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ABSTRACT 

Two heterotrophic denitrifying bacteria, Paracoccus denitrificans 
and Pseudomonas denitrificans, have been shown to utilize nitric oxide 
(NO) as a terminal electron acceptor and succinate, yeast extract, and 
heat/alkali pretreated municipal sewage sludge as carbon and energy 
sources. Complete removal of NO (0.50%) from a feed gas sparged 
into the cultures was observed. It is suggested that reduction of NO 
may be a common feature of denitrifying bacteria and that a microbial 
process to dispose of NOx may be economically viable. 

Index Entries: Nitric oxide; NOx; flue gas; denitrifying bacteria. 

INTRODUCTION 

A need  exists for new technology for the disposal of concentrated NOx 
streams obtained from certain regenerable,  dry scrubbing processes,  such 
as the  NOXSO process,  and  the removal  and disposal of NOx from more  
dilute gas streams p roduced  by nitric acid plants. It has previously been 
demons t r a t ed  that  the facultative anaerobe and autot roph,  Thiobacillus 
denitrificans, may be cul tured anoxically in batch reactors us ing  NO(g) as a 
terminal electron acceptor. Thiosulfate served as an energy source, CO2(g) 
as a carbon source, and  a m m o n i u m  ion as a source of r educed  ni trogen.  
The g rowth  of T. denitrificans was indicated by deplet ion of thiosulfate 
and a m m o n i u m  ion and the accumulat ion of biomass.  The feed gas con- 
sisted of 0.50% NO, 5%, CO2, and  balance nitrogen.  The NO concentra-  
t ion in the  outlet gas was typically 200 p p m v  (1). 

*Author to whom all co r respondence  and reprint requests  should be addressed .  
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The ability to use NO as a terminal electron acceptor may be a common 
feature of denitrifying bacteria. A study is reported here of the reduction 
of NO by two heterotrophic bacteria, Paracoccus denitrificans, and Pseudo- 
monas denitrificans. 

MATERIALS AND METHODS 

Organisms and Culture 

Paracoccus denitrificans 
Paracoccus denitrificans (ATCC 13543) were obtained from the American 

Type Culture Collection (Rockville, MD). The organism was cultured for 
stocks at 30~ on nutrient  agar slants. Stocks were stored at 4~ until 
used with transfers every 30 d. 

P. denitrificans was cultured anoxically on NO(g) as a terminal electron 
acceptor in either a succinate-supplemented mineral salts med ium or the 
same mineral salts med ium supplemented  with heat and alkali-pretreated 
municipal sewage sludge. The basic mineral salts med ium used in this 
s tudy consisted Of (in mM unless otherwise indicated): KH2PO4 (14.7); 
NaHCO3 (11.9); NH4C1 (9.3); MgSO4 (6.7); and trace element  solution 
(2.0 mL/L). The trace element solution has been described previously (2). 

P. denitrificans was cultured anoxically on succinate as a carbon and 
energy source and NO(g) as a terminal electron acceptor in a Marubishi 
MD 300 fermenter  (culture vol 2 L). In a typical batch experiment, P. deni- 
trificans was grown in the mineral salts medium supplemented  with 37 
mM succinate and 50 mM KNO3 at 30~ and pH 7.0 to an OD at 520 nm 
of about 0.6. (The med ium was sparged with 30 mL/min N2 to remove 
oxygen). At this time, cells were harvested aseptically by centrifugation at 
5000g and 25 ~ for 10 min, and resuspended in the same medium without 
nitrate. A gas feed of 0.50% NO, 5% COa, and balance nitrogen was then 
initiated at 30 mL/min and sparged directly into the medium.  The agita- 
tion rate was 450 rpm. The culture med ium and outlet gas were  sampled 
periodically as the culture was maintained on an NO feed for up to 8 d. 

