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Thiobacillus ferrooxidans was used in fixed-film bioreactors to oxidize ferrous sulfate to ferric sulfate. Glass
beads, ion-exchange resin, and activated-carbon particles were tested as support matrix materials. Activated
carbon was tested in both a packed-bed bioreactor and a fluidized-bed bioreactor; the other matrix materials
were used in packed-bed reactors. Activated carbon displayed the most suitable characteristics for use as a

support matrix of T. ferrooxidans fixed-film formation. The reactors were operated within a pH range of 1.35
to 1.5, which effectively reduced the amount of ferric iron precipitation and eliminated diffusion control of mass
transfer due to precipitation. The activated-carbon packed-bed reactor displayed the most favorable biomass
holdup and kinetic performance related to ferrous sulfate oxidation. The fastest kinetic performance achieved
with the activated-carbon packed-bed bioreactor was 78 g of Fe2+ oxidized per liter per h (1,400 mmol of Fe2+
oxidized per liter per h) at a true dilution rate of 40/h, which represents a hydraulic retention time of 1.5 min.

Thiobacillus ferrooxidans has a unique ability to oxidize
ferrous ion in sulfuric acid solutions, coupling the energy

thus derived to support carbon dioxide fixation and growth.
T. ferrooxidans is particularly suited for mineral leaching
applications, because the bacterium can oxidize metal sul-
fides to acid-soluble sulfates. The oxidation of sulfide mate-
rials is also mediated by ferric ion, which in the reaction is
chemically reduced to Fe2" and is reoxidized by T. ferro-
oxidans. Thus, during the leaching process, T. ferrooxidans
also maintains a favorable Fe3+/Fe2" ratio, which is re-

flected in the relatively high redox potential of the leach
liquor.

Biological iron oxidation has been studied in several
experimental systems with batch and continuous-flow modes
of operation. Because of the interest in the kinetic aspects of
the oxidation, attempts have been made to improve the
ferrous iron oxidation rate by the use of various reactor
designs employing biological contacting devices (8-11, 13).
These have included bacteria in fixed-film applications to
provide a large surface area for their attachment and to
reduce the loss of biomass. Initial work with T. ferrooxidans
was primarily concerned with the development of rotating
biological contactors. More recent efforts have addressed
other fixed-film approaches, which essentially involve vari-
ous configurations of packed-bed and fluidized-bed reactors
with inert carrier matrix materials. In the present work,
various carrier matrix materials were evaluated with respect
to the kinetics of ferrous iron oxidation in packed-bed
reactor systems. As a reference, a fluidized-bed reactor was

also tested with one type of matrix material. A novel feature
in the present study was the use of a low pH to provide more

space for the bacterial sorption by elimination of Fe(III)
precipitation.

MATERIALS AND METHODS

The following equations were used to obtain the data
presented in this paper: C = 100 (Si. - Sout)/Sin; D = F/V,;
D= F/V,; K1,2 APr/At; Pr = DP = D (Si.- Sut) Ypls
(where Ypls = 1); q = RIX,; R = D, (Si, - Sout); T = 1D,; V,
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Va + VI + Vm + Vf. The definitions and dimensions of the
variables are presented in Table 1.
A packed-bed reactor design was based on a glass column

(16 by 320 mm) with inlets for fresh medium and air at the
bottom. The total reactor working volume was 50 ml. The
outlet for effluent and exhaust air was at the top of the
column. The reactors were aerated at 120 ml/min, and the
flow rates for fresh media were regulated with peristaltic
pumps. As a reference system, a fluidized-bed reactor was

tested with activated carbon as a support matrix. The reactor

was conical (maximum dimensions, 70 by 160 mm) and had
a total operating volume of 150 ml. The reactors were

maintained at 23°C.
Activated carbon, glass beads, and ion-exchange resin

were tested as biomass-support matrices (Table 2). The size
fraction was defined by the manufacturer of each matrix
material. A spherical shape was assumed for each particle,
and the arithmetic mean of each size fraction was used for
surface area calculations. The total and liquid volumes of the
reactors were experimentally determined.
Two media, each containing 120 mM ferrous sulfate, were

