibration was always
less than 0.04 wt pct. The activity coefficients of AsO, s
listed in Table I were calculated from Eq. [3] at a given
oxygen partial pressure, activity coefficient of As in
liquid Ag, and the measured distribution ratio. The
calculation of the activity coefficients of AsO; s is
discussed in more detail in the following section.

IV. DISCUSSION

The variation of the Fe’" /Fe*" ratio in both the
calcium ferrite slag and the iron silicate slag are plotted
as a function of log Po, in Figure 3. As is shown, the
Fe’" /Fe’ " ratio in the calcium ferrite slag of this stud;/
is in good agreement with that from Takeda ez al.,!'”]
which demonstrates that the slag and gas in this study
are in equilibrium. For the iron silicate slag, the slope of
the data is close to that of the silica-saturated iron
silicate slag given by Michal and Schuhmann,”
whereas the Fe®'/Fe’" ratio was approximately
doubled by decreasing the SiO, content to 25 pct.
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CaO-FeOx (22 wt pct CaO)
125+ o Present work
® Takeda et al. i
FeOx-SiO, (25 wt pct SiO,)
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1.00 L L L L L 0.0
0 10 20 30 40 50
Time (hrs)

Fig. 2—Fe3+ /Fe2+ ratio in slag as a function of time at 1573 K
(1300 °C) and 1077 atm of oxygen partial pressure for the calcium
ferrite slag and the iron silicate slag.
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Table II. Slag and Metal Chemistry After Equilibrium
Slag Components, Wt Pct As, ppm
Possible
1D Slag Po, (atm) CaO SiO, MgO FeO FeO;s AsO;s ny Slag Alloy Solid Phase ya50,;
F2 CaO-FeOx -1 2449 0 2.54 54.16 19.08 0.02 149 166 7400 Iron (y) 0.00368
F3 CaO-FeOx 10710 2435 0 224 46.31 26.70 0.04 147 273 6300 0.00871
F4 CaO-FeOx 107 2379 0 3.10 39.24 33.86 0.11 1.47 842 5600 0.01578
F5 Ca0O-FeOx 1078 2407 0 3.35 32.29 40.48 0.34 146 2600 4300 0.02192
16Hr CaO-FeOx 1077 2390 0 2.72 24.57 47.33 0.99 145 7530 2010 0.01929
F6 Ca0O-FeOx 10°° 2393 0 2.65 17.88 54.19 1.00 1.44 7600 384 0.02034
F7 CaO-FeOx 10°° 2214 0 2.84 10.68 62.75 1.10  1.41 8300 51 0.01371
F8 CaO-FeOx 10734 2211 0 2.72 643 67.69 1.16 1.41 8800 1.0 0.00404
F9 CaO-FeOx 107068 20.57 0 1.79 0 74.11 1.32 1.38 10000 0.5 0.18402
S1 Si0,-FeOx 10°° 0.0 22.89 4.66 61.49 9.58 0.01 1.11 50 7400 0.23323
S2 SiO,-FeOx 10783 0.0 2268 489 59.44 1144 0.01 1.11 86 7700 0.57551
S3 Si0,-FeOx 108 0.0 2289 517 57.12 12.73 0.02 1.11 153 6700 0.5941
S4 SiO,-FeOx 10773 0.0 2396 584 5442 14.73 0.04 1.10 291 5300 0.55884
24Hr SiO,-FeOx 1077 0.0 2353 585 4992 17.13 0.06 1.09 445 3670 0.61001
S5  Si0,-FeOx 10 3! 00 2418 610 4528 21.16 0.08 1.08 592 3000 0.88515
J9 Ca0-Si0,-FeOx 1077 23.86 5.67 9.62 2493 3796 0.47 3535 1405 Ca,SiOy 0.03169
J10 Ca0-Si0,-FeOx 1077 31.87 28.31 748 18.14 15.36 0.13 950 1025 0.09047
J11 Ca0-Si0,-FeOx 1077 29.51 32.39 942 1846 10.72 0.10 740 1430 0.16446
J12 Ca0-Si0,-FeOx 1077 23.86 38.13 11.87 18.85 8.24 0.06 440 1745 0.34025
J13 Ca0-Si0,-FeOx 1077 23.28 39.05 12.04 18.71 5.80 0.04 270 1785 0.56474
F 1573 K ' ' ' ' ' ' ' ' ' '
[ CaO-FeOx slag o 10k 1573K |
O present work ® (CaO-FeOx-MgO
Takeda et al. O FeOx-SiO,-MgO
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""""""" Michal & Schuhmann 1F E
= T s
L?;) @ P 0.1} E
° - AsO
[ 25
°® -
01k 0.01 | AsO,
As
ootk . . . ' ' ' BT 0 o -8 -7 -6 5
-12 -10 -8 -6 -4 -2
logPy, (atm)

log Poz(atm)

