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RESEARCH ON THE INHIBITION OF BACTERIAL OXIDATION OF PYRITE AND
CONCOMITANT ACID MINE DRAINAGE

PART 2. INVESTIGATIONS ON COAL WASTE DUMPS
EXECUTIVE SUMMARY

Little information is available on the extent and eavironmental impact of acid mine
drainage from coal waste dumps in South Africa. The only two reported investigations,
far river systems in Natal (Kemp, 1962; Rndd, 1973), show high concentrations of total
dissalved salids, in particular sulphate, in rivers leaving coalfields, but limited declines
in the pH of the initally mildly alksline water and reductions in the zalt concentrations
downstream following dilution and self purification. Howewver, with the large-scals
dﬁwelupment' 61" open=-pit mines, particularty on the Transvaal highveld for electricity
generation and the mining of &xport coal, the acid drainage problem and its prevention
must receive continuous attention. At all costs, the extensive acidification of rivers, as
has oceurred in the eastarn U.5.A., must be avoided.

The following are tha main [indings and concluzions from our investigaticn of the
possibility of inhibiting acid drainage-producing Thiobacillus ferrcoxidans or other
chemolithotrophic iron-oxidizing bacteria in coal waste dumps by treating the dumps
with chemicals active ggainst these bacteria., The initial basic labgratory studies {1 1o 4
below) formed part of Phase I of the research, while the pilor scale dump and associated
laboratary studiss (5 to 2 below) formed Phase II. Phase I was conducted with the
collaboration of the Chamber of Mines.

i. A limited study oi coal waste dumps near Witbank showed the occurrence of acid
drainage water in the lower parts of the dumps and in a pool alongside one of
the dumps, associated with the presepce of large populations of
chemolithotrophic® ferrous iron-oxidizing bacteria, presumed to be T,
ferrooxidans. Thus a drainage water sample of pH 2,40 and three coal waste
samples of pH 2,40 to 3,828 from the Douglas Colliery dump contained 4,64 x 107
to 2,83 x lﬁﬁ iron-oxidizing bacteria/ml or g. These samplas were from an acid
drainage pocl, a waterlogged bank near the drainage pool and frdm the botom of
a rubble sigpe. Four of seven samples from a dump on the Wolvekrans Section
of the Douglas Colliery alse contained iron-oxidizing bacterial populations (3,00
X lﬂ'lta 2,80 x lﬂﬁfg}. The four sampies were coal waste of pH 2,85 to 7,54
from a flat drainage area at the toe of the dump, the bottom of the dump slope,



15 m (vertical haipht) up the slope and from ors with a high pyrite contenr on
the top of the dump, Ng iron-oxidizing bacteria were detected in freshly
deposited coal waste of pH 6,98 or drainage water of pH 7,99 from the
Wolvekrans dump or in burned waste of pH 12,30 from the Douglas dump. If
the iron-oxidizing bactariz and the associated oxidation of pyrite, which produces
the acid mine drainage, are restricted mainly to the outer 25 to 30 em of the
dumps as is the situation elsawhers (Dugan, [975; Good et zl, 1970}, the
possibility exists fer inhibiting ecid mine drainage formaricn by the appiication
of suitable antibacterial chamicals,

While developing a suitable experimental system f[or testing the inhibition of T.
ferrooxidans cultures by chemicals in the presence of coal waste, we found that
coal waste fractions of differing particie size up o 11,3 mm diamerer, had 2
profound effect on the ferrous iron concantration and pH of the growth medium
necessitating the inclusion in growth and inhibition sxperiments of uninoculated
medium controls containing the ceal fraction under stedy., The almast nsutral
{pH 6,34} coal waste fractions raised the pH of the medium and catalysed the
disappearance of ferrous iron. Culture growth in the absence of inhibitors was
adversely influenced by the pH increases caused by these fractions, but also by
additional inhibitory effects of the coal waste.

In the presence of 500 g/1 coal discard fractions of differing particle size (0,425
w 1,18, 2,00 to 2,80, 4,00 w 4,75 and 3,00 to 950 mm diameter), two T,
ferrooxidons strains were inhibited by SLE at 70 to 90 mg/), added at the
beginning of culture incubation or during the exponential phase of culture
growth, These concentrations were very much higher than the inhibitory
conceatrations of 2 to 4 mg/l SLS for cultures not ¢ontzining coal waste. In the
presence of the 2,00 to 2,80, 4,00 to 4,75, 8,00 to 9,50 mm coal waste fractions
and a 16,0 to 11,5 mm Cfraction, sodium benzoate and sorbic acid were both
inhibitory at 40 ‘to 75 mg/l when addad at the beginning or during the
exponentindl phase of growth, In the absence of coal waste, the inhibitory
concentrations of sodium benzoate were 15 to 30 mg/l and those of sorbic acid
15 to 20 mg/l. The various coal waste fractions had littie or no differential
affect on the inhibitory concentrations., These experiments showed that sodium
benzoste and sorbic acid might be even better than SLS for the inhibition of T.
ferrooxidans and the associated formation of acld in coal waste. Sodium
benzoate has che additional advantage of being a much cheaper chemical than the



athar two {(about half the price of SLS and lsss than one third of the price of
sochic acid).

In inhibition experiments with no coal waste in the culture medium, fresh
solutions of l-bromo-3-dichlore-5,5-dimethylhydantoin (H300) inhibited 7.
ferrooxidans at & 10 10 mg/l. Ageing had a derrimental effect on the inhibitory
concentration, ¢ that not even 14 mg/l of a 6~-month-ald solution was inhibitory.
The instability of H900 over time makes it unsuitable for use in cogl discard.
Combinadons of SLS with sodium benzoate, 50rbic acid and HS0 and of sodium
benzoate with sorbic acid caused no substantial reductions tn the: inbibitory
concentrations of any of the irhibitors tested.

The irsatment of pilot-scale dumps containing 35 t of coal waste at the
Wolvekrans mine by the application of | kg dissolved SLS and 0, 5, 10 or 15 kg
natural or polyisoprene rubber pellets containing 35% SLS was inadequate to
inhibit acidification, which occurred in all dumps within 3 months. Further
treatment of the dumps after about 15 months with much higher doses of SLS
and SLS-rubber pelles (5 kg dissolved SLS and 0, 1D, 30 and 60 kg of the
patural or polyisoprene rubber pellets with 35% SLS, to give total SLS treatments
of 6,00, 11,25, 20,00 and 32,25 kg SLS/dump) failed to inhibit the acid,
dissolved iron and sulphate production through the following 21 meaths. Very
littia of the applied SLS left the dumps and the concentrations in the effluents,
which reached a maximum of only about 30 mg/i, were inadequaie to preveni
the survival or possibly developmant of high populations of chemclithotrophic
iron-oxidizing bacteria in the effluent water.

investigations of facrors possibly responsible For the lack of suceess of the SLS
treatments in controlling acidification of the pilot scale coal waste dumps,
showed the presence in the dump efflusnts of populations of iren-axidizing
bacteria with resistance to 12 to 14 mg/l SLS, and the ability of cultures of T.
ferrooxidans o greatly increase their resistance to SLS ((rom being inhibited by
2 or 4 mg/l to growing in medium with 8 or 13 mg/1, depending on the T.
Jerrooxidans strain). The acid effluents from the dump: also contained
heterotrophic filamentous fungi and yeasts, among which SL5-dagrading yeasts
were detectad, Slow or very slow refease of SLS from the SLS-rubber pellets and
a siow downward movement of the inhibitor in the dumps, presumably involving
adsorption, resulted in only low concentrations of SLS in the coal waste (< |4 mg
water-exteactable SLS/kg) in the lower 0,7 to 1,5 m of dumps 2 and 3 with



natural rubbar pellets and throughout the dumps with SLS-polyisoprane rubber
pellets, These low SIS concentrations permitted the iron-oxidizing bacteria to
establish popularions of ce. 10 ta lﬂﬁfg in the coal waste. By contrast, in the
upper 0,45 to 0,55 m of dumps 2 and 3, where the water-axtractable SLS
concentrations werea > 40 mg/kg, no or very few iron-oxidizing bacteria were
faund. This result shows that application of SLS at a rate of 20 kg/dump or 0,4
kgz‘mz cauld inhibil iron-oxidizing bacteria in the coal waste 0 a depth of ca.
0.5 m, hence may be am adequzte weaunent for a dump with an oxygen barrier
at < 0,5 m depth. However, the cost of the 5LS, excluding transport and
application, for this treatment at the 1990 price would be R58 080/ha.

In a [urther pilat s¢ale swdy, SLS and sodium benzoate were compared as
inhibitors of acid drainage production by the 55-t coal waste dumps at the
Wolvekrans mine, Treatments wers the addition of 2 kp SLS or 0,2 or 2 kg
sodium benzoate/dump every 2 weeks for ca. 10 months, From 128 days, the
dumps raceiving SLS and the high dose of sodium benzoate appeared to have
their adsorption sites [or the inhibitors saturated, as indicated by (with faw
exceptions) high levels of inhibitor in the effluents, Most of these effluents
showed no iron-oxidizing bacteria, in contrast to high populations (mainly IIZI":'r to
lﬂﬁ!ml} bafore 188 days and comtinuing high populations in the effiuents from
the dumps receiving the low b#nzoate dose or water only, The amounts of SLS
and sodium banzoete giving the presumed saturation were, respectively, 600 and
500 mg/kg coal waste. IFf one third of these doses were applied to large dumps
10 saturate the outer 0,5 m of coal waste (to inhibit acidification outside the
oxygen barrier} the application rates would be ca. 3 000 and 2 600 kg/ha and the
cost of the chemicals (transport and application costs excluded) at 1990 prices
R29 040 and R12 922/ha for SLS and sodium benzroate, respectively. However,
none of the dumps showed clear evidence of reduced acidification resulting from
the inhibitor trearments, slthough the dump recejving the high dose of benzoate
vielded lower levels of dissolved iron and sulphate than the other dumps
(unfortunately from the beginning of the experiment, with no change when the
dump became saterated with benzoaw).

Limited basic studies of the adsorption of SLS and sodium benzoate by ceal
waste showed higher levels of SLS edsorption than benzoate adsorption, except
perhaps at SLE concentrations below 40 10 50 mg/100 g coal waste of diamater
2,0 to 10,0 mm in 100 m] water or HJJ medium. Under these coaditions less SLS
was adsorbed than remained in solution, but with higher SLS concentrations



supplied, the adsorption ranged from 72 to B&%. With a smaller coal fraction
(1,18 to 2,00 mm), more than 8% of the SLS was adsorbed at all concentrations
supplied. By contrast, less sodium benzoate was adsorbed by 2 2,80 to 4,00 mm
coal waste fraction than remained in solution with all sodium beazoate-coal waste
combinations that wea tested. Adsorption to coal waste can explain the =f[uet of
the waste on the minimum inhibitory concentrations of sodium benzoate lar two
T. ferrppxideons gtrains in the culture inhibitiapn experiments, but not the much
greater affact of the weaste on the minimum inhibitory concentrations of SLS.
Further comparative studies of the adsorption of SLS and benzoste to coal waste
are required, as possible lower levels of adsorption of sodium benzeoate may be
another reason [or choasing it as an inhibitor in preference to SLA.

The overall conclusion from these laboratary and pilot scale studies on cosl waste
is that sodium benzoate seems to have the best potential of the inhibitors studied
1o inhibit acidification of the pyrite. However, the 1990 price of sufficient
chemical, without transport and application, would be about R12 922/ha and the
effectiveness of the treatment re_rn_ains to be proved.
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16, GENERAL INTRODUCTION

Part | of this report (Laos et al,, 1990) outlined in its General Introduction {section 1)
the basic problem of acid drainage formation in mine waste dumps and specific acid
drainage problems of the gold mining industry ln South Africa, In part 2 attention is
given to acid drainage from ceal waste dumps o South Africa and our research on

possible ways of controlling its formation by the application of antibacterial chemicals,

Limited information is available on the production of acid drainage as a result of coai
mining in South Africa. Kemp (1962) and Rudd (1973} have reporied on the pollution
of Matal rivers in ¢oal mining areas by high levals of totzl dissolved solids including
high selphate concentrations, Serious pollution is restricted to the smaller rivers in the
coal [ields themselves as the mild alkalinity of the Natal rivers and large volumes of
water effectively neutralize and dilute polluted water drzining into the larger rivers
{Kemp, 1962). For example, the data of Rudd {1973) showed drops of the pH of the
Buffale and Mkuzi Rivers only to pH 4,5 and 5,0, respectively, and declines af the salt
loads from their high levels near the pollution sources by dilutian znd self purification
downstream. The acid coal mine waters stadied by Thompson (1980) contained fall‘ less
total dissofved salids (according to conductivity), including iron, than gold mine acid
drainage water. The analyses suggest that acid drainage may be less of a problem in coal
mining areas than on the gold mines, but it is a widespread, lons-lasting problem
{Henzen and Pieterse, 1978).

Cuuantitative estimates of the extent of acid drainage from above-ground coal wastes in
Sowuth Africa do not seem to be available, but by analogy with the extent of the problem
elsewhere, it must be regarded as a serious or porentially serious pollation problem if
steps to control it are not taken. Togsther with cutflows of acid water {rom abandoned
mines, it constitutes a vast problem in the United States (Dugan, 1975; Good et al., 1970,
Kleinmann et al.,, 1581; Kleinmann and Ericksen, 1983, Walsh, 1978), Thus, in 1572 the
United States Department of the Interior estimated that 10 00D miles (16 000 km) of
streams and 29 000 surface acres {11 700 ha) of impoundments and reservoirs were
seriously affected by surface mining operations and that desp mining added to these
figures significantly (Lundgren et al., 1972), It was estimated thai acid mine drainage
From active and abandoned mine: amounted 10 over 4 x lﬂﬁ t (US) (3,6 x 107 kg) of
acidity per yearor 1 X 107 kg per day. Walsh (1978) noted that 20% of the poliutants in
water discharged from mines, including 5 x HII"':r Ibs (2.3 x 109 kg) of acidity per day,
were released from abandoned minss.
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Different stracegies for dealing with the problem of acid mine drainage have been
developed, mainly in conneciion with acid drainoge from coal mines and coal waste
deposits.  Attempts have been made to reduce the volume of acid draingge water by
reducing the infiltration of water to mine warkings (Kim er ak, 1982; Wailsh, 1978).
Alse, water is treared before discharge into rivers by liming {Bosman, 1983: Kim e al.,
1982, Thomupson, 1980; Van Staden, 1979) and c¢an possibly be treated by passage
through werlands coupled with limestone treatment (Kleinmann, 1983}, or by the
addition of waste arganic matter, such as sawdust, to the warer in dams to promota the
devalopment of heterotrophic anaerobic sulphate-reducing bacteria {Tuttle et al., 1969).
These bacteria produce hydrogen sulphide which reduces the ferric iron and precipitates
it as ferrous sulphide (Fel3) Altermative strategies involve suppression of ferrous iron
gxidation by T. ferrcoxidans zt the sites in mines or dumps whera it is producing the
acig water. Abandoned sub-surface mines can be sealed to restricr the availability of
oxygen Fur_pyrim oxidation {Kim et al., 1982); however, Walsh (1978) has discussad
serious problems with this approach. With strip mines the acid mine drainage can be
effactively controiled by spreading topsoil over the mine dumps and establishing 2
vagetation cover (Atlas and Hartha, 1981). The activity of T. ferrooxidans can also be
suppressed by variouws organic compounds (Erickson et al, 128}  Kleinmann, 1980;
Kleinmann et al., 198]; Kleinmann and Erickson, 1983; Onyske et al,, 1984ah; Torma
and Iizkoviich, 1976; Torma et al,, 1976; Tuovinen, 1978; Tutyle and Dugan, 1976)
and Kleinmann and co=-workers (Erickson et al., 1985, Kleinmann, 1980; Kleinmann &t
al., i981: Kleinmaan aod Erickson, 1982, 1983} have had considerable success with the
inmhibition of T. ferrooxidens in coal discard dumps ueder feld conditions by the
application of solutions of sodjum lauryl sulphate {SLS) or SLS incorporated in rubber.

Qur studies of acid drainage formation and the possibility of its inhibition in coal wastes
by the application of antibacterial chemicals developed from similar investigations
involving gald mine sand dumps and described in part | of this report, We first showed
in @ limited study that iron-oxidizing acid-generating bacteria had developed to large
popuiations in and around two coal waste dumps on the Transvaal highveld near Witbank
{section 17). As a preiude to siudies on the inhibition of 7. ferrgoxidans in cultures
conraining inhibitory chemicals and coal waste, we investigated the effecis of the coal
waste itself on tha pH and ferrous iron of the growth medinm (section 18) and on the
growth of T. ferrooxidans in the medium without inhibitors (section 19). The inhibicors
studied in culturss containing coal waste were sodivm lauryl sulphate (SLS), sodium
benzoate and sorbic acid (section 20). Their inhibitory effects in combinations (pairs of
inhibitors) with each other apd of [-bromo-3-chloro=3,5-dimethylhydantoin {H300} an

its gwn and with SLS against T, ferrppxidans in cultures not containing coal waste were
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also investigated {section 21). The studies of sections 17 to 21 were all part of Phase I
{laboratary investigations) of the research.

Phase II, conducted with the collaboration of the Chamber of Mines, comprised a pilot
scale investigation of SLS az e potential inhibitor of acidification of 55t coal waste
dumps at the Wolvekrans Section of the Douglas Colliery near Withank. The SLS was
applied in solution and as SLS-rubber pellets, providing for slow release of the SLS as
described in detail in part 3 of this report {(5aoderson and lmmelman, 19M}).
Acidification of the dumps was followed by analysis of their drainage water {effluents)
for pH, populations of iron-oxidizing bacteria, 5LS, iron and sulphate concentrations
{section 22). To sxplain the observed lack of inhibition of acidification, even after a
second increased dosing of the dumps with SLS, supplementary investigations were
eonducted into the resistance to SLE developed by T, ferrpoxidans and iron-oxidizing
bacteria in the effluents (section 23), the depgradation of SLS by haterotrophic
microorzanisms present in the effluents (section 24) and the adsorption of SLS to the
coal waste in the dumps (section 25). Finally, the pilot seale study was extended to
compare sodium benzoates and SLS, applied in solution at fortnightly intervals, as
potential inhibitors of acid generation in the dumps (section 24}, supnlemented by basic
laboraiory studies of their adsorption to ¢oal waste {section 27).

Part 2 of the report is pressnted as 2 direct continuation of part 1, with continuity of
nurﬁbering of the pages, sections, tables, figures, appendices and appendix tables. The
repetition of information in the two parts of the report is minimized as far as possible
by referring in this part of the report to appropriate sections, tables, figures and
appendix figures in part 1.
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17. DISTRIBUTION OF IRON-OXIDIZING BACTERIA TN AND ARQUND COAL
WASTE DUMPS

17.1. Iniroduction
17.1.1. Tron-oxidizlng Lacteriz of coal waste dumps

Iron- and sulphur-gxidizing chemolithotrophic bacteria of the genus ThAichaciffus appear
{0 be the most important factor in the oxidation of pyrite in coal waste dumps {see this
report, part |, section 1). The acidophilic iron- and selphur-oxidizer, T. ferrooxidans,
has been isolated regularly from cozl mine runoff and seems to have ¢he most important
role {Belly and Brock, 1974; Colmer znd Hinkle, 1947, Harrison, 1978; Lundgren et al,,
1972; Olson at al.,, 1981; Tuttle et al., 1968; Walsh, 1973). Walsh (1978) and Walsh and
Mitchell (1972} postulated rthat the less acidophilic iron-oxidizing bacrerial genus,
Matallogenitum, wmight play a crucial role in the ¢reation af the acidic conditions (pH
< 3.3} necessary for significant activity of I, ferrooxidans, but the studies of Harrison
{(1978) and Kleinmann and Crerar (1979) do wnot confirm an essential role of
Merallogenium in the pyrite oxidation-acidification praocess. Lepiespirillum ferrooxidans
{Balashova et 2l. 1974) could alsc play 2 role in the pyrite oxidation and acidification of
coal waste resulting in the problem of acid drzinage.

17.1.2. Environmental (actors affecting distrlbution of iron-oxidlzing bacteria in coal
waste dumps

The distribucion and activity of acid-generating iron-oxidizing bacteria in ¢oal wasee
dumps is determined by eavironmental factors such as the amouwnrs apd availability of
pyrite and other growth substrates, including oxygen, the meisture content and pH of
the waste and the rapge of temperatures in the pile (Dugan, 1975; Maré, 198%; Torma,
1977; Whillier, 1987), Thess factors have been considered in peneral in part 1 of this
report (section 2). Infoermation specific to the distribution of the bactsria in coal waste
dumps is considerad briafly in the following sub-sactions (17.1.2.1 to 17.1.2.6).

17.1.2.1. Pwrite substrale

Iton pyrite (FESZ} is th® main source of ferrous iron for axidation by T, ferrcoxidans,
Pyritic minerals and shale are aften found in intimare concact with coal, Several kinds
of pyritic minerals are found but iron pyrits i3 the gne most commonly encountered in

association with coal (Dugan, 1973). The pyrite cancentration in coal and associated
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waste varies considerably. Thus, coal waste [rom Kentucky was divided by Kleinmann
and Crerar (1979) into pytitic shale and sandstone overburden containing ,6 and 1,6%
sulphur, respectively. Two major cozl seams at Colstrip, Montana, averaged only !,07%
and 1,87% sulphur (Olson et al.,, 1981), whereas the mean sulphur content of the dry coal
studiad by Harrison (1978), was 5,368% (3,568 pyrite suiphur, 1,34% organic sulphur and
0,46% jnorgatic sulphate sulphur). Dugan and Apsl (1583) found Ohio coal refuse
sulphur 1o tange [rom 6 to 8%, Coal samples obtained by Tuovinen at al. (1980) from
the Sun Spot Mine, Vermont, contained 3,09% iron, predominantly as iton pyeite.

Acid generation in most piles 15 directly related to the amount of pyritic material
aoxidized. Records for a coal pile in Ohio show an averapge acid production rate, where
acidity was measured by its reaction with calcium carbonate, of 200 kg acidicy/ha/day
{Good et al.,, 1970). A coal pile in Fennsylvania, that was ofder than 80 years, required
treatment at 37 500 per month for the control of acid drainage, according to Kleinmann
and Erickson {1983}, The apge of the pila indicates that nxidation was slow, that pH can
ramain low for many wvears and thar meatment of pcolluted water invelves long-term
expense.

Some forms of pyrite may not be susceptible to microbiclogical attack, even under
favourable environmental conditions (Clson et al,, 1981). Caruccio (1970) observed that
differences in pyrite reactivity correlated with different pyrite  morphologies.
Framboidal pyrite was the mast reactive pyrite form and the acid-producing potential of
selected samples was related to the percentage of [ramboidal pyrite. Caruccio (19710) also
showed that small partcles of pyrite {2 to |5 ym) decomposed rapidly when exposed to
the atmosphere while coarse pyrite particles (> 30 f:mj remained stable.

