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Abstract

This study evaluated the potential benefits of converting raixed metal hydroxide studges to
sulfide and carbonae forms by contacting the sludges with hydrogen sulfide and carbos dioxide
yas streamis. The sulfide and carbonate forms of many metals have higher densities than the
corresponding hydroxide forms. Iacreasing the density of metal slpdges has the potential of
reducing sludge handling wnd disposal costs, Sludges were generated from the lime treatment of a
metal mine Jrainage. Aliguots of the supernatant and metal hydroxide sludge were contacted with
{13 hydrogen sulfide: (23 carbon dioxide: and (33 2 mixture of hydrogen sulfide and carbon dioxide,
Al studges were evaluated for (1) density; {2) settling rate; (3} volume; and (4) leaching charac-
teristics, "The metal sulfide and carbonate sladges had higher densities and fower volumes than
the metal hydroxide sludges. The settling rates were similar for all slhudge Forms,
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1. Introduction

Waste waters containing high concentrations of dissolved metals are generated
by the mining industry. The most common treatment method for these waste
streams 1s chemical neutralization. In the chemical neutralization process, metals
are precipitated in hydroxide form (Reaction A):

M2, + 20H ——  M(OH)y, (A)

where M™ = metal cation.
There are a number of problems associated with the handling and disposal of
metal hydroxide shudges, Typically, these sludges are low density, gelatinous
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matertals having a percent solids composition of 0.5-7% [1.2]. Solids separation
can be difficult and dewatering operations are often required for economic reasons
prior to disposal [3,4]. Sludge dewatering can be as expensive as the primary
treatment of the waste stream {31.

The base metal and metal finishing indusiries also generate waste streams with
elevated levels of dissolved metals. Sulfide precipitation is an altemative treatment
method sometimes used in these industries. In this treatment method, metals are
precipitated in a sulfide form (Reaction BY:

Mig+ "~ M8y, (B)

The precipitation of a sulfide sludge can reduce or eliminate many of the problems
associated with metal hydroxide sludges. Metal sulfides generaily have higher
densities, lower volumes, and are reported to have better settling characteristics
than the corresponding metal hydroxides [6). Historically, sulfide precipitation has
had limited usage in the mining industry due to the high reagent costs,

Recently, hydrogen sulfide produced by sulfate-reducing bacteria (SRB} has
been used to treat metal contaminated waste waters [7-9]. These bacteria can be
grown in anacrobic bioreactors using waste organics as the carbon source, In
addition to producing H;S, these bioreactors typically produce methane, CHy, and
carbon dicxide, CQ;. The CO; in the bioreactor gas stream is a source of carbonate
that can also be used to remove metals (Reaction C):

My + 2CO7) ———>  M(COy ()

Anaerobic digesters @ municipal wastewater weatment plants also produce HsS
and CO; as waste products, Digester gas can be an inexpensive reagent source for
the weatment of metal contuminated waste waters and the conversion of metal
hydroxide siudges.

The hypothesis of this study was that the physical properties of & mixed metal
hydroxide sludge can be improved by contacting it with HsS and/or CO,. In this
study, a metal mine drainage was treated using the chernical neutralization process
to generate a metal hydroxide studge. The shedge was subsequently contacted with
bottled HaS and CO, gases. The concentrations of H,S and COy used were based
on the waste gas composition of a pilot-scale anaerobic bioreactor,

2. Experimental plan

2.1, Materials and equipment

~ Mine drainage (Table 1),

- Hydrated lime, Ca(OH);. Commercial grade lime slurried with detonized water.

~ Hydrogen sulfide, H,S. Bottled gas containing 4% H.S and 96% N3, by volume.
-~ Carbon dioxide, CO». Bottled gas containing 100% CO,.
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Table 1

Chemieal composition of the mine depinage and primary amd secondary treatment supematants, expressed in mg/l

Usntzeaswd Primary Secondary Secondary Secondary
reatment treatment with treatment with treatrnent with

s 0 H3840;

plt® 34 95 7.7 6.7 7.1

[ 90 (14 azz? G2 <(3.0Z2

An 42y <(302 {348 2.2 Q.31

[ R EURER <303 <0.056 <(.05

Mo 41 1.3 0.42 6.2 .8

1 12,479 4§ HIG 944G 4,125 4,00

*SKrandard upss,

HoS
Analyzer

Gas

N

® H,S5
® CO»

Fiy. b Schernatic of the second stage tresirnent.