Heat/alkali pretreated sludge medium for P. denitrificans was prepared 
as follows: 100 g of wet-packed sludge (taken from the recycle line from 
the secondary settler of a municipal-activated sludge sewage t reatment  
system) was suspended  in 1 L of the mineral salts med ium described 
above. The suspension was adjusted to pH 12 with 10N NaOH and auto- 
claved at 121~ for 30 min. The cooled suspension was then adjusted to 
pH 7.0 with 6N HC1 and diluted to 1.5 L with additional mineral salts 
medium.  Heat  and alkali t reatment solubilized a significant fraction of the 
biosolids that make up the sludge producing soluble carbon and energy 
sources for the organism (Table 1). 
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Table 1 
Effect of Heat/Alkali Treatment 

on Suspensions of Sewage Sludge a 

729 

Before After 
treatment treatment 

MLSS (rag/L) 
Soluble COD (rag/L) b 
Soluble protein (mg/L) b 

5800 4370 
70 4400 
24 550 

aOne hundred grams per liter wet-packed sludge suspended in min- 
eral salts medium, pH adjusted to 12 with 10N NaOH, autoclaved at 
121~ for 30 min, and then pH adjusted to 7.0 with 6N HC1. MLSS= 
mixed liquor suspended solids; COD = chemical oxygen demand. 

b Concentration in supernatant following centrifugation at 5000 x g for 
15 min. 

When  P. denitrificans was to be cul tured on heat/alkali pre t rea ted  sew- 
age sludge as a carbon and energy source and NO(g) as a terminal electron 
acceptor, the organism was first g rown  on succinate/nitrate as described 
above. Following harvest ing by centrifugation at 5000g and  25~ the 
cells were r e s u s p e n d e d  in 1.5 L of the s ludge/mineral  salts m e d i u m  in a 
Marubishi  MD 300 fermenter .  A gas feed of 0.50% NO, 5% CO2, and  bal- 
ance ni t rogen was then  initiated at 30 mL/min.  All other  operat ing condi- 
tions were identical to those  described above for g rowth  on succinate.  

Pseudomonas denitrificans 
Pseudomonas denitrificans (ATCC 13867) was also obtained f rom the 

American Type Culture Collection (Rockville, MD). The organism was 
cultured for stocks at 30~ on nut r ient  agar slants. Stocks were s tored at 
4~ until used  and transferred every 30 d. 

Ps. denitrificans was cultured anoxically on NO(g) as a terminal electron 
acceptor in the mineral  salts m e d i u m  (without nitrate) s u p p l e m e n t e d  
with either 3 g/L yeast extract or heat/alkali-pretreated sewage sludge.  
When  yeast  extract served as the carbon and energy source, the  organism 
was first g rown  in mineral  salts/yeast extract m e d i u m  supp lementa l  50 
mM KNO3 (at pH 7.0 and  30~ to an OD (520 nm)  of about 0.6. Cells 
were then  harves ted  aseptically as described above and r e s u s p e n d e d  in 
the same m e d i u m  wi thout  nitrate. A gas feed of 0.50% NO, 5% CO2, bal- 
ance N 2 was then  initiated at 30 mL/min .  All other operat ing condi t ions  
were identical to those  described above for growth of P. denitrificans on 
succinate/NO. 

W h e n  pretreated sewage s ludge served as the  carbon and  energy 
source, Ps. denitrificans was initially g rown  on yeast extract/nitrate as de- 
scribed above. Following harvest ing by centrifugation, cells were  resus- 
p e n d e d  in the s ludge/mineral  salts med ium.  A gas feed of 0.50% NO, 5% 
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CO2, balance N2 was then initiated at 30 mL/min. All other operating con- 
ditions were identical to those described above. 

Analytical 

Analytical methods for quantitating nitrate and ammonium ion have 
been described previously (2). Biomass protein was determined by the 
Bradford method following sonication of cell suspensions (3). The sonica- 
tion procedure has been previously described (2). Bovine serum albumin 
(Sigma Chemical Co., St. Louis, MO) was used as a standard. Soluble 
chemical oxygen demand (COD) was determined by performing COD 
analyses on the supernatants of culture samples that had been centrifuged 
at 5000g and 4~ for 15 min. COD analyses used Hach Chemical Co. 