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Wolinella succinogenes HAP-1 is a Gram-negative microaerophile which reduces perchlorate to chloride by the
proposed pathway CIO , to ClO; to CIO, to Cl + O,. A cost-effective perchlorate treatment process has been estab-
lished using a consortium of facultative anaerobic organisms and W. succinogenes HAP-1. The mixed anaerobic
bacterial culture containing  W. succinogenes HAP-1 was examined for the ability to form a biofilm capable of per-
chlorate reduction. An up-flow anaerobic fixed bed reactor (UAFBR) was packed with diatomaceous earth pellets
and operated at residence times of 1.17 and 0.46 h to insure a viable biofilm had attached to the diatomaceous earth
pellets. Reduction rates of perchlorate to chloride in the UAFBR could be maintained at 1 g of perchlorate reduced

h™* L™, Studies with the same bacterial consortium in continuously stirred tank reactors (CSTR) generally reduced
0.5-0.7 g of perchlorate h 1. Viable cell counts were performed periodically on the diatomaceous earth pellets and
demonstrated that the W. succinogenes HAP-1 population was maintained at 28-47% of the total microbial popu-
lation. Scanning electron micrographs demonstrated that the external and internal surfaces of the diatomaceous
pellets were densely colonized with microbial cells of multiple cell types. This is the first report of an anaerobic
mixed culture forming a biofilm capable of perchlorate reduction.

Keywords: up-flow anaerobic fixed bed reactor; Wolinella succinogenes HAP-1; ammonium perchlorate; biofilm; suspected
endocrine disruptor

Introduction ing anaerobic growth on ethanol or acetate [19]. A facultat-

Widespread use of perchlorate salts in propellants, explos'\—/fel:,aerObIC bac_terlum GR-1 belongmg o the B su_bgroup
. . . . roteobacteriahas been shown to link the oxidation of
lves and pyrotechnic devices by the chemical, aerosPaC%cetate to the reduction of perchlorate [17]. Various hetero-
and defense industries has led to their release into th P '

environment. Class 1.1 and class 1.3 rocket motor propelgfep?écc?]?g:%réa E;al\c/)(\erggsldﬁnélfi%? vargfghzggaﬂgergg[fg:gg
lants contain 14% and 70% ammonium perchlorate o

respectively [23]. The large solid rocket motor disposalwas associated with the nitrate reductase activity in these

: o organisms [7,8,19].

inventory currently has 55 million pounds of. propellant. %Nolinella[ succi]nogenesHAP—l is a Gram-negative
ready for treatment. Over the next 8 years this amount I?nicroaerophile which has been shown to reduce perchlorate
expected to increase to 164 million pounds of solid propel-

) to chloride at a rate of 107 mg perchlorate* ly™ dry
lant targeted for disposal [15]. The manufacture, refur eight cells [1,9].W. succinogenesiAP-1 reduced per-

bishment and maintenance of rocket motors for the last 4 hlorate at concentrations of 7750 ppm and could survive

ears have resulted in contaminated soil and ground watef, ; .
3[/5] Ammonium perchlorate is very soluble in v?/ater (20 g at SOQOO ppm perchlorate [1,24]. Mixed substrate.studles
106 mH at 25C) and is stable in ground water ' with nitrate and perchlorate demonstrated that strain HAP-

Recent studies with Sprague—Dawley rats have demonl- preferentially utilized perchlorate [24]. Inhibition and pH

: o ST rofiles were different for nitrate and perchlorate reduction
strated that the perchlorate ion competitively inhibits the” . .
uptake of iodine by the thyroid gland [11]. lodine by W. succinogeneldAP-1 [24,25].W. succinogenedAP-

S . , : 1's high rate of perchlorate reduction has allowed us to
def|(_;|en0|es, especially in pregnant women, are part|qularI36eSigr? a treatmeF:]t process for rocket propellant washout
detrimental to fetal development [21]. Perchlorate’s inter-