- Nitrogen, N,. Bottled gas containing [00% N,

- Gas—Hguid contactor. A clear polyviny! chloride (PYC) pipe, nominal 64 cm
diameter x 0.6 m long (Fig. {}. The pipe was fitted with threaded PVC caps. The
o cap was fitted with a 1.9 cm BVC pipe for introducing the gas and a discharge
port for the spent gas. Side ports were installed for cycling the solid/liquid sturry
through pH and Eh electrode wells, The contactor was mounted on top of a
magnetic stir plate and a stir bar was placed in the bottom of the contactor.

2.2 Procedure

Twelve 1-] atiquots of mine drainage were treated with a Ca(OH); siurry. Ineach
treatment, the pH of the mine drainage was increased from 2.9 to approximately
9.5 by the addition of 18.5 g of Ca{OH),. The first three aliquots served as the
experimental control. The second set of three aliquots was subsequently contacted
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with a 4% H,S gas stream until the H,S concentration in the discharge gas stream
reached 3%. The third set of three aliquots was contacted with a 9% CO, gas stream
until buffering occurred at a pH in the mid-6’s. The fourth set of three aliquots was
contacted with a mixed gas stream of approximately 3.5% H;S and 9% CO; fora
period of 10 min. Nitrogen was used as the balance for all gas streams.

After treatment, each of the 12 aliquots were placed in 1-1 Imhoff cones. The
head space of the cone was sparged with N, and the cone sealed with Parafilm. The
sludge volume was recorded every 5 min during the first hour, every 15 min during
the second hour, and after 24 hours of settling.

All sludges were dried in a vacuum oven, pulverized, and then placed n
centrifuge tubes sparged with Na, Each sludge type was evaluated for (1) density;
(2) settling rate; (3) volume; and (4) leaching characteristics [ 10-13]. The Toxicity
Characteristic Leaching Procedure (TCLP); and the Sequential Extraction Proce-
dure (SEP) were used to evaluate the leaching characteristics of the sludges. The
metal hydroxide sludge served as the experimental control against which the
performances of the other sludges were measured.

Water samples were filtered with a 0.4 micron syringe filter, acidified with
hydrochloric acid, and then analyzed for dissolved metals and sulfate by the
Inductively-coupled plasma, (ICP), spectroscopy method | 14,15]

3. Results

Secondary treatment of sludge and supernatant with CQO, preduced a supernatant
with a pH of 6.7 (Table 1). This pH value was consistent with i carbonate buffered
chemical system. The sludge and supernatant contacted with Hs8 and CO» had 2
supernatant pHof 7.1, a value that was intermediate for the supernatants generated
from H,S and CO; treatments. Generally, secondary treatment resulted in low
supernatant metal coneentrations. However, the supernatant generated from CO,
treatment showed increased levels of zinc and manganese.
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Fig. 2. Sludge sctiling curves.
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Atrer 2 hours of settling, the mean sludge volume of the control hydroxide
studge was 338 ml. For the sulfide, sulfide/carbonate, and carbonate sludges the
mean volumes were 182 ml, 148 ml, and 132 ml, respectively (Fig. 2). The percent
solids of the hydroxide sludge was 9.8%. The percent solids of sulfide/carbonate
amd carbonate sludges were 23% and 19%, respectively. The sulfide siudge had a
percent solids of 13%.