tested in the course of the work: (i) a mineral salts solution
containing 2.3 mM K2HPO4, 1.6 mM MgSO4, and 3.0 mM
(NH4)2SO4, and (ii) tap water. According to water quality
monitoring by the Columbus Division of Water, composited
tap water samples averaged (per liter) 10 mg of Mg, 27 mg of
Ca, 1.50 mg Qf nitrate, and 0.34 mg of total phosphate. Both
media were acidified to an initial pH of 1.35 with sulfuric
acid. The test bacterium was T. ferrooxidans TFI-35, which
had been routinely maintained with ferrous sulfate in liquid
media. at pH 1.5. Ferrous sulfate oxidation was monitored by
KMnO4 titration of the residual ferrous iron in effluent
samples.
For protein determination, bacteria were concentrated by

centrifugation at 4,350 x g for 30 min and then washed four
times with 0.1 N sulfuric acid. The samples were digested in
1 N NaOH for 10 min at 90°C. The protein measurement was
performed by the Lowry method using bovine serum albu-
min (Sigma Chemical Co.) as a reference. Biomass attached
on support carrier matrices in the reactors was also quanti-
tated by protein determination. Because of the sensitivity of
the system to physical disturbance upon sampling and the
uneven distribution of the attached cells, the biomass asso-

ciated with particle surfaces was analyzed only at the
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TABLE 1. Variables used in this study

Variable Definition Dimensions

A Surface area cm2
C Fe2+ conversion %
D Dilution rate (vs. total reactor 1/h

vol)
D, True dilution rate 1/h
F Flow rate of medium ml/h
K1,2 Productivity decline mmol/liter per h per day

coefficient
P Product (Fe3+) concn mmol/liter
Pr Reactor productivity mmol per liter per h and

g per liter per h
q Oxidation quotient mmol of Fe2+ oxidized

per mg of protein
per h

R FeSO4 oxidation rate mmol per liter per h and
g per liter per h

Si. Fe2+ influent concn mmol/liter
Sout Fe2+ effluent concn mmol/liter
T Retention time min
I Time days
Va Total vol of air bubbles ml

within reactor
Vf Total fixed film vol ml
V, Interstitial liquid vol ml
Vm Total matrix vol ml
V, Total vol of reactor ml
X, Biomass concn per interstitial mg of protein/ml

liquid vol of reactor
YPlS Yield of product from

substrate

termination of each bioreactor. The biomass on the support
matrix materials was fractionated as follows. Loosely bound
biomass was removed by washing and stripping the bead
samples with 0.1 N H2SO4, and the remaining cell fraction
on the beads was termed tightly bound protein. A part of
each matrix sample material was also used for analysis of the
total protein in the biofilm, which was determined without
sample pretreatment by washing and stripping. In all cases,

the difference between the total biomass and the fractionated
biomass was <5%.

RESULTS

Operation of the packed-bed reactors. Several experimen-
tal runs were carried out to determine the influence of carrier
matrix materials and surface area on the bacterial film

formation and rate of ferrous iron oxidation. Each bioreactor
was operated as an independent unit and was started with a

10% (vol/vol) inoculum of a spent, iron-grown culture of T.
ferrooxidans. In all experiments, the bacterial fixed film was
initially formed on the carrier matrix during batch-mode
operation of the reactors. Once 95% conversion of ferrous
iron was achieved, a continuous-flow mode of operation was
initiated. The continuous-flow systems were operated with-
out any subsequent, additional inoculation for 90 to 120 days
until the experiments were terminated. The solution flow
rates were controlled with peristaltic pumps and changed
stepwise during the experiments.