. : : : waste streams [2]. The current system contains a consor-
ference with the normal function of the thyroid gland |dent—tium of microorganisms from a sewage enrichment culture

ifies it as a suspected endocrine disrupter [18]. The Califor- ith up to 12 unknown facultative anaerobic bacteria and

nia Department of Health Services has established ; : ;
provisional action level for perchlorate at 18 ppb for drink- _._succmogeneé’he consortium removes oxygen, nitrate,
ing water sources [5] nitrite and sulfate from the waste stream [3,4]. The per-
. S chlorate reduction reaction was found to require an oxi-
sh\cf\llsgtzo <rjee cﬁ? (I:zr%cr?]ns ecrgﬁlr;?;’tcg/ S_'lléf 8w2ia?1t 33?_” dation reduction potential of at leas.10 mV which was
gp y weig provided by the fermentative growth of the mixed culture
[1,2]. The fermentation of brewer’s yeast by the mixed cul-
Correspondence: Dr W Wallace, Applied Research Associates, Inc Gulgure may also prOVide nutrients necessaryWJ.r succino-
Coast Division, -PO Box 4012’8, Mississippi Rd, Tyndall Ai:B, ’FL enesto reduce perChlor.ate [1’.4]'.Ae.ratlon resulted in the
32403, USA complete and immediate inhibition of perchlorate
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This study was designed to examine whether the multichlorate feed concentrations were maintained at 1500 ppm !
membered consortium was capable of attaching and forand 500 ppm with residence times of 1.17 h and 0.46 h,
ming a biofilm, and at what rate the biofilm would reducerespectively. The feed concentrations were 1500 ppm per-
perchlorate. The advantages of biofilms for the treatmenthlorate and 3 g t* BYF-100. When treating 500 ppm per-
of waste streams are well established [13]. The biofilm prochlorate, 1 g BYF-100 was used, maintaining a 2:1 ratio of
vides the organism’s protection against perturbations imutrient to perchlorate.
temperature, pH, desiccation and other environmental fac- A 55-gallon high density polyethylene tank reactor
tors often associated with bioreactor operation. received the reactor effluent which entered at the bottom

of the tank and exited the top. The tank reactor did not
Materials and methods Lercs':/e any nutrients, nitrogen, or regulation of temperature
Abiotic perchlorate stability study
Ammonium perchlorate, 1.17 gL (1000 ppm) or 0.117 g Viable cell counts
L™t (100 ppm), was added to tap water containing 5¢ L At 14-day intervals, diatomaceous earth pellets were asepti-
BYF-100 (BYF-100: Red Star, Milwaukee, WI, USA). cally removed from the top of the reactor. One gram (wet
BYF-100 contains 54% naturally occurring protein, pep-weight) samples were washed twice with sterile buffer and
tides, free amino nitrogen, vitamins and trace elements. Therushed by circular grinding for 5 min with a mortar and
solution was adjusted to pH 7.2 with dilute HCI and steril- pestle in 10 ml ammonium perchlorate (AP) medium with
ized by autoclaving. Solutions were incubated anaerthe following composition (per liter): yeast extract 10 g;
obically at 25C and 1-ml samples removed aseptically atpeptone 10g; sodium formate 5g; fumaric acid 5g;
specific times for perchlorate measurement. Eaclammonium perchlorate 1.17 g; and resazurin 1 mg. The
ammonium perchlorate concentration was analyzed in tripmedium was adjusted to pH 7.2 with dilute HCI. Dilutions

licate. were performed on this material and plated on AP agar
under anaerobic conditions. Plates were examined after a
Source and growth of organisms 96-h anaerobic incubation at 4D and colony forming units

The mixed culture containingW. succinogeneswas determinedW. succinogeneldAP-1 cells can be identified
obtained from a CSTR operating at feed concentrations ofn AP media due to reduction of perchlorate and oxidation
6000 ppm perchlorate and 12 giof brewers yeast extract of resazurin resulting in pink halos around the colonies [1].
(BYF-100) at 40C, with an 18-h residence time. The

effluent perchlorate concentration was300 ppm. The Electron microscopy

effluent line was connected to the UAFBR operating at aDiatomaceous earth pellets were aseptically removed from
flow rate of 1 ml mint with a residence time of 23 h. The the top of the reactor on day 20 of operation and fixed with
inoculation of the UAFBR was continued for 6 days. 1% glutaraldehyde (EM grade: Polysciences, Inc, War-
rington, PA, USA) in 0.01 M Cacodylate buffer at pH 7.2.
Increasing concentrations of ethanol in water (10, 30, 50,
70, 95 and 100%) were applied sequentially to the pellet
(20 min each application) to achieve dehydration [16].
The ammonium perchlorate waste stream was fronCritical point drying was performed as described by the
Minuteman Il rocket motor washout (Aerojet, Propulsion manufacturers (Ladd Research Industries, Inc, Burlington,
Division, Sacramento, CA, USA) containing approximately VT, USA). Sputter coating was performed with gold, as
10% perchlorate. The concentrated perchlorate wastpreviously described [16].