17.1.2.2. Oxygen

The growth of T, ferrooxidans on ferrous iron has ap absolute requirement for cxygen
(Dugan and Lundgren, 1964), The prime source of oxygen is diffusion of the gas into
the dump from the atmosphere, The rate of diffusion depends lergely on the pore size
between dump particles. It might be expecied that coal waste, being poroas (Tuttle et
al., 1968) and loose (Harrison, 1978), is easily parmeated by air and rain water which
make it suitable for growth of iron- and suviphur-oxidizing bacteria. However, oxygen
ordinarily does not penetrate intg the pile beyond a depth of 20 to 30 cm, where iks
diffusion is limited by a zone designated as ths oxygen barsier which results from the
compaction of fine sediments {Dugan, 1975), Good et al, (1970) recognised three zones
in an Ohio coal refuse pile. The first was the outer mantle, 2,5 cm thick, where most of



173

the oxidation of pyrite occurred. The second zone, which extended to a depth of 10 to
25 cm, had a low permeability but had discontinuities allowing water entry o the main
body of the pile. The third zone was the main bedy of the pile with very little svidence
of pyrite weathering. Good et al, ([970} reported thar surface erosion continually
uncovered active pyrite material.  Kleinmann and Crerac {197%) concluded that T,
ferrvoxidans catalyzed pyrite oxidation in the zone of aeration of coal refuse piles, from
the well oxyeenated outer layer o the intermediate belt between this layer and the water
table, for approximately 3 to 4 days after rainfall infiltration,

An axamination of the pas mixtures in the pore spaces of a coal dump by Goodman et
al. (1983) revealed that below Q.3 m the oXxygen concentrations were exiremely low and
the ¢arbon dioxide eoncentirations high, Szmpies from the surface of a coal eefusze pile
studied by Belly and Brock {1974}, demonstrated maximal carbon digxide uptake,
apparently by chemolithotrophic bacteria, while only siipht activity was demonstrated at
dzpths belaw 8 to 10 cm.

17.1.2.3. Moistnre

Belly and Brock (1274} recorded optimal oxidation rates of the pyrite in a Wisconsin coal
plle at a moisture content of 23 to 35%. Olson et al. (1981) reported that pyrita in dry
exposed spoil banks supported very little bacterial oxidaiton of pyrite. Moisture in wasie
dumps is dependent on tHe rainfall as ¢ozl overburden seldom becomes waterlogged and
moisture evaporates quickly in dry weather, The decrease in pyrite oxidation during the
dry months in Montana was believed by Olson e al. (1981) to be related to water stress.
A water potential of -15 bars is the lower limit at which many soil bacteria can develop.
Thiobacitlus ferrooxidans was found to be completely inhibited at -23 bars,

Dwagan {1975) used controlled sprinkling on a coal pile in Ohio to obtain a picture of the
hydrelogy of the dump. He concluded that moisture content dependsd on the
composition of the pile and showed 25% retention and 75% drainage of water following
controlled sprinkling of a pile. This confirmed earlier estimations of 25% infiltration of
pracipitation into ¢oal mine piles in the same area (Good et al.,, 1970). The latter study
also dategted the presence of a ground-water pool in the body of a large coal pile.
Simulation experiments in ecological flasks showed that T. ferrooxidans would not be
active in saturated ground-water environments {(Kleinmann and Crerar, 1979}, but with
minimal water flow, following rainfall infiltration, the bacteria would be active far a
limited time. The simufation sxperiments glso suggested that 7. ferrcoxidans could
survive extended drought periods.
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17,1.2.4. pH

The pH of zoal slzg appears o vary considerzbly. Slag from strip mines in Monizna is
largely alkaline, in contrast to the more acidic waste in the sastern United States:
howsver, the alkaline slag contains microzones of acidity {Qlson et al., 1981). Wide nH
variation over small areas, far example, from pH 2.0 10 pH 5.5, was also recorded in an
artificial coal pile in Missouri (Harrisom, 1978} where the distribution of microbial
species paralleled pH changes. Generally, at neutral to acid pH, the irom oxidisers are
ecologically more important than the selphur oxidisers, because the iron oxidation rare is
ten times faster than sulphur oxidation. However, where alkaline mineral oxidation
occurs, the sulphur-oxidising microorganisms may be more important than the iran
oxidisers (Walsh, 1978).

Although there have been suggestions of pH-dapendant bacterial suecessions thar lower
the pH of the anvironment to suit Thighbariling in waste dumps, for example, the
succession involving Meiallogenium, (Walsh, 1978), thare is evidence that T. ferrcoxidans
can colonise and acidify almost neutral enviranments (pH 6,9) withour assisiance
{Kleinmann and Crerar, 1979). This work confirmed that T, ferrooxidans can survive
abgve pH & in nature,

17.1.2.5, Temperature

In seadies on Wisconsin coal piles, the optimal autotrephic carbon dioxide uprake
aceurred at ore sites with temperatures between 20 and 30*C {Belly and Brock, 1974).

Coal waste dumps may undergo spontaneous combustion. Bitumincus coal wastes contain
inflammable subsiances which canse waste heaps to flame when they burn (Colmer and
Hinkle, 1947}, The wastes may attzin high temeperaruras which could significantly
affaet the iron-oxidizing bacteria znd the rate of acid production. In addition, the high
temperatures combust sulphur-containing compounds with the production of sulphur
dioxide, theraby polluting the air.

17.1.2.64. Dump age

A study on coal piles in Wisconsin indicated that chemg-autotrophic bacterial activity,
measured by carbon dioxide wptake, was affected by the age of the dump (Belly and
Brock, 1974). Activity was greatsst in piles that wers 2 1o 3 years old, but was minimal
in fresh piles and a pile that was 40 years old.
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17.1.3. Acid drainage from cozl waste in South Africa

Although acid drainage from coal mining areas has been demonstrated by the Matal river
studies of Kamp {1962) and Rudd (1973) and the analyses of zcid cozl mine waters by
Thompsen {1980), no published informacdion on acid production in South African coal
waste dumps is avaijlable. The problem is known from the drainage from certain dusmps
of water of low pH in which precipitates of *yellow boy* {products of Ferrous to Ferric
iron oxidation) develop. As an initial step in our study of the possibility of controlling
acid drazinage from coal waste dumps bty the application of antibacterial chemicals, we
undertock 2 limited survey of the distribution of c¢hemolithotrophic iron-oxidizing
bacteria in and around twop coal waste dumps near Witbank, Transvaal.

17.2, Materials and Methods

Samples wera taken on 18 tMarch 1985 from the northern side of the large coal wasie
dump at the Dauglas Colliery near Withank, not far from where the dump was smoking
as a result of spontaneous combustion. Sample DC] was water from an acid drainage
pool on tha northern side of the dump, while samples DC2 10 4 were coal waste samples
from the base of the dump te about 15 m {vertical height) up the sloping side ol the
dump {full details are given under Results in section 17.3). The material at sampling

point DC4 was warm from spontaneous combustion in the dump.

The dump on the Wolvekrans Section of the Douglas Colliery was also sampled on 18
March 1985. Sample WC5 was water {rom the pool ar the southeastern toe of the dump.
Coal waste samples were WC6 and 7 from the base of the dump, WC8 from about 15 m
fvertical height) up the sloping side of the dump (this sample was from a warm area
below a smoking zone of spontaneous combustion in the dump) and WC9 to Il from the
top of tha dump, as detailed in full under Results (section 17.3}.

The water samples were coliected in sterile wide-mouthed, serew-capped bottles. The
coal samples were removed by avger from depths shallower than 0,5 m and placed in
sterile wide-mouthed plastic containers with screw-caps. All samples were stored
overnight at 4°C,



Populations of iron-oxidizing bacteria in the samples were determined by the most
probable number (MPN} method described in part | of this report {section 2.2.2), using
three 50-ml wide-necked conical flasks per dilution, with 15 ml medium per flask, The
MPM values werg obtained from the table of de Man {1933) with correction {or the
moisture in the samples. The maisture and the pH of rthe samples were deiermined as

for the soil samples from the gold mine sand dump seepage (this report, part 1, section
3213,

17.3. Results

Table [1 records the maistore, pH and populations of iron-oxidizing bacteria by MPN
count in water and coal waste samples collected at the dumps of the Douglas Calliery
and the Wolvekrans Section of the Douglas Colliery. The ¢oal wasie moisturg contents
wers low {5-?,5%], except in the samples taken near the edge of the acid drainage pools
fDC2, WC6)., Among the samples with low moisture contents, the highest meoisture
gontent of sample DC3 was probably related 10 its Jocation at the boitom of 2 rubble
slope and the next highest of sample W9 was because this sample was taken on the
flattish top of the dump in 2 raia-collecting hollow which often contained a pool. A

wide ranpe of pH values {pH 2,40 tw 12,30) was measured among the samples from the
two dumps.

Significant populations of iron-oxidizing bacteria were found In the sample from the
Douglas Colliery acid drainage pool (sample DC1}, on the edges of the Douglas Colliery
and Wolvekrans pools {samples DC2 and WC8) and on the lower slopes of the dumps
above the drainage pools (samples DC3, WC7 and 8), even approaching a warm smoking
surface in the case of sample WC3. The highest population was in sample WC7 at pB
5,31 and moisture 3,65%. Neo iron-oxzidizing bacteria were found in the newly deposited
coal waste {sample WC10, pH 6,98) close 1 the conveyor belt on the Wolvekrans dump
nor in samples DC4 {coal waste) and WCS {water) with a pH of about 8,0 or higher.
Sample WCS, with pH™ 2,53 and moisture 7,10%, wes well within the range of moisture
and pH levels associated with high iron-oxidizing bacterial populations in other samples,
but contained no deiectable population of thess organisms, Sample WCLl, with a high
visible pyrite content and high pH, showed iron-oxidizing bacteria at a very low level
(MPN = 0,3/g).
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TAPRLE 11, Meisture, pH and MPHN counts of sutotrophis peidophilic lron-oxidizing bacteris of water 508 corl wasts
samples collected at the dumpe of the Douglas Colliary and the Walvekranz section of Douglas Colilery near

Witbank, Trapavaal, on 18 March 1088

Coal waake Habilad descriptivn Pereaninge pH Iron=axidicing
dump and moisiere” bacterin/ml
mample orfg by
number MPN©
Dawptas Colliery
DC1 Waner; acid drainage

pool on northern side . 4o iBgx 10t

of dump
D2 Waterlageed bank, .

15 m £rom pool 1545 388 283 x 10°
(B ] Bottom of rubble slope

4 m from acid poo) 750 365 1,4 x 107
D L5 m {vemicol heigha)

ap skope above ampling

siee D2 &el2 (230 0
Wnlv eciinn
WS Warer; pocl at soorh-

eastemn toe of dump 9% 1]
wWChs Coal wasts in Mot

drainage asea, 2 m 14.91 398 280 x 108

from W5
wed Botom of dump slope,

(5-20 m Eram WCS 3,88 531 9,65 x 107
Wia L5 m {vertical heishty

p slope ahowe WCT s 285 246 % 10°
W Top af dump, rain-

zollecng hollow 110 53 o
WC10 Top of dump n=sr con-

veyor belt dischargs N 5,08 a
Wil Or= with high conient

of pytite; 1op of dump L9 754 i) 10*t

a  Miokstwrs af percentaxe of wed coal wosie mass; maan of duplicse deierminannas.

b Mean of duplicate detcrminations; voal wasie pH wag Ihe pH af a 1:2.5 coal wasie:waner suspension

MPN{ml water efg dey onol waste, determined (rom MEPH tables of de Mon {1983); 0 = ne iron-oxidizing

bactetia datsztad In flasks containing up ko 10 g wet ¢eal. Ses Mard (158%) for statistizal cotagorication of
tasults and theoretical 85% confidence limits,
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17.4 Discussion

At the Douglas Colliery, the orznge-brown colour of the drzingge pool from which
sample DTl was taken, indizated the presence of gxidized iron in the waier which was
also very acid (pH 2,40}, The high eount of iron-oxidizing bacteriz in sample D1 was
expected in the light of the high counts in similar water semoles seeping from gold mins
sand dumps (this report paer 1, sections 3 and 9) and coal waste elsewhere in the warld
{Calmer and Hinkle, 1947, Dugan et al, 1970; Manning 1975, Millar, 1973; Tuovinen
and Kelly, 1573, Tunle et al., 1968, 1969}, Coal waste semples DCZ and DC3 were
taken not far from the dreinage pool and, with 2 low pH as well a5 a relatively high
maoisturg content, were habitats of large populations of iron-oxidizing bacteria, Sampla
X4 was taken about 15 m (verticai height) up the slope of the dump above sampiing
site DC2. The coal wasie here was warmer thap 37°C and an area ¢lose by was smoking,
indicating s'pnntanenus combustion, The sampled dump material had the appearance of
grey-white ash, suggesting that the coal waste had burned, The pH was very high (pH
12,30}, which also indicated a changﬁd chemical composition of the ¢oal waste due o
burning. No iron-oxidizing bacteria were found in this material, which was highly
unfavourable for the usual jron-oxidizing bacterio species, T. ferrooxidans, in respect of
the pH {Buchapan and Gibbons, 1974),

At the Walvekrans Section of the Douglas Caolliary, the pool at the south-eastern toa of
the dump showed little evidence of oxidized jron in the water. The ¢lear appearanca of
this water was more typical of & rain-collecting pool than an acid drainage pool. The
water had a slightly alkalina pH {pH 7,99}). Mot surprisingly, sample WC5 taken from
this pool showed no evidence of imn-—uxidizing bacteria, Coal waste samples WC6 and
W7 were more acid (pH 3,98 and 5,31 respectively). They were wmken from the
vicinity of the poo! apd showed high MPN gounts of irpn-oxidizing bacteria. They
consisted of fairly fine waterial dumyped about one year previously and washed down the
slope subsequently. Sample WCE was taken From the side of the doump in a warm area
downslope from a smoking aréa. The pH was 2,85. Ths iron-oxidizing bacterial
population in this sample was relatively hizh. Sample WC% was taken from the top of
the dump in & raip-collecting hallew with a black muddy appearance and pH 2,53
Unexpactedly, no iron-oxidizing bacteriz were found in this moist hollow. Material
freshty dumped from the conveyor belt (sample WCI10} had a neutra! pH {pH 6,98) and &
low muisture content. No iron-oxidizing bacteria were found at this sampling site. The
chunk of pyritic material (sample WC11) from the top of the dump had 2 relatively Jow
moisture content and a pH just above neutral; it centeined a very low leve!l of iron-
oxidizing bacteria.
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The loregoing results indicate that the most likely sites of bacterial oxidation of pyrite
were in the coal waste in the lower parts of the dump where the pH of the waste had
been lowered by tha onset of acidification. The acidification and high populations of
iron-oxidizing bacteria were possibly licnited mainiy to the outer mantle of the dump, to
10 to 25 cm depth, where Good et al. (1970} recognized the developmant of an
impermeable oxygen barrier in an Ohjo cosl refuse pile. The iron-oxidizing bacteria in
the acid drainage water from the Douglas Colliery dump were probably oxidizing

dissolved ferrous iron that had been released from the pyrite in the dump (Kleinmann et
al,, 1981).
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18. EFFECTS OF COAL WASTE FRACTIONS ON UNINOCULATED
T. FERROOXIDANS GROWTH MEDIUM (H.ES MEDIUM}

18.1. Introduction

Initial actempted investigations of the inhibitry effects of SLS on T, ferrooxidans
cultures containing conl waste suggested that the waste profoundly affected the
axperimental system. As a first step towards establishing the suspected effects of the
coal waste, it was incubated (shaken) in wuninoculated HIJ medium under the
standardized conditions used for cultures, To define the sxperimental conditions even
further and axplora the effacts of coal waste of differing particle size fand total surface
area) on the medium, the coal waste was crushed and sieved intg fractions of dafined
particle size. The changes manitored in the meditm were pH aod the disappearance of

ferrous iran,
18.2, Meterials and Methods

18.2.1. Caal waste fractions

Coal waste was obtained from the dump at the Wolvekrans Section of the Douglas
Colliery, The moisture, pH and population of iron-oxidizing bacteriz by MPN count
were derermined as described in section 17.2. The coal waste was crushed and sieved
manually into 0.425 1o 1,8 mm, 2.00 to 2,80 mm, 4,00 to 4,75 mm, 8,00 to 9,50 and
10,8 o 11,5 mm size fractions.

18.2.2. Effect on ferrous iron

Two coal waste fractions (unsterilized) with particle diameater 0,425 to 1,18 mm and 2,00
tn 2,80 mm were added in separate experiments in duplicate to 250-ml Erienmeyer
flasks containing 100 ml HIJ (Harrison, Jarvis and Johnson) mediom (this report, part 1,
section 2) to give 10, 20, 30, 40 and 50 g coal waste per flask. In a subsequent
experiment, the four smallest coal waste fractions were added to HIJ medium at 50
g/100 ml medivm. Control flasks contained HIJ medium without canl waste, The Flasks
ware incubated at 26°C with rotary shaking at 120 r.p.m. Samples of medium were
ramaved peripdically for daetermination of the disappearance of ferrpus iron by the
dichromate titration described in part 1 aof this report (section 2.2.4). Ferrous iron
disappezrance from the Flasks containing coal waste was corrected by subtraction of the

mean ferrous iron disappearance from the duplicate control flasks without coal waste.
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i18.2.3. EiTect on pH

In two separate experiments, all {ractions and the faour smallest fractions of the coal
waste (unsterilized) were added in duplicate to HIT medium at 50 g/ 100 ml madium in
250-ml Erlenmever flasks. The experiment with the four fractions was that of section
18.2.2 for determination of the effect of coal waste on the ferrous iron in the medium.
Control flasks containing only HIT medium were included. Tha llasks were incubatad at
26°C with rotary shaking at 120 r.p.m. The medium was sampled perisdically and the
pH measured with 2 Beckman 7500 pH meter (Beckman Instruments, Ioc., Barkeley,
Califgrnia) with 2 combination electrode (Series na. 39831).

18.3. Resulis

12.3.1. Coal waste

The coal waste wsed in these studies before baing erushed had a pH of 6,34, moistura

content of 1,60 g/100 g wet coal waste and no detectable population of iron-oxidizing
bacteria in the MPN count,

18.3.2, Effect on lerrous iron

Figures 29 and 30 show that the unsterilized coal waste Fractions with particle diamater
0,425 10 1,18 mm and 2,00 to 2,80 mm had a stimujatory effect on the disappesrance of
ferrous iron from HIJ medium. The first 25 h showed a rapid rate of ferrous iron
disappearance from the Flasks with 200 to 500 g/1 coal; thersafter the rawe of
disappearance decreased. The rate of ferrous iron disappearance increased as the
concentration of coal waste in the medium increased, The increasss wers greater with
the smaller {0,425 o 1,183 mm) than with the larger (2,00 to 2,80 mm) coal waste
particles. Only in the presence of 500 g/i 0,425 to 1,13 mm coal waste (Fig. 29} did tha
ferrous iron totally disappear (within 300 h),

The axperiment with the four coal waste fractions (Fig. 31) showed that ablotic ferrous
iron oxidation was the most stimulated in the presence of the smallest coal discard
fraction (0.425 to 1.18mm), but was also considerably stimulated, to 8 similar axtent, by
the larger size fractions, The stimulaticn was particularly markad from 44 to 9] houts.
Howsver, efter 404 hours the Ferrous iron was not completely oxidized in any of the
flasks.
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18.3.3, Effect on pH

Figure 32 shows that 500 g/] crushed and sieved coal wasie of diametzr 10,0 to [1,5 mm
had little effect on the pH of the HIJ medium medium within 100 h of incubziion.
Haowever, fractions with smaller particles caused considarable incraasss in the medinm
pH to berween ¢, pH 3,0 and 5,5 (Fig. 32 and 33). The smaller the particle size the
greater was the increase of pH. The pH increased in almost all the (lasks to a maximum
within the fiest 24 h. Thereafter it stabilized ar declined, dropping to below pH 3.0
with all fractions during the long (400 h) incubation of the second experiment {Fig. 33).

18.4. Discussion

18.4.1. Eflect on ferrous iron

The rasuits of this investigation {Fig. 29, 30, 31} probably reflect the abiotic remowval gr
transformation of ferrous iron as the coal waste contained no detsctable irgn-axidizing
bacteriz. The mechanism of the farrous iron removal or transformation is unknown, but
it may be related to the surface area of the coal wasts, as the smallest fraction caused
mora tapid removal thag the larger fractions. It may involve adsorpton and/or
reactions, e.§. oxidation, catalyzed at the coal waste surfece by compounds present in the
coal waste. Growth experiments with T. ferrgoxidans in HIJ medium containing coal
waste, sspecially a fine fraction, should include am uninoculaied control with the same
coal fractign to obtain values for the spoataneous (abiotic) disappearance of ferrous iron
under the specific experimental conditions for subtraction from the Fferrows jron
dizsappearanss values obtained for cultures.

18.4.2. Effect on pH

The presenca in the HIJ mediuin of 500 g/l of the different coal discard fractions
{except the 10,0 to 11,5 mm fraction) caused a rapid incre=ase in the medium pH within
the first 30 hours! this rise was particularly high with the smaller fractions, resching pi
5,2 (Fig. 32) or pH 4,1 {Fig. 33) with the 0,425 to 1,18 mm fraction. The pH increase
may be ascribed to the release of alkaline compounds from the coal, which had a pH of
3,34, with more being released as the particle size decreased and the toml surface area
increased. The pH increase can partly explain the observed stimulation of ferrous iron
disappearance caused by the coal waste fractions in HJJ medium (Fig. 29, 30, 31), as
abiatic ferTous oxidation would be stimulated (Kleinmann et al., 1981). The subsequent
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decraase in pH (Fig. 33) could be dus to the oxidation of pyrite in the conl by ferric
iron (Kleinmann et al,, |1981), produced by this lerrows iron oxidation. The initial
increase in the pH of HJJ mediem containing coal wastes, particularly the smaller
particle fractions, could have a retarding effect on the growth of T. ferrooxidans, as the
optimum pH for T. ferrooxidans ATCC 19859 and WLR in HJJ medivm is about pH 2,3
{this report, part 1, section 2},
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19. EFFECTS OF COAL WASTE FRACTIONS ON CULTURES OF
T. FERROOXIDANS IN HIJ MEDITM

19.1. Introductlion

Having established that coal waste [ractions of defined particle size markedly affected
the pH znd ferrous iron content of BIJ medium (section 18), necassitating the inclusion
of controls containing the appropriate coal waste fraction in all growth and inhibition
studies with T. ferrooxidans cultures containing ¢osl waste, we investigated the affects
of two of the coal waste Fractions on the growth of T. ferrooxidens in HIJ medium.
The smdy was analogous to our previovs investigation {this report, part 1, section 4) of
the effect of sand from gold mine sand dumps on T. ferreoxidans, in which a marked
retarding effect of the sand on cultura growth had besen shown. We conducted the
axperiments in a similar manner, investigating effects of increasing amounts of each cozl
waste [raction on the metabolism of ferrgus iron by the bacteria and the pH of the
cultures. As the affect of the coal waste on the pH of the medium (zection 18.3.3) also
manifested itsell im the cultures, an experiment n which culture pH was _kept
approximately constant by daily adjustment to pH 2,0, was also conducted.

19.}, Materinls and Methods

The effects of two ¢oal waste fractions with particle diameters 0,425 to 1,18 mm and
200 to 280 mm (section 18} on T. ferrooxidans ATCC 19859 in H)J medivm were
smudied. Crushed, sieved coal waste in 0, 10, 20, 30, 40, and 50 g quantities was added
in deplicate w 250-ml flasks containing )00 ml HIY medium, Each flask was then
inoculated (10% v/v) with a 2- to 3-day-0ld shaken (120 r.p.m., 26°C} culture of T.
ferrooxidans ATCC 19859 in HJJ mediom and incubated at 26°C with rotary shaking
(120 r.p.m.). Duplicate uninoculated HJJ medium controls contsining the appropriate
coal waste fraction were included in the experiments. Ino the [irst experiment, the
oxidation of ferrous irgn was monitored using the potassium dichromate titration (this
report, part 1, section 2.2.4). All resels were corvected for abiotic ferrons iron
oxidation by subtraction of the appropriate mean cootrol value, In a repeated
experiment, the pH of the medium was monitored regulerly (section 18.2.3.) In a
further experiment, the pH was measured avary 24 h and whers necessary adjusted to
pH 2,0 by the addidon of a 15% {v/v) sulphuric acid-15% {v/v} phosphoric acid
solution. Ferrous iron oxidation was monitored in this experiment to show development
of the bacteria in the presence of the coal waste under conditions of approximately
constant pH.
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13.3. Resnlis

Fizuees 34 and 35 show an overall retarding elfect of both the 0,425 to 1,12 mm and
2,00 to 2,30 mm fractions of crushed, sieved coal waste on the oxidation of Ferrous iron
by T. ferrooxidans ATCC 19859, The smaller particle fraction had a grenter retarding
effect than the larper particle fraction. However, during the first 25 h, the fTasks
containing the smaller coal particles showed a very rapid rate of ferrous iron oxidation,
in fact, a stimulated oxidation when compared with that of culures without coal waste.
By contrast, in the flasks contzining the larzer particles of cosl, the rate of farrous iron
oxidation during the first 25 h was ratardead by comparizon with the rate in the cultures
without coal waste; however, the rate increased thereafter until a second phase of
retardation began after 3 days.