Steady-state conditions were used at each flow rate for
estimating the kinetics of ferrous sulfate oxidation. After a

change in the flow rate, steady-state conditions were

achieved when no further change occurred in the iron
oxidation rate. The time required to achieve steady-state
conditions at each flow rate varied depending on the flow
rate and the carrier matrix. In packed-bed reactors with
activated-carbon or resin particles as the carrier matrix and
operated at dilution rates below 2/h, the steady-state condi-
tions were reached within 12 h of the change of the flow rate.
Similarly, packed-bead reactors with glass beads reached
steady-state conditions within 12 h when operated at dilution
rates below 0.5/h. At high dilution rates of 2/h to 4/h,
packed-bed reactors with activated carbon took up to 6 to 8
days before the steady-state conditions were established.
The operation of the reactors was disrupted several times

for 8 to 12 h because of various unforeseen technical
problems. In each case, when the operation was resumed,
the bacterial oxidation of ferrous iron ensued without delay.

Productivity in the packed-bed reactors. The productivity
of the bioreactors can be used to express the rate of ferric
iron production, which was estimated on the basis of the
dilution rate and the total working volume. All packed-bed
reactors displayed a similar response in terms of the produc-
tivity and dilution rate (Fig. 1 to 4). Three phases could be
distinguished in these responses. The productivity increased
at low dilution rates, leveled off at intermediate dilution
rates, and declined at high dilution rates. This three-phase
response is a typical feature in general for immobilized cell
systems. The packed-bed reactors with resin particles and
activated carbon (Fig. 3 and 4, respectively) displayed the
most characteristic and sharpest phase responses. At dilu-
tion rates below 2/h in these reactors, virtually all ferrous
iron was oxidized. Under these conditions, the oxidation
rate only depended on the dilution rate: R = Sin X D. The
plateau of productivity in Fig. 1 to 4 represents an area

TABLt 2. Physical characteristics of test reactors

Total matrix Total vol of
Reactor Teximarixsur.face in Total reactor interstitial Total reactor

no.
Text matrix Source Reactor type fraction reactor Vol (ml) liquid per working vol

(pm) ~~(CM2) reactor (ml) (ml)

1 Glass beads Sigma Packed bed 710-1,180 2,000 65 20 50
2 Glass beads Sigma Packed bed 425-600 3,700 64 16 to 20" 50
3 Resin beads Mallinkrodt, Packed bed 400-1,100 2,500 65 17 50

(Amberlite IR-45) Inc.
4 Activated carbon Union Carbide Packed bed 701-841 2,500 65 10 50

Corp.
S Activated carbon Union Carbide Fluidized bed 212-300 2,500 250 140 150

5,000 130 150
7,500 120 150

"Volume varied depending on the flow rate.
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FIG. 1. Ferric iron productivity (0) and ferrous iron conversion (0) in glass-bead packed-bed reactor no.

at various dilution rates.

which was dependent on biomass concentration in the fixed
film but was independent of the dilution rate. With all carrier
matrix materials, a washout effect occurred at high dilution
rates which resulted in decreased productivity. The critical
dilution rate, at which the washout effect occurred, de-
pended on the type of carrier matrix material. For glass
beads, the washout occurred at dilution rates of >0.6/h for
reactor 1 (710- to 1,180-pum-size fraction) and 1.2/h for
reactor 2 (425- to 600-p,m-size fraction). The critical dilution
rates for activated-carbon and ion-exchange resin bioreac-
tors were >6/h and >2/h, respectively.
The activated-carbon bioreactor displayed a multiple re-

sponse of productivity at dilution rates between 2/h and 4/h.
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The dependency between the productivity and the dilution
rate was related to the direction of the flow rate change, i.e.,
whether the flow rate was increased or decreased in this
range. The direction of the change is indicated with arrows in
Fig. 4. The peak response in productivity was reached upon
increased flow rate, but a further increase counteracted the
peak response. In the plateau range, which typically resulted
when a high flow rate was decreased, the productivity
increased if the bioreactor was subsequently given 5 to 10
days to reach a steady state (Fig. 4). This improved produc-
tivity after the flow rate was decreased is indicated by arrow
J in Fig. 4.