Metal leachate concentrations from the TCLP are presented in Table 2. The
leaching profiles from the SEP are presented in Tables 3-6,

Tahle 2
Leachaie eopentrations generated 36 the Toxicity Charactenstic Leaching Procedure, expressed in mig/l

Primary Secondary treatnemt Secondary trealment Teeatment with
teatment with HzS with O3 H38/CG;

Cu 0433 (.34 9.0% 362

Zn 0.14 4.8 .41 i.5

Fe 0.06 0.04 <(002 <002

Mn <{1L006 it <(L{KK a7

Tabic 3
Lenchate soncenteations of copper generaied in the Scquendisl Exiraction Procedere, expressed in mg/l

Fraction Primry Secondury Secondary Freatmom with
reaiment treaiment with  feaiment with  HaS5/C0;
Ha% C
{ Water solublie metals {102 0.23 0.05 .05
2 Tows exchanguable metais 337 [.3 0.38 iA:H
3 Metals bound to carbonates and hydroxides 33 32 #2 i3
4 Metads hoand 1o won and manganese axides 1.1 24 17 4
5 Mutals bound o sulfides and orgamics 03 14 0 9
Tabje 4

Laachiote concesstrations of zine generaled in the Sequential Extraceon Procedure, exprossed in migdl

Fraction Primary treat- Secondary Seoondary Treatment with
menl weatment with teatrieat with  HaSKCO,
Ha8 COa
I Water soluble metals .03 0305 032 Ik
2 lon exchangeabie wetls 001 LeR: 0.02 0.009
3 Meainls bound tu carbonates and hydroxides 160 202 187 17
4 Metaks bound to iron and sumganese oxides 2.5 5 62 k)

5 Mesabs hound o sulfides and organics 0.08 008 4] «(1.08
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Table &

Leachate concenteantions of iron generated in the Scquential Extraction Procedure. expressed in mg/l

Fraction Pritnary Secondary Sccondary Treamwnt with

treatment treatment with  treatment with  H>S8/CO»
HaS COn
1 Water soluble metals <0.02 <0.02 <0.02 <02
2 lon exchangeable metals <0.02 <().02 <302 <(0.02
3 Metals bound te carbonates and hydroxides 21 25 60 449
4 Mectals bound to iron and manganese oxides 7 57 39 28
5 Metals bound to sulfides and organics .05 <0.05 0 <{).]
Table &

Leachate concentrations of manganese generated in the Sequential Extraction Procedure, expressed in mg/l

Fraction Primary Secondary Secondary Treatment with
treatment weatment with  treatment with  HaS8/C()»
HaS$ COr;
| Water soluble metals <0.006 0.05 <0.006 <9.006
2 lon exchangeable metals <0.006 032 <0.006 <().000
3 Mutaks bound Lo carbonates and hydsoxides 11 19 13 16
4 Meials bound o iron and manganese oxides 3.6 (0.91 7 4
§ Metals bound to sutfides and organics <0.1 0.04 0 <003

4, Discussion

All sludges receiving secondary treatment had increased densities relative to the
control sludge (no secondary treatment). The density of the sulfide sludge was
146% ol the density of the control sludge. The carbonate and sulfide/carbonate
sludges had densities of 213% and 258% of the control sludge density, respec-
tively. Increased densities for metal sulfides and metal carbonates are consistent
with reported density values of many metal sulfides and carbonates relative to the
corresponding metal hydroxides |6]. The sulfide/carbonate sludge had the highest
percent solids, followed by the carbonate, suifide and hydroxide sludges. Higher
sludge densities often reduce or eliminate the need for sludge dewatering,.

All sludges that received secondary treatment had reduced volumes after 2 hours
of settling relative to the control sludge (Fig. 2). The volume of the sulfide sludge
was 54% of the control sludge,, while the volumes of the sulfide/carbonate sludge and
carbonate sludge were 449, and 39% of the control sludge volume, respectively.