When the experiments was repeated with pH instead of ferrous jron cxidation being
monitored, the pH trends were as shown in Fig, 36 and 7. Marked increases in pH
were observed with both coal waste fractions during the first 4 t5 § h, the increases
depending on the coal waste concentration (the greater the concentradion, the greater the
pH increase} and particle size (the smaller coal particles caused greater pH increases than
the larger particles at equivalent concentrations). By 10 h the pH values in the flasks
with the smaller particie fraction were almost at their maximum velues {the pH of the
flagks with the largar particle fraction was not measurad at this time) and afver 20 or 23
h, the pBH declined slowly in zll flasks.

Ferrous iron disagpearance in cultures of T, ferreoxidans ATCC 19859, contzining the
same two coal f‘r:;ctinns but with the pH adjusted daily to pH 2,0, is shown in Fig. 38
and 39. With the small particle fraction (Fig. 38) the results were rather similar to those
in the experiment where the pH was not adjusted (Fig. 34}, except that the time for
complete pxidation of the ferrpus iron was shortened to about 230 h {rom almost 300 h
or longer, With the larger particle fraction {Fig. 39) there was no evident change in the
rate of farrous iron disappearance from flasks with 100 and 200 g/1 coal waste, bot at
the higher ecoal waste concentrations the initial phase of retarded farrous iron
disappearance was lengthened and the second ratardation phase (after the phase of rapid

ferrous disappearance) reducad or eliminated by adjustment of the pH.
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18.4. DHscussion

The overall retarding affacts of tha 0.425 to to 1,80 mm and 2,00 to 2,80 mm ceoal waste
fractions on ferrous iron disappearance from 7. ferrooxidans ATCC 19859 cultures (Fig,
34 and 35) can be explained in part by the pH changes in these cultures as shown in Fig.
36 and 37. The pH rose rapidly in the cultures containing coal waste, according to the
concentration of coal waste present, by less than a pH unit in the case of 10 g/l ol ¢oal
waste (both fractions} ro 3 pH units with 500 g/1 of the 0,425 10 1,80 mm fraction and 2
pH units with 500 g/1 of the 2,00 to 2,80 mm Ffractica. The pH values of 5,2 and 3.9,
respectively, with these last two fractions after approximately 25 h were well above pH
5,73 t0 2,50, which is the gptimum pH range for prowth of T. ferrooxidens ATCC
19859 (this report, part |, section 2.1.3). In most of the flasks with the 2,00 to 2,30 mm
coal waste fraction, it took abour 8 days for the pH to decline again t¢ about the
optimum pH of 2,5, but with the 200 to 500 g/! concentrations of the 0.425 to 1,18 mm
fraction the pH was still above this optimum pH after 14 days. The coltures with 500
£/1 of the 0,425 t¢ 1,18 mm {ractien showed little decline in the pH after reaching the
maximum {to only about pH 4,5}, Unfavourable pH valnes, particularly in the flasks
with the smaller patticle fraction of the coal waste, can therefore explain the owvarall
ratardation of ferrous disappearance, o a greater extent with the smaller than with the
larger particle fraction.

The repetition of the experiment, but with the pH adjusted daily to pH 2,0 to avoid
recardation of the growth of the bacteriz by an unfavourable pH, showed effects of the
coal waste other than pH &ffects on the ferrous iron disappearance, The cultures with
200 o 500 g/t of the 0,425 to 1,18 mm coul waste fraction imitially disposed of the
ferrous iron at a faster rate than the culture with no coal waste, the rate increasing as
the coal waste concentrarion increased {Fig. 38). This result was similar 1o that when the
pH was not adjusted (Fig. 34); it can possibly be interpreted, with reference to Fig. 29
(section 18.3.2), 25 disappearance of the ferrous iron from the cultures by an abiotic
mechanism, although abiotic removal of ferrous iron was compensated for, as far as
possible, by subtraction of values for iron disappearance in uninocuiated control flasks
containing the appropriate coal waste fraction. After this initial rapid ferrous iran
disapparance, the cultures showed inhibition of ferrous iron removal, to an increasing
exteni as the coal waste coneentration increased. In the cultures with 100 g/I coval wasts,
the inhibition was overcome aftsr 66 h and a rapid disappearance of ferrous iron wasg
evident, suggesting that an active bacterial oxidation of ferrous iron took over at that
stage. With the 2,00 to 2,80 mm fraction of the coal waste at the 300 to 500 g/l
concentrations, thare seemed t¢ be a similar but slower initial abiotic ramoval of ferrous
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iron, followed by a virtual cessation of this reaction when the reactive capacity of the
coal waste was saturated or exhausted, then a renewed rapid disappearance of ferrous
irpn after 66 h (probably biatic). With this larger particle coal waste fraction at 100 and
200 pg/1, the final rapid disappearance of the ferrous iron appeared to start earlier,
These growth experiments with T. ferrooxidans ATCC 19859 confirmed the conclusion
noted previously (section 13.4.1}, that growth experiments with » coal waste fraction in
HIJ medium should have as the uninoculated control, BIJ medium containing the szme
amount of coal waste of the same particie size fraction. This compensates for the abiotic
effects of the coal waste on the ferrpus iron in that only the ferrous oxidation caused by
T. ferrooxidans is recorded following subtraction of the conirol value indicarimg tatal
abiotic ferrous disappearance. Such a control was included in all the experiments
investigating the inhibitory effects of SLS, sodium benzoate and sorbic acid on T.
ferrooxidens ATCC 19859 and WLR in the presence of defined coal waste fractions, but
the pH was_not adjusted periodically in thase sxperiments.
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20. EFFECTS OF CHEMICAL INHIBITORS ON T, FERROOXIDANS IN HIJ
MEDIUM CONTAINING COAL WASTE FRACTIONS

20.1. Introduction

The research described in this section involved the chemical imhibitors, sodium lauryl
sulphate (SLS), sodium benzoate and sorbic acid. Their structures, mode of action as
antibactarial agents and activity against T. ferrcoxidans in the investigations of others as
well a8 in gur own research on the possibilities of inhibiting iron-oxidizing bacteria in
gold mine sand dumps, have been described and discussed in part | of this report (SLS
in section 3; sadium benzoate and sorbic acid in section 7).

The most affective Inhibitor of T. ferrcoxidans in HIT medium in the absence or
presence of gold mine dump sand was 5L5. However, the sand had a detrimental effect
on its inhibitory activity, increasing the minimuwm inhibitery concentration for 7.
ferrpoxidans ATCC 19859 and WLE to 4 o § mg/l from 2 o 4 mg/l in the absence of
sand. It was anticipated from the resutis of Kleinmanm and Erickson (1983) that coal
waste would raise the minimum inhibitory concentration considerably higher; solutions
containing at least 25 me/fl SLS were required to kill T. ferrooxidans in coal refuse, ie.
about 10 times the concentration required to kill the bacteria in 9K mediom.
Kleinmann and Erickson (1983) and Onysko et al. (1984a) reported adsorption of,
respectively, 45 and 200 myg SL5/kg coal waste, which would reduce the concentration
available in solution for inhibition of the bacteria.

Sodium benzoate {or benzoic acid) and sorbic acid completely inhibited T. ferrooxidons
in liquid culture at 15 to 30 mg/l in cur experiments (in the absence of gold mine dump
sand} and at 10 mgfl in the stady of Onyske et al. (1284b).  Although thess
concentrations are at least five times higher than the enuivalent iohibitery SLS
concentrations, benzoic acid dalayed the acidification of coal waste for ag long as the
sgama concentrations of SLS and sorbic acid for longer (Erickson et al., 1985; Onysko et
al., 1984a). The inhibitors were applied to the coal waste (200 kg) as single treatments
of 60 and 600 mg/kg, by the addition of 500 and 5000 mg/1 soiutions. In Plask
experiments of Dugan (1987a), sodium benzoate at 75 and 100 mg/l inhibited pyrite
oxidation in a 30% coal slurry far 22 and 18 days, respectively.

On the basis of such resules, the inhibition of T. ferrooxidans ATCC 15859 and WLR by
SLS, sodium benzoate and sorbic acid in HIJ medium containing 500 g/l coal waste

(fractions of defined particle size) was investigated. The objective was a comparative
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study of the effectiveness of the thres inhibirors in the presence of defined coml waste
fractions under standardized experimental conditions, in which the effect of coal waste

of differing particle size on the activity of the inhibitors would also be evident.
20,2 Matarlals and Meathods

20.2.1. General culivre procedures

Growth and inhibition of two T. ferrooxidans strains, ATCC 19859 and WLR, were
investigated in shaken cultures in HJI medium containing, In separate experiments, a
range of different unsterilized coal waste fractions (section 18.2.1) and 3 range of
concentrations of SLS, sodivm benzoate or sorbic atid as chemics] inhibitor. In all
experiments the bacteria were grown in 100 ml liquid HJJ medium in 250 mi flasks,
with incubation on a rotary shaker {120 r.p.m.) at 36*C. Coaf waste of the lraction used
in the test was added at 50 g/flask. The inoculum was a_ calture of T. ferrooxidans
ATCC 19859 or WLR grown for 2 w0 3 days in HIJ medium on a rotary shaker ()20
r.pam) a 26°C and supplied at 2 dose of 10% (v/v). Inhibiors were added (rom
unsterilized stock solutions immediataly after inoculation or during the logrithmic phase
of culture growth. The oxidation of ferrous iron was monitored as an indicator of
bactertal growth, using the potassium dichtomate titration (this report, part 1, section
2.2.4), The sbiotic disappearance of ferrous iron from uninoculated controls containing
the same cozl waste fraction was teken into consideration (subtracted) in all caiculations
of the bacterial oxidation of ferrous iron,

20.2.2. 5LS

Different concentrations of SLS (supplied by Dr. Theodor Schuchardt, Munchen, West
Germany) were tested in duplicate flasks against T, ferrooxidans ATCC {9859 and WLR.
The 5LS concentrations tested were 70,0, 80,0 and 90,0 or 60,0, 70,0 and 80,0 mg/l with
strain ATCC 19859 and 60,0, 70,0 and 20,0 or 50,0, 60,0 and 70,0 mg/l with strain
WLR. Separate experiments were conducted with coal discard of particle size 0,425 to
1,18 mm, 2,00 to 2,80 mm, 4,00 to 4,75 mm and 8,00 to 9,50 mm. Cultures of the 7,
ferrooxidans swrains with the coal discard fractions but ng SL5 were also included in the

experiments.



20.2.3. Sodinm benzoate

Sodium benzoate {99% pure, supplied by Szarchem, Muldersdrift, Transvaal) was added
in duplicate to cultures of T, ferrooxidans ATCC 19859 and WLR in HIJ medium
containing 500 p/l unsterilized coal waste at the beginning of the experiment at
concentratinns of 0, 100, 20,0, 30,0 40,0, 50,0 and 40,0 mg/l or during the exponential
phase of culture growth at concentrations of 0, 15,0, 30,0, 45,0, 60,0, 75,0 and 90,0
mg/l. Separate experimenis were conducted with coal waste of particle diameter 2,00 to
2,80 mm, 4,00 to 4,75 mm, %.00 t0 9,50 mm and 10,0 t5 11,5 mm in the cultures.

20.2.4. Sorbic acid

Sorbic arid (Analytical Reagent prade, supplied by E. Merck, Darmstadt, West Germany)
was tested 45 'an inhibitor of T. ferrooxidans ATCC 1985% and WLR in the same way &5

sodium benzoate, except for minor diffsarences in the concentrations tested.
20.3. Resulis

20.3.1. SLS

The results of the experiments with the different T. ferrcoxidans strains, coal waste
fractions and times of SLS addition are shown in Aﬁpendix Fig. 59 o 46 and
summarized in Table ]12. Table 12 also summarizes results for SLS added to cultures
without coal waste, presented in full in part 1 of this report {section 5.3.!; Appendix
Fig. 1 to 4),

Appendix Fig. 59A, 60A and E1A show inhibition of T. ferrcoxidans ATCC 15859 by
80 mg/] S8L5, added at the beginning of incubation, in the presence of the 0,425 to 1,18
mm, 2,00 to 2,80 mm end 4,00 t¢ 4,75 mm coal waste fractions. Thiobaciiius
ferrooxidans ATCC 19859 was inhibited by 70 mg/{ SES in the cultures with the 8,00 to
9,50 mm fraction (Appendix Fig. 62A). The same concantrations were inhibitery when
added during the exponential phase of culture growth, except for the cultures with the
smnallest coal waste fraction where 90 mg/l SLS was inhibitory (Fig. 355B to 62B).
Appendix Fig. 63 to 66 show that T. ferroexidans WLR was inhibited by 70 mg/l SLS in
the presence of the three larger coal discard fractions (2,00 to 2,80, 4,00 to 4,75 and
8,00 to 2,50 mm) and 80 mg/l in the presence of the smallest coal discard fraction {0,425

to 1,18 mm). The same concentrations were inhibitory when the SLS was added at the
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TABDLE 1}.  EflTects of SLE on lercous iron oxidation by cullures of T. ferrooxidang in HJJ medium in
the absence and presence of coal waste fractions whem the inhibitor was added a0 the
begioning of the experiment or during the exponential phase of culture growth

T. ferrgoxidans ATCC T. ferrpoxidoits WLR
19859 with addition of with gddition of
inhibltor at inhibitor at

Coal waste Appendix Appendix

[raciion gh 40-92 h figure(s) dh §3-92 h figure(s}

{mm}

¢ P 6 1 G I G |
mg/i mg/t mg/l mg/l mg/l mg/l meft mg/l

0 ) 4 | 2 1,2 1 2 ] 2 3.4°

0,425-1,18 0 L] L1 20 59 0 B0 70 50 63

2,002,280 10 &0 FiM) 30 ab a0 ™ a0 Ta &4

4. 004,75 0 &0 0 20 ol &0 M0 0 &0 10 %]

&.00-9,50 &0 0 &0 0 62 £0 10 G0 70 66

3G = Highest concentration of SLS permitting oxidation of Terrouvs iron.

Yl = Lowest concentration of SLS causing complele inhibition of lerrous iron oxidation.

Sappendix figures in part 1 of 1his report.
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start of the incubations or during the exponential phase of growth of T. ferrcoxidans
WLE.

20.3.2, Sodium Benzoate

The results of the sodium benzoate inhibition experiments with the various coal wastse
fractions in the HII mediuvm are shown im Appendix Fig. 67 w 74, Those of
correspanding experimenis without coal waste in the medium are presented in part § of
this report {section 7.3.1; Appendix Fig. 34 to 37), Both sets of resultz are summarized
in Table 13, which indicates that

(i} The concentrations of sodium benzoate needed to inhibit T. ferrooxidans ATCC
19859 and WLR in HIJJ medium in the absence of coal waste were 15 and 30
me/i for inhibiter added at the beginning of the expariment and during the
exponential phase of colture growth, respectively.

{if) In the presence of coal waste, the minimum inhibitory concentrations of sodium
benzoate were higher, but the size of the coal waste particles seemed 0 have no
differential effect on these concenirations, When the sodium benzoate was added
at the beginning of the experiments, the inhibitory ¢oncentrations were 44 to 50
{with one exceptional tesult »50) and 40 to &0 mg/l for the ATCC 19859 and
WLR strains, respectively; when the inhibitor was added during the exponential
phase of culture growth, the carresponding inhibitory concentrations were 60 and
60 to 75 mg/l. The WLR strain thus seemad to be slightly more resistant to
sodium benzoate than the ATCC 19859 strain.

20.3.3. Sorhic acid

The results of the sorbic acid inhibition experim#nts with the various cosl waste
fractions in the HIJ medium are shown in Appendix Fig. 75 to B2 and those of
corresponding exparimants without coal waste in the medium in part 1 of this report
{section 7.3.2; Appendix Fig. 42 to 45). The summary of both sats of results in Table 14
indicates that

() The concentrations of sorbic acid needed to inhibit T. ferrcoxidans ATCC 19855
and WLR in HY medium ip the absence of coal wasiz wers 20 and !5 mg/l,
respectively, when the inhibitor was added at the beginning of the expariment,
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TABLE 13, Effects of sodium benzoale on Fferrous iron oxidation by cultures of Tihivhaciling
Jerropxidans in H1J medium in the absence and presence ol coal waste feactions when (he
inhibitor was added at cthe beginning of the experiment or during the expanential phase of

culture growth

T. ferrooxidans ATCC T. ferrooxidans WLR
19859 with addition of with addition of
inhikitor at inhibitor at
Coal waste Appendix Appendis
fraction Oh 2-25h figire{s) Oh 21-25 h FMgurefs)
{mm)
g2 t* G 1 G 1 G 1
mg/l  mgf/l mg/l mg/l mg/l mg/l mg/l  mgsl

0 0 15 W 30 3637 10 15 20 30 14,35°
2.00-2.80 30 40 435 60 67 10 49 45 &0 71
4.00-4,75 kL 40 45 60 o8 40 50 &0 75 T2
8,00-0. 50 &0 =60 43 &0 69 40 50 ol 75 73
[0,0-11,5 40 1] A5 &0 H) 50 &0 45 50 74

G = Mighest concantration of SLS permitling oxidation of [errous iron,
P = Lowest concentratipn of sodium benzoate cavsing complete inhibition of Mgrrdus iron oxidation.

€ Appendix Cigures in part | of this report.



205

TABLE 14.  ElTects of sorbi¢ acld on ferrous iron oxidation by cultures of Thisbocilius ferrooxidans m
HIJ] medium in tha absence und presence of coal waste fractions when the inhibiter was
added at the beginning of the experimeni or during the expanential phase of cultnre growth

T. ferrooxidans ATCC T. ferraoxidans WLER
1985% with addiution of with addition of
inbibitar at inhibitor at

Coal waste Appendix Appendix

froction Dh 21-25 h Igurefs) Oh 21-25 h ligurads)

{mm)

s B LI « B G I G .1
mg/l g/l mgfl  mg/fl mg/l mefl mgfl mg/l

1] 15 20 15 20 44,45 10 15 o 20 42,43°

2.00-2.80 4Q L) 45 (1] 75 30 di} i 45 79

4,00-4,75 40 0 30 45 76 40 a0 a0 . TS EQ

2.00-9.50 50 G0 45 50 77 40 50 &0 75 21

10,0-11.5 i) =G0 a0 15 78 40 0 a0 75 g2

9% = Highest cencentration of SLS permitting oxidation of lerrous iron.

bl = Lowest concentralion of sorble ocid causing complete inkibition of lerrous iron axidation,

CAppendix Figures in part | of this repart,
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and 30 mg/l lor both strains when it was added during the exponential phase of
growth.

(i) In the presence of cozl waste, the minimum inhibitory concentrations of sorbic
acid were higher, but the size of the coal waste particles had fittle or no
differential effect on these concentrations. When the sarbic acid was added at
the beginning of the experiments, the inhibitory concentrations were 50 to 60
and 40 10 50 mg/l for the ATCC 19859 and WLR strains, respectively; when the
inhibitor was added during the exponential phase of culture growth, the
inhibitory concentrations ranged from 45 ta 75 mg/l for both strains.

20.4. Discussion
20,4.1, SLS

In the experiments without coal waste in the cultures of T, ferrooxidans ATCC 19859
and WLR {this report, part i, section 5), SLS added at the beginning of incubation was
completely inhibitory at 4 and 2 mg/l, respectively, and added during the exponential
phase of culture prowth, complataly inhibited boeth strains at 2 mg/l. In the experiments
with 500 g/l coal waste in the medium, the ATCL 19859 strain again showed greater
resistance to SLS than the WLR. strain, but the minimum inhibitory concentrations of
SLS were greatly increased by the presence of the coal waste fractions tested (70 to 90
mg/] SLS were required (o inhibit T. ferrooxidans ATCC 19859 and 70 to BO mg/l to
inhibit the WLR strain}. The inhibition of ATCC 15859 by 70 mg/l S?;.S in the pressnce
of the largest coal discard fraction and by 80 or 90 mg/] with the smaller size fractions
may be related to the decrzase in surface area and less adsorption of SLS as the particle
size became larger, but this effect was not evident with the theee largest coal discard
fractions in the experiments with strain WLR, In cultures with the coal discard, the
actively growing cells of both strains weare no more sensitive to SLS than cells exposed 1o
SLS from the start of culture incubation, in contrast te the cells of 7. ferrooxidans
ATCC 19859 in cultures without coal discard (this repost, part 1, section 5} The slow
utilization of ferrcus iron by WLR in these inhibition experiments, even without 5LS in
the medium, may have resulted in part from the increase in pH cavsed by the coal waste
{sections 18 and 19); however, the ATCC 19859 cultures were less influenced by any
such effect of the coa) waste, perticulerly in the presence of the larper particle fractions.
The high concentrations of SLS required to inhibit the two test strains of T.
ferrooxidans in the presence of coal waste suggest that the use of SLS to inhibit

acidification of coal dumps is unlikely to be very ecancomical,
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20.4.2. Sodium benzoate

The zntimicrobial activity of benzoie acid and its salts is related to pH, with the greatest
activity at low pH (Jay, 1978). Inhibitor studies in the U.5.A. with cultures of T,
ferrooxidans supplemented with benzoic acid indicated that 10 mpg/l benzoic acid
effectivaly inhibited bacteria]l ferrous iron exidation (Onysko et al., 1984b). The results
of the present studies (this repart, part 1, section 7) showed greater concentrations of
sodium benzoate than 10 mg/l to ba necessary for the completz inhibition of T
ferrooxidans ATCC 19859 gr WLR in HIJ medivm, namely 15 mp/i when the inhibitor
was added at the beginning of the sxparimant and 30 mg/l when it was added during
the exponential phase of growth {Appendix Fig. 34 ta 37). The higher concentrations of
sodium benzoate required for complete inhibitian of T, ferrcoxidans ATCC 19859 and
WLR when the addition was made during the exponentie! phase of growth, may have
been related to the formation of 2 sparingly soluble presipitate with ferric iron (Cnysko
et al., 1984b), which would have been formed by the T. ferrocxidans cultures in the
exponential phase of growth. However, such 2 precipitate may serve as a slow release
source of benzoic acid for the control of T. ferrooxidans in acid mine water {Oaysko et
al., 1984a,b).

Differences of experimental technique are possibly respoosible for the differsnces in the
results of Onysko et al. {1984b) and those of our experiments. The inhibitory 10 mg/T
benzoic acid of Onysko et al, {)984b) equals 11,8 mg/l sodium benzoate, thus this was
not the veason. Dillerences in the T. ferrooxidans inoculum are possibly the main
reason for the inhibitory concentrations of benzoats, added at the beginning of the
experiment, being higher in our axperiments than in that of Onysko et al. (1984b). They
vsed a different T. ferrooxidans strain at an inoculation rate of 0,1% (v/v) compared
with our 10% (v/v}). Furthermore, the initial pH of their medium was pH 1,16
compared with our pH 2,0, and ths compositions of the media were not identical,

Previous experiments (section 19) showed that coal waste in the HJJ medium retarded
the growth of T. ferrooxidans ATCC 19859 in the absence of chemical inhibitors, The
addition of sodium benzoate at concentrations of at least 20 or 30 mg/l had further
retarding effects on the oxidetion of ferrcus iron, with complete inhibition of the ATCC
19859 stzain at 4D to =60 mg/] and strain WLR st 40 to 60 mg/l in the presence of 300
g/l coal waste, when the inhibitor was added at the beginning of the experiment.
Addition of sodium benzoate during the expansntial phase of growth required
concentrations of 60 to 75 mg/t for the complete inhibition of ferrons iron oxidation by
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cultures of T, ferrcoxidans ATCC 198359 and WLR in the presence of coal waste.
However, the coal waste particle size had no er hardly any effect on the inhibitory
concentration of sodinm benzoate, even though Fig, 32 and 33 of section I8 suggest that
the hish pH caused by the smaller fractions could have contributed to the inhibition of
the bacterizl ferrous iron oxidation through an unfavourable pH effect, On the other
hand, the high pH would lower tha activity of tha sodium benzoare. Passibly the twg
effects neutralized each other.