In each bioreactor, a plateau and a declining phase of
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FIG. 2. Ferric iron productivity (A) and ferrous iron conversion (A) in glass-bead packed-bed reactor no. 2 (425- to 600-,um-size beads)

at various dilution rates.
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FIG. 3. Ferric iron productivity (0) and ferrous iron conversion (0) in ion-exchange resin packed-bed reactor no. 3 (400- to 1,100-,um-size

beads) at various dilution rates.

productivity could be discerned; these were associated with
descending values of ferrous iron conversion (Fig. 1 to 3 and
5). In order to estimate the kinetics of ferrous iron oxidation
by the fixed-film biomass, the true dilution rate (D,) was used
as a parameter for calculations. The D, is the reciprocal of
the retention time of the solution in the bioreactor and was

therefore calculated on the basis of the interstitial liquid
volume in each packed-bed reactor. The highest D, values
were obtained with the packed-bed reactor in which acti-
vated carbon was used as a carrier matrix material. This
reactor could be operated at D, values as high as 40/h (i.e.,
1.5-min retention time), with corresponding productivity
values of 144 mmol of Fe2" oxidized per liter per h (8 g/liter
per h). The highest productivity value was 280 mmol of
FeSO4 oxidized per liter per h in the activated carbon
packed-bed reactor and 25 and 58 mmol of FeSO4 oxidized
per liter per h in reactors 1 (glass beads; 710- to 1,180-,um-
size fraction) and 2 (glass beads; 425- to 600-,um-size frac-
tion), respectively. The packed-bed bioreactor operated with
ion-exchange resin particles had productivity values in the
intermediate range between those of the glass-bead and
activated-carbon systems, with a maximum of 175 mmol of
FeSO4 oxidized per liter per h.

Fluidized-bed reactor. A fluidized-bed reactor was also
tested with activated carbon as the support matrix to provide
reference data for the evaluation of the packed-bed reactor
approach. Activated carbon was chosen for the fluidized-bed
reactor because it appeared to have superior properties
among the test matrix materials in terms of productivity
estimates in packed-bed reactors. A smaller-size-fraction
sample of activated carbon was used in these experiments
compared with packed-bed experiments. In some experi-
ments, the total surface area was standardized to an equal
value in the two different reactor designs. Conditions were

also used under which the total surface area in the fluidized-
bed bioreactor exceeded that in the packed-bed bioreactor
by factors of 2 and 3.
The productivity achieved with the fluidized-bed system

was at least 10 times lower than that achieved with the
packed-bed system. It had a constant value of 16 mmol of
Fe2+ oxidized per liter per h (0.9 g/liter per h) at D values in
the range of 0.1/h to 0.4/h when the surface area was

standardized to 16 cm2/ml (6.5% pulp density) in the reactor

(Fig. 6). The productivity in this test system was dependent
on the quantity of the carrier matrix material used in the
reactor and displayed a linear increase of up to 28 mmol of

TABLE 3. Biomass in the test reactors

Mg of protein per reactor Mg of protein per ml of ,ug of protein per cm2 of Protein sorption (mg) per ml
Reactor reactor vol carrier matrix surface of interstitial liquid ,ug of protein per

no. Loosely Tightly Loosely Tightly oosely Tightly ml of effluentb

bound bound ota bound bound ota bound bound bound bound

1 3.4 1.5 5.1 0.068 0.032 0.1 1.75 0.75 2.5 0.18 0.07 0.25 3-15
2 5.5 2.7 7.3 0.1 0.05 0.15 1.45 0.65 2.1 0.32 0.16 0.48 3-15
3 73 39 112 1.4 0.8 2.2 29.2 15.6 44.8 4.3 2.3 6.6 3-20
4 238 110 320 4.7 2.2 6.4 95 44 128 24 11 32 3-20
5 15 17a 0.11 3 0.015 15

a Total protein in the fluidized bed reactor consisted of tightly bound cells plus freely suspended cells.
b Protein concentrations in the effluent fluctuated with no apparent dependence on either the flow rate or length of operation.
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FIG. 4. Ferric iron productivity in activated-carbon packed-bed reactor no. 4 (701- to 841-pum-size beads) at various dilution rates. The

inlabeled arrows indicate the direction of the dilution rate change; arrow J is explained in Results. The different phases labeled I through IV
are discussed in the text.

