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ABSTRACT


The Black Fork Creek watershed, located in Perry and Morgan Counties, 

Ohio, was selected as a representative field site for evaluating the solution 

chemistry of iron in streams receiving acid coal mine drainage* Water samples 

from a point source of acid discharge and a 2 km downstream section of the 

receiving stream were examined in detail* The total sulfate content* total iron 

content* Eh and pH of the acid effluent were 4500 ug/ml* 1250 ug/ml, + 584 mV 

and 2*9. respectively, at the time of sampling* Ferrous iron accounted for 95% of 

the total iron load* Both total and ferrous iron showed rapid* 10-fold decreases in 

the receiving stream even though pH of the stream water remained less than 3.5* 

The fraction of polymeric iron (> 0.1 urn esd) increased from 6% in the acid 

effluent to almost 50% of the total iron load at points farthest downstream* UV~ 

spectroscopic analyses of the stream water indicated that Fe(OH)2+ and 

Fe2(OH)24+ may be important intermediate species in polymer formation* Specific 

adsorption of SO42"" appeared to lower polymer surface charge and promote 

precipitation of ferrihydrite. a poorly crystallized iron oxide with the general 

formula 5 Fe2<>3 • 9 H2O* Ferrihydrite has a large specific surface area and a high 

affinity for many dissolved inorganic and organic species; thus* it could have a 

major impact on both water and sediment quality in streams receiving acid mine 

drainage. 

A laboratory bio-reactor was tested for potential use in the treatment of acid 

mine drainage* Cells of Thiobacillus f errooxidans were immobilized in an alginate 

matrix and used in a packed-bed column reactor for the continuous oxidation of 

Fe(II) in synthetic ferrous sulfate solutions. Oxidation efficiencies of over 90% 

i i i 



were attained within 14 to 35 days for aerated columns operating at room 

temperature with influent Fe(n) concentrations of 55 mlVL The presence of mineral 

salts in the influent solution resulted in a shorter lag period before a steady state 

of iron oxidation was achieved. Chemical (abiotic) oxidation of Fe(IX) was 

insignificant in the aerated columns, which were operated up to three months 

without a loss of activity. If developed on a commercial scale, bio-reactors of this 

type might prove useful to mining companies or environmental agencies concerned 

with the treatment and control of acid mine drainage. 

IV 
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1. IRON SPECIATXON IN A STREAM RECEIVING 

ACID MINE DRAINAGE 

1.1 Introduction 

Acid mine drainage (AMD) is an abundant but highly undesirable product of 

coal mining in southeastern Ohio. According to recent estimates, over 1,000,000 

lbs of acid are discharged daily into Ohio streams from abandoned mines and 

tailings (BUSML, 1974). Associated with this acidity are high concentrations of 

sulfate, iron, and other dissolved metals that destroy aquatic organisms and 

degrade the regional water supply. In addition, much of the dissolved iron load is 

ultimately transformed to a gelatinous precipitate (commonly referred to as 

"yellow boy") that alters the chemical and physical properties of sediments in 

polluted streams and lakes (Brady et al», 1982). 

Acid mine drainage arises from the exposure and subsequent oxidation of 

sulfide minerals (primarily pyrite and/or marcasite) found in many coals and 

associated rocks. The general process can be described by the following sequence 

of reactions generating sulfuric acid and dissolved iron: 

1) FeS2 + 3.5 O2 + H2O ^Fe 2 + + 2H+ + 2 

2) Fe2+ + 0.25 O2 + H+ ~Fe3+ + 0.5 H2O 

3) FeS2 + 2 Fe 3 + 3 Fe2+ + 2 S 

4) S + 1.5 O2 + H2O  - 2 H+ + SO4
2~ 

Reaction (2) is considered to be the rate-determining step in the dissolution of 

pyrite because the abiotic oxidation of ferrous iron is very slow at pH values 

typically associated with AMD (Singer and Stumm, 1970). However, in the 



presence of acidophilic iron oxidizing thiobacilli, the oxidation rate is accelerated 

5 to 6 times over that achieved under abiotic conditions (Nordstrom et aL, 1979). 