Comparison of Tables 12 and 13 indicates that the concentrations of sodium benzoate
which inhibited the T. ferrooxidans test strains in the presence of the coal waste
fractions varied from considerably lower than to similar to the inhibitory concentrations
of 5L5. As sodium benzoate iz about half the price of SLS, it has the potential for
providing more econcimical dump treatment to combat acidificasion than SLS (Onvsko et
al., 1984a),

20.4.3, Sorbic acid

Sorbic acid is most effective as an antimierobial agent below pH 3, when more than 80%
of the compound is undissociated (Jay, 1978}, Tndissociated molerules are essential for
antimierobial activity, preventing growth by inhibiting cellular uvpake of $ubstrate
molecnles, Onysko =t al. (1984b) reported that 10 mg/! sorbic acid effectively inhibited
the oxidation of [errous iron by T. ferrpoxidans. In our studies {this report, part 1,
section 7} with T, ferrcoxidans ATCC 19859 and WLER, 20 and 15 mg/l, respectively,
were necessary for complete inhibition when the sorbic acid was added at the beginning
of the experiment. When the sorbic acid was added during the exponential phase of
growth, 20 mg/fl completely inhibited the ferrous iron oxidation by bath the ATCC
198592 and the WLR strains.

When 500 g/t coal waste fractions of different particle size were included in the HIJ
medium, the retarding effect of the cozl waste itself on the ferrous iron oxidation by the
T. ferrooxidans strains in the absence of sorbic acid was noticed elearly. The addition
of at least 10 mg/l sorbic acid &t the bepinning of incubation had further retarding
effects with 40 to 60 mg/] being inhibitory, The addition of sorbic acid during the
sxponsntial phase of grwoth completely inhibited the bacterial activity at concentrations
of 45 o 75 mg/l. The wide range over which this inhibition cccurred may be due to
the smaller particle Fractions of the coal waste having infleenced the growth conditions
of the bacteria as a result of increasing the pH by 2 to 3 units in the media containing
these fractians. '
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Erickson et al. {i985) conducted inhibition experiments with sodiom benzeate and
potassium sorbate in which 60 and §00 mg of each inhibitor were added as single doses
to 7 kg coal. These doses retarded the development of scidity, in spite of weekly
leachings with tap water, by, respectively, about 2 and 10 weeks {sodium benzoate) or 5
and |3 weeks (sorbic acid) beyond the 7 weeks required for the developmant of acidiry
in the control. In their experiments, as in ours (Tables 12 and 14}, sorbic acid appeared
to be 2 more effective inhibitor of acid-producing iron-oxidizing bacteria associated
with coal waste than SLS. However, it is nat a ¢heaper chemieal than SLS and in our
expariments was no more effective as an inhibitor than sodium benzoate (Tables 123 and
14}, although it showed greater effectiveness in the smdy of Erickson et ai. {1983). On
the grounds of effectiveness plus cost, sodium benzoate appears to be potentially better
than sarbic acid {which caosts at least three times as much) for the treatment of coal

waste dumps.
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21. EFFECTS OF 1-BROMO-3-CHLORO-5,5-DIMETHYLHYDANTOIN (H900) AND
MIXTURES OF INHIBITORS (H900, SLS, SOBIUM BENZOATE
AND SORBIC ACID) ON 7. FERROOXIDANS IN HIJ MEDIUM

21.1. Iotroduction

The research of this section follows mainly from that of section 20 demonstrating the
effectiveness of the inhibjtors SLS, sodinm benzoate and sorbic acid, against acid-
generating iron-oxidizing bacteria in coal wastes, at concentrations which could provide
econcmical treatments against acid mine drainags, In particular, benzeic acid or

benzozte salts have a2n economic advantage {Onysko et al, 1984a).

This section deals with preliminary evaluations of a mixed dihalopenated dimethyl
hydantcin, not yet demonstrated as a potental inhibitor of acid drainage from mine
dumps, en its own and mixed with SL3, and mixtures of SL3, sodium henzoatz and
sorbic aecid f[as pairs of inhibitors). The 1-bromo-3-chlore-5,5-dimethylhydantsin
(H900) is a highly active antibacterial compound as a result of the synergism of the
bromo- and chloro-substituents which are released ag the antimicrobial hypobromous and
hypochlorous acids (Trueman, 1971). It was evalnated in view of an interest by a local
supplier in its possible use for inhibiting the development of acid water in a coal-
washing plant. The mixtures of inhibitors were investipated for possible synergistic
affects, which might make them more effective and more economical than the single
Inhibitors.

Mixtures of SLS with sodium benzoate and an alkylbenzenesulphonate with sodium
benzoate have been studied by Dupan {1987a,b) and Dugan and Apel {1983) for their
ability to inhibit the acidification of coml waste. The mixtore with each ingredient
suppiied at 100 mg/1 prevented zcidification of 30% coal slurries ia flask cuitures for 26
days, whergas the inhibitors on their own at 100 mg/l delayed the acidification process
for only 12 or 18 days {Dugan, 19287a). Under ‘simulated field conditions’, with 341 kg
high sulphur (& to 8%) coal waste in almost horizontal shaliow bins, and a series of four
applications of the inhibitors at 20 or 180 mg/l of each in 3,78 | of water, the
development of iron- and sylphur-nxidizing bectaria as well as the production of soluble
iron, sulphate and acidity, were temporarily inhibited (Dugen 1987b; Dugan and Apel,
1983}, However, the data from these experiments did not indicate whather the
inhibition achieved by the mixtures was synergistic or additive.
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in our preliminary evaluations of H900 and the mixtures of inhibitors, we examined the
inhibition of two T. ferrcoxidans test strains only in HYJ medium not containing coal
wasta.

21.2 Materials and Methods
123,21, General cultere procedures

The test bacteria wers T ferrooxidans ATCC 19859 and WLER. Culture procedures were
as described in section 20.2,1, axcepr that coal waste was oot added to the cultures, The
combinations and concentrations of inhibitors in duplicate test cultures ware as specifiad
in the following sections (21.2.2 to 21,2.8). All inhibitors were added in appropriate
volumes from stock soludons (1,0 g/1, except SLS and H900 at 2,0 g/l in the
=pmbination) at the start of tha cultura incubations.

21.2.2. H0

The single inhibitor H900 (supplied by Floccotan Pty. Litd., Randbucg, Transvaal) was
added in HII medium to ATCC 19859 and WLE culturas at .0 to [4,0 mg/] and 5,0 w
[5,0 mg/l, respectively, from a [reshly prepared 1.0 g/ solution of HI00 pellets
dissolved in distilled water. It was also added to ATCC 19859 cultures at 2,0 to 10,0
me/l from & 2.8 g/l solution supplied by Floccotan. The elfect of sworage of H200 in
splution on its inhibitory activity was iovestigated by adding it from 2 2,0 g/l solution
that had been stored for about 6 months to give concentrations of 2,0 to 14,0 mg/l in
WLR culiures.

21.1.3. SLS and HI0D
ATCC 19859 : SLS at 2,0, 2,5, 3,0 and 3,5 mg/l with H900 at 4,0 and 5,0 mg/L
21.2.4. SLS and sorblc acid

ATCC 19859 : 5LS at 1,0, 2,0 and 3,0 mg/] with sorbic acid at 10,0, 15,0, 20,0 and
2%.0 mg/1; sorbic acid at 10,0 and 15,0 mg/1 with SLS at 1,0, 2,0, 3,0 and 4,0 mg/i.

WLR : SLS at 1,0 mg/l with sorbic acid at 5,0, 10,0 and 15,0 mg/l; sorbic acid at
10,0 mg/l with S5LS at 0,5, 1,0, 1,5 and 2,0 mg/l.
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21.2.5. 5LS aod sodium benzoate

ATCC 19859 + SLS at 2.0 mg/! with sodium benzoate at 10,0, 12,0, 14,0 and 16,0 me/l;
sodium benzoate at 14,0 me/l with SLS at 1,0, 2.0, 3.0 and 4.0 mg/L.

WLR : SLS at 1,0 mg/]1 with sodium benzoate at 5,0, 10,0, 15,0 and 20,0 mg/l: sodium
henzoate at 10,0 mg/l with 318 at 0,5, 1,0, 1,5 and 2.0 mg/L

21.2.4. Sotblc acid and sadium Genzoate

ATCC 198359 ¢ Sorbic acid at 20,0 ma/! with sodium benzocate ar 4,0, 8,0, 12,0 and
16,0 mg/l: sodium benzoate at 10,0 mg/! with sochic acid ac 5,0, 10,8 and 150 mg/l;
sodium benzoate at 14,0 ma/1 with sorbic acid at 10,0, 15,0, 20,0 and 25,0 mg/L

WLE : Sorbic acid at 10,0 mp/l with sodium benzoate at 5,0, 10,0, 15,0 and 20,0 mg/l;
sodium benzoate at 14,0 mg/1 with sorbic acid at 5,0, 13,0 and 15,0 mg/l; sodium
benzoate at 5,0 mg/l with 5,0, 10,0 and 15,0 mg/1 sorbic acid.

21.3. Resulls

21.3.1. General

Results establishing ishibitory coacentrationz of H900 and inhibitors in mixtures are
shown in Appendix Fig. 83 to 104. The main results are indicated in the following
sections {21.3.2, to 21.3.6),

21.3.2. H%O

When added from 8 frashly prepared 1,0 g/1 stock solution, H900 complataly inhibited T
ferrooxidans ATCC 19859 and WLR ar 8,0 and 10,0 mg/l respectively (Appendix
Fig. 83). Appendix Fig. 84 shows that H900 {from a non-aged 2,0 g/1 solution) at
6,0 mg/|l complately inhibited T. ferrooxidans ATCC 19859 for ar least 22 days and at
concenirations of 2,0 to 4,0 ma/l retacded growth of the bacteria. The H900 (2,0 g/
solution) that had been stored for about 6 months was not inhibitory for WLR at
14.0 mg/1 (Appendix Fig. 85).



213

21.3.3. SLS aad H900

ATCC 19859 SLS at 2,0 to 3,5 mg/l did not inhibit ferrous iron oxidation with either
4,0 or 5,0 mg/l H300 (Appendix Fig. 86, §7), zlthough the onset of oxidation was
delaysd compietely for 266 hours by the H90D at 5,0 mg/l in combination with all the
SLS teentments [Appendix Fig. 7).

21.3.4. SLS and sorble acid

ATCC 1985% In two different experiments, SLS at 1,0 mg/l with 20,0 {Appendix Fig.
£8) or 15,0 (Appendix Fig. 52} mg/l sorbic acid iphibited iron oxidation. Iron oxidation
was inhibited by 2,0 and 3,0 mg/l SLS with sorbic acid at 15,0 to 20,0 mg/l (Appendix
Fig. 89, 90) but nat at 10,0 mg/l {Appendix Fig. 39 to 91).

WLER: SLS at 1,0 mg/1 with sorbic acid at 15,0 mg/l inhibited iron oxidation {Appendix
Fig. 93), but with sorbic acid at 10,0 mg/l, 1,5 and 2,0 mg/1 SLS oaly retarded iron
oxidation {Appendix Fig. 9d).

21.3.5. 5LS and sodium Lenzoaie

ATCC 19859 SLS at 1,0 mg/l with 14,0 mg/l sodium benzoate {Appendix Fig. 96), or at
2,0 mg/l with 10,0 mg/1 sodium benzoate {Appandix Fig. 95) inhibited irgn oxidation
compietaly,

WLR : 5LS ac 1,0 mg/l with sodium benzoate at 15,0 mg/l but not 10,0 mg/l belatedly
inhibited iron oxidation {Appendix Fig. 97). Sodium benzoate at 10,0 mg/! with 2,0 mg/l
SLS failed to inhibit iron axidation completely {Appendix Fig. 98).

21.3.6. Sorbic acld and sodium benzoate

ATCC 19859 : Sorbic acid at 20,0 mg/l with sodium benzoate at 4,0 mg/1 inhibited iron
oxidation completely (Appendix Fig. 99). Sodiem benzoate at 10,0 mg/) with sorbic acid
also at 10,0 mg/l in & rather short (140-hour} experiment completely inhibited iron
oxidation {Appendix Fig. 100), as did sodium benzoate at 14,0 mg/1 with sorbic acid at
10,0 mg/1 in a longer experiment (Appendix Fig. 101).

WLR : Serbic acid at 10,0 mg/t with sodium benzeate at 10,0 mg/l inhibited iron
oxidation (Appandix Fig. 102); ircn oxidation was also inhibited by sodium benzoate at
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14,0 mg/l with serbic acid at 5,0 mg/l {(Appendix Fig. 103) but not by sodium benzoate
at 5,0 mg/l with sorbic acid ar 15,0 mg/l {Appendix Fig. 104}

21.4. Discussion

21.4.1. H90¢

The inhibitory concentrations af non-aged H900 solutions (Appendix Fig. 83 to 33) for
the two T. ferrcoxidans strains (5,0 to 10,0 mg/l) were two to threa times higher than
the inhibitory SLS concentrations (2,0 and 4,0 mg/1) reported by Conradie (1984; also
this report, part 1, section 5) and were considerably lower than the inhibitory
concentrations of sodium benzoate and sarbic acid (15,0 and 20,0 mg/l) reported by
Maré (1989; also this report, part !, section 7). These concentrations refer to inhibitor
addition at the beginning of culture incubations. However, aging of a solution of H900
for 6 months was clearly detrimental to its ability to inhibit T, ferrcoxidans, This i3 not
surprising as the antimicrobial action of H900 is related to the formation in water of
highly reactive hypohalous acids (Trveman, 1971} which decompose spontanepusly,
particularly if exposed to light {Barnett and Wilson, [957).

cl
i
yd N\
0O=C C=0 + 2H,0 ~---> HOCI + HOBr + R
bll C-CH
) 7 3
Br CHj4

1-Bromo—-3-chloro-
5.5-dimethythydantoin

(HS00)
3HOC! ----» HCIO; + 2HCl SHOBr ---»> HBrOy + 2Br, + 2H,0
2HOCI ---» 2HCl + O, 4HOBr ---> 2Bro + Oy + Hy0

HOCl + HOL ---» HED + Clz

They can also be axpected to decomposs by reacrign with the ferrous iron in the culture

medium or mine dumps, 50 are unlikely o remain affective inhibitors for long.

HOC! (or HOBr) + 2Fe?* + 2HY  ——-=> 2Fe>¥ + HCI (or HBr) + Hy0
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These thearetical considerations wgether with the experimentzl results indicare that H40
would not ba a satisfzetory inhibitor Tor use against T, ferrooxidans in mine dumps over
extended periods,

21.4.2, SLS and H900

The HI0O added on is own was inhibitory at 6.0 mg/l but not at 4.0 mp/l. At all
concentratians tasted {Appendix Fig. 86, 87) the mixture of inhibitors was ineffective, ag
oxidation of the ferrous iron occurred im all duplicate flasks, albeit after a 266-hour
delay when the HSX) concentration was 5,0 mg/l. Some ferrous oxidation may have
resulied from a ¢chemiral reaction berween the ferrous irpn and H900, which produocss
HOCL and HOBr; these might react with the ferrous iron oxidizing it to ferric,
However, Hitle of the ferrous iron in HJJ medium would be oxidized by 4,0 or 5,0 mg/]
H900. More important is that the proposed reaction would remove the antibactarial
HOC!I and HOBr from the system, The inhibition af iron exidation for 266 hours by the
treatments with HI00 at 5,0 mg/] suggests that such ramoval was net partieularly rapid;
however, there was ao indication that the combination of H300 and 5LS would be of
any use for the treatment of mine dumps.

21.4.3. S5LS and sorbic acid

ATCC 18859« 5L8 added on its own at the beginning of culture ingubation was
completely inhibitory at 4,0 but not 2,0 mg/l {this repart, part 1, section 5); zarbic acid
oo its own was inhibitory at 20,0 but aot 15,0 mg/l (this report, part |, sectian 7). Tha
coocentrations which were inhibitory in the mixtures, i.e. 1,0 mg/l SLS with 15,0 or 20,0
mg/1 sorbic acid, or 2,0 and 3,0 mg/i SLS with 15,0 mg/] serbic acid, thus indicate no
substnntial redugtion of the minimum inhibitory concentration of the sorbic acid in tha
presence af three quarters to half the jnhibitory coucentratjons of SLS (Appendix Fig. 83
o 92), It is not clear from the presented dawa how half the inhibitory sorbic acid
concentration affects the minimum inhibitory SLS concentration. Howevear, the use of
stch mixtures of inhibitors on mine dumps wouid depend on their remaining together g
maintain a combination of inhibitory concentrations, without the loss of ome by
differential adsorprion.

WLR. : 5LS on its own inhibited iron eoxidation in HIJ medium 2t 2,0 but not 1,0 mg/]
(this report, part |, section 5) and sorbic acid at 13,0 but not 10,0 mg/l {this report, part
1, section 7). The inhibitory combination of 1,0 ma/l SLS and 15,0 ma/1 sorbic acid
(Appendix Fig, 93) thus reprasenss no reduction in the inhibitory concentration of sorbic
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acid in the presence of half the inhibitory concentration of SLS. However, the lack of
total inhibition with 2.0 mg/l SLS and 10,0 mp/l sorbic acid (Appendix Fiz. 94} is
surprising. Possibly the WLE strain became more resistant to SLS with continued
subculturing since it was tested by Conradie (1984; see also this report, part 1. section
5}

The sets of results with both strains give no indication that it would be beneficial to

treat mine dumps with an SLS-sorbic acid mixture rather than with either mhibitor an
its own.

21.4.4, 5LS and sodlum benzeate

ATCC 19857 ; In the studies of Conradie (1984 this report, part 1, section 5} and Maré
{1989; this report, part 1, section 7), SLS and sodium benzoate were inhibitory when
added to BIJ medium {at the start of culture incubation} on their :;wn at 4,0 and
15,0 mg/!, respectively. The inhibitory combination {Appendix Fig. 95) of 10,0 mg/!
sodium benzoate with 2,0 mg/l SLS suggested that a reducton of the inhibitory
concentrations of both chemicals by the use of the mizture might be achieved.

WLR : Inhibitory levels of SLS and sodium benzoate on their own, according to
Conradie (1984; this report, part 1, section 3) and Maré (1989; this repott, part 1, section
1), were 2.0 and 15,0 mg/l, respectively, With the SLS-sodium benzoate combinations,
one of the inhibitors had to be at itz inhibitory concentration For the combination 1o ba
inhibitory; thus, 1,0 mg/]1 SLS with 15,0 mg/! sodium benzoate {Appendix Fig. 97) or 2,0
mg/l SLS with 10,0 mg/l sodium benzoate (Appendix Fig. 98} were required for
inhibiton of T. ferrooxidans WLR. These results, in contrast to those with T.
ferrpoxidans ATCC I1B839, give no indication of beneflit from using an SLS-sodium
benzoate combination rather than either inhibitor alone for the treatment of mine
dumps.

Dugan (1987a) found the combination of SLS and sodium benzoate, both at 100 mg/l, to
be effective for 26 days in inhibiting sulphate production from pyrite in coal in shaken
flasks (125 ml of a 30 % slurry of coal). However the results ¢f the present investigation
suggest that both of the compounds were at or close to a concentration at which they

would have been inhibitory on their own.
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21.4.5. Sorbic acid and sodium benzoate

ATCC 19359 : Sorbic acid and sodium benzoate on their own were inhibitory at 20,0 and
15,0 mg/l, respectively {Maré, 1989 this report, part I, section 7). Although the
inhibitory combination of 10,0 mg/l of both inhibitors {Appendix Fig. 100} reprasents a
substantizl reduction over the inhibitory concentration of each acid on its own, the
combination may not actually be maore affective, If both inhibitors, as organic acids,
have & similar mechanjsm of action, the inhibitory effect of the two together may be
merely an additive organic acid effect. In this connection, the inhibitary concentrations
of 20,0 mg/l sorbic acid ar 15,0 mg/l sodium benzoate or 10,0 mg/l sorbic aecid with
10.0 mg/l sodium benzoate regresent 0,18, 0,11 and ©@,16 mM manocarboxylic acid
solutions, respectively, sugpesting that when considersd on a maolar basis, sodiom
benzoate is a2 more effective inhibitor than sorbic acid at the pH of the HIJ medium.

WLE : Sorbic acid and sodium benzoate were both inhibitory at 15,0 ms/l when added
on their own to WLER in HIJ mediom (Mzré, 1989 this repoct, section 1, part 7). In
combination, 5,0 mg/l sorbic acid and 14,0 ma/! sodium benzoate {Appendix Fig. 103)
were Inhibitory, a5 were 10,0 mg/l sorbic acid with 10,0 mg/l sodium benzoats
{Appendix Fig. 102} sodium benzoate at 5.0 mg/l with sorbic acid a-t 15,0 mg/l was nat
an inhibitory combination (Appendix Fig. 104). The additive millimolar concentrations
of monocarboxylic acid in the thrae cases (0,14, (0,16 and (3,17 mM, respectively) do nat
coctelate with this trend, suggesting, as do the results with the ATCC 19859 strain, that

i a molar basis sodium benzoate may be a mora effective inhibitor than sarbic zcid.

Thege results with the sorbic acid-sodium benzoate combinations also suggest no
potential benefit from the treatment of mine dumps with an inhibitory coembinaton

rather than with an inhibitory concentration of either inhibitor on its own.
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12, PILOT SCALE STUDY OF SODIUM LAURYL SULPHATE (SLS) AS
POTENTIAL INHIBITOR OF COAL WASTE ACIDIFICATION: ANALYSIS OF
EFFLUENTS FROM SL5-TREATED AMD UNTREATED DURKES

22,1, Intrgduction

The crucial test of an appatently effective inhibitor of acid mine drainage formation,
seiected on this basis of laboratory studies, is whether it is elTective in preventing
acidification of mine wastes in the figld under the prevailing conditions of dump
consiroction, rainfall and temperature. Field trials of treatments can be conducted on
existing waste domps or on pilot scale dumps specially constructed for the trials. The
Iatler approach was lollowed in Phase I of our research, to permit comparison of a
range ol diflerent inhibitor treatments with cantrols and to make possible the collaction

ol all effluent water from the coal waste [or chemical and microbiclogical analyses.