stream was diluted with tap water to the desired perchlorate

concentration. Nutrient and waste-stream were pumped intdnalytical methods

a |-L mixing vessel prior to entering the fixed bed reactor.The measurement of perchlorate reduction was performed
The mixing vessel was sparged with nitrogen, controlledwith a perchlorate ion-selective electrode (Phoenix Elec-
for pH and adjusted to pH 7.0 with sodium hydroxide. Thetrode Co, Houston, TX, USA) and model 901 pH/ion meter
fixed bed reactor was manufactured using acrylic tube ofOrion Research, Boston, MA, USA). Perchlorate concen-
0.635 cm thickness and was 1.1684 m in length with a 7.62trations were confirmed with a ion chromatograph (Model
cm inside diameter. The reactor was water jacketed and th4500i, Dionex Corp, Sunnyvale, CA, USA) equipped with
inlet was designed to allow up-flow to minimize introduc- a conductivity detector. The column was an Econosphere
tion of air into the system. The exclusion volume was 1.0 LC18 5u HPLC column (Alltech Associates Inc, Deerfield,
when the reactor contained 2544 g (dry weight) of diato-IL, USA).

maceous earth pellets (Celite Bio-catalyst carrier R-635,

World Minerals Inc, Lompoc, CA, USA). The diato-
maceous earth pellets had a mean pore diameter ph20
and a surface area of 0.27grt. The nutrient was supplied Abiotic studies indicated that perchlorate was stable in the
from a 10-L glass bottle, sealed and stirred during reactopresence of organic material with no measurable loss of
operation. The nutrient source was a 60 kolution of  perchlorate under anaerobic conditions during the 228 days
BYF-100 in tap water. The pH of the BYF-100 nutrient for the samples containing 1000 ppm and no loss from the
was adjusted to 4 with sulfuric acid to prevent microbial 100-ppm samples over 145 days (Figure 1).

growth during the 7-day period required for its use. Per- Previous studies examining sand as a matrix for biofilm

Configuration and operation of the up-flow fixed
bed anaerobic reactor

Results
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Figure 1 Abiotic decomposition of perchlorate#®, Sample 1000 CH, sample 1000 BA, sample 1000 A; X, sample 100 C; *, sample 100@,

sample 100 A. Samples 1000 A,B and C are triplicates of a 1000 ppm perchlorate stock. Samples 100 A,B and C are triplicates of a 100 ppm perchlorate
stock. Slight fluctuations in readings were experienced in the Dionex system as eluents and suppressor liquids were remade for long periams of operati
These are demonstrated by increases in perchlorate concentrations on days 55, 76 and 98.