Fe2" oxidized per liter per h at D = 0.4/h when the pulp
density of activated carbon was increased in the range of 66
to 200 g/liter (Fig. 7).
Biomass concentration. The amount of biomass in the

reactors was determined at the termination of the experi-
ments. The biomass values thus analyzed coincided with the
testing of the reactors close to the critical D values. The
activated-carbon packed-bed reactor had the highest level of
biomass (Table 3), amounting to 32 mg of protein per ml of
interstitial liquid or 128 jig of protein per cm2 of matrix
surface. The ability of the glass beads to retain biomass was

about 50 times less. The two glass-bead reactors contained
more or less the same amount of biomass per unit surface
area (2.5 and 2.1 ,ug of protein per cm2 of glass bead surface
in reactors 1 and 2, respectively). However, the total amount
of biomass was about 1.5 times higher in reactor 2, in which
the glass beads had a smaller particle size and, therefore, a

higher surface area than the beads in reactor 1 did (Table 3).
In the fluidized-bed reactor containing activated-carbon par-

ticles as the carrier matrix, the biomass sorption per unit
surface area was similar to that found with glass beads
(Table 3). The fluidized-bed reactor had ca. 40 times less
biomass than did the activated-carbon packed-bed reactor

(Table 3). The interior surface of the reactor wall had a

surface area of 160 cm2. Depending on the test matrix
material, this surface area represents 4 to 8% of the total
available surface per reactor. The interior wall surface has
been excluded in biomass sorption and holdup calculations.

The ratio of loosely bound biomass to tightly bound
biomass in the packed-bed reactors was approximately 1:2 in
each case. This proportion was estimated only on the basis
of the sample pretreatment (stripping) procedure used for
protein determination. In the packed-bed reactors, the ef-
fluent biomass concentrations fluctuated within each flow
rate regime and appeared to have no discernible relationship
with the prevailing flow rate.
Biomass holdup. The maximum biomass holdup (the

amount of biomass retained in each bioreactor) occurred in
the activated-carbon packed-bed bioreactor. There were

major differences in the biomass holdup due to the different
types of matrix materials. Glass beads (425- to 600-jim-size
fraction) had a surface area which was 1.5 times larger than
that of the activated carbon, but the biomass in the glass-
bead packed-bed reactor was about 50 times less than that in
the activated-carbon packed-bed reactor. Because of the
importance of this parameter in performance assessment and
in the prediction of reactor capability, the interstitial vol-
umes and actual values of biomass hold-up were estimated
for each bioreactor. These estimates are presented in Table
4, and they single out the activated-carbon packed-bed
reactor as the most promising type of the reactors tested.
The estimation of the potential biomass holdup was based on
the calculation of the void volume in a bioreactor filled with
spherical particles and on the respective, constant volume of
liquid and air bubbles. The estimation of the actual biomass
holdup was based on protein determination of samples
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FIG. 5. Ferrous iron conversion in the activated-carbon packed-bed reactor no. 4 (701- to 841-Rm-size particles) at various dilution rates.

The arrows indicate the direction of the dilution rate change. The different phases labeled I through IV are discussed in the text.

removed from the bioreactors. The biomass value presented
for a monolayer film of bacteria that could exist in the
packed-bed activated-carbon reactor at a given biomass
value of 320 mg of protein per reactor volume was based on

the approximation that the surface occupied by a single cell
(average size, 0.35 by 0.95 ,um) was 0.33 p.m2. The following
biomass conversions were made to derive the biomass
holdup estimates: protein constitutes 60% of the dry weight;
dry weight equals 20% of the wet weight; specific density of
the biomass is 1.05; and 1 mg of protein equals 1010 cells.
The maximum observed biomass holdup was 27% of the
potential value for the activated-carbon packed-bed reactor