The inhibitor investipated in the first pilot scale study was SLE. At the time when oor
pilat scale coal waste dumps were planned and constructed in {985, SLS had emerged
from research in the U.5.A., including tests on a pilot scale and by the large-scale
treatment of existing coal waste dumps, as the leading inhibitor of acid mine drainage.
This research was conducted mainly by Kleinmann and his group (Erickson et al., 1985;
Kleinmann, 1979, 1980; Kleinmann et al., 1981; Kleinmann and Erickson, 1982, 1983;
Cln‘ysk.n et al., 1%84a) at the Research Center of the Bureauw of Mines, Pittsburgh,
Pennsylvania. OF particular signilficance was  their development of SLE-rubber
formulations in slab and pellet Teem for the long-term (up to 5 years) slow release of
SLS into coal wasts, Their research is reviewed brielly in part 1 of this report (section
5.1}. The research proved so successful that Kleinmann and Erickson (1983) eould
report that 50 mining companies werg using anionic surfactants on coal refuse, coal
stockpile areas, unreclaimed ming spoil and waste sulphide rock, with varied success.
The use of anionic surfactant-containing slow release pellers in combination with
bactericide application in a liquid spray has since been commercialized by the BF
Goodrich Ca., Akron, Ohio, under the trade name ProMac System Tor combalting acid
ming drainage from pverburden, refuse piles, mine tailings and coal storage piles during
active mining operations, as well as from old coal refuse during and fellowing
reclamation by grading, covering with soil and establishment of a vegetation cover.
Examples of successful acid mine drainage reduction by this means, for a 4-year period
following reclamation of coal refuse piles in Ohio and West YVirginia, have been reporied
by Rastopi et al. (1989).
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In our firgt pilot scale study, various coneentrations of two SLS-rubber [ormuiations in
pellet form, in combination with 2 Fixed dogse of SLS in solution, were tested as potential
inhlibitors of acidification of 55-t coal waste dumps. The slow relaase pellers were
formulations ol SL5-natural rubber and SLS-polyisopiene rubber, which had been
daveloped and studied in respect of their SLS release characteristics by Sanderson and
Immelman of the Institute for Palvmer Science, University of Stellenbasch. Their work
was part of the present research and is described in Full in part 3 of this report, zdapted
from the M.5c. thesis of Immelman {1987). The pilot scale study lasted for 3 years, with
re-dosing of the domps during the s=cond year when it became obvious that
acidiflcation was not being inhibited by the initial SIS applications. From that time,
too, the supplementary studies describad in the following three sections (saetions 23 ta
25% ware undertaken zs zttempts to explain the apparent lack of success of the SLS
treatments in preventing acid generation in the dumps.

22.2. Materials and Methods
22.2,1. Consiruction of pilot scale coal waste dumps

The study invalvad 10 dumps (test pflez} eonstructed on the Wolvekrans Section of the
Douvglas Colliery near Withank during 1i to 15 Novembes 1985. The dumps were 7.5 m
in langth and 4,5 m wide, and each contzined approximately 55 t of coal waste, The
dumps were constructed in shallow basins which had & down slope of 1:40 and were
lined with plastic sheeting to channel drainage water into a large {approximately 100 1
rubber trash bin at the lower end of the siope {Fig. 40). The coal waste was layered and
lavelled with a front-end-loader, then compacted with a 10-t mechanical compactor.

22.2.2. Dump treatments

Dumps 1 to 6 were treated at the time of their construction with 1 kg SLS in golution
plus )B-mm-diameter rubber pellstz containing 25% (m/m) SLS for slow release. The
pallats wara supplied by BTR SARMCOL, Induna Mills, Howick, Maiel, and their 5LS
relepasa properties wera studied by Immelman {1987, this report, part 3), Two types of
rubber pellet were compared, namely, natural rubber pellets on dumps | to 3 and
syathetic polyisoprene pellets on dumps 4 to 6. Dumps ) and 4 =ach received 5 kg
pell=ts, dumps 2 and 5 each 10 kg and dumps 3 and & each 15 kg. IThe pellets were
spread evenly over dumps which had besn compacted to a height of 1,05 m and were
then covered with a 9,5-m layer of coal waste, To each of the six dumps was then
added 1 kg of SLS in 20 [ water, spread svenly over the surface. Test pile 7 was treated
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with only | kg SLS in 20 | water, while wst pile 8 received no SLS treatment. Two
further dumps (9 and 10} received no SLS trearment, but were inoculated with 200 1
mine dump effloent as a source of T ferrooxidons. All test piles were irrigated with
1200 to 1600 | water on 15 Novembsr 1935 and in addition, test pile 9 was irrigatad
fortnightly through rain-free pariods with sufficient water to provide almost a collection
bin full of drainzge water,

When the rasulte of 2 vear of chemical and bactericlogical monitoring of the affluent
water (sectiopn 22.3) showed that the initial SLS rreatments failed to prevent acidification
of the test pilas, the seven treated dumps wera re-dosed with SLS on 3 February 1887
according to the schadule shown in Table 15. Dumps 1 to 3 again received natural
rubber-SLS pellets and domps 4 o & synthetic polyisoprens-5LS pellets, but at higher
dose rates than initially. The pellets were applied just below the upper surfaces of the
dumps. The additional 5 kg SLS in solution was applied to dumps | t¢ 7 in the same
way as the 1 kg applied initially. -

22.2.3. Sawmpling and analyses

After irrigation of the dumps on 15 November 1985, the e{fTuent from each dump was
emptied from the rubbar collection bin, measured and sampled in sterile, wide-mouthad,
screw-capped battles for MPN determinations of iron-oxidizing bacteria and chemical
anzlyses. Subssquently, during the rainy season, the bins were emptied at approximstely
monthly intervals and the effluents measured and sampled. Midway between these
monthly samplings, the irrigated test pile 9 was sampled [urther for chemical analyses
and the collection bin amptied. The schedule of fortnightly sampling of this dump was
continued through the dry s=asons, when the dump was irrigated.

Rainfall was measured dally on the Wealvekrans mine zbout 2 km from the pilot scale
dumps and the dataz supplied as totals for the approximately montkly periods during
which efflent was collected in the rubber bins,

The water samples of 15 November 1985 were kept at the prevailing ambient
temperature for 8 to 10 hours while being transported from Witbank to Stellenbosch by
road and air. They were then stored for 2 days at 4*C before being used for MPN
covnis. Subseguent samples were transporied from Withank 1o Siellenbosch by air
freight (South African Airways) and covrier, exposed to the prevailing ambient
temperature. The dalay between sampling and the determinations of iron-oxidizing
bacieria was | to 3 days, Longer delays were sometimes experienced with the chamical
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TABLE 15. Dosages of SLS in solution and SLS-rubber pellets applied to test pifes |
to 10 in 1985 and 1987

Dump SLS addition 1985 SLS addition 1987 Tatel LS

no. Dissolved SLS-rubber Dissalved 5LS-rubber tieatment
SLS pellets? SLS pellets® 1985-B7
{ka) fkp) (kg) (kg) (kg SLS/dumnp)

! L 5 5 10 11,25

2 | 10 5 30 20,00

3 L 15 5 &0 32,25

4 L 5 b 10 11,25

5 o 10 5 30 20,00

6 ] L5 5 60 32,25

7 1 Q 5 0 4,00

8  Treated only with mine dump efflueat. 0,00

g Treated only with mine dump effluant; iceigated Foctnightly. 0,00

10 Complately untreated, 0,00

2515 content 35 g/100 g pellets {test piles | to 3, natural rubber-SLS pellets: test piles 4
to &, polyisoprense rubber-SLS pellets)
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analyses, which were performed partly at Stellenbosch and partly at the Douglas Colliery
near Withank.

The pH of the effiuents was measured as described previously in thiz report (part |,
section 3.2,1}. Pepulations of iron-oxidizing bacteria were determined by the MPNM
procedure specified in section 17,2, using the appropriate MPN table of de Man {1983).

The SLS l=ached from the dumps in the effluenis was determined by tha colorimetric
procedura dasceeibad in part 1 of this ceport (section 12.2.2%.  For the detarminations
from 0 to 319 days, whan the SLS concentrations tended to be low, (0-ml rather than 1-
mi samples were analysed {maintaining the initial dilution to 100 mIl).

Concentrations of total iron &nd sulphate in the effluent samples were determised in the
Douglas Coliiecy Laboratery using atomic absorption spectroscopy.

22.3. Results

Rainfall recorded during the study period from the time of the construction of the
dumps is shoewn in Fig, 41, The summer r2ins of late 1985 and early 1986 ceased by the
beginning of May (193 days) and conditions were very dry until September {319 days).
Tha peried in the second rainy season from 25 MNovember 1986 (375 days) to 1 April
1987 (502 days) was considerably wetter than the corresponding period during the first
rainy season, and was succesded by a third rainy season with heavy spring rains during
September 1987 (661 to 717 dayvs), However, the summer rainy season which started with
these rains znd continued until May, 1988 (902 days), was not as wei as the previgus
rainy season. The dry ssason of 1988 was sharter than any other dry season in the study
period, consisting of only two dry months separated by a month with 29 mm of rain.

The pH measursments showed acidification in all dumps within &1 days (Fig.42). Test
piles 1, 2 and 4 were acid from the beginning of the experiment. By 120 days, the pH
of the efflant from all dumps was below pH 3,0. Theresfter it remained low (pH 1,7 10
3,2} with only stight fluctuations (Fig. 43, 44), even following retreatment of dumps 1 to
7 with high doses of SLS during February, 1987 (445 days), to the end of the study in
November 1989 (1038 days).

Populations of iron-oxidizing bacteria in the effuents by MPN count increased during
the first rainy season (Fig. 45) to ca. 107 to 109;::.1 {with the exception of test pile 4,
where the iron-oxidizing bacteria decreased [rom ca. il::-E initially to <a. 1[)3}. The
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populations during the second and third rainy seasans fluctvated mainly in the range <a.
16? to 107 /mi (Fig. 46, 47), to which they were declining by the end of the first rainy
season. After the initial raing of the Fourth tainy season {10067 day sample, August 1988}
the populations were still high, in the range llI.'l"1 (1] lﬂjjml. Three very pronounced but
short-lived declines of the irop-oxidizing populations seemed randomly distributed
among the test piles, and could not be related to prolonged dry conditions.

Sodium lauryl sulphate was leached From all weated dumps after the inital application
(Fig. 48}, but the concentratinas of SLS in the effluents were low during the first rainy
season, not exceeding 3,4 me/l, from 0 to 213 days. In fact, ali effluents showed a peak
SLS concentration at 81 days of 2,5 to 3,4 mg/l for dumps 1 1o 6 and 0,3 mg/l for dump
7. The other samples to 213 days contained less than 2,0 mg SL5/L. The very low
concentrations of SLE leached From test pile 7 (0,0 to 0,3 mg/1), end the low comulative
amount leached by the end of the first rziny season (Fig, 48) indicete that | kg of SL§
per dump was toe low a dose to leave more than negligible amounts of SLS in solution
following adsorption {see sections 25, 27) of most of the dose to the coal waste. The
cumulative SLS lgached From dumps 1 to 3 treated with the natural rubber pel]ets: was
higher than that from dumps 4 to 6 treated with corresponding concentrations of
synthetic rubber pellets {Fig. 48).

The concentrations of SLS leached from the dumps from 319 days through the next two
rainy seasons (Fig. 49), particulazly after the additional dosing &t 445 days, tended 10 be
higher {mainly 5,0 :o 30.0 mg/l), with fluctuations which may have besn related to
rainfall {Fig. 41}. The high SL5 concentrations were mainly associated with pericds of
low rainfall and the Jower concentrations with periods of high rainfall, The effluents
showed measurable SLS until 747 days, after which no SLS could be demcted in any
effluent, The cumulative SLS leached from the dumps by 747 days (Fig. 50) differed
littie among the various treatments, iscluding dump 7 which received no pellets,
indicating that the pellets possibly made little contribution to the SLS which leached
from the dumps following thair re-dosing.

The average daily iron release {calculated as the mean daily outflow since the pravious
sampling) from the test piles, even from the irrigated test pile %, showed seasonal
fluctuations, with the highest vaiues during the warm, wet summer months {Fig. 51
54). Rates of iron release from most SLS-treated piles were higher during the third rainy
season than during the first and second seasons, but test pile 7, which received the
lowest SLS dose, and control piles § and 10 showed no obvious change in the release
rates of iron from the second to the third season. More sulphate was released per day
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sampling day Indicated at top of each section) and in toral from test piles

I to 7 from 6/1/86 (day 52) to 16/6/86 {213 days).
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than iron, but rates of sulphate release showed approximately the same patterns as the
iron release rates, although with earlier paaks and declines (Fig. 55 to 58). The irrigated
control test pile 9 also displayed seasonal fluctuations of sulphaie release; howsaver, the
fluctuations were not as marked and wall-defined as with the non-irripated test piles,

Cumulative amounts of iron and sulphate leached from the test piles during the course
of the experiment ({o November [98%) are shoewn in Fig, 59, Contrel dump 9, which was
irrigated regularly and thus not subjected to drying during the normal winter drought or
drought periods in summer, released approximately the same amounts of iron and
sulphate as the two other SL5-fre= cantrol dumps (8 and 10), which were moistened anly
by the rainfall. These controls showed iron release within the range 2.8 to 4.2 kg and
sulphate release within the range 19.0 kg to 25.0 kg per test pile. Ameng the SL3-treated
piles, test piles | and 5 released about the tame& amounts of iron and sulphate as the
¢ontrols, but Ifhe amounts of iron and sulphats relessed from the other SLS-treated piles
ware below those released from the controls, Howaver, with the excaption of test pile 4
the decreases were not marked, Tast pile 4, in spite of the relativaly law dose of SLE,
consistently showed a much |ower ralease of iron and sulpheta than any of the other test
piles. Even if this exception is ignored, thate was no relationship between the amount of
SLS added per pile and the ampunts of iton and sulphate released. Any decrease in the
production of soluble iron and sulphate in the dumps as a result of treatment with SLS
was at best slight.

22.4. Discussion

Acidification seemed to be under way in the cogl waste at the time of construction of
the pilot scale dumps, as indicated by the acidity of the elffluents of dumps 1, 2 and 4
{pH <3} at the 0-day sampling. In the other dumps, where the pH of the effluent water
at the initial sampling was pH 28, acidificatlon procsedad rapidly, so that the pH of all
effluents had declined tv pH <3 by 120 days. This pH monitoring p;rovided the first
indications that the initial SLS treatments were inadequate to prevent the bacteriaily
catalysed oxidation of pyrite in the dumps. By the criterion of efflvent pH, the
subsequent SLS applications during February 1987 also seemed inadequate to prevent
pyrite oxidation, as the pH of all effluents subsaguantly remained below pH ca. 3.

It was surprising how rapidly scidification occurred in dumps 3, 6, 7, 8, 9 and I in
view of the high pH (pH =6) of the drainage water at the first one or two samplings.
However, with the exception of tast pile 3, all dumps showed detectzble populations of
iron-oxidizing bacteria in these effluents, Thiobacillus ferrooxidans has a maximum pH
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for graowth of about pH 6 {Buchanan and Gibbons, 1574}, but abviously in the complex
envirconment of the higher pH dumps, iron-oxidizing bacteria were zble to develop
sufficiently rapidly to promote acidification, thus creating increasingly favourable
conditions for their multiplication. They increased to very high populations of 107 o
lngfml efflyent {axcept dump 4, whare a decline was aobserved) during the warm, wet
conditions of the first summer. Thereafier, following the 19856 winter, the populations
were mainly in the range lf.'l3 to lt:l-‘vfml1 where they remained with Few deviations ontil
the end of the experiment. Probably stabilization of conditions in the dumps rather than
the prolonged dry 1986 winter (Fig. 41) caused these trends, as the very high populations
of the first summer were ot found again in effiuents during subsequent Summers nor

were papulation declines evident after subsequent wingers,

It is not known whather the high MPN counts of iron-oxidizing bacteria in the effluent
water from the test pilas reflect the bacterial concentrations in the heaps or whether they
resulted from growth of the bacteriz on ferrous iron leached into the collection drums,
which were emptied only once a month (except the drum of irrigated test pile 9 which
was emptied fortnightly). However, whether the bacteria were growing in the heaps or

drums, the SLS in the water draining from the test piles was insufficient to inhibit them.

All the test piles treated with SL5 showed only low concentrations of leached SLS (< 3.4
mg/l} in the effluents during the [irst rainy season and mainly <30 mg/l thereafter.
Kleinmanz and Erickson {1983) determined the adsorptive capacity of coal for 5LS to be
about 45 mg SL5/kg coal, If SLS wera adsarbed at this rate by the coal waste in the test
heaps, a dosaga of 2,47 kg SLS per haap would have just saturated the waste, The dose
of 515 applied izitially in solution (1 kg per heap) provided nbout 13 mg SL5/kg cosl
waste, thus could saturate an estimated 40% of the adsorptive capaciiy of the 55 t of
coal waste. A portion of the SLS leached from the pellets applied initially to test heaps
| to 6 wounld therefore also have been adsorbed by the coal; the calculated adsorbed
amount of 1,47 kg per heap represents 84, 42 and 28% of the total SLS supplied ia 5, 10
and 15 kg of peliets, respectively. However, if the adsorption rate were higher, for
example, nearer the 200 mg/! reported by Onysko et al. {1984a), most of the SLS
supplied in the pellets could be adsorbed. Also, the SLS from the pellats would have
become available relatively slowly {Immelman, 1987; this report, part 3), and it is clear
from the rapidity of acidification in the heaps, covpled with increases of iron-oxidizing
bacterial populations in the effluents, that toe little of the pellet SLS came inte solution
in any of the heaps, or it came into solution too stowly, for effective inhibition of the
bacteria catelysing pyrite oxidation. The concentrations of < 3,4 mg SLS/] (usually less
than 1 mg/) in the eifluents during the Ffirst rainy season after the initial SLS
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applications probably reflect the concemtrations of SLS in solition in the dumps and
were obviously inadequate to inhibit the growth of the iron-oxidizing bacteria. A
further possible problem was that with the construction of the domps, the SLS-
containing pellers were covered by cozl waste to a depth of 0.5 m, which would have
been vreated only with the 5LS in solution and not subsequently with SLS leaching {ram
the pellets. Acidilication could pechaps have occurred above the pellets even il it were
blocked below that level by the concentrations of SLS supplied by the pellets.

During the second and third rainy ssasons, particularly after the second applications of
SLS, the SLS-treated test piles showed mainly higher but varying concentrations of SLS
in the effluents until December 1987, after which no SLS could be datacted in the
samples (Fig, 49), The effluent concentrations of grearer than 20 mg/l SLS far exceeded
the 2,0 o 4,0 mg/! in solution which inhibited the developmeni of pure cuoltures of T.
ferrooxidans ATCC 19859 and WLER (this report, part 1, section 5). However, no
inhibition of iron-oxidizing bacteria occurred. The reason could be 2 preatar inherent
and/or acquired resistance of the mixed populations in the effluent water towards SLS.
A high level of resistance to SLS was displayed by enrichment culiwres from the
effluents {section 23), especially those from dumps treated with SLE, as well as T,
ferrooxidans ATCC 19859 which was adapted to grow in the presence of 18,0 mg/1 5L5.
If T. ferrcoxidans ATCC 19839 could grow at 18,0 mg/l after starting at 4,0 mg/l, the
mixed cultures, which could grow at 14,0 mg/1 SLS without training for resistance in the
laboratory, could possibly bs capable of growth at considerably higher concentrations.
The resiscance of the anrichment cultures showed trends coupled to the dosage applied.
The highest minimum inhibitory concentration of SL% for the cultures was 14,0 mg/l,
which iz lower than many of the concentrations recorded in the sffluents. Therefore,
ather as yet unknown factors in the effluents contributed to the resistance of the
bacteria to the SLS.

The cuomulative amounts of 5LS leached fram the test piles during the first wet s2ason to
213 days (Fig. 48) show release of the highest quantities of SLS from the dumps treated
with 15 kg pellets, followed by progressively lower amounts {rom the heaps treated with
10 and 5 kg of the corresponding pellets, then a much lower amouat from test pile 7
which was treated onty with the low dose of 1 kg SLS in solution, The SLS release rate
from the natural rubber pellets was slightly higher than that from the polyisoprene
rubber pellets, as could be expacted from the work of Immelmen (1987; this report, part
3). However, over the entira experiment, the cumulative amounts of SLS in the effluent

water (Fig. 50} showed virtually no differences in the amounts frfgm the different
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treatmants. Thus, the natural rubber-SLS pellets and polyiscoprane-5LS pellets, with the
possible exception of test pile &, released no more SLS into their effluents than test pile
7, which received only the basal dose of SLS in solution, The SLS in the peltets thus
remained therein or was adsorbed to the coal waste or was degraded. The last twa
mechanisms are suggested by the very low cumulative amounts {<14 g} of 5LS which
leached out of thae heaps.

Although the populations of iron-oxidizing bactetia increased rapidly in most dumps
with concomitant lowering of the pH during the first 120 days of the experiment, there
was uniil about 150 days little release of iron e0 the effiuents (Maré, 1989} Possibly
there was considerable adsorbtion of irom on thk coal waste or iron precipitation.
Sulphate appeared earlier, in the first samples (109 days) in which it was analysed.
Thereafter iron and sulphate were found regularly throughout the experiment but with
their concentrations apparently varying with season. The seasonal variations ¢an be
related in the {irst instance (except in the case of the irrigated pile %) to the wet
summers and dry winters. The summer rains would have ré-éulted in adequate moisture in
the dumps for iron-oxidizing bacteriai activity and chemical pyrite-oxidizing activity
during this season (Fip. 5! to 58). Peaks of iron and sulphate release coincided with
periods of high rainfall. The exceptional dip in iron and sulphate reiease shawn by the
476-day samples, which accumulated in the dumps during a peried of very high rainfall
{188 mm), probably resulted From prononnced dilution of these materials and loss of
gffluent from the system, for example, by the collection drums overflowing or not
collecting all effluent, Temperature also seemed 0 be an important ecological factor, as
the release of iron and to a lesser extent sulphate from the irrigated pile 9 showed
evidence of seasonality, with highest relaase rates during the summers. The rates of iron
and suiphate release were highat in the SLS-treated piles during the third rainy season
{1987-88) than earlier. This seems to indicate that a build-up of Iron-oxidizing bacterial
activity in the piles was taking place, coinciding with decreases of SLS ip the efflvent
water to below detectable levels, Also the regular rains lasted longer than during

previous wet seasons, allowing for more pyrite oxidation.,

Hesides being determined by climatic factors, the rates of prodoction of acidity, soluble
iron and sulphate may be related to permeability of the pyrite-conmaining material and
the particle size of the pyrite, It was shown by Caruccio (1970) that small particles af
pyrite {(diameter 2 to 15 um) rapidly decomposed when they wsarg sxposed to air and
moisture and that coarse pyrite (diameter >50 um) remained stable. Such factors could
have been important determinants of the rata of iron release from the coal waste test

piles.



248

The cumulative iron and sulphate values of Fig. 5% show that the amounts released from
the treated piles, with the exception of test pile 4, were similar 1o or slightly lower than
the amounts released from the untreated piles. Differences in the cumulative amounts of
iron and sulphate produced during the same sampling pericds are approximately what is
expected from the overal]l pyrite oxidation reaction, namely, 1 mol FeSy will vield I mol
Fﬂ2 !F33+ and 2 mal 5042", i.e. iron and sulphate in a mass ratio of 56:192 = 1:3.4. Na
correlation with SLS treatment can be zeen in the released amounts, The pattern of the
slight decreases of iron and sulphate in the effluents was at such variance with the
decreasas expecrted for the different levels of treatment ihat it was not possible to ascribe
the observed decreases to the SLS treatments. Rather these results appear to indicate that
SLE did not inhibit acid fermation in the test piles. The very low iron and sulphate
values from test pile 4, with a low SL3 treatment, indicate that non-homogeneity of rhe
test piles was an important factor which could even have been responsible for all the
observed différances in iron and sulphate prodoction among the piles. Heterogeneity of
the coal waste frnm'ﬂne dump tc ancther and within dumj?s is clearly shown by the
analytical results in Appendix 4, but these data suggest no reason why the iron and
sulphate release from tast pile 4 should have been so much slower than the release f rom
the other piles.