formation by the perchlorate-reducing bacterial consortiunchlorate concentrations, fluctuations in the range of pH 6.2
were unsuccessful. This study re-examined biofilm formato 7.5, and nitrogen flow from 0 to 1.0 mgL. Perchlorate
tion with calcined diatomaceous earth pellets. The cell conwas reduced in the tank reactor from levels as high as
centrations in the reactor averaged %.80® W. succino- 125 ppm perchlorate to non-detectable levels (Figure 2).
genesHAP-1 cells g* pellets and 3.4 1(° other cell types The tank reactor had a residence time of approximately
g™ pellets. Bacterial cell concentrations were determinedt6 h compared to 0.46 h for the UAFBR. We propose that
on day 15 for the tank reactor, which was found to containthe bacterial population sloughed off from the biofilm and
7.0x 10" W. succinogenedlAP-1 cells mf* and 1.6x 10°  unused nutrients from the reactor allowed the further
other cells types mt. The significant cell numbers found reduction of perchlorate in the tank reactor, but because
in the tank reactor suggest carryover of microorganismperchlorate was reduced to non-detectable concentrations it
from the fixed bed reactor. was impossible to determine an accurate rate of perchlor-
The perchlorate effluent concentrations were monitoredite reduction.
(Figure 2). Perchlorate reduction by the UAFBR to W. succinogenedAP-1 cell numbers ranged from 2x0
<300 ppm was maintained during the entire operation and(® to 9.1x 10° cells g* of pellet (Table 1). Cell numbers
to <100 ppm during 95% of the operational period. Thefor other bacteria ranged from 5:810° to 1.05x 10° g*
system was not sensitive to loss of nitrogen to the reactoof pellet (Table 1). Bacterial populations remained stable
and it is possible that nitrogen may only be necessary durduring the operating period even though minor pertur-
ing start-up periods. This was demonstrated by the interrupbations in medium, pH, nitrogen addition, and reactor tem-
tion of nitrogen feed on day 15 with loss for approximately perature were experienced/. succinogeneslAP-1 com-
11 h and again on day 33 for 14 h. The rate of perchlorat@rised approximately 29-48% of the total bacterial
reduction was not affected. It would thus appear that onc@opulation during the 42-day operation period.
the microbial culture has reached sufficient numbers the Confirmation of the presence of a bacterial biofilm and
oxygen in the system is removed by the facultative anaerevidence that bacteria had penetrated the pellets and
obic organisms. In the UAFBR the rate of 1-1.2 g of per-attached to external and internal surfaces were provided by
chlorate reduced™ L~ was maintained for 40 of 42 days scanning electron microscopy of the pellet material. Elec-
of operation until the experiment was terminated (Figuretron micrographs of diatomaceous earth pellets are shown
3). The decrease in perchlorate reduction on days 25 and Figure 4. The electron micrographs confirm the forma-
26 was due to malfunction in the nutrient pump, resultingtion of a biofilm with several bacterial cell morphologies
in loss of nutrient. Once the nutrient was restored the perfrom the mixed population consortium. Micrographs of the
chlorate reduction rate recovered. Rates of perchloratexternal and internal surfaces of pellet material from the
reduction were stable during minor perturbations in per+eactor allowed comparison of cell numbers internally and



Perchlorate reduction by a mixed culture
W Wallace et al

1600

1500
1400
1300
1200
1100
1000
900
800
700
600

400

Perchlorate concentration (ppm)

300

23456 8 91011121314151617 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 4243

Time (days)

Figure 2 Perchlorate concentrations in the feed stream, effluent of UAFBR and tank reactor during the 42 days of opeMtienReactor feed;
—Ml—, reactor effluent; -A—, tank reactor effluent.
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Figure 3 Rates of perchlorate reduction in the UAFBR (g perchlorate reduced ).

externally on the pellets. Approximately three times theate is very stable in ground water and would not have an
cells were found on the external surface compared to thappreciable chemical decomposition rate (Figure 1). To our
internal surface. knowledge, this is the first time the abiotic decomposition
of perchlorate has been examined in the presence of organic
material under anaerobic conditions. Anaerobic conditions
were selected to closely represent the environment of per-
Recent reports of large-scale contamination of ground watechlorate in groundwater.

with perchlorate [5,6], combined with perchlorate being a Reactor design for perchlorate degradation initially
suspected endocrine disruptor [18], have led to interest ifiocused on CSTRs which were effective for waste streams
perchlorate removal from large volumes of water. Perchlorwith high concentrations of perchlorate and low liquid vol-

Discussion
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Table 1 Bacterial numbers (colony forming units, CFU) for the up-flow ymes [1,2’12]_ This study utilized |arge volumes of |iquid
anaerobic fixed bed reactor contaminated with low perchlorate concentrations to simu-
late a ground water contamination situation. A fixed bed

Zj";’;s) W. succinogeneslAP-1 Other bacteria reactor allows treatment of large volumes of dilute liquid
waste while maintaining the bacterial population. Previous
2 10° (11 26 (3) studies in our laboratory using a sand matrix resulted in
16 21(7) 53 (0.7) limited perchlorate reduction due to poor colonization of
30 91 (5) 103 (2) the sand matrix. Calcined diatomaceous earth was selected
42 77 (18) 95 (6) because of its internal pores and positive surface charge at

_ ] neutral pH. It was reasoned that the negatively charged bac-
*Numbers reported as 1€FU g* wet weight diatomaceous earth pellet. aria should attach and colonize effectively. Effective per-
Pellets were removed from the reactor, plated anaerobically on AP agar . . .
and incubated at 4C for 48 h before counting. Chlorate removal with reactor residence times of 0.46 h
bStandard deviation given in parentheses. demonstrated that a functional biofilm had been established
in the reactor since anaerobic cultures growing atC5
would be expected to have generation times well over 2 h
[1,2]. Viable counts of bacteria attached to the matrix sug-
gested that a stable bacterial population existed in the reac-
tor under high flow conditions and demonstrated that
succinogeneBlAP-1 was maintained at 29-48% of the bac-
terial population during the operation period. Previous
results from the CSTR have indicated rates for perchlorate
reduction are optimal when the/. succinogeneslAP-1
organism comprises 30-50% of the bacterial population [2].
Electron micrographs demonstrated that cells were densely
colonizing both external and internal surfaces of the diato-
maceous earth pellets by day 20 of reactor operation.