(Table 4). It should be noted that the observed and potential

values for biomass holdup cannot approach an equal level
because of the inherent problem of diffusion under such
conditions. The data in Table 4 include an estimate of 4.2

monolayers of bacterial cells on the activated-carbon parti-
cles in the packed-bed reactor.
While the monolayer estimates highlight the differences

between the test carrier matrix materials, they are only
relative values and should be used with caution. Parallel

examination of the packed carrier matrix materials by scan-
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TABLE 4. Biomass holdup estimates in the test reactors

ReactoTotalinterstitialInterstitial Biomass vol in the Amt of protein needed to No. of monolayers basedReactor Total interstitial Interstitial Biomass vol In thefomaonlyrnonbsvebias
no. vol (ml) liquid vol (ml) reactor (ml) form a monolayer on on observedblomassmatrix surface (mg) holdup

1 29 20 0.04 60 0.085
2 25 16 0.06 112 0.07
3 23 17 0.89 76 1.5
4 17.5 10 2.7 76 4.2

ning electron microscopy revealed that T. ferrooxidans was
not established as a tenacious, durable film on the particle
surface but was partially removed upon sample preparation
(fixation and dehydration) for scanning electron microscopy
(unpublished data). It was concluded both from the scanning
electron microscopy and from sample fractionation for pro-
tein determination that T. ferrooxidans cells were washed off
during sample manipulations and that the cells remaining on
the particle surfaces occurred as individual cells. These cells
did not adhere to each other and did not appear to produce
extracellular capsular material to facilitate aggregation and
adhesion. It was also concluded that a large portion of the
actual holdup biomass was associated with surface openings,
cavities, and macroporous structures typical in the activat-
ed-carbon particles.

Mineral nutrient effect. The system reliability was evalu-
ated with the ion-exchange resin packed-bed reactor by
switching the inlet from mineral salts solution to acidified tap
water while maintaining the same concentration (120 mM) of
ferrous sulfate as the energy substrate at D = 2.5/h (D, = 7.5/
h). The reactor was continuously operated under these
conditions for 24 days. During the first 12 days, the produc-
tivity in the reactor declined by 16% (Fig. 8). The decline
coefficient had a constant value of -2.1 mmol/liter per h per
day during this period. During the latter 2 weeks of opera-
tion, the decline coefficient averaged -0.16 mmol/liter per h
per day, but the parallel decrease in the productivity was less
than 2%.

Ferric iron precipitation during reactor operation. All
reactors were operated at an initial pH of 1.35. Depending on
the relative amount of ferrous iron conversion, pH values as
high as 1.5 were measured in effluent samples. Within this
pH range of 1.35 to 1.5, the amount of ferric iron precipita-
tion in the reactors was small. For example, in the activated-
carbon packed-bed reactor, the total amount of precipitation
on the matrix surface amounted to 410 mg during 3 months of
continuous operation; i.e., an average of 0.16 mg precip-
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itated per cm2 of activated-carbon matrix. Mineralogically,
the precipitation was in the form ofjarosite (3). No problems
of clogging of interstitial space were observed with the
reactors.

DISCUSSION

The activated-carbon packed-bed bioreactor displayed
distinct phases of ferric iron productivity when the dilution
rate was varied. These phases are indicated by roman
numerals I through IV in Fig. 4 and 5, and they are defined
as follows: Phase I, zone of productivity based on loosely
and tightly bound biomass; phase II, intermediate zone with
peak performance before loosely bound biomass is washed
out, resulting in a subsequent decline in ferric iron produc-
tivity; phase III, zone offerric iron productivity based on the
activity of tightly bound biomass; and phase IV; zone of
declining productivity due to washout of tightly bound
biomass.