The pyrite sulphur content of the Wolvekrans coal waste was probably about 3% (1.D.
Wells, Rand Mines (Mining and Services) Ltd., Johannesburg, personzl communication),
il not higher {(Appendix 4). This pyrite would have provided each dump with
approximately 165 kg of iron. MNo more than 5 kg iron was lost from any domp during
the 3 years of the experiment. At this rate, only about 0,1% of the pyrite iron was
being lost From the coal waste per year and the production of acid drainage water ecould
possibly continue for 1000 years, This is a frightening prospect, emphasizing the
necessity of finding effective means for the long-term inhibition of pyrite oxidation in

waste deposits from coal mines.
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23. PILOT SCALE STUDY OF SLS A5 POTENTIAL INHIBITOR OF COAL WASTE
ACIDIFICATION: RESISTANCE OF IRON-OXIDIZING BACTERIA 1IN TEST PILE
EFFLUENTS AND INCREASE OF RESISTANCE OF T, FERROCXIDANS TO SLS

23.1. Introduction

Analysis of the effluents from test piles 1 to 7 in the pilot scale crial of SLS as a
patential inhibitor of acidifieation of coal waste dumps (section 22}, showed
concentrations of SLS from 20 to 30 mg/l in many of the effluents (Fig. 49) after the
re-dosing of the dumps with increased amounts of the SL3. In spite of these
concentrations being about 10 times higher than the minimum inhibitory concentrations
of SL5 (2 to 4 mg/l} for T. ferrooxidans ATCC 19859 and WLR in HJI mediom (this
report, part 1, section 5), high concentrations of chemolithotrophic iron-oxidizing
bacteriz were counted in the elfluents (Fig. 45 to 47)., One possible explanation could be
that naturally occurring iron-oxidizing bacteria in the pilot scale dumps were
considerably more resistant to SLS than the T. ferreoxidans ATCC 19859 and WLR
strains. This possibility was supgested by the minimum inhibitory SLS concentration of
6 to 8 mg/] for iron-gxidizing bacteria cultured from acid seepage from gold mine sand
dumps (this report, part 1, section 3.3). Another possible reason might be that on
continued exposure t¢ non-lethal levels of SLE, populations of iron-gxidizing bacteria
might develop increased resistance to the jnhibitor by mutation and/or selectioa
{Franklin and Snow, 1981). We investigated both of these possibilities by {i} producing
mixed enrichment cultitres of iran-oxidizing bacteria from the effluents of the test heaps
and determining for each the mipimum SL5 concentration, and (i) culturing T.
ferrooxidans ATCC 19859 and WLE in HIJ madium in the presence of progressively
increasing concentrations of SLS to determine the highest concentratisns 0 which they
could become resistant,

23.2. Materials and Methods

23.2.1. Resistance of iron-oxidizing cultures from lest pile effloent water

Water (1{ m!) From test pile effiuents was inoculated intas M mf HIJ medium in 250-mi
Erlesmeayer flasks, The cultures were incubated on a rotary shaker (120 r.p.m.) at 26°C
until growth occurred. Subcultures were inoculated and grown in a similar way for 72
haurs for use as inoculum for resistance tests, A 10% (v/v} inoculum and SLS at 2,0 to
14,0 mg/l were addad to 250-ml Erlenmeyer flasks containing 100 ml HIJ medium,
These culiures were incubated on a rotary shaker (120 r.p.m.} at 26°C and growth
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monitored as ferrous iron metabolism as described previously {this report, part 1, section

2). This procedure was repeated with successive efflusnt sampies from individual rest
piles.

23.1.2. Resistance of T. ferrooxidans ATCC 19839 and WLR grown in the presance of
SLS

Stationary |-week-old cultures of T, ferrooxidans ATCC 19859 and WLER grown at 26°C
in I00 ml HII medium in 250-ml Erlenmeyer rlasks were subsultured (10% v/v
inocylum) in the same way in HJJ medium svupplemanted with 1,0 mg/l SLS. The
cultures were incubated at 26°C until growth occurred. Further successive subcultures
were made, each time increasing the concentration of inhibitor by 0,5 mg/l. A second
series of subcultures, prepared in the same way, was incubated at 26°C on a rotary
shaker (129 r.;I}.m.} .

23.3. Results

23.3.1. Resistance ol iron-oxidiziog cultares {rom test pile efTluent water

Cultures of iron-oxidizing bacteriz from the first three samplings seemed to show 2
difference between the SLS concentrations needed to inhibit the cultures from treated
and untreated dumps (Table 16). Almost afl culeures obtained during those samplings
from test piles 2, 3. 5 and 6, which received the highest doses of SLS, werz not’
inhibited by 6.0 mg/l SLS, whereas most cultures from the SLS-free control pile
effluents (test piles 8, 9 and 10) were inhibited by 2,0 or 4,0 mg/l SLS. The cultures
from the effluents of test piles | and 4, which received low doses of SLS, were inhibited
by 6,0 mg/l or higher cancenmations of SLS. However, several cultures from [later
samples {J1/4/88 to 7/7/88) from control piles & to 10 showed minimum inhibitory SLS
¢oncentrations of 8,0 to 10,0 mg/l, ie in the range required for the inhibition of
cultures from effluent from SLS-treated piles.

23.3.2, Resistance of T. ferrooxidans ATCC 19859 and WLR grown in the presence of
SLS

By successive subculturing in HIJJ medium cooteining increasing SLS concentraticns
{increments of ,5 mg/l/subculture}, T. ferrooxidans ATCC |9859 was adapted to grow
in the presence of 18,0 (statiopary cultures) end 18,3 (shaken cultures) mg/l SLS. The
corresponding maximum SLS concentrations at which T. ferrooxidans WLR eventually
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TABLE 16, Minimum inhibitory concentrations of SLE for lron-oxidizing bacteria in test pile elfluents

Sampling Minimum inhibitory SLS concentration for effluegnt enrichment
date cultcra from test pile

i 2 3 4 5 6 7 B 9 10

Mean Range

T//37 -8 10 10 6 10 10 4 4 2 2 64 2-10
20/1/88 ] B 10 8 10 12 6 L] 4 q 7.6 4-]2
2/2/88 ] 6 8 10 12 4 4 4 q 6,6 4-12
373788 6 & B 6 14 6 & 6 g 1.2 f-14
11/4/88 L ] 1 8 L 10 8 & i 3 2,2 2-10
5/5/88 L i L1 4 B 3 & g B L] 74 4-8
T/1/88 ] 6 10 10 10 10 a Y] a & g2 G-10

Mean 6,5 74 ol 7.4 .S 10,9 6,0 6,3 54 54
Range 6-8 6-10 2-10 4-10 $-10 E-14 4-83 4-10 2-8 2-3
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grew, were 3.5 and &0 mg/l. Concentrations of SL3 which inhibited these cultures
initially (this report, part 1, section 5) were 4,0 (ATCC 19859, shaken) and 2,0 (WLE,
shaken) mg/l.

23.4, Discussion
23.4.1. Resistance of iron-oxidiziog cultures from test pile ef{luent water

The data in Table 16 show considarable resistance of iron-oxidizing bacteria in certain
effiuent samples from both treated and unéreated test piles, to imhibition by SLS. High
minimum inhibitory concentrations recorded For some cultures from treated piles may be
the result of exposure to SLS in the test piles; however, there IS no clear consistent
pattern of greater SLS resistance among cultures from trezted piles than among those
from untrented piles. The highest SLS concentrations {12,0 to 14,0 mg/I} required to
inhibit the mixed cultures of iron-pxidizing bacteria from the test piles were three to
saven himes as high as those required to inhibit pure cultures of T. ferrooxidans ATCC
19859 and WLR (this report, part 1, section 3), explaining resistance to and the
possibility of growth in the presence of some of the SLS concentrations measured in the
test pile effluents.

13::1.2. Resistance of T. ferrcoxidans ATCC 19859 ard WLR grown in the presence of
SLS

Thiobacillus ferrooxidans ATCC 19859 developed the ability to grow in the presence of
18,5 mg SLS/!, which it 4,5 times higher than the initial minimum inhibitory SL3
concantration {this report, part 1, section 5). The resistance of 7. ferrooxidmis WLR
increased by a similar iactor. In¢reases in the resistance of iron-oxidizing bacteria
expased to SLS in coal dumps can therefore be expected. Passibly, if they started with a
requirement of § to 10 mg/l SLS for inhibition {section 23.3.1), these irop-oxidizing
bacieria could develop resistance to the highest levels (ca. 25 ta 30 mg/1y of SLS detected
in the effluents, Even if they couwld not grow at these high concentrations, they might
grow in the dumps in the presence of the protective coal waste (section 20} and be
washed in high numbers into the effluent collection bins, remaining dormant, but alive,

until counted.



24, PILOT SCALE STUDY OF SLS AS POTENTIAL INHIBITOR OF COAL WASTE
ACIDIFICATION: DEGRADATION OF SLS BY HETEROTROPHIC
MICROORGANISMS FROM TEST PILE EFFLUENT WATER

24.1. Introduction

Lonp-term control of acidification in coal waste dumps by treatment with SLS will
depend not only on the dose applied to the dump and movement of the inhibitor through
tha coal waste to where the iron-oxidizing bacteria are catalyzing acid production, bue
also on the longevity of the SLS in the coal waste. As a widely vsed detergent, SLS is
biodegradable, for example, by bacteria such as those studied by White ef al. (1935} in
an English river. Various heterctrophic microorganisms have been found, as apparent
inhabitants, in acid water draining from coal waste dumps or in the wastes themselves;
they include basteria, yeasts and filamantous fungi {Belly and Brock, 1974: Coimet and
Hinkle, 1947; Dugan, 1975, Dugan et al,, 1970; Harrison, 1978; Lundgren et al., 1972;
Millar, [973; Tuttle ot al., 19568, 196%; Wichlacz and Umz, 1981), some of which could
possibly degrade SLS applied to the wastes. We investigated this possibility by isolating
heterotrophic microorganisms {yeasts and filamentous funpi} from effluents from th'e test
piles at the Wolvekrans mine and examining the abilities of the yeasts to grow in the
presence of SLS and to use SLS as sole carbon source for growth. The degradation of
SLS in liquid medium by six yeast isolates was determined guantitatively,

24.2. Materials and Methods
24.2.1, Tsolation of acid-tolerant heterotrophs resistant to and able to utllize SLS

Incculum (0,1 ml) from test pile effluent samples was spread on plares of medium M
(White et al., 1985) of pH 4,5 to 5,0, The plates were incubated at 26*C until visible
colonies (filamentous fungi and yeasts) sppeared. The filamentous fungi were identified
to form genus using the keys of von Arx (1974). The most abundant yaast colony type
present on each plate was purified by picking single colonies from successive streak
cultures on plates of medium M. Pure yeast cultures were streaked, using single colonies
picked with a sterile loop, onto medium M plates containing 0.5 and 1,0 mM SLS. The
plates were incubated at 26*°C for 2 weeks and scored [or the appearance of visible
colonies. The ability of the yeast molates to uilize SLS as sola carbon source was
assessed using the carbon source assimilation technique of van der Walt and Yarrow
(1984} with 0,5 mM SLS in the test medium. Fhysiological characteristics, namaly,
utilization of carbon and nitrogen sources for growth, growth at 25, 32 and 37°C and
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formation of starch-like extracellular polysacchrides were assessed according to
technigues described by van der Walt and Yarrow (1984). The yeasts were identified
tentatively from the genus deseriptions in Kreger-van Rij (1984).

24.2.2, Degradation of SLE by acid-tolerant yeast isolates

Selectad yeast cultures able to grow well on medium M centaining 0.5 or 1,0 mM SLS
were jnoculated, using a 10% inocwlum from a 2d4-hour shakan culture, into 230-mi
Erlenmeyer flasks containing 100 ml yeast extract-melt extract (YM) medium (van der
Walt and Yarrow, 1984} supplamentad with 0,5 mM SLS, The cultures were incuvbated
at 120 r.p.m. of a rotary shaker at 26°C, Dicappaarance af SLS was determinad by
periadically analysing samples from the flasks for residual SLS by the method described
in part 1 of this report {(section 12.2.2),

24.3. Results
24.3.1. Isolation of acid-tolerant heterotrophs resistant to and abla to utilize SLS

Many filamentous fungi and yeasts were isolated From test pile efflvents. The most
abundant filamentous fungi among the isolates were Strains of Penicillium, Aspergillus
and Oidiedendron or a similar genus. However, yeasts were the most abundant
organisms on the medium M plates, with orange-, red- and yellow-caloured species
more abundant than white species (Table 17). Physiological identification tests (Table
13) indicated that the coloured yeasts were sirains of Rhodospoaridium. Cryptococcus,
Sporidiobolus andfor Candida, The abilities of the yeast isolates to grow on medium M
plates in the presence of 0,5 mM and 1,0 mM SLS and to utilize SLS as sole carbon
source are shown in Table 17, All of tha isolates could grow in the presence of 0,5 mM
SLS, but not all could grow in the presence of 1,0 mM SLS. Mozt isclates could utilize

SLS as sole carbon source.
24.3.2. Degradation of SLS by acid-tolerant yeast Isolntes

Of six yeast isolates tested for SLS-degrading ability, four (isolates 9, 11, 12 and 33)
were able to degrade SLS in YM medium {Fig. 60} and two {isolates 6 and 13) were naL
The percentage of SLS degraded by the isclates veried from 20 to 34%. These limitad
degradation test results agree with the results of the study of utilization of SLS as sole C
source by the six izalates (Tabla 17} -
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TABLE 17, Characteristics of acid-tolarant yeasts isolated from effluents lrom 5L5-
treatad and control pilot scale coal waste diumps

Isolate no. Test pile Caolour Growth in Growth on
and sample presence of SLS SLS a5
(month/year) sple C
0.5 mM ImM sotiree
] 3(1/88) orange + - +
2 19{1/83) white - + - +
3 4(1/88) orange " . _
4 4(1/8R) white + - +
3 7(1/88) orange + - +
6 3(1/88) red + - -
7 X1/88) granga + +
B 10{1/88) orange + +
? 8(3/88) orange + + +
10 9(4/88) yellow * - +
il 6{4/88) orange + + +
12 {4,/33) arange + - +
{3 10{4/88} orange + - -
14 2(5/88) white + - -
I3 3(5/88) while + + +
16 9(5/88) white + - +
17 T(5/88) orange E - +
13 10(5/88) arangsa + - +
19 10{5/88} white + - +
20 6(5/88) white * + -
21 5(5/88) white + + +
22 9{5/88) vellow + - +
23 B{5/38) orange + - +
24 4(5/88) white + - +
25 4(5/88) white + - -
26 5{6/88) orange + + +
27 6(6/88) white + - +
28 8(6/88) orange + - +
25 8(6/88) yellow + - +
30 3(6/88) vhite + + +
3l 7{6/88) orange + - -
32 4{6/88) orange + -
33 1{6/88) orange + -
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FPhysiologica! characiaristica of acid-tolerant yensts isolaled from efflents from SLS-Lrenied end conlrgl pilof scale conl woste dumps
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FIG. 60, Disappearance of SLS from cultures of four yeasts (coal waste elfiuent

isolates 9, 11, 12 and 33) in yeast extract-malt extract medium supplied
with 0.5 mM SLS.
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24,4, DMscussion
24.4.1, Isolation ol acid-tolerant heierolraphy resistant to and able to degrade SLS

The abundance of filamentous fungi and yeasts on the isolation plates inpculated with
effluents from the test piles, togethar with the absence of bacteria, indicates that Fungi
were the predominant hetrotraphs in the effluents gnd possibly also in the piles, This
can be explained by the low pH of the test pile afflwents, which are therefore
unfavourabla for most bacteria bot not for Fongi {Alexander, 1977). IG‘[‘ the yeasts
isolated, those with orange, red or vellow pigment were the most abundant {Table |7
The physiological tests of Table 1€ are inadequate for species and even genus
identification, but assign the pigmented yeasts to the genera Rhiodosporidium,
Crypitococcus, Sporidiobolus and/or Candida.

White et al. (1985), in theit survey of sections of a river in England, (ound SLS-resistant
bacteria and bacteria containing alkylsulphatases in gren:ter concentrations in SLS-
polluted water than in non-polluted water. Although such resulis suggest that SLS in
our coal wasie piles could have favoured the development of SLS-resistant and SLS-
assimilating microorganisms, both types ol organism were common among the aecid-
talerant yeasts isolated from untreated as well as treated piles (Table 7). Among the 18
isolates Trom SLS-treated piles, six {33%} were resistant to 1 mM SLS and 12 (6700
utilizad SLS as sole carbon source; the corresponding percentages [or the 15 isolates Mrom
the SLS-{ree conirol piles were 20% and 93%, respectively. These limited data suggest
the possibility that SLS resistance among the heterotraphic veasts associated with the
SL5-treated dumps1mag,r have increased, but that the ability to utilize the SLS anion as &

carbon source had not.
24.4.2, Degradation of SLS by acid-tolerant yenst Isolates

OFf the six isoiztes tested, four were able to degrade SL.S; however, the SLS degradation
was slow (Fig. 60). This could perhaps have resulted from the SLS degradation being
tested in YW medium containing glucose as main carbon source. Thus, glucose would
probably have been utilized first, then SLS. The degradation experiments showed that
isolates from the test pile effluents were able to deprade SLS substantially and could thus
possibly have reduced the congentration available in solution in the test piles [or
inhibition of the iron-oxidizing bacteria. However, whether such degradation of SLS
actually gccurred in the fest piles, is unknown,
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25. PILOT SCALE STUDY OF SLS AS POTENTIAL INHIBITOR OF COAL
WASTE ACIDIFICATION: MOISTURE, pH, DISTRIBUTION OF SLS AND
POPULATIONS OF IRON-OXIDIZING BACTERIA THROUGH
PROFILES OF SLS-TREATED DUMPS

25.1. Introduction

Our analyses of the effluents ol dumps | to 7 over the 3-year periad of the pilot
scale trial of SLS as a potential inhibitor of acidification of coal waste dumps (section
22}, showed chat lit-r.le of the SLS applied in the treatments left the dumps (Fig. 50).
Poszible explanations include little leaching of SLS from the pellsts (this would not
apply to the & kg of SLS appliad in solution to each dump}, degradation of SLS by
heterotrophic microorganisms in the coal waste (section 24} and adsorption.
Adsorption was a likely contributing factor, as adsorption of 45 and 200 mg SLS/ks
coal waste had been reported by Kleinmann and Erickson {1983) and Onysko et al
{1984a), respectively, Afier the anslyses of the effluents of dumps | to & were
stopped, we dug into the dumps to sample coal waste from different depths and
analysed the samples for moisture, pH, 5LS content and populations of iron-oxidizing
bacteriz. The aim of these analyses was to determine whether adsorption of SLS to
the coal waste was retaining the SLE in the dumps and if 50, whather the SL5S was
distributed unevenly through the dumps leaving zones (possibly the lower sections}
with low SLS concentrations where iron-oxidizing bacteria could develop and
acidification oecur. Another aim was to determine to what depths in the compacted

dumps conditions were favourable for the growth of irpn-oxidizing bacteria.
25,2, Materials and Methods

Samples were taken on 17 January 1989 from the SL5-treated dumps ! and 3, as well
as on 20 March 1989 from dumps 2, 4, 5 and &, at various depths 1o the botiom of
the dumps, excapt dump '] which was sampled caly to 94 cm. Samples from dumps
1 and 3 were stored for 72 h and samples from dumps 2, 4, 5 and 6 for 24 h at 4°C
unti]l analysed, Moisture and pH of the coal waste samples were determinsd as
outlined in section 17.2, but with a drying period of ca. 92 h for the moisture
determipations, Water-extractable SL.S in the samples was determined by shaking 100
g (wet mass) of the coal waste in }00 ml distilled water on a rotary shaker for 1D
min at 120 r.p.m. The supernatant was removed and centrifuged at maximum speed
in a Hettich bench top centrifuge for 10 min. A 10 ml sample was diluted with 50
ml distilled water in & separating funnel and analysed for SLS using the methylene
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blue extraction procedure described in part 1 of this report {section 12.2.2). For
MPN counts of iron-oxidizing bacteria, 500 g of the coal waste samplss were added
t0 300 m) half-strength HII medium without Ferrous sulphate. This 109 dilution was
then diluted in the same medium to provide & terfold dilution series to 1078, From
sach dilution, thiee 1-ml aliquots were pipetted into wide-mouth 30-ml Erleameyer
flasks containing 20 ml HIl medium and incubated at 26*C for ca. 30 days. The
further procedure for the MPN determinations was as outlined in section [7.2.
Where sufficient material was available, samples were alsa analysed at the Ressarch
Laboratories of the Anglo American Corporation of South Africa Ltd,, Johannesburg,
for carbon, sulphur and ash. Carbon and sulphur were analysed by the LECD
pracedure {LECO Corporation, St. Jozeph, MI 49083, 11.5.A.) involving canversion af
the carbon and sulphur to carbon dioxide and sulphur diexide, respectively, for
infrared analysis, while ash was the residue following complete combustion af the
sample.

25.3. BResulis

The moisture, pH, water-extracteble SLS and log MPN count of iron-oxidizing
bacteria recorded for the samples from different depths in test piles 1 to & are shown
in Table 19 and the results of the carben, sulphur and ash analyses in Appendix 4.
The moisture in the dumps showed a tendancy to increags with increasing depth.
The pH of the coal waste samples varied from pH 1.70 to pH 4,17'1 with the highast
pH wvalue: recorded for the uppermest three samplies from domp 3. The 5LS
extracted in water from the coal discard samples varied from 0,56 to 46,52 mg/ke.
In any dump, the highest cancentrations of SLS were in the upper samples, with a
sharp drop to the concentrations of the lower samples at a depth which in dumps 1
10 3 increased as the SLS dose applied to the dump increased, These dumps had
been treated with SLS doses of 11.25, 20.00 snd 32.25 kg/dump, respectively, with
natural rubber as the carrier in the pellets. Corresponding samples fram dumps 4 to
6, in which the SLS carrier in the pellets was polyisoprene rubber, yiclded
considerably lower concentrations of water-extractable SLS which did nat show a
carrelation with dose, Iron-oxidizing bacteria were present in concentrations greater
than 100/2 in most of the durap samples, execept in the top twe or three samples
from dumps 2 and 3, where nane ar few accurrad, These were the samples to depths
af 45 and 55 cm, respectively, with the highast concentrations of water-extractable
SLS (> 40,00 mg/kg). The carbon, sulphur znd 25h analyses showed respective
overal! mean values of 28,60, 3,36 and 52,47 g/100 g coa!l was;é but jndicated clearly
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TABLE 19. Percentage moisture, pH, water-extractable 5LS and log iron-oxidizing
bacterial count (MPN)} of samples from different depths in pilot scale coal
waste ast piles | to 6

Test Sample Sample Percentage pH i'L SLS extracied Log iron-
pile  nunther depth moisture™ water from coal  oxidizing
{em) waste bacterin

(mg/key  (MPN}/g°

) 1 10 7.30 1.83 17,50 2.20
2 20 7.92 1.93 417 3.6
3 30 8.69 1.74 2,11 45.08
4 40 8.72 1.70 1,81 4.8
5 30 8.53 1.76 1,61 436
6 84 9.10 npd NDd 4,70
7 94 8.36 183 7,69 4.07
2 [ 3 5.72 2.62 43,10 0.00
2 45 7.36 2.73 46,52 0.39
3 70 9.96 2.46 1,23 208
o 112 9,65 225 i,12 2.21
3 1 25 0.11 3.87 41,00 0.00
2 40 8 69 417 46.21 0.00
3 55 8.59 321 40,12 0.91
4 75 8.38 2.42 10,70 2.08
5 100 9.67 2.47 13,84 4.09
6 12 10.64 231 3.65 17
4 1 10 7.30 2.41 1,39 2.07
2 50 9.96 2.50 1,62 4.08
3 85 7.22 2.50 RE 5.07
4 110 11.34 2.37 0,36 4,09
5 1 30 6.18 2.42 .43 106
2 67 9.50 2.51 0,89 5,08
3 85 9.53 2.44 0.93 6.08
4 112 8.34 2.34 1,56 5.08
6 1 8 6.47 230 1,19 3.49
2 50 9.12 2.38 4.49 421
3 80 9.94 2.18 0,65 5.22
4 100 9.22 .89 0,61 491

AMoisture as percentage of wet coal waste mass; mean of duplicate determinacions.
pE of a 12,5 coal waste;water suspension; mean of duplicate determinaticns.