The ability to establish a functional biofilm of a mixed
culture which degrades perchlorate at rates of TigLh?
broadens the application of various treatment regimes for
perchlorate waste water. The highest perchlorate reduction
rates obtained to date with the CSTR were 0.5-0.7%g h
L% Nutrients must be added to CSTR systems to maintain
a biomass, regardless of the perchlorate concentration,
resulting in very high nutrient ratios 1b of perchlorate
destroyed. The use of a CSTR results in higher COD and
BOD in the reactor effluent due to the discharge of nutrients
and biomass. Nutrient costs for large-scale biotreatment of
perchlorate wastewater potentially limits the process for
industrial applications. A fixed film reactor which allows
maintenance of biomass should reduce the nutrient cost of
continual biomass replacement and significantly reduce the
effluent COD and BOD.

Waste treatment bioreactors often experience fluctuating
operating conditions. Bacterial cells within a biofilm are
more resistant to perturbations in the system than free
swimming organisms in a liquid matrix [14,22]. Studies
with biofilms have demonstrated that immobilized cells are
less susceptible to changes in temperature, pH, biocides,
and oxygen [13,14]. The ability to maintain a perchlorate
reduction rate of 1 g1 L™ for 42 days demonstrates that
the biofilm population was very stable. CSTRs achieved
average perchlorate reduction rates of 0.22 to 0.41g h
L% Nutrient upsets rapidly reduced these rates to 0.087 g
h=t L1 [20]. This wide range of rates suggests that the free
living cells were more susceptible to system perturbations
than organisms within a biofilm.

Figure 4 Scanning Electron Micrographs (SEM) of external and internal ~ Bjofilms also allow bacteria to associate with other

taken on iy 20 wit he reactor feed at 505 ppm perchlorate, effuerg C00ES {0 enhance degradation processes [13]. The per-
Wi . .

concentratior): 18 ppm perchlorate and a reside[rjlge ti?ne of 0.46’h; Buar EhloraFe mOIecu_Ie is reduced to chloride and. oxy_gen by one

2 um. (a) External surface of diatomaceous earth pellet. (b) Internal surbacterial organism, but perchlorate reduction in a waste

face of diatomaceous earth pellet. stream requires several bacterial members [1,2,24,25]. Ten
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to twelve different cell morphologies, including both Gram- Reduction of perchlorate by means of bacteria I. Investigation of intact 131

positive and Gram-negative bacteria, have been identified, c€!lS: Chem Pharmacol 13: 195-206.

tabl b f the bacterial fi hi h8 Hackenthal E. 1965. Reduction of perchlorate by bacteria. Il. The
as stapble members o € Dbactenal consorium whic identity of the nitrate reductase and of the perchlorate-reducing

reduces perchlorate. These results suggest a biofilm poss- enzyme fromB. cereus Biochem Pharm 14: 1313-1324.
ibly facilitated interactive processes between consortium9 Holt JG, NR Krieg, PHA Sneath, JT Staley and ST Williams. 1994.
members resulting in enhanced rates of perchlorate Bergey's Manual of Determinative Bacteriology. 9th edn, pp 45-46,

. P - Williams and Wilkins, Baltimore.
reduction. ThIS_ StUdy demonStra_teS the eff|C|ency Of10 Khalikov SK, L Sh Rabinovich, P Mirkhamidova, L Azizov, DT
f’ittaCheq organisms fQI’ th_e redUCUQn of perChlorate-_ The " |smailova and SB Bagdasarov. 1987. The biochemical mechanisms of
information generated in this study will allow us to consider  the growth stimulation effect of perchlorate preparations. Sel'skokhoz-
other treatment designs which employ a biofilm to yaystvennaya Biologiya 3: 11-18. _
accomplish perchlorate reduction in various environmen1 King JH. 1995. Effects of ammonium perchlorate on the thyroid hor-
| settings mone levels of the Sprague—Dawley rat. MS Thesis. Air Force Inst of
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