Fig. 3—Comparison of the Fe’'/Fe’" ratio from the present
work to that obtained by Takeda er all' and by Michal and
Schuhmann.?”!

This outcome was supported by Michal and Schuh-
mann’s®” finding that the Fe’"/Fe?" ratio increases
with a decrease in SiO, in the slag. It is worth noting
that as a basic oxide, M§O tends to increase the Fe® "/
Fe’ " ratio in slags®'??; thus, the measured higher
Fe’" /Fe’ " ratios in the MgO saturated iron silicate
slags is partly caused by MgO.

The measured distribution ratio Li/sc between the
calcium ferrite slags and the iron silicate slags and metal
are plotted against the oxygen partial pressure in

1170—VOLUME 41B, DECEMBER 2010

Fig. 4—Variation of the equilibrium distribution of arsenic between
slags and the liquid silver with oxygen partial pressure at 1573 K
(1300 °C) from the present work.

Figure 4. It is evident that the distribution of As is
affected strongly by the oxygen partial pressure over the
range studied, which supports the oxidic dissolution of
As in the slag. Considering the valence of the As is 3+
or 5+, the As exists in the slag as AsO; 5 or AsO, 5 and
the slope of logLi/SCshould be close to 0.75 or
1.25 according to Eq. [6]. As listed in Table II, the ny
of both types of slags in the present study changes
slightly with the variation of oxygen partial pressure.
Given the low concentration of As in the alloy listed in
Table II, the ys in the alloy also should be constant.
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Fig. 5—Variation of the equilibrium distribution of arsenic between
slags and the liquid silver with a silica-to-lime ratio in the slag at
1573 K (1300 °C) from the present work.

Therefore, according to Eq. [6], the slope of the As
distribution ratio (Figure 4) would be close to v/2. The
lines shown in the figure have a slope of about 0.6, which
is close to 0.75 for both iron silicate slags and calcium
ferrite slags. This finding indicates that the predominant
As species dissolved in both slags was AsO; s, which
agrees with the experimental results from studies in
References 7 and 8. Figure 4 also shows that the As
distribution ratio between the calcium ferrite sla% and
liquid silver at an oxygen partial pressure of 10" atm
dev1ated from the main tendency. According to Takeda
et al.'” the calcium ferriet slag with 22 wt pct CaO at
1573 K (1300 °C) and 10'' atm of oxygen partial
pressure is close to the iron y saturation liquid bound-
ary. Considering the experimental uncertainties, the slag
under this condition is likely to be saturated with solid
iron y, which has high affinity for arsenic. As shown in
Figure 4, because of the limitation of the experimental
technique mentioned before, the bulk analysis of the As
in the slag containing solid iron y leads to the overes-
timation of the As distribution at 10°'" atm oxyg
partial pressure. These results also show that the L

the iron silicate slag is about one magnitude lower thdn
that of the calcium ferrite slag at any given oxygen
partial pressure. This ﬁndin%7 is also consistent with the
results from Takeda er al.,'”! which suggests that the
calcium ferrite slag has a greater capacity for acidic
oxides such as AsO; s than the iron silicate slag. The
effect of slag chemistry on the arsenic distribution at a
fixed oxygen partial pressure of 107 atm at 1573 K
(1300 °C) is shown in Figure 5. The As distribution into
the slag decreases with an increasing SiO, content,
which suggests that the interaction between the AsOj 5
and basic oxides such as CaO and FeO is stronger than
that of SiO,.
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Table III. Gibbs Energy Changes for Equilibria Between

Condensed Arsenic and Arsenic Vapor Species From Gocken'**!