CLag MPN/g dry coal waste, determined from MPN mables of de Man (1983); 0,00 = no
iron-oxidizing bacteria derected in flasks containing organisms from up to | g wet coai
waste,

dND = npt determined.
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how variable was the composition of the coal waste from ane test pile to another and
within tast piles.

25.4. Discussion

The relatively high moisture values recorded in the test piles indicate suitable
moisture conditions throughout the dumps for the growth of iron-oxidizing bacteria
should they not be inhibited by the chemical inhibitors. The pH levels would also
have been fazvourable For T. ferrooxidans and acidification in all dumps, but also
supgest some inhibition thereof in the upper 55 cm of test pile 3, dosed with 6,00 kg
SLS in zolution and 26,25 kg SLS in natural rubber pellets,

The SLS dosages applied 1o test piles 2 and 3 inhibited growth of iron-oxidizing
bacteria to denths of 45 and 5335 cm, respectively {slight growth occurred in the 435
_ and 55 cm samples from the respective test piles). This result suggests that SLS
applied at a dose of 20 kg/test pile could have inhibited acidification of the coa!
discard had an oxyzen barrier developed at ca. 30 cm depth as in large dumps
elsewhere {(Dupan, 1975). On an area basis, this dose rate is 20 kg/33.75 m? or 0.6
I{g{m2 ot 6 000 kg/ha, The cost of the SLS at the 1990 price (transport and
application excluded) would be R9,68 x 6 000 = R538 080/ha.

The levals of water-extractablie SLS in the samples from the test piles explain entirely
the pattern of inhibition of iron-oxidizing bacteria, the inhibition being associated
with concentrations preater than c¢a, 40 mg SLS/ke coal discard. The effect of
adsorption by the coal discard on the movement of SLS through the test piles can
clearly be seen by the sharp decrease in SLS concentration below the upper sample
{dumps 1, 4, 5 and 6) or the upper two (dump 2) or three (dump 3) samples. The
patural rubber pellets released the SLS more effectively than the synthetic
polyisoprane rubber pellats, in agreement with the results of Tmmelman {1987; this
repart, part 3), who showed the natural rubber pellets to have a faster SLE release
rate than the polyisoprene rubber pellets. A relationship is also evident between the
dose of 5LS added to test piles I to 3 and the 5LS recovered from the samples from
the tast piles. However, test piles 4 to § did not show this patiern, probably beczuse
of the much slower rates of SLS release from the polyisoprene pellets,

The distribution of SLS in the dumps raises the question of whether slow release
rubber-SLS formulations are necessary at all. The apparent adsorption of high
concenirations of SLS on the sorface layers of the coal waste may itself fupcrion as a
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slow ralease system, which could perhaps be formed merely by ireating the coal
waste with a high dase of SLS in solution.

The compaction of the dumps when they were constructed did not prevent growth of
iron-oxidizing bacteria, which werg present in l'arga numbers in the basal layers of
the coal! waste, The compaction thus did not prevent the movememt of adequate
water and oxygen for growth of the bacteria into the lower regions of the dumps.
Compaction tests on the dumps showed an increase in compaction from test pile ] o
10, with none being compacted to accepied standards {Coetzee, 1986). There is o
evidence that the increase in compaction from test pile | to 10 had any effect on the
bacterial numbers. In the U.S.A., Erickson (1985) studied the movement of oxygen
inta cozl discard 2t numerousz zites on dumpt and found oxygen penetration at
concentrations > 2% to depths of 15 cm to > 10 m. Sites covered with a clay cap and
vegetated showed seasonal fluctuation: in oxygen content from ca. 0 w > 20% at 2
depth of 60 cm below the clay cap. This showed that vegetation or clay msay not be
highly effective in reducing oxygen diffusion into coal discard. A combination of
inhibitors, compaction, clay cap and vegetation might ¢ontrol acidification, The
inhibitors would be necessary as some authors (Brock and Gustafson, 1976; Goodman
et al., 1983) have shown T. ferrooxidans to be capable of anaerobic growth. Further
work will have to be done on the distribution and growth of iron-oxidizing bacteria
in established mine dumps in South Africa 1o determine to what depth treatment
with inhibitors 1s necessary.

The analyses of carbon, sulphur and ash showed the heterogeneity of the coal waste
from dump to dump and within dumps, but show no relationship to the resulis in
Table 19 nor to the patterns of iron and swiphate released from the dumps as
reported in section 22.3.



262

26. PILOT SCALE COMPARATIVE STUDY OF 5LS AND SODIUM BENZOATE
AS POTENTIAL INHIBITORS OF COAL WASTE ACIDIFICATION

26.1. Imiroduction

In ovur study of the inhibition of two 7. ferrooxidans test strains by SLS, sodivm
benzoate and sorbic acid in HJT medinm containing 500 g£/1 coal waste {section 200,
sodium benzoate and sorbic acid showed lower minimum inhibitory concentrations
(40 to 75 mg/l) than SL5 {70 to %0 mg/l). Onysko et al. (1984a) found sodium
beanzoate comparable to SLS and potassium sorbate better in delaying the acidification
of coal wasie, while Dugan (19872) found benzoic acid somewhat better than SLS in
delaying the acidification of 30% coal waste slurries. Benzoic acid or benzoate salts
are considerably cheaper than SL35, sorbic acid or sorbates (Erickzon et al., 19835;
Onysko et al,, 1984a), being about half the price of SLS and less than a third of the
price of sorbic acid, At the end of !588, when it became evident that the SLS
treatmants were not preventing acid {ormaticn in cur pilot scale cozl waste dumps at
the Wolvekrans mine, we decided to use dump 7, which had received only & kg q[‘
SLS in sclution, and dumps 8 and 9, which had been controls, for a comparative
study of SLS and sodium benzoate as inhibitors of acid generarion. The application
strategy was also changed to dosing dump 7 every 2 weeks with 2 kg 5LS in soluticn
and dumps B and @ every 2 weaks with 0,2 and 2 kg, respectively, of sodium
benzoate in golution. Dump 10 was kept a8 an untreated control. In this trial we
aimed at saturating the adsorpron sites of dump 7 with S5LS and dump % with sodivm
benzoate to determine the amounts required for saturation and to study the inhibition
of acidification when the coal waste was saturated with inhibitor.

26.2. Materials and Methods

Dumps 7, 8, 9 and 10 were treated on 16 January 198% and fortnightly ther.eaf tar as
follows Dump 7 with 2 kg SLS (EMPICOL 1.Z wit!a §5% SLS, Polycor Chemicals,
Cape Town), dump B with 0,2 kg and dump 9 with 2 kg sodium benzoate (Heynes
Mathew Lid., Cape Town}, while dump 10 was left untreated as a control. The
inhibitor doses were dissolved in 100 | tap water and spread over the dump using 10-
1 buckets. During the rainy season, samples were collected from the rubber
collection bing before each new addition of inhibitor solution. The water volume had
to be increased from the beginning of the 1989 dry season, thus when no water was
present in the coliection bins on [3 March 198% (day 56}, 300 1 water was added o

each dump as 100 | water, 100 1 water + inhibitor and £00 1 water. However, oo this
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occasion, after addition of the water, 19,5 mm of rainfall was resorded near the test
sites. The samples were taken the Following day. As a similar watering procedure
on 10 April 1989 did not produce drainage water in the bins for a sampling on the
following day, a further 200 1 of water were added to the dumps and samples taken
on 12 April 1989 {86 days). In subsequent similar situations of no water in the
collection bins, 500 1 of water were added to each dump as 200 | water, 100 | water +
inhikitor and a Further 200 [ water. Control dump 10 received anly the appropriate
volumes of water without any inhibitor.

All effluent samples from the collection bins were analysed for pH, iron-oxidizing
bacterial numbers (MPN), total iron and sulphate as outlined in section 22.2.1,
Effluents from dump 7 were also analysed for 5LS as described in part | of this
repoct {section 12.2.2) and effluents from dumps 8 and 9 for sodium benzoate by the
Association of Official Analytical Chemists’ {A.0.A.C.) procedure (Horwitz, 1980),
adapted in the foflowing way. A ca. |15-ml sample was centrifuged for |5 minutes at
maximum speed in a Hettich bench top centrifuge. A 10-ml sample was taken from
the centrifuped supernatani and diluted to 100 ml with saturated sodium chioride
solution. The solution was made acid {pH <2} with hydrochloric acid. The acid
solution was extracted successively with 35, 25, 20, 15 and 10 ml portions of ether,
shaken well to ensure complete extraction. The combined &ther extracts were washed
with dilute {1:1000) hydrochloric acid and the aqueous washings discarded. The
washed ether extract was diluted to 100 ml with ether and the absorbance of the
extract determined, aceording to the A.0A.C. method, on a Beckman DUS
spectrophotometer, Standards for determination of the sodium benzoate
conceptration were prepared as described in the A.Q.A C. method.

26.3. Resulis

Rainfall monitored during the study period is shown in Fig, 61, The first rainy
season stopped in March 198% {after 7] days}. Thereafter a relatively long, mainly
dry winter followed {to 276 days) before the start of the next summer rains.

The pH of the effivents remained mainly between pH 2,0 and 2,6, with temporary
declines to below pH 2.0 at day:s 86 and 248 to 276 (Fig. 62). The pH of the
effluents from the treated test piles 7 to ¢ and the untreated contro! pile 10, showed
no ot only small differences, hence no cleer inhibitory affect of any of the chemical

treatments on acid geperation in the dumps,
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Logarithms of the MPN counts of iran-oxidizing bacteria in the effluents from the
test piles are shown in Fig. 43. Populations in the effluents from test piles 8 and 10
fluctuated but were always present, mainly baiweean 167 and lﬂﬁfml, However, those
in the effluents from test piles 7 and 9 decreased markedly afeer 157 days. Mo
viable iron-oxidizing bacteria could be detected in the effluent from test pile 7 and
most of the samples from test pile 9 from 188 days. The effluent samples from test
pile & on day 234 and from day 290, showing ca. 102 to 10° iron-oxidizing
bacteria/ml, were the exceptians,

Levels of SLE in the effluent water from dump 7 {Fig. 64) showed opposite trends o
those of the iron-oxidizing bacterial populations. Cnly very low levels of SLS
(mainly <0,5 mg/1) wera derected at the samplings to day 172, From day 188 a large
sustained flush of SLS from the dumps was evident, with concentrasions of 18 to 498
mg/} measured in the efTlu=nts.

No or only traces of sodinm benzoate were datecied in tha t;.f'i‘luents from dumps 2
and 9 bafore 188 days (Fig. 63), A sustained flush of sodinum benzoate from test pile
9, with concentrations mainly higher than ¢a. 100 mg/l, was evident from 183 days,
with & maximum of 376 mp/1 a1 248 days. However, sodium benzoate was at low or
trace levels in some of the effluent samples during that period, for example, on days
222 and 290 to 318. The concentrations of sodium banzoate in the effivent from test

pile § remainad low (< 30 mg/l) for the duration of the axperiment,

The average daily outflows of iron and sulphate (Fig. 66, 67) from all the test piles
fluctuated approximately in harmeny, but overall gave no indicadon that the SLS
gdded to dump 7 and the low dose of sodium bensoate added to dur;m 3 reduced
soluble iron and sulphate production in the dumps. At most samplings, the average
daily iron znd sulphate cutfiows from dump 9 were considerably lower than those
(rom the cther dumps, but this was the sifuation {rom the first sampling at 14 days.

Cumulztive iron and sulphate leached from the test piles are shown in Fig, 68, Na
significant reduction in iron and sulphate outflows from test piles 7 and 8, treated
with 518 and the low dose of benzoate, respectively, is evident in comparisoa with
the cutflow from the control test pile {0, but the outflow from test pile 9, treated
with the high dos® of sodium benzoate, was less than half those from the other test

piles.
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26.4 Discussion

The rainfall in the tesr aree during 989 (Fig. 61} showed a long dry winter szason
from day 71 to 276, interrupted by sporadic rain giving substantial readings only a1
days 115 and 143. The long period of virtval drought necessitated the addition of
500 1 of irrigation water to the test piles from day 86 until day 276, to obtain
effluent in the collection bins,

The low pH (< pH 2,8) of the effluents from the test piles throughout the
experimental perjod and the absence of any marked pH differences batween the
treated and untreated dumps (Fig. 62), give no indication of inhibitien of
acidification by any of the SLS or sodivm benzoats treatments. However, it is
possible that acidification could continue in the dumps abiotically (ses this report,
part 1, sectiph 1, reaction 5) after inhibition of the activity of the iron-oxidizing
bacteria.

Although the populations of iron-oxidizing bacteria in the effluents from the test
piles (Fig. 3) showed considerable flucteation, overall trends show marked
population decreases in test piles 7 and 9 wreated with SLS and the high dosz of
sodium banzoats, respectively, in contrast with little of no changs in test pila § with
the low dose of benzoate and the untreated control pile 10. The SLS treatmeant seems
to have besn the most effective, as no iron-oxidizing bacteria wera detected in
effluents from dump 7 after their injual complete disappearance et 188 days, whersas
populations raappeared in some of the effluents from dump 9, partictlacly from 290
to 318 days, when sodium benzoate in the effluent was at low leveis (Fig. 65), The
reason(s) for the short-lived reappearance of iron-oxidizing bacterig in the effiusni
from dump 9 at 234 days, rather than at 223 days when the benzoate in the effluent
was negligible, ars unknown.

The low jevels of SLS leached from test pile 7 until day 172 (Fig. 64} prabably
result from adsorption of most of the applied SLS to the coal waste (ses section 25).
At day 188, there was a marked increase in the amount of SLS in the leachate,
probably due to the adsorption sites of the coal waste having become saturated with
SLS as a result of the repeated addition of 2 kg SLS every 2 weeks. The dacreasss in
the SLS concentration in the effluents after day 188 could possibly be due to other
adsorption sites becoming available with the spread of the SLS through more regions
of the dump. Rainfall (Fig. 61) also may have played a role in determining the low
250- to 318-day SLS concentrations in the effluents. Apart from direct leaching
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effects, substantial rainfall could have influenced the SLS concentration by chanping
the sampling procedure {from the sampling of efffusnt thar had collected during a 2-
week period after the addition of inhibitor te the sampling of drainage water from
irrigation, with the addition of inhibitor, the day befare).

As 13 SLS applications to the dumps plus the § kg SIS applied previously (section
24.3.2) were necassary to achieve the postulated saturation af adsorption sites, the
total SLS dose for saturation of 53 t coal waste appears to be 32 kg, or ca, 0,6 kg/ton
coal waste, This iz equivalant to 600 me/kg coal! waste, which is much higher than
tha 45 mg/kg determined by Kleinmann and Erickson {1983} or the 200 mg/kp
determined by Onysko et al. {1984a) in small scale experiments. A saturation amount
of 32 kg/dump also supgests that only about one third of the 32,5 kg SLS applied to
damp 3 {6 kg 5LS in solution and 26,6 kg in SLS~-rubber pellets) moved into the rain
water penetrating the dump, as most of the SLS was recovered from the coat waste in
the upper one third of the dump (see section 25.2).

The absence of sodivm beanzoate, except in trace amounis, from the early samples qf
effluent from test piles 8 and @ (Fig, 65), could possibly be due to both adsorption
and the formation of a precipitate with iron as postulated by Cnsyko et sl. {1984a,b).
The increase in the amount of sodivm benzoate in the efftuent of test pile 9 on day
188 seems to indicate thati the adsorption/precipitation capacity of the dump in
respect of benzeoate was exceeded. Thereafter, sodium benzoate was detected at high
levels in the effluent, except at day 223, until it declined sharply at day 250 after the
start of the summer raing, The reasons for this decline may thus be related to
rainfall and could possibly be the same as for the similar decline of effivent SLS.
The reason for the absence of sodium benzoate from the effluent from test pile 9 at
the 223-day sampling it unknown, but could possibly be related to where on the

dump in relation to water channels the sodium benzoate was apnplied.

The postulated saturation of dump 9 with sodivm benzoate wnas achisved after 13
doses of 2 kg inhibitor, thus 28 kg of scdium benzoate or ca. 0,5 kg/ton coal waste.
This i5 a slightly lower total dose than the total dose of SLS needed to saturate a 55-t
dump, and with the cheaper price of sodium benzoste, suggests that this compound
should b= the chemical of choice for combatting acidification of coal waste.
However, the averape daily iron and sulpbate outflows from the test piles (Fig. 66,
67) show no clear evidence of inhibition of acidification in the treated dumps by
either 5LS or sodium benroate. Test pile 9 regularly showed the lowest values, but
these seemed to be merely a continuation of Iow initial values for the test pile. Test
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pile 9, unlike dumps 7, 8 and 10, had been subjected to continuous fortnightly
irrigation for the previous 3 vyears {section 22), which may have affecred its
performance in this study, although no more total iron and sulphate had been
removed from dump 9 than from the others (Fig. 59). The low dose of sodium
benzoate applied to test pile 8 and the S5LS applied to tesi pile 7, saemed 1o have no
inhibitory effect on the production of soluble iron and sulphate by the dumps. As in
the case of acid production, iron and sulphate praduction from pyrite could possibly
continue abiotically for an unknown perind after inhibition of iron-oxidizing
bacteria.

Compared with the cumulative iron and sulphate valuss for control pile 10, the
cumtlative iron and sulphate values for test pile 9 on their own suggest an inhibitory
effect of the high dose of sodium benzoate (Fig. 68). Howaever, the average daily
iron and sulphate outflows discussed in the previous paragraph put this a2pparent
inhibition in perspective and cast doubts on whether it was real inhibitien. The
treatments applied o 25t piles 7 and & did not seem (o h_ave had any inhibitory
elfect, according to Fig. 68.

Should saturation of coal waste dumps to 4 depth of abouwt 0,5 m with SLS or sodium
benzoate be effective in preventing acidification above an oxygen barrier,
acidifieation control might be achieved with doses of ca. 10 kg SLS or B.67 kg
sodium benzoate/33,75 mz. equivalent to ca. 3 000 kg SLS or 2 600 kg sodium
benzoate/ha. At 19%) prices the cost of these materials (transport and application
excluded) would be K9,68 x 3 000 = R29 04(/ha for SLS and R4,%7 x 2 600 = RI2
922 /hs for sodinm benzoate treatment.
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17. ADSORPTION OF SLS AND SODIUM BENZOATE BY COAL WASTE
27.1. Introduction

Several results from our research on the activity of inhibitors of iron-oxidizing bacteria
in the presence of coal waste suggested that the adsorpticn of ¥nhibitors by coal waste
was an impartant facwor. Thus, the activit:.r of SLS was reduced |3~ o 45-fold, and that
of sodium benzoate and sorbic acid by twe- to greater than [lourfold (accerding to
increases in the minimum inhibitory concentrations for two T, ferreaxidans strains) by
the inclusion of 500 g/) coal wastz in the HIJ culture medium (section 20). In the pilot
scale field tria]l of 5LS at a potential mhibitor of coal waste acidification, little ol the
applied S5LS {6 kg/dump in solution aod @ to 26,5 kg in SLS-rubber pellets) had left the
dumps in effluenis by the and of the expariment (section 22). The distribution of SL§
in the dumps at the and of the expsriment (section 25) supgested adsorption by the
upper lzyers of the coal waste of the S5LS supplied in solution and in the SL3-natural
rubbar pellats of dumps | to 3. The zmount of SLS retained in dump 7 when the
saturation level seemed to have been reached, was 600 mg/kg, which is much higher
than the 45 and 200 mg/kg adserbed in the small scale laboratary studies of Kleinmann
and Erickson (1983) and Onvysko et al. (1984aj, respectively. The corresponding valua
for sodium benzoaie in dump 9 was 500 mg/keg. With such indications of the importance
of adsorption in detsrmining the activity of inhibitors in cgal waste, but with little
quantitztive data on SL3 adscrption and almost nope on benzoate adsorption, we
undertock limired basic laboratory investigations of SL3 and sodium benzorie adsorption
by defined fractions of the Wolvekrans coal waste used in the inhibitor studies of secilon
20.

17.2. Materials and Methods

27.2.1. S5LS

Adsorption of SLS to 100 g of a 2,00 to 10,0 mm coal waste [raction was investigated by
the solution deletion method of Parfitt and Rochester (1983), The SLS at concentrations
of 100, 200, 500, 1000, 2000 and 3000 mg/l in 100 ml distilled water was shaken with
the coal waste in 250-m] Erlenmeyer flasks on a Gerhardt RC 20 rotary shaker at 120
r.p.m. for 3 h, The aqueous phase was then clarified by filtration through Whatman no.
114 paper. The amount of SLS in the sample was determined by the colorimetric
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measurement of methylene bive-SLS extracted into chlaroform according to the madified
Chamber of Mines procedure (this reparr, part !, section 122.2). To investigate the
effect of shaking time on the adsorption of SLS, a similar experiment was conducted
with a shaking rime of 24 h, Also the adsorpiion of SLS from 100 ml HIJ medium was
investigated, using 100 g of the 2 to 10 mm coal fraciisn and 50 to 3000 mg/l SLS with
shaking far 3 h.

Adsorption of SLS to 100 g of the 1,18 to 2,00 mm coal waste fraction was also
investigated. The SLS at concentrations af 10, 20, 50, 100, 200, 300, 400, 500, 600, 700
and 808 meg/l in 100 ml distilled water was added to the coal waste and the suspension
shaken a2t 120 c.p.m. for 3 h. Afrer a Further 10 to 15 minutes without shaking to
permit the suspended cozl to settle, clear supernatant was sampied and anaiysed for SL3.

27.2.2. Sodium benzaaie

Adsorption of sodium benzpate by a 2,80 o 4,00 mm coal waste fraction was studied by
th2 solurion deletion procedure {Parfitt and Rochester, 1983). To 20 mi distilled water
containing 3, 10 and 15 mg sodiem benzoate in 30-m! Erlenmeyer (lasks was added | 2
of coal wasta, The mixtures were shaken for 1 h at 120 r.p.m. on 2 rotary shaker at
26°C. Supernstant (i5 ml) was then removed and anaiysed for sodium benzoate as
described in section 26.2. In a further sxperiment, tha sodivm benzoate was supplied at
andy 5 me/20 ml and the coal waste concentration varied Crom 2 to 24 2/20 ml.

27.3. Resulis
21.3.1. SLs

To mest the neads of the present investigation, data were plotted as 515 adsorbed or L3S
in solution against SLS supplied per 100 g coal waste ia the 100 ml experimental system.

Figures §9 to 71 record SLS adsorption by the 2 to 10 mm coal fraction as detarmined
using the sglution deletion procedure. The shaking time (3 ar 24 h} and adsorption of
the SLS from HJIJ medium rather than from water had little or no effect gn SLS
adsorption by the eoal. With SLS supplied at 100 to 300 mg/100 ml, 72 to 86% of the
SLS was adsorbed by the 100 g coal discard: witk 5 1o 50 mg/100 ml SLS supplied, the
sdsorption percentages were more variabls, but x 64% of the SLS was adsorbed. As the
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supplied 5L5 concentration decreased 1o below 40 to 50 mg/100 g coal waste, there was

a ‘cross-over' from most of the SLS being adsorbed to most remaining in solution.

With 100 g coal waste of particle size 1,18 to 2,00 mm and SLS supplied at ) 10 &0
mg/100 ml, from 68 to 100% of the SLS was adsorbed (Fig. 72), This smzller particle
fraction, onlike the 2 w 10 mm fraction, showd no ‘cross-over' from maoast of the SLS

being adsorbed to most remaining in soletion as the SLS concentration decreasad.
27.3.1. Sodium berzoate

In the adsorptian study with | g coal waste (2,80 to 4,00 mm fraction) 2nd § to 15 mg
sedium benzoate in 20 ml distilled water, both the amount of sodium benzoats adsorbed
and the amount in solution increased with increasing amounts of sodium banzoate
supplied (Fig. 73). At all three sodium benzoate concentrations, more remained in
solution (6! to 88%) than was adsarbed (i2 to 39%); however, the percentage edsorbed
increased and that in solution decreased as the sodium benzoate added to the system
incraasad.