It should be noted that these phases were differentiated on
the basis of the reactor performance and that the description
of these phases is essentially based on the performance data
of the activated-carbon packed-bed reactor. During the
different phases, intermediate sampling of the matrix mate-
rial for protein determination could not be carried out
because of the physical disturbance that it would have
caused to the reactor, which would have influenced the
reactor performance. Therefore, sampling of the reactors for
biomass measurements was carried out only at the termina-
tion of each experiment.
When the dilution rate was decreased instead of increased

in phases II and III after the loosely bound biomass had
washed out, the resulting peak productivity remained lower
than that initially achieved with an upward change of the
dilution rate. Within phase II, however, a decrease in the
dilution rate gradually increased the amount of loosely
bound biomass, and thus the productivity values eventually
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FIG. 8. Ferric iron productivity in the ion-exchange resin packed-bed bioreactor no. 3 when the mineral salts solution was changed to
acidified tap water (arrow A). Decline coefficients K1 and K2 are indicated for the 12-day time periods discussed in Results.
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FIG. 9. Ferrous iron oxidation rate at various dilution rates. The
data are based on the present study and on previously reported data.
1, Chemostat cultures (data derived from reference 2); 2, fixed-film
fiber bioreactor (Grishin and Adamov, in press); 3, glass-bead
packed-bed bioreactor (710- to 1,180-p.m-size beads); 4, glass-bead
packed-bed bioreactor (425- to 600-p.m-size beads); 5, ion-exchange
resin packed-bed bioreactor; 6, activated-carbon packed-bed bio-
reactor.

increased after several days of operation (arrow J in Fig. 4).
The divisions between the various phases are only approxi-
mate. These biomass changes depended on turbulence con-

ditions due to streams of air bubbles and solution in the
bioreactors; therefore, these changes were a function of the
dilution rate. These phases involving changes in loosely and
tightly bound biomass should not be construed as being
comparable with the results which differentiate between
loosely and tightly bound protein (Table 3). The protein data
were based on sample pretreatment by a stripping procedure
before the protein assay, and these protein fractions are

unrelated to previously discussed biomass changes in phases
I through IV. A similar sharp peak in productivity was not
observed with the ion-exchange resin and glass-bead
packed-bed bioreactors because of the low population den-
sity on the carrier matrix.
The real oxidation rates (R) in packed-bed reactors were

calculated from the respective retention times. The results

are shown in Fig. 9. These data indicate a similar degree of
effectiveness of the test reactors, with a maximum value of
930 mmol of Fe2" oxidized per liter per h (52 g of Fe2+ per

liter per h) obtained with the activated-carbon packed-bed
reactor. Oxidation rates could be achieved in the test reactor

systems which were as high as 1,400 mmol of Fe2+ oxidized
per liter per h (78 g of Fe2+ per h) (Table 5).
The data suggested that there was a complex interaction

between the amount of biomass, bacterial sorption, physical
properties of the carrier matrix, and the hydrodynamic
operating conditions. The density of T. ferrooxidans sorp-

tion was not related to the specific surface area of the carrier
matrix. This was evident in the glass-bead packed-bed
reactors in which two different bead sizes were used. The
total amount of protein attached to the beads was 2.5 and 2.1

jig/cm2 in reactors 1 and 2, respectively (Table 3); the
differences between these values were deemed to fall within
the experimental and analytical error. The large difference in
the biomass sorption on activated-carbon particles in the
packed-bed and the fluidized-bed reactors is related to a

strong shear effect in the fluidized-bed system. The shear
effect was a counterforce which effectively minimized the
biofilm formation of T. ferrooxidans. It should be noted that
scanning electron micrographs of cells on activated-carbon
particles revealed a considerable lack of a uniform, homo-
geneous film (unpublished data). On exposed surfaces, the
cells were present as single cells in less than a monolayer
formation, and most biomass appeared to be associated with
surface fractures, openings, and depressions. The fraction-
ation based on the protein assay of loosely and tightly bound
biomass revealed a similar conclusion in that a substantial
portion of the biomass could be stripped off from the
activated carbon during sample pretreatment. An assump-

tion that a substantial fraction of the total biomass in the
packed-bed reactors was present not as a durable biofilm but
as microcolonization in interstitial spaces, where its pres-

ence was dependent on the hydrodynamic flow conditions, is
therefore warranted.
The oxidation quotient values were highest for glass-bead

bioreactors and for the fluidized-bed bioreactor (Table 5).
These values reflect differences of biomass concentration in
the test reactors. These quotients were within the same

order of magnitude as was previously reported for chemostat
cultures of T. ferrooxidans (Table 6). The similarity indicates
that there is no major metabolic or kinetic difference in
ferrous iron oxidation by freely suspended and attached T.
ferrooxidans as long as diffusion barriers in the substrate-
cells-product complex are similar.
The comparison of the activated-carbon packed-bed bio-

reactor with other experimental approaches is summarized
in Fig. 9 and Table 6. Clearly, the activated-carbon packed-