Equilibrium AG?® (J/mole) Temperature, K
As (s,2) = As (g) 286179 — 13593 T 298 — 887
As (1) = As (2) 257700 — 109.09 T 1090 — 1500
2As (s,a) = Asy (g) 188760 — 160.97 T 298 — 887
2As (I) = Ass (g) 122880 — 103.86 T 1090 — 1500
3As (s.2) = As; (g) 240359 — 194.45 T 298 — 887
3As (I) = As; (2) 154526 — 11345 T 1090 — 1500

4As (s,0) = Asq (g)
As () = Asq (g)

150729 — 169.55 T 298 — 1090
37560 — 64.38 T 1090 — 1500

Rearranging Eq. [2] yields the following:

L KboadXadpg g
AsO, (XAsOv)

Thus, for a given activity coefficient of As in the metal,
concentrations of As in the metal and slag, and the
oxygen partial pressure, the activity coefficient of
arsenic oxide (yas0,) can be calculated readily from
Eq. [8]. Hino and Azakamil'"! used the isopiestic tech-
nique to measure the activity of arsenic in the Ag-As alloy
at 1423 K (1150 °C). In this technique, pure arsenic was
used to equilibrate the arsenic alloy with arsenic vapor.
The activity of arsenic then was calculated by consid-
ering the equilibrium among the arsenic gas species
As, As,, Ass, and As4. They reported that the activity
coefficient of arsenic at an infinite dilution ¥§ﬁ was
about 0.35 at 1423 K (1150 °C). However, Pei,'”” who
assessed the activity of arsenic in molten copper, had
shown that the thermodynamic data for condensed
arsenic and arsenic vapor species from Gokcen’s critical
assessment®**! are more accurate than other data such
as the data used by Hino and Azakami.'! It thus was
decided to use the data by Gokcen¥ and Pei'*?! in the
present work to reevaluate the activity of arsenic in
liquid silver and to resolve the discrepancies between
the data from different authors. The Gibbs energy
changes for equlllbrlum between condensed arsemc
and various arsenic vapor species from Gocken® are
summarized in Table III. These changes were used in
the present work to reevaluate the arsenic activity in
liquid silver. The recalculated arsenic activities in liquid
silver are listed in Table IV. Also listed in Table IV are
the original data reported by Hino and Azakamil'! at
1423 K (1150 °C). It is shown that the recalculated
arsenic activities are significantly lower than the
originally reported values. In Figure 6, the logarithm
of the act1v1ty coefficient of arsenic is plotted against
(1 — Xy)% which shows a linear relation over the mea-
sured composition range. Extrapolation of the arsenic
activity coefficient to a zero arsenic concentration leads
to a value of 0.074 for the arsenic activity coefficient
at infinite dilution yQ, in liquid silver at 1423 K
(1150 °C), which is much lower than the value
reported by Hino and Azakami''! By applying the
regular solution approximation, ygs at 1573 K
(1300 °C) was estimated to be 0.095. The activity of
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Table IV. Recalculated Arsenic Activities in As-Ag Alloy at 1423 K (1150 °C) from the Literature!'"!

Activity of Arsenic

Activity Coefficient

Arsenic Source

Temperature, K Xas in As-Ag Alloy Recalculated Original Recalculated Original
649 0.078 0.01 0.038 0.13 0.49
688 0.111 0.021 0.065 0.19 0.59
724 0.147 0.039 0.095 0.27 0.65
772 0.206 0.082 0.143 0.40 0.69
802 0.236 0.118 0.178 0.50 0.75
810 0.251 0.131 0.188 0.52 0.75
844 0.293 0.182 0.234 0.62 0.80

T=1423K
O Ag-As alloy
A Cu-As alloy

_3 1 " 1 " 1 " 1 " 1 " 1 "
0.4 0.5 0.6 0.7 0.8 0.9 1.0

(1-X,)?