Much attention has been focused on acid generation through pyrite oxidation, 

but the fate of dissolved iron in streams receiving AMD has not been well 

documented. It is generally assumed that this iron is oxidized and hydrolyzed as 

follows (Nordstrom et aL, 1979): 

4) Fe3+ + H2O -Fe(OH)2+ + H+ 

5) Fe3+ + 2 H2O -Fe(OH)2
+ + 2H+ 

6) Fe+3 + 3 H2O -Fe(OH)3 + 3 H + 

These reactions have been examined in dilute aqueous solutions (e.g., Brown and 

Kester, 1980) but have not been carefully investigated under conditions 

encountered in streams receiving AMD. Likewise, little attention has been paid to 

the brick-red, colloidal tfferric hydroxides" formed in solutions containing less than 

stoichiometric amounts of base (e.g., acid mine waters). As a result, two primary 

objectives of this study were: 1) to examine the solution chemistry of iron in acid 

mine effluent and the water of a local receiving stream; and 2) to characterize the 

voluminous ferric-hydroxide precipitate that commonly accumulates as bottom 

sediment during periods of low stream discharge. 

1.2 Study Area 

The watershed utilized in this study was selected based on a survey of water 

and sediment quality in the Muskingum River Basin of southeastern Ohio (Brady, 

1982). The watershed, consisting of Black Fork Creek, Ogg Creek and Bennett 

Run, is located in Perry and Morgan counties (Fig. 1) and encompasses 74 km^ in 

the north-central portion of the Deavertown quadrangle (USGS, 1979). According 

to public records, approximately 80% of the basin has been undermined for coal. 
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Figure 1. Study area location with respect to abandoned underground mines. 



The deep mines are now abandoned, and large quantities of acid drainage are 

released from both mine tunnels and tailings adjacent to the receiving streams. 

Mining activity centered on the Middle Kittanning (#6) coal seam, which is 

associated with acid sandstones and shales in the Allegheny Group of the 

Pennsylvanian Rock System. 

1.3 Materials and Methods 

During September of 1982, non-turbid water samples were collected at a time 

of low discharge from five sites along Ogg Creek and Bennett Run (Fig. 2). The 

samples included water from an unpolluted reference area (A)9 a point source of 

acid discharge (B), and a 2 km downstream section of the receiving stream (C, D, <Sc 

E). In addition, approximately 60 liters of a voluminuous, iron-rich precipitate 

were collected from the bottom of Ogg Creek at site D. All samples were 

immediately transported to the laboratory over ice using a procedure similar to 

that recommended by Heaney and Davison (1977). 

1.3.1 Routine Water Analyses 

Upon returning to the laboratory, all water samples were promptly analyzed 

for electrical conductivity (EC), dissolved oxygen (DO), pH and redox potential 

using standard methods (APHA et aL, 1930). Redox values were converted to Eh by 

adding the temperature-adjusted potential of the saturated calomel electrode 

according to the following equation (Wood, 1976): 

7) Ehm V - Redox (mV) + 1000 [0.244-0.00066 (T - 25° C)] 

Subsamples were also passed through 0.4 \xm filters and the filtrates were 

subsequently analyzed for sulfate using a turbidimetric method (APHA et aL, 1980) 

and for dissolved metals (Ca, Mg, Na, Al, Mn, Sr, Cd, Cu, Pb, Ni and Zn) using 

plasma emission spectroscopy. 



Figure 2. Location of sample sites within the Black Fork Creek watershed. 



1.32 Fe Determinations 

A flow chart describing the procedure used to quantify dissolved and colloidal 

iron species in the water samples is presented in Fig. 3* Initially, the total Fe 

content of the unfiltered samples was determined using a procedure modified from 

that of Stucki (1981). In this procedure, all iron in the sample was solubilized and 

reduced to Fe(II) using hydroxylamine hydrochloride in the presence of fluorescent 

light as a reductant; Fe(XI) was then measured colorimetrically using 1,10

phenanthroline as a complexing agent. 