TABLE 5. Iron oxidation in the test reactors

Maximum Fe2" oxidation rate Fe2" oxidation quotientb
Reactor

no. mmol of Fe2" per g of Fe2" per liter mmol of Fe2" per mg of mg of Fe2+ per mg of
liter per h per hour protein per h protein per h

1 62.5 3.5 0.25 14.0
2 145 8.1 0.12 6.7
3 525 29.3 0.08 4.5
4 930 52.0 0.02 1.1

1,400- 78.0"
5 16.5 0.9 0.14 7.9

a Derived from the initial rates in phase 2 (Fig. 4).
b Calculated from rates at the termination of the reactors.
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TABLE 6. Comparison of bacterial Fe2' conversion in various
experimental approaches

Oxidation
quotient (mg Ferric iron

Experimental technique of Fe2" per productivity Reference
mg of (g/liter per h)

protein per h)

Batch culture 28.7 0.1-0.2 15
Chemostat 50-88 0.11-0.2 14

13-70 0.22 5
68.5 0.2 2
8.5 0.12 1

Fluidized-bed biofilm 0.091 0.49-1.68 6
reactor

2.0 4
Packed-bed bioreactor 1.8 13
Rotating biological 1.46 12

contactor
0.7 16

Alginate bead column 0.002 0.03 7
Fixed-film fiber 5.0 1.0-1.2 In press'

bioreactor
Bacfox process 0.75 8
Activated-carbon 1.1 16 This study
packed-bed bioreactor

a S. I. Grishin and E. V. Adamov, Mikrobiologiya, in press.

bed bioreactor exhibited the highest productivity and oxida-
tion rates. Some of the values given in Table 6 for previously
reported systems must be viewed as approximate estimates,
because the exact data required for calculations were not

given in the original references. Where possible, however,
maximum oxidation rates given in each reference were used
as bases for comparative calculations. By comparison with
chemostat data, ferric iron productivity values in the acti-
vated-carbon packed-bed bioreactor were about 100 times
higher; when compared with packed-bed reactors with high
levels of ferric iron precipitates (13), a ninefold increase in
the present system is apparent.
The biofilm retained its activity of ferrous sulfate oxida-

tion as acidified tap water was substituted for the mineral
salts solution. Thus, a continuous input of nutrient supple-
mentation is not necessary. In the present study, no effort
was made to determine the various impurities in the ferrous
sulfate and the levels of nutrient ions in the tap water. Any
large-scale application of the packed-bed approach to ferric
sulfate production would obviously involve numerous impu-
rities ahd contaminants at minor and trace levels in associ-
ation with the substrate reagent and process water.
The packed-bed and fluidized-bed bioreactors displayed

reliable performance at low pH values during 3 to 4 months
of continuous operation. An important feature, particularly
with the packed-bed reactor system, was the lack of clogging
of interstitial spaces with Fe(III) precipitates. The low pH,
which effectively reduced the amount of ferric iron precipi-

tation, made it possible to attain the highest concentration of
biomass on a support matrix ever reported for T. ferrooxi-
dans. The high level of biomass also resulted in superior

reactor performance. Activated carbon was the most suit-
able carrier matrix for biomass retention in the packed-bed
reactor. A combination of the high level of biomass, low pH,
negligible ferric iron precipitation, and suitable surface char-
acteristics of activated carbon resulted in the highest level of
ferric iron productivity compared with the glass bead and

ion-exchange resin systems. The kinetic performance of this
approach makes the system attractive for application in
wastewater treatment and biological leaching of minerals.
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