When the sedium henzoate in the systern was kept constant at 5 mg/20 ml distilled warer
and the amount of coal waste varied {2 o 24 g/20 ml), the amount of sodivm benzoats
adsorbed increased as the amount of coal waste increased to k4 g/20 ml (Fig. 74). At
coal wasee concentrations of k4 to 18 £/20 ml, adsorbed sodivm benzoate was at a
maximum, then decreased when 20 w0 24 g coal waste/20 ml solution was supplitd. The
amount of sodivm benzoate in salution showed the opposite trends. However, at no coal
waste concentration was more than half of the supplied sodium benzoate adsorbed.
Plotting of the data as g sodium benzoate adsorbed/g coal waste versus g coal waste/20
ml sotution yielded the curve shown in Fig. 75, i.e. as the coal wasie concentration
increased, the increments of sodium benzoate adsorbed/g coal waste became less and less.

27.4. Discussion
27.4.1. SLS
The data of Fig. 69 w 7] supgast a tendency for at least 20 mg SLS 1o remain in the 100

ml solution znd most of the rest to be adsorbed to the c¢oal waste (2,0 to 10,0 mm
fraction) This wes the situativn whether the suspanding medium was water, with the



/400 Sy

SLS adsorhed
SLS in solution

+  S5LS adsorbed 78 L
g0 . P
SLS in sclution : o~
. B T3’,¥"
-
EG - "_,-"'
8
Jff
-
40 - -
-
'?4')4, .
a0 - o
Tﬂ,-l"/.
f"f’ @
- -]
20 - 88 4 |
-~ 2 g
71 2 22 gy
P 30 . ORI > -
10 - -~ az_a--;.r--’E"‘*
Th
83 .-..-"’""/ 29
9?2214; 24
-0~ T T T ! i T T

FIG. 72,

20 10 &0 80
SLS added {mg/ 100 g coal discard)

Adsarption of 5L5 supplied at | to 8) mg/100 ml to 10¢ g cozl wasie
(1,8 to 2,00 mm F[raction) in 100 ml distilled water. Figures alongside
plotted points indicate percentage of supplied SLS that was adsorbed or
remauned in solution.



Sodium benzoafe adsorbed (mg/g ceal discard)

Sodium benzoate in solution (mg/20 ml)

10

O Sodium benzoate in solution &1
+ Sodium benzoate adsorbed A
26
12
I 1 1 [] -I I 1 | [ 1 [] 1 | []
2 4 B a 10 12 14
Sodium benzoate added [(mg/g coal discard)
FIG, 73. Adsgrption of sodium benzoate supplied at 5 to 15 mg/20 ml wo | g coal

waste (2,830 to 4,00 mm fraction) in 20 ml distillad water. Figures
alongside plotted points indicate percentage of supplied sedium benzoate
that was adsarbed or remained in sciution.

£Be



Sodium beszoate adsorbed (mg/20 mi)

Sodium benzoate in solution (mg/20 mi}

+ Sodium banzgate in solution
0 Scdium bapnzeoate adsorbed

| ] [] 1 I I ] | 1 [ I I ) |
4 5 12 16 20 24 28

Coal discard added (2/20 mi)

FIG. 74. Adsorption of sodium benzoate supplied at 5,00 mg/20 mi by 2 to 24 g
coal wasie (2,50 o 4,00 mm fraccion) in 20 ml distilled water.

¥8e



Sodium benzoate adsorbed {mg/g coal discard)

0.7

0.6

.5

0.4

0.3

0.2

0.1

FIG. 75.

¥ T T ; 1 T ; 7 T i 7 T
8 12 16 20 24 2B

Coal discard added (g/20 ml)

Adsorption of sodium benzoate suppiied ai 5 mg/20 ml, by 2 o 24 g coal
waste (2,80 to 4,00 mm fraction) in 20 ml distilled water, plotted as mp

sodium benzomte adsorbed/g coal waste.

582



286

ndsorption test mixtures shaken for 3 or 24 h, or whether it was HJT medium. Thus, as
the SLS in the system increased, the concentration [n soiution increased only slowly and
tha adsorbed SLS much more rapidly. This was reflacted by increases in the percentage
adsorbed and decreases in the percentage in solution as the concentration of SLS
supplisd increased., At the lowest concentrations of SLS supplled (50, 100 and 200
mg/1), the analytical data were rather variable, but the highest percentage of SLS
adsorbed was 64% and adsorption of less tham half the SLS was$ common among the
samples. In the laboratory studies of SLS inhibition of T. ferrooxidans strains with coal
waste fractions in che cultures {section 20}, inhibitory SLS concentrations were berween
50 and 100 mg/l (Table 12}, i.e. in the concentration region where less than two thirds
of the SLS should have been adsarbed by the [argsr fractiens {> 2 mm). It is thus
surprizing that the minimum inhibitory concentrations of SLS were 50 high in the
presence of these f{ractions, i.2. at lemst about 20 times 25 high a5 the minimum
inkibitory concentrations in the absence of coal waste. This increase seems too high to
be explained only by adsorption to the coal wasta.

The results plorted in Fig, 72 show higher percentages of adsorption of SLS from water
by the 1,18 to 2,0 mm coal fraction than by the 2,0 to 10,0 mm fraction at SL3
concentrations of < 80 mg/100 mi, At no 5LS concentration was the amounnt adsarbed
less than that in solution. Supplied SLS at 30 to 100 mg/l produced residnal SL3 in
solution at concentrations of 9 to 24 mg/l. In the inhibition experiments of Conradie
{1984; this report, part I, secton 3}, 2 to 4 mg/l SLS in HIJ medium were adequate to
inhibit the growth of T. ferrooxidans WLR and ATCC 19859, These concentrations
should be achieved at much lower concentrations of SLS supplied than the 70 to 20 mg/1
neadad to inhibit the T. ferrooxidans strains iz 108 mi HJJ medium containing 50 g coal
waste (section 20, Table 12). This discrepancy confirms the cooclusion reached in the
previcus paragraph, that other foctors, besides adsorption to the coal waste, play a role
in datermining the marked decreass in effectiveness of SL3 a5 an inhibitor of T.

ferrooxidans in the presence of cozl waste.

The obssrvation From Fig. 6% to 71 that the adsorption mixtures seemed to have a
requirament for ca. 200 ma/l SLS in sclution before much adsorption took place and that
thereafter ¢he SLS in solution imcreased only slewly with increases in the SLS added to
the system (1o 409 w 580 mg/1 for 3000 mg/! SLS supplizd), may explain the levels of
SLS in the sffluent leaving test pile 7 when the inhibitor was [lushing owt (section 26,
Fig. 64). From when the flush started at day 187, until day 276 before the onset of the
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wet season and consequent more variabfe supply of water to the dumgps, the SLS
concentrations in the effluent samples were in the range 280 1o 500 mg/l. Such

concentrations, which are well above inhibitory levels, should be expected in the solution
inm SLS-saturiued coal waste,

27.4.2, Sodium benzogte

Figure 73 shows that with a low concentration of coal waste in the adsorption mixturs (5
g/100 ml} very little sodium benzoare (12%) was adsorbed from a soiution centaining 250
mg/l, rising to 39% as the sodium benzoate concentration increased to 730 mg/l. With
higher concenwations of coal waste and with sodiem benzoate supplied at 250 mg/l, the
percentage adsorbed Increased w g meximum of ca. 48% at coal waste concentrations of
70 to 90 g/100 ml (Fig. 74). At 2 coal waste concentration of 50 g/100 ml, as used in
the inhibition swudies in section 20, ca. 38% of the sodium benzoate was adsorbed,
Although the sodium benzoate concentration was higher than the inhibitory
concenirgtions of 40 o 75 mg/l for the two T. ferrooxidans test strains (Table 13), &t
seems likely that less than half of these congentrations would have been adsorbed on the
coal waste. At least 20 to ca. 40 mg/l would thus have been available for inhibition of
the bacteria, which agraes with tha 20 to 30 mg/1 shown to be necessary in experiments
without coal waste in the cultures {this report, part 1, section 7).

The forms of the adsorption graphs in Fig. 74 and 75 indicate a decreasing benzoate
adsorption/g coal waste as the coal wast2 concentration in the system increased (Fig. 73},
to the extent that adsorption by the total amount of coal waste in the sysiem passed
through a maximum into aegative adscrpton (Fig. 74). This suggests that as the coal
waste particles became tightly packed, they interacted to exclude the benzoate from
adsorption. A possible model i5 that benzoate ions are weakly adsorbed through their
aromatic ring 1o hydrocarbon moieties at the coal waste surfaces, in spite of repulsion of
their carboxyl groups [if diszaciated and negatively charged) by carboxzyl groups on the
coal surface. As the coal waste concentration increases, forcing the particles closer
together, the intervening solution would be exposed to a greater conczatration of coal
waste carboxyl groups and an intensificaticn of negative charge, which would eventually
become adequate to exciude benzoate ions, increasing their concentration in the solution
further removed from the coal. This behaviour of the benzoate is in marked contrast to
that of SLS, which has a highly hydrophobic aliphetic hydrocarbon tail and is strongly
adsorbed to the coal waste (section 27.3.1). The amount of sodium benzoate adsorbed
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never exceeded 309 of that added (Fig. 74), whereas ca, 72% aof the 5LS added to
suspensions of coal waste at 100 g/i00 ml was adsorbed ({section 27.3.1). The
observation that at a similar coal waste concentration more thzn half of the added

sodium benzoate remained in solution, makes sodium benzoate seem promising as an

inhibitor for treatment of coal discard.
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28. CONCLUSIONS

Little information is available on the extent and environmental impact of acid mine
drainage from coal waste dumps in South Africa. Tha only two reporied investigations,
for river systems in Mata] {Kemp, 1962; Rudd, 1973), show high concentrations of total
dissolved solids, in particular sulphate, in rivers leaving coalfields, but limited declines
in the pH of the initally mildly alkaline water and reductions in the salt concentratians
downstream following dilution and self purification. However, with the large-scale
tdevelopment of apen-pit mines, particularly on the Transvaal highveld for electricity
ganeration and the mining aof export coal, the acid drainage problam and jt3 prevention
must receive continucus attention. At all costs, the axtensiva acidification of rivers, as
has occurred in the eastern U5 AL, must be avaided.

A limited stuﬁy of coal wasie dumps near Witbank showed the oceurrence of acid
drainage water in the lower parts of the dumps and in a pool alonpsida one of the
dumps, associated with the presence of large populations of chemolithotrophic ferrous
iron-oxidizing bacteria, presumed to be T. ferrooxidans {section 17). Thus a drainage
water sample of pH 2,40 and three coal wasie samples of pH 2,40 to 3,88 from the
Douglas Colliery dumyp contained 4,64.x 10° 10 283 x 1!‘.'.l'5 iron-oxidizing bacteria/ml or
g. These samples were from an acid drainzze popl, 2 waterlogged bank near the
drainage pool and (rom the battom of a rubbie slope, Four of seven samples from a
dump on the Wolvekrans Section of the Douglas Colliery also contained iron-oxidizing
bacterial populations (3,00 x 10V o 2,80 x I[I'ﬁ,fg}. The four samples were coal wasie of
pH 2,85 to 7.54 from a (lat drainage area at the toe of the dump, the bottom of the
dump slope, 15 m (vertical height) up the slope and from ore with a2 high pyrite content
on the top of the dump. Mo iron-oxidizing bacteria were detectad in freshly deposited
coal waste of pH 6,9% or drainage water of pH 7,99 from the Wolvekrans dump or in
burned waste of pH 12,30 (fom the Douglas dump. If the iran-oxidizing bacteria and
the asspciated oxidation of pyrite, which produces the acid mine drainage, are restricted
mainly to the outer 25 t0°30 cm of the dumps as is the situation slsewhere (Dugan, 1975,
Good et al., 1970), the possibility exists for inhibiting acid mine drainage formation by
the application of suitable antibacterial chemicals,

While developing a suitable experimentz] system {for tasting the inhibition of T.
ferrogzidens culturez by chemicals in the presence of coal waste, we found that coal
waste fractions of differing particle size up te 11,5 mm diameater, had a profound effect
on the ferrous iren concentration and pH of the growth medium (section i8)

necessitating the inclusion in growth and inhibition experiments of uaincculated medium



290

controls containing the ecal fraction under study., The almost neutral {(pH 6,34} coal
waste fractions raised the pH of the medium and catalysed the disappearance of ferrous
iron. Culwure grawth in the absence of inhibitors was adversely influenced by the gH
increases caused by these fractions, but also by additional inhibitory effects of the coal
waste {section 19),

In the presence of 500 g/l coal discard fractions af difTaring particle size (3,425 to 1,18,
2,00 to 2,80, 4,00 w 4,75 and 8,00 to 9,50 mm diameter), two T, ferrooxidans strains
were inhibited by SLS ar 70 to 90 meg/l, added ar tha beginning of culture incubatian or
during the exponsntial phase of culture grawth (section 20), These concenirations were
very much higher than the inhibitory concentretions of 2 to 4 mg/l SLS for cultures not
containing coal waste. In the presence of the 2,00 to 2,80, 4,00 to 4,75, 8,00 1o 9,50 mm
coal waste fractions and a 10,0 to 11,5 mm fraction, soditm benzoare and sarbic acid
were both inhibitory at 40 to 75 mg/l when added at the beginning or during the
exponential phase of growth (section 20). In the absence of coal waste, the imhibitory
concentrations of sodiom benzoate were 15 to 30 mpg/! and those of sorbic acid 15 to 20
mg/l. The wvarious coal waste fractions had little or no differential effect on the
inhibitory concentrations. Thess experiments showed that sodium benzoare and sorbic
acid might be even better than SLS Far the inhibidon af T, ferrooxidans and the
associated formation of acid in coal waste, Sodium benzoate has the additional

advantage of being a much cheaper chemical than the other twa.

In iphibition experiments with no coal waste in the ¢ulture medium, fresh solutions of
1 -bromo-3-dichlaro-5,5-dimethylhydantoin {H9Q0} inhibited T. ferroaxidenms at 6 to 10
mg/l {section 21). Ageing had a detrimental effect on the inhibitory ¢oncentratiom, so
that not even 14 mg/t of 2 6-month-cld solution was inhibitory. The instability of H300
over time makes it unsuitable for use in coal discard. Combinations of SLS with sodium
benzoate, sorbic acid and H200 and of sodium benzoate with sorbic acid caused no
substantial reductions in the inhibitory concentrations of any of the inhibitors tested

{section 21},

The treatment of pilot-scale dumps cantaining 55 t of coal waste at the Wolvekrans mine
by the applicatien of 1 kg dissolved 5LS and G, 5, 10 or i5 kg natural or polyisoprens
rubber pellets containing 35% SLS was inadequate 1o inhibit acidification, which
occurred in 2ll dumps within 3 maonths (section 22). Turther treatment of the dumps
after about |5 months with much kigher doses of SLS and SLS-rubber pellets (5 kg
dissolved SLS and 0, 10, 30 and 60 kg of the natural or polyisoprene rubber pellets with
35% SLS, to give total SLS treatments of 6,00, $1,25, 20,00 and 32,25 kg SLS/dump)
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failed to inhibit the acid, dissolved iron and sulphate production through the following
21 months. Very Lttle of the applied SLS left the dumps and the concentrations in the
effiuents, which reached 2 maximum of only about 30 mg/l, were inadequate to prevent
the survival or possibly development of high populations of chemolithotrophic iron-
oxidizing bacteria in the effluant water.

Investigations of Ffactors possibly responsible for the lack of suecess of the SL§
treatments in controliing acidification of the pilot scale ¢coal waste dumps, showed the
presence in the dump effluents of populaticns of iron-oxidizing bacteria with resistance
to 12 to 14 mgfl 5LS {section 23), and the akility of cultures of T. ferrocxidans ta
greatly increase their resistance to SLS (from being inhibited by 2 or 4 mg/l 10 growing
in medium with 8 or 18 mg/l, depending on the T. ferrcoxidans strain). The acid
effluents from the dumps alsa contained heterotrophic filamentous fungi and yeasts,
among which SLS-degrading yeasts were detected (sectlon 24), Slow ar vary slow release
of SLS from the SLS-rubber pellets and a slow downward movament of the inhibitor in
the dumps, presumably involving adsomption, resulted in only low concentraticns of SLS
im the coal wasie {« [4 mg water-extractable SL5/kg) i the lower 0,7 to 1.5 m of
dumps 2 and 3 with natural rubber pellets and throughout the dwmps with SLS-
polyisoprene rubber pelles {section 23). These low SLS concentrations permitted the
iron-oxidizing bacteria to establish populations of ca. 102 10 lﬂﬁfg in the coal waste. By
contrast, in the wpper 0,45 w0 0,55 m of dumps 2 and 3, where the water-extractable SLS
concentrations were > 40 mg/kg, no or very few iron-oxidizing bacteria were found.
This result shows that application of 5LS at a rate of 20 kg/dump or 0.5 I:g.fl:rl2 could
inhibit iron-oxidizing bacieria in the coal waste to a depth of ca. 0,5 m, hence may be
an adequate teeatment lor a dump with an oxygen barrier at g 0,5 m depth. However,
the cost of the SLS, excluding transport and application, for this weatment at the 1990
price would be R58 080/ha.

In a further pilet scale study, SLS and sodium benzoate wara compared as inhibitors of
acid drainage production by the 55-ton coal waste dumps at the Wolvekrans mine
(section 26). Treatments wers the addition of 2 kg SLS or 0,2 or 2 kg scdium
benzoate/dump every 2 weeks for ca. 10 months. From 188 days, the dumps receiving
SLS and the high dose of sodium benzoate eppeared to have their adsorption sites for the
inhibitors saturated, as indicated by {with few exceptipns) high levels of inhibitor in the
effluents. Most of these effluents showed no iron-oxidizing bacteria, in contrast to high
populations (mainly 162 10 ]Dﬁfm{} before [88 days and continuing high populations in
the affluents from the dumps receiving the low benzoate dose or water only. The
amounts of SLS and sodiurm benzoate giving the presumed saturation were, raspactively,
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600 and 500 ma/kg coal waste. If one third of these doses were applied to large dumps
to saturata the cuter 0.5 m of coal waste {to inhibit acidification ouiside the oxygen
barrier) the application rates would be ca, 3 000 and 2 600 kg/ha and the cost of the
chemicals (transport and application costs excleded} at 1990 prices R29 040 and RI|2Z2
922/ha for SLS and sodium benzoate, respectively, However, note of the dumps showad
clear evidence of reduced acidification resulting from the inhibitor treatments, although
the dump receiving the high dase of benzoate yielded lower levels of dissolved iron and
sulphata than the other dumps (unfortunately From the beginning of the experiment,
with na change when the dump became saturated with benznate).

Limited basic studies of the adsorption of 5LS @nd sodium benzoate by coal waste
(section 27) showed higher levels of SLS adsorption than benzoate adsorption, except
perhaps at SLS concentrations below 40 to 50 ma/100 g coal waste of diameter 2,0 to
10,0 mm in {80 m! water or HIJ medium. Undear these conditions less SLS was adsorbed
than remained in salution, but with higher 8LS concentrations supplied, the adsorpticn
ranged from 72 to §6%. With a smaller coal fraction (1,18 to 2,00 mm), mare than 68%
of the S5LS was adsorbed at all concentrations supplied, By contrast, less sodium
benzoate was adsorbed by a 2,80 to 4,00 mm coal waste fraction than remained in
solution with ull sodium benzoate-coal waste combinations that we tested, Adsorption to
cogl waste caq explain the effect of the waste on the minimum inhibitory concentrations
aof sodivm benzoate for two T. ferrooxidans surains in the culture inhibition experiments
af section 20, but not the much greater effect of the waste on the minimum inhibitory
concentrations of SLS. Further comparative studies of the adsorption of SLS and
benzoate to coal waste are required, 55 possible lower levels of adserption of sodium
benzoate may be another reasan for chuusing. it a5 an inhibitor in prefarence to SLS.

The overall conclusion from these labaratory and pilot seale studies an coal waste is that
sadium benzoate seems ta have the best potentizl of the inhibitors studied to inhibit
acidification of the pyrite, Hawever, the 1990 price of sufficient chemical, without
transpart and application, would he about R132 922/hz and the effectiveness of the
treatment remains 1o be proved,
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30. APPENDIX 2: COMPLETE RESULTS OF LABORATORY STUDIES OF
CHEMICAL INHIBITION OF FERROUS IRON OXIDATION
BY T. FERROOXIDANS IN HIJ MEDIUM CONTAINING
COAL WASTE FRACTIONS

Appendix Fig. Inhibitor Page
3 to 66 : Sodium lauryl sulphate {(SLS) 10
&7 to 74 : Sodium benrpaie aag

73 wm 82 : Sorbic acid 316
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of the cultures or {b) during the exponential phase of culture growth
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J1. APPENDIX 3: COMPLETE RESULTS OF LABORATORY STUDIES OF
CHEMICAL INHIBITION, ESPECIALLY BY MIXTURES OF
INHIBITORS, OF FERROUS IRON OXIDATION BY
T. FERROOXIDANS IN HJJ MEDIUM

Appendix Fig. Inhibitor(s) Page
83 w 85 : 1 =Hromo-3-chloro-5,5-dimethylhydantoin {H90) 325
26 to 87 : SLS and H2O az3
B2 w 94 : SLS and sorbic acid £+
05 o 98 : SLS and sodium benzoate 331

9% to 104 : Sorbic acid and sodium benzoate 333
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presence of HY00 {from freshly prepared 1,0 g/l solotion) added at the
baginning of incubation,
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APPENDIX FIG. 84. Growth of T. ferrooxidans ATCC 19359 in the presence of H200 (from
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incubetion,
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APPENDIX FiG. 97. Growth of T. ferrooxidans WLR in the presence of SLS (1,0 mg/l) and
sodium benzoate (5,0 to 20,0 mg/1) added at the beginning of incubation.
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APPENDIX FIG. 99. Growth of T. ferrooxidans ATCC 19859 in the presence of sorbic acid
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APPENDIX FIG. 101. Growth of T. ferrooxidans ATCC 1985% in the presence of sorbiz acid
(10,0 to 25,0 mg/l) and sodium benzaazta (14,0 mg/l) added at the
baginning of incubation.
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32. APPENDIX 4: TABLE OF CARBON, SULPHUR AND ASH ANALYSES OF
SAMPLES FROM DIFFERENT DEPTHS IN PILOT SCALE COAL WASTE TEST

PILES 1 TO 6%
Test Sample Sample Carbon Sulphur Ash
pile outnber dapth {g/100g) {g/100g} (g/100g}
{cm)

1 2 20 28,60 .50 55,80

3 30 21,80 2,62 35,60

5 50 28,10 231 40 00

7 94 3370 3.28 2110

Mean _ 28,55 2,52 53,13

2 1 5 38,20 2,27 28,60

-2 45 43,30 2,87 37,00

3 ?n 19.10 236 60,40

Mean 33,53 2,50 42 00

3 1 25 30,10 5,60 53,00

2 40 33,10 4,81 49 20

3 55 15,40 1.56 67,30

4 15 2370 .14 21.70

Mean 26,08 3,63 57,30

4 i 10 22,30 1,47 78,30

3 85 28,40 296 51.90

Mean 25,35 2,72 65.]1_]

5 2 &7 22,00 11,50 47,80

3 8& 12.30 2.20 §5.%0

Mean 20,75 6,85 56,85

6 | 8 48,30 4,20 27,90

Mean 48,30 4,20 27.90

Overall mean 28,60 3,56 52,47

2The analyses were conducted by the Ressarch Laboratories of the Anglo Amarican
Corporation of South Africa Ltd,, Johannesburg, as outlined in Section 25. Only
epal waste material with a diameter less than approximately 10 mm was analysed,
larger particles were removed from the samples by hand.