The content and size distribution of colloidal iron was examined by 

sequentially filtering 125 ml of sample through 1.0, 0.4, 0.2 and 0.1 lim Nucleopore 

filters. Aliquots of the filtrates were removed after each filtration and analyzed 

for total Fe. These values were then compared to the total Fe content of the 

original sample. 

The 0.1 \xm filtrates were further analyzed for native Fe(n) using 1,10

phenanthroline as a complexing agent in the absence of a reductant. Assuming all 

colloidal Fe was removed by filtration, dissolved Fe(DI) was then estimated by 

subtracting the amount of Fe(II) from total Fe in the filtrate. Finally, an attempt 

was made to identify hydrolytic species of Fe(IH) in the 0.1 um filtrates by 

conducting a spectroscopic absorption scan over the UV range (Knight and Sylva, 

1975). 

1.3.3 Stream Precipitate Analysis 

The yellowish precipitate collected from Ogg Creek at site D (Fig. 2) was 

concentrated by contrifugation, washed by dialysis, quick frozen, and freeze dried 

at 60° C. After drying, its chemical composition was determined using both HF 

digestion (Bernas, 1968) and an HC1 extraction procedure described by Carlson and 

Schwertmann (1981). Digests and extracts were analyzed for Fe, Al, K, Na, Ca, 

Mg, Si, and Mn using an atomic absorption spectrometer. Total S was determined 
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by a dry combustion technique (McKibbon, 1975). The crystallinity and mineralogy 

of the precipitate were evaluated using X-ray diffraction (XRD) techniques. 

1.4 Results 

1.4.1 Water Quality 

Water quality data from the study area are summarized in Table 1; additional 

data for dissolved metals are available elsewhere (Brady, 1982). As expected, 

water from the reference site (A) exhibited a neutral reaction and contained low, 

background levels of dissolved Fe and SO4. Both the Eh and DO content of the 

reference water were lower than those of the acid mine effluent and all 

downstream solutions at the time of sampling. This result can be attributed to the 

fact that AMD inhibits the activity of most aquatic organisms, thereby keeping 

biological oxygen demand at a minimum. 

The pH of the acid discharge was 2.9 and within the range of 2 to 3.5 

normally reported for AMD (Fenchel and Blackburn, 1979). The pH rose at 

downstream locations due to dilution effects; however, increases were modest 

since both surface waters and ground waters in the area are weakly buffered. 

Associated with the low pH of the mine effluent were high levels of dissolved Fe 

and SO4. Sulfate is a mobile species, and its concentration decreased by half upon 

mixing with a near equal volume of stream water at site C. Further dilution 

occurred at site D due to another influx of fresh water from Ogg Creek. The total 

Fe concentration was also reduced upon mixing of the acid discharge and stream 

waters; however, the rapid 10-fold decrease in Fe content observed at site C was 

much greater than could be accounted for by simple dilution. 

1.4.2 Iron Geochemistry 

The amount of iron occurring in natural water at equilibrium is related to the 

pH and Eh of the solution. Important ionic species may include Fe+ 3, Fe(OH)+2, 

Fe(OH)2+,. Fe+ 2 , and Fe(OH)+. A stability diagram shows the Eh and pH values at 



Table 1. Water quality data* 

Site PH Eh DO Fe SO4 

A-Reference 7.3 0.314 4.5 < 1 31 

B-Acid Discharge 2.9 0.584 5.0 1245 4543 

C-Stream 2.9 0.646 5.1 113 2000 

D-Stream 3.1 0.659 5.1 271 1020 

E-Stream 3.2 0.711 4.8 117 920 

SO4 data were obtained from filtered (0.4 pm) samples; all other parameters 
were measured using unf iltered water. 
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which each of these species predominates under a defined set of equilibrium 

conditions (Garrels and Christ, 1965). In the case of AMD, the ionic stability fields 

are influenced by high concentrations of iron and sulfate. In Fig. 4, Hem (1960) has 

demonstrated the increased stability of solid phase iron compounds when the 

activity of iron is increased from 0.01 ug/ml to 100 ug/ml under the influence of 

100 ug/ml dissolved sulfur. If Eh and pH data from this study are plotted as shown 

in Fig. 4, it becomes apparent that at low Fe concentrations (^.0.01 ug/ml) 

precipitation of ferric hydroxide would be expected only at the reference site (A). 