Fig. 6—The relation between the logyas and (1 — Xas)® in the
Ag—As[“] and Cu-AsP¥ systems at 1423 K (1150 °C).

arsenic in the alloy from the present work was calcu-
lated by using this value of yQ.. Based on the calcu-
lated As activity in the alloy and the distribution ratio
of As between the slag and the metal, the activity, and
hence the activity coefficient of AsO; s, was calculated
with Eq. [8]. For these calculations, a value of 87,096
was used for the equilibrium constant at 1573 K
(1300 °C) for the following reaction:

As(l) + 0.750,(g) = AsOy 5(1) 9]

Takeda e al”! measured the distribution of arsenic
between the liquid copper and the calcium ferrite slags
under varied oxygen partial pressure at 1523 K
(1250 °C). The activity coefficients of AsO; s in their
calcium ferrite slags were calculated based on their
measured distribution ratio and the activity coefficient
of As in liquid copper. The activity coefficient of AsO s
in the silica-saturated iron silicate slags also was
calculated by Takeda er al.”’ based on the distribution
ratio of arsenic between the iron silicate slag and the
liquid copper measured by Kashima er a/*! at 1573 K
(1300 °C). To compare, the AsO; 5 in both the calcium
ferrite slag and the iron silicate slag from Takeda er al.”
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I CaO-FeOx slag (Cao 22 pct, MgO 2 pct)
O present work, 1573 K
1} ® Takedaetal, 1523 K

01}

YASO‘ s

001}

1E-3 . 1 . 1 . 1 .
-12 -10 -8 -6 -4

IogPoz (atm)

Fig. 7—Comparison of the activity coefficient of AsO;s in the
calcium ferrite slag from the present work with that obtained by
Takeda et al.l”)

and Kashima et al.l’) were recalculated by using the 7,
in liquid copper, which was reevaluated by Pei.**! The
79, used by Takeda er al. was set to be 0.004 at 1523 K
(1250 °C), whereas it is estimated to be 0.0018 at 1423 K
(1150 °C) in this study. By applying the regular solution
approximation, y;, was estimated to be 0.0028 at
1523 K (1250 °C) and 0.0033 at 1573 K (1300 °C).
The recalculated activity coefficients of AsO; s in both
the calcium ferrite slag and the iron silicate slag from
Takeda er al"! and Kashima et al®! and those of this
study are plotted against oxygen partial pressure in
Figures 7 and 8, respectively.

As shown in Figures 7 and 8, the activity coefficients
of AsO 5 in the calcium ferrite slag is about one order of
magnitude lower than that of the iron silicate slag.
Figure 9 shows that the activity coefficient of AsO; s
increases sharply with an increasing SiO, content in the
slag, which suggests that the interaction between the
SiO, and AsO;s is considerably weaker than that
between basic oxides such as CaO, FeO, and AsO, s.
Alternatively, one could explain this behavior in terms
of strong interactions between acid oxide such as silica
and basic oxides such as CaO and FeO, leading to a

METALLURGICAL AND MATERIALS TRANSACTIONS B



. OTF E
o :
<
>
0.01 | E
E FeOx-SiO, Slag,1573 K ]
®  present work(SiO, 24 pct)
Vv  Kashima et al. (silica saturation)
—————————— estimated from the Roghani's data |
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Fig. 8—Comparison of the activity coefficient of AsO; s in the iron
silicate slag from the present work with that obtained by Takeda
et al™ and by Kashima et al.”!

considerable decrease in the activities of CaO and FeO,
which in return, reduces the interaction between the
Ca0O, FeO, and AsO, s, hence increasing the activity
coefficient of arsenic in the slag.

Figures 7 and 8 also show that in both calcium ferrite
and iron silicate slags, y,.o, . increases with increasing
oxygen partial pressures. The slope of the 5,5, . —a in
Eq. [6]—is about 0.18 for the calcium ferrite slag and
0.16 for the iron silicate slag. Considering the experi-
mental uncertainty and because « is much smaller than
v/2 of 0.75, the assumption that As dissolves in the slag
dominantly as AsO; s is reasonable according to Eq. [6].
The dependency of y,,, . on oxygen partial pressure
illustrates the effect of the oxidation state of the slag
(Fe*" JFe’* ") on the activities of basic oxides such as
CaO and FeO. It is known that for a given CaO content
in calcium ferrite slags, an increasing oxygen potential
leads to a decrease of the activities of CaO and FeO in
the slag,m] which in return, reduces the interaction
between the CaO, FeO, and AsO; 5, hence increasing the
activity coefficient of arsenic in the slag.

As shown in Figure 7, within the experiment uncer-
tainty, good agreement exists between values of the
7as0, . 10 calcium ferrite slags from the present study and
from Takeda’s work!” at oxygen partial pressures below
107 atm. According to Takeda’s work,"* the Cu
content in the slag reaches 3 wt pct at an oxygen partial
pressure of 107 atm. This agreement indicates that low
level of copper oxide in the slags used by Takeda et al.”
has a relatively small effect on the thermodynamics of
arsenic in such slags. At an oxygen partial pressure of
10 ® atm, the Cu content in the calcium ferrite slag
reaches 6 wt pct."” This change of slag chemistry may
be responsible for the different values of 7,5 . between
the two studies. Another possible reason for these
different values could be a higher degree of uncertainty
in the determination of low levels of As in the silver
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Fig. 9—Effect of slag chemistry on the activity coefficient of AsO, s
in the slag from the present work.

alloys at an oxygen partial pressure of 10°° atm.
However, for the iron silicate slags, Figure 8 shows a
significant difference from the results of Kashima ez al.l*!
The silica content in the slag of the present study was
about 24 wt pct, whereas that of Kashima er al.l”!
reaches saturation. The reason for this difference from
Kashami et al.’s data is not clear to the present authors.
One possible source of error in Kashima’s study is that
the matte, slag, and liquid copper were equilibrated
under a gas mixture of SO,-N,. The oxygen partial
pressure was estimated by using Eq. [11], which was
derived from reaction [10] at a high-matte-grade area in
their study. Reaction [10] and Eq. [11] are expressed as
follows:

2Cu(l) + SO, = CuyS(l) + O, [10]

K:("C;ZS>><<POZ>%POZ [11]
agy Pso, Pso,

In the low-matte-grade area, the oxygen partial
pressure was estimated by using the relations between
the log Po, and the matte grade. This estimation also
may contribute to the scatter of their data. However,
this is not likely to cause such a large systematic low
value of y g, .. Another possible source of error in their
study is the entrapment of liquid copper in their slags,
which would lead to a high value of arsenic in the slag
and hence a low value of 7,5 . in their slags. As
mentioned earlier, the silver levels in the slags from the
present work were checked carefully, and the entrap-
ment of silver metal in the slags was not evident. The
equilibrium distribution ratios of As among the iron
silicate slag, the calcium ferrite slag, and the copper
matte under varied SO, partial pressures at 1573 K
(1300 °C) and 1523 K (1250 °C) were determined by
Roghani er al.?®?” The As distribution ratio of the
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calcium ferrite slag is about 40 times of that for the
silica-saturated iron silicate slag at the same matte
grade.?*?" This suggests that the Yas0,s 10 the iron
silicate slag and the calcium ferrite slag can be related as
follows:

Vas0, s (iron silicate slag)
=40 X 7450, (calcium ferrite slag) [12]

Based on the y,.o, . in the calcium ferrite slag from this
study and from Takeda’s work,” the y As0, 5 10 the silica-
saturated iron silicate slag at 1573 K (1300 °C) was
estimated by Eq. [12], which was plotted in Figure 8 as a
dashed line. The estimated y,q, . is higher than that of
iron silicate slags containing 34 wt pct SiO,, which
supports the experimental finding of this study that the
increases of SiO, content in the slag will increase the

VAsO, 5

V. CONCLUSIONS

A study of the equilibrium distribution of arsenic
between CaO-FeOx-SiO, slags and liquid silver at
1573 K (1300 °C) under varied oxygen partial pressures
showed that arsenic distribution is affected strongly by
the oxygen partial pressure and that the arsenic exists in
slags predominantly as AsO;s. The distribution ratio
between the calcium ferrite slag and the metal was about
an order of magnitude higher than that of the iron
silicate slag, which indicates that the calcium ferrite slag
has a much high arsenic capacity than the iron silicate
slag. The distribution ratio decreased with an increasing
SiO, content in slag.

Based on the assessed thermodynamic data of arsenic
gas species by Gocken,”* the arsenic activities in liquid
silver were recalculated from the literature work. By
using the recalculated activity coefficient of arsenic in
infinitely dilute solutions, the activity and, hence, the
activity coeflicient of AsOj 5 in the slag was calculated
from the measured distribution ratio. The increases of
the activity coefficient of AsO; 5 with an increasing SiO,
content in the slag suggests that the interaction between
the AsO; s and the basic oxides such as CaO and FeO
are much stronger than that with SiO,.
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