An experiment was conducted to determine if improvements in the physicai
properties ol the hydroxide sludge could be attributed to mixing alone. In this
experiment, three aliquots of mine drainage were treated with Ca(OH}),. The first
aliquot was placed in an Imhoff cone 10 min alter the Ca(OH), was added. The
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second aliquot was mixed for 40 min using a magnetic stir bar and then placed in
an Imhod T cone. The thind aliquot was mixed for [0 mio with a magnetic stir bar
wnd then placed 0 the gas/liquid contactor, N; was bubbled through the sludge for
30 min. This shudge was then also placed in an Imhoff cone. After 2 hours of
withing, the shudge receiving 10 mm of stirring with no N; agitation had the greatest
volume. The sludee agitated for 40 min with Ny agitation had 604 the volume of
the first aliquot. The sludge receiving 40 min of stirring without N, agitation had
an iermediate volume at 70% of the first aliquot. From these data it is conciuded
that improved mixing without chemical transformation has some beneficial impact
oY) s;ludg_c propertics, probably by encouraging further dissolution of excess lime.

Although we hypothesized that secondary treatment would improve the physical
pmpuk:sa of the sludge. it was unciear how the treatments would affect the
chemical properties of the sludge. Results from the TCLP indicated that the
secondary treatments produced no significant changes in metal mobility for most
wietals ¢ Table 2). Moderate concentrations of zine were found in the leachate from
the sulfide studge. however, and moderate to high concentrations of manganese
were found i the sulfide and sulfide/carbonate sludge leachates.

The SEP was used 1o evaluate the changes in the leachability of metal com-
pounds foellowing secondary trentment. The SEP showed a1 similar leaching pattern
for ull four sludge types, with two exceptions {Table 3). The leaching pattern
showed very litthe metal mobitization i Fraction 1 (water soluble) and there was
a shight inerease i metat mobilization in Fraction 2 {ion exchangeable). The
greatest metal mobilization occurred in Fraction 3, where the acidic extraction
fluid was expected to mobilize metids that were in hydroxide and carbonate forms.
There wis 2 substantial decrease in leachate inetal concentrations for all metals in
Fraction 4, relative to their respective concentrations in Fraction 3. Finally, there
wits very litle metal mobilization in Fraction 5, except for the release of copper in
the sulfide and sulfide/carbonate sludges. Copper concentrations were relatively
high compired 1o the hydroxide and curbonate sludges for this fraction,, consistent
with the extreme insolubility of copper sulfide nunerals,

The SEP used could not distinguish between hydroxides and carbonates. ’icre-
fore, it was impossible to determine what the hydroxide-carbonate distribution was
u the Fraction 3 Ieachates for any sludge type. However, most metals in the sulfide
sludge were mobilized in Fraction 3, which suggests that, for the HyS-treated sludge,
the bulk of the sludge remained in hydroxide form. This suggests that relatively smafl
changes 1 the chemical composition of the shudge floc resulted in significant changes
m the physical properties of the sullide sludge. This observation can probably aiso be
extended to the carbonate and suffide/carbonate sludges as well.

The nitial mine drainage was highly acidic and contained elevated levels of
dissolved metals. First stage treatment of the drainage resulted in moderately
alkaline pH water and substantial metal removal. Secondary treatment of shudge
and superatant with HaS resuited i a circumneutral pH, which was expected
because the sulfide precipiation reaction is net acid-producing (Reaction D):

MEOH), + 2H,8 —— MS. + ZH.0 + 21 (D)
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5. Conclusions

{1) Contacting a metal hydroxide siudge penerated from acid mine drainage
with H,8 and/or CO, resulted in significantly greater sludge densities and de-
creased volumes.

(2) The TCLP results indicated that secondary treatment did not result in any
significant changes in wron and copper mobihty, although some increased mobili-
zation of zinc and manpancse was observed in sludges treated with H.S and
H,S/CO,.

{33 The SEP data indicated that for all metals, in all sludge types, the largest
studge fraction was observed to be present in the hydroxide or carbonate form.
Copper sulfides were formed in the siudges treated with HiS and H,8/CO,.

{(4) Generally, the sccondary gas treatments did not adversely aflect the final
water quality. However, the supernatant of the sludge treated with carbon dioxide
had elevated levels of zinc and manganese, presumably due o the Tormation of
soluble metal complexes.

(5) Data suggest that improved mixing aione improves the physical charac-
teristics of hydroxide sludges to some extent, especially in the area of slhudge
reductions, Further study is needed to delineate the effects of mixing and chemical
transformations in the improvement of sludge properties.
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