However, with increased amounts of dissolved Fe Of.0.01 ug/ml) in polluted 

sections of the stream system, precipitation may occur at much lower pH*s. Figure 

4 would also indicate a predominance of ferrous iron in the acid discharge with a 

shift toward soluble ferric species in the receiving stream. These predictions are 

supported by experimental evidence summarized in Fig. 5 and Table 2. 

All the water samples collected in this study were non-turbid and showed no 

visible coloration; however, sequential ultrafiltration of the solutions revealed a 

wide range in their content of colloidal and/or polymeric iron (Fig. 5). The acid 

discharge yielded only 6% colloidal (> 0.1 ]im) iron; but an immediate increase to 

17% was observed in the receiving stream at site C. Additional increases occurred 

downstream with almost 50% of the total iron in colloidal form at site D. In all 

cases, 90 to 100% of the material removed by filtration was retained on a 0.2 lira 

filter. Thus, solutions passing the 0.1 pm filters were considered to be essentially 

free of solid-phase iron compounds. 

Colorimetric analyses of the 0.1 jim filtrates (Table 2) revealed a progressive 

decrease in the amount of Fe(n) with distance from the source of pollution; ferrous 

iron accounted for 95% of the dissolved iron in the acid effluent but comprised only 

10% of the "soluble11 iron in water from the site farthest downstream. Presumably, 
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for all sample sites. 
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Table 2. Fe(lD and TDI* in the 0.1 um filtrates. 

Site Fe(n) TDI Fe(H) 
T D T 

A-Reference 0 < 1 0 

B-Acid Discharge 1118 1172 95 

C-Stream 69 94 73 

D-Stream 82 138 59 

E-Stream 9 88 10 

Total Dissolved Iron (TDI) = total iron passing a 0.1 \x m filter. 
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the remainder of the total dissolved iron load at any given site was composed of 

one or more species of Fe(XII), 

Under neutral to acid pH conditions, ferric iron may form a number of soluble 

complexes. Normally, these include aquo-coordinated Fe3 +, Fe(OH)2+, and 

Fe(OH)2+; however, in more concentrated solutions a dimerized species, 

Fe2<OH)24+» may predominate (Dutrizac, 1979). Relative concentrations of the 

hydroxy complexes may be estimated through equilibrium calculations. Recently, 

UV spectroscopic analysis has also been employed for the detection and, in some 

cases, quantification of Fe(in) species in aqueous solution (Knight and Sylva, 1975; 

Johnson et aL, 1979; Brown and Kester, 1980; Vuorinen et aL, 1983). The method 

appears to be insensitive to Fe(II). 

UV spectra obtained from 0.1 urn filtrates of the acid mine effluent and the 

polluted stream water (site D) are reproduced in Fig. 6. The former yielded a low 

intensity spectrum with a primary absorption band centered at 195 nm. Brown and 

Kester (1980) observed a similar absorption phenomenon with dilute ferric chloride 

solutions. Thus, the 195-nm band may be related to a small quantity of 

unhydrolyzed Fe(HI) in the acid effluent (Table 2). An absorption shoulder at 215 

nm is unassigned but may be due to a ferrous sulfate ion pair (Johnson et aL, 1979). 

The UV spectrum obtained from water in the receiving stream differs 

markedly from that of the acid effluent (Fig. 6). It consists of an intense 

absorption band centered at 245 nm with a second component superimposed at 

approximately 300 nm. The 245-nm band has previously been attributed both to 

Fe3 + in dilute solution (Brown and Kester, 1980) and to the Fe2«)H)24+ dimer 

where Fe(in) concentrations exceed 1(T3 molar (Knight and Sylva, 1975). Iron 

concentrations encountered in this study (Table 2) would appear to favor presence 

of the dimer. Furthermore, the band at 297 nm has been considered indicative of 
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Fe(0H)2+ (Vuorinen et aL, 1983), and Knight and Sylva (1975) have proposed that 

Fe2(OH)24+ f o  ™ s by dimerization of Fe(OH)2+ units. 

1.4*3 Properties of the Stream Precipitate 

Results from HF dissolution and HC1 extraction of the colloidal, iron-rich 

precipitate collected at site D (Fig. 2) are summarized in Table 3. Approximately 

equal quantities of Fe were solubilized with HF and 5M HC1, which indicates that 

most of the Fe was held in a non-silicate mineral phase. X-ray diffraction analysis 

of the HCl-insoluble residue revealed the presence of quartz and small amounts of 

kaolinite and clay mica. These detrital impurities are the source of higher 

quantities of Si, Al, K, Na, Mg and Mn in the HF digest as compared to the HC1 

extract. 

Iron and sulfur, together with structural and adsorbed water (LOI), comprise 

99% of the HCl-soluble fraction of the precipitate. While the sulfur content is 

substantial, it is much less than the amount required for stoichiometric formation 

of sulfate minerals, such as jarosite, that are commonly associated with AMD. 

Laboratory studies (Brady, 1982) have demonstrated that similar quantities of 

sulfur can be incorporated as structural impurities in ferric hydroxides precipitated 

under conditions similar to those encountered in AMD. Sulfate was also found to 

promote precipitation while altering the color, crystallinity and particle size of the 

laboratory synthates. 

If sulfate minerals are excluded, then the natural precipitate must consist 

primarily of iron oxides or oxyhydroxides formed by the hydrolysis of water. 

Physical evidence to this^effect was obtained by XRD analysis of the sample. The 

XRD spectrum (Fig. 7) exhibits a sharp reflection at 3.34 A, due to detrital quartz, 
o 

and two broad reflections at 2.5 and 1.5 A that are derived from the iron 

precipitate. Feitknecht, et aL (1973) have reported the same two-line spectrum 

for poorly crystallized, synthetic, "hydrous Fe(m) oxide11 with a structure consisting 
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Table 3. Chemical composition of the stream precipitate 

Element (Oxide) Element 
HC1 

Oxide Element 
HF 

Oxide 

, ,<Y 

Fe (Fe2O3) 

Al (A12O3) 

K (K2O) 

Na (Na2O) 

Ca (CaO) 

Mg (MgO) 

Si (SiO2) 

Mn (Mn3O4) 

S (SO2)* 

LOI** 

31.20 

0.08 

0.02 

0.01 

0.05 

0.01 

0.14 

0.00 

2.96 

—— 

44.60 

0.15 

0.03 

0.01 

0.07 

0.01 

0.33 

0.00 

5.92 

37.08 

31.62 

0.99 

0.49 

0.20 

0.08 

0.21 

2.91 

0.01 

2.96 

45.24 

1.87 

0.59 

0.28 

0.12 

0.36 

6.93 

0.01 

5.92 

37.08 

Residue*** 10.00 

98.20 98.40 

•Sulfur determined by dry combustion 
**LOI = weight loss on ignition to 600° C 

•••Residue = HC1 insoluble residue 



1.5A 2.5A 3.34A 

Figure 7. X-ray diffraction spectrum from the colloidal stream precipitate at site D. 
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of disordered Fe (O,OH?OH2)6 octahedral units. The two XRD lines at 2.5 and 1.5 
o 

A were thought to correspond to diffraction by the (110) and (300) structural planes 

within these units, Chukhrov, et aL (1972) have assigned the name ferrihydrite to 

natural compounds with these structural characteristics, and Carlson and 

Schwertmann (1981) have described the common occurrence of ferrihydrite in 

ochreous precipitates from Fe-bearing spring waters in Finland. 

1.5 Conclusions 

When the microbially catalyzed oxidation of pyrite reaches advanced stages, 

there is an exponential increase in the acidity and total dissolved iron load of 

asssociated drainage water (Kleinmann and Erickson, 1982). The results of this 

study demonstrate that most of the dissolved iron is in reduced form. Upon 

entering a receiving stream or lake, this iron is rapidly oxidized, hydrolyzed, and 

polymerized. UV~spectroscopic analyses indicate that Fe(OH)2+ and Fe2(OH)24+ 

may be important intermediate species in polymer formation, especially in 

situations where concentrations of dissolved Fe are on the order of 10~3 M. 

Specific adsorption of SO42" appears to lower polymer surface charge and promote 

the precipitation of ferrihydrite, a poorly crystallized iron oxide. Adsorbed sulfate 

may also inhibit the transformation of ferrihydrite to more crystalline Fe-oxides. 

Ferrihydrite has a large surface area and a high affinity for dissolved inorganic and 

organic species. Thus, it has a major impact on both water and sediment quality in 

streams receiving acid mine drainage. 

2. Ferrous Iron Oxidation by 

Immobilized ThiobaciUus Ferrooxidans 

2.1 Introduction 

A number of methods have been utilized to combat the problem of AMD, but 

the conventional approach has been to chemically treat the acid effluents. In the 

usual procedure, lime or fly ash is added to neutralize acidic waters in a retaining 
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pond. A coincident reaction between dissolved Ca and SO4 results in the 

precipitation of CaSC>4 to form a voluminous sludge that requires disposal* As 

noted in part 1 of this study, most of the iron in AMD occurs in the soluble ferrous 

state. As the pH of the AMD increases during lime neutralization, some Fe(II) 

precipitates from solution, but mass removal will not occur unless the pH is 

elevated to about 9.5 (Olem and Unz, 1977). In contrast, Feflll) hydrolyzes at pH's 

less than 5.0 to form an insoluble hydroxide. Thus, it is advantageous to oxidize 

the iron in AMD prior to neutralization with lime or fly ash. 

Olem and Unz (1977) addressed the problem of iron oxidation by utilizing 

microorganisms in rotating biological contactors to treat acid mine waters. In 

their procedure, AMD entered the rotating contactor which contained numerous 

plastic disks. Naturally-occurring, iron-oxidizing bacteria in the AMD colonized 

the plastic disks and accelerated the oxidation of Fe(XI). Using this system, 

Wichlacz and Unz (1981) reported oxidation efficiencies of over 90% for influent 

Fe(n) concentrations of 107 and 507 mg/L They concluded that the system was 

potentially useful as a first step in the treatment of AMD. 

A similar approach was employed in the present study; however, unlike Olem 

and Unz (1977) who relied on naturally-occurring bacteria in the mine water to 

colonize their rotating contactors, emphasis was placed on the immobilization of 

Thiobacillus ferrooxidans in column bioreactors. In these bioreactors, influent 

Fe(II) solutions enter the column, the immobilized cells oxidize the iron, and Fe(in) 

exits with the effluent. All work was performed on a laboratory scale using 

synthetic ferrous sulfate solutions. 

2.2 Materials and Methods 

2.2.1 Organisms and Growth Conditions 

The bacteria used in the present study were Thiobacillus ferrooxidans strain 

TFI-35 (Martin et aL, 1981). Mass cultures of the bacteria were grown with 10 mM 
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K2S4O6 under forced aeration in a New Brunswick, 12-liter fermenter. The 

bacteria were harvested at the late logarithmic growth phase and washed three 

times with a mineral salts solution (Tuovinen and Kelly, 1974) by centrifuging at 

10,000 x g for 20 min at 4° C. 

2.2.2 Immobilization with Calcium Alginate 

T. ferrooxidans was immbolized in calcium alginate according to the 

procedure described by Cheetham et aL (1979). First, an equal volume of cell 

suspension was added to a 2% (w/v) aqueous sodium alginate solution (Fisher 

Scientific Co., Cincinnati, OH). This mixture was then pumped into a stirred 0.1 M 

CaCl2 solution through an 18 gauge needle. The cell slurry was extruded as 

discrete droplets in order to form 3 mm diameter beads which gelled upon entering 

the CaCLj solution. The beads were held in the CaCl2 solution for an additional 

hour after which they were transferred to the mineral salts solution and stored at 

4° C until used. The average surface area, volume, and water content of the beads 

were 28.3 mm2, 14.1 ul and 74%, respectively. 

2.2.3 Protein Determination 

Cell suspensions used in the immobilization procedures were standardized by 

determining the protein content according to Lowry et aL (1951). Bovine albumin 

(Sigma Chemical Co., Cincinnati, OH) was used as the standard. In determining the 

protein content, a known amount (wet weight and number) of alginate beads was 

dissolved in 0.1 M sodium phosphate buffer (pH 7.5) (Gomori, 1975); wet weight of 

the beads refers to the weight of the beads after they had been filtered using a 

Buchner funnel with Whatman #3 filter paper. The mixture was stirred for one 

hour or until the beads were completely dissolved. Next, the total volume of the 

solution was determined so that the volume of the dissolved beads could be 

calculated. The mixture was then centrifuged at 10,000 x g for 20 minutes at 4° C. 
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The resulting cell pellet was resuspended in 0.1 N NaOH and was assayed for 

protein content. 

2.2.4 Reaction Column 

The reaction column used in studying iron oxidation by immbolized T. 

ferrooxidans cells was a packed-bed type reactor, 30 cm in height and 1.5 cm in 

diameter. Inoculated calcium alginate beads were packed in the column under a 

layer of glass wool which stabilized the beads while the column was aerated 

through a glass frit. A solution containing ferrous iron was pumped through the 

column at a uniform rate using a peristaltic pump. The effluent was sampled 

periodically and assayed for ferrous iron by titration with potassium permanganate 

(Soljanto et aL, 1980). 

2.3 Results 

2.3.1 Activity of Immobilized Bacteria 

In order to determine if chemical oxidation of ferrous iron would be 

significant in the aerated columns, a control column which contained alginate 

beads without bacteria was set up along with a column bearing immobilized T. 

ferrooxidans. Both columns received a solution (flow rate 7.2 ml/h) containing 55 

mM Fe2 + in the presence of mineral salts. The initial effluent exiting both 

columns at 0 h contained 15 mM Fe 2 + in contrast to the 55 mM Fe2 + influent 

concentration. This drastic reduction in Fe2+ was due to iron absorption by the 

calcium alginate beads. Equilibrium between iron in the beads and the free 

solution was accomplished within 6 h, after which iron in the control effluent 

increased to approximately its concentration in the influent solution. However, the 

effluent ferrous iron concentration from the inoculated column did not return to 

the initial level. Instead, the effluent Fe 2 + concentration returned to 67% of the 

influent solution and, from this point, the Fe2 + concentration decreased due to 

bacterial iron oxidation. Over the course of the experiment, effluent from the 
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control column ranged between 52 and 61 mM Fe2 + (influent concentration 55 mM 

Fe2+). Decreases in ferrous iron in the control effluent never exceeded 4% so that 

chemical oxidation was not a significant factor under the experimental conditions 

utilized in this study. 

In preparing the alginate beads containing bacteria, the efficiency of 

immobilization was approximately 84%. This value was calculated by dividing the 

total amount of protein in the beads by the total amount of protein used. The 

average initial protein concentration was 81 vg per alginate bead and 151.6 mg per 

column. At termination of the experiment, the final protein content was 39 ug per 

bead and 73.3 mg per column. These values represented a 52% decrease from the 

initial protein concentration. Spent beads from the terminated column were also 

smaller than when freshly prepared. The spent beads had an average diameter of 

L5 mm and an average water content of 35%. 

The flow rate of 7.2 ml/h corresponded to a residence time in the column of 

5.7 h. For the inoculated column, the ferrous iron oxidation rate for the first 

twenty days was 2.81 jimol Fe2 +/h or 18.5 nmol Fe2+/h • mg protein. Over the 

course of the experiment, the number of viable cells detected in the effluent was 

greater than 2.4 x 104 bacteria/ml. 

2.3.2 Effect of Mineral Salts on Bacterial Activity 

To examine the effects of mineral salts on bacterial activity, alginate beads 

were prepared and two columns were set up. The efficiency of the immobilization 

procedure was 70%. The flow rate of both columns was 7.3 ml/h with a residence 

time of 5.5 h. Figure 8 shows the results of this experiment. The initial oxidation 

rates for the column receiving Fe 2 + with mineral salts and the column receiving 

only ferrous iron were 151.9 nmol Fe2+/h«mg protein (9.86 jimol Fe2+/h) and 61.6 

nmol Fe2+/h • mg protein (4.00 ]x mol Fe2+/h, respectively. The column receiving 

mineral salts reached a steady state in two weeks; at this time 96% of the influent 
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Figure 8. Oxidation of 55 mM ferrous sulfate solution by immobilized T. ferrooxidans in a packed-bed column in the 
presence (O) and absence ( •  ) of mineral salts. Beads were prepared using a 3 mg protein per ml cell 
suspension. At arrow A, the flow rate was increased from 7.3 ml/h to 16.6 ml/h. At arrow B, 1 mM sodium 
molybdate was added to the column receiving no mineral salts. At arrow C, both column influents were 
acidified to pH 0.5 with sulfuric acid. 
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iron was being oxidized. In the absence of mineral salts, a steady state of 96% was 

obtained in five weeks* Also, in the absence of mineral salts, there were constant 

fluctuations in the effluent Fe^+ concentration. 

After 10.5 weeks (Fig. 8, arrow A), the flow rate was incresed to 16.6 ml/h 

(contact time of 2.4 h), and the efficiency of iron oxidation decreased for both 

columns. For the column receiving mineral salts, iron oxidation decreased by 50%; 

however, within five days, it again reached a steady state of 96%. Without mineral 

salts, the rate declined to approximately 58% and remained stable for two weeks. 

At 12.5 weeks (Fig. 8, arrow B), 1 mM sodium molybdate was added to the influent 

of the column not receiving mineral salts. The rate of oxidation steadily declined 

for one week until at 13.5 weeks (Fig. 8, arrow C), the influents of both columns 

were acidified to pH 0.5 with sulfuric acid. At this point, both columns lost their 

activity and were terminated. 

During the course of the experiment, both columns were monitored for viable 

T. ferrooxidans by the most probable number method. For the period prior to the 

lowering of the pH to 0.5, both effluents contained more than 1.2 x 105 

bacteria/ml. Upon acid treatment, the numbers of viable cells in the effluents 

decreased to below the level of detection. 

2.4 Conclusions 

With mineral salts in the influent solution, a steady state of 96% iron 

oxidation was achieved in about two weeks. In the absence of mineral salts, about 

five weeks were required to reach a steady state and the effluent solution was 

characterized by fluctuations in ferrous iron concentration. The highest rates of 

iron oxidation were 151.9 and 61.6 nmol Fe2+/h • mg protein in the presence and 

absence of mineral salts, respectively. During the course of the experiments, there 

was a continuous release of T. ferrooxidans cells from the calcium alginate beads 

and more than 1.2 x 105 bacteria per ml of effluent were consistently detected. 
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This may be attributed both to the sloughing of bacteria from the bead surface and 

to multiplication of bacteria in the alginate matrix. 

The packed-bed reactors were operated for up to three months without an 

apparent loss of their biological iron oxidation activity (Lancy, 1983). The calcium 

alginate matrix was found to retain its integrity in the highly acidic (pH 1.5) 

reactor environment. The use of immobilized thiobacilli in an acid environment is 

a new frontier in biological treatment technology and has not previously been 

reported in the literature. Future work that needs to be completed includes the 

examination of rate-limiting parameters in order to maximize the rates of ferrous 

iron oxidation. These parameters include the influent iron concentration, contact 

time, nutrient supplementation, heat transfer, and mass transfer of oxygen and 

iron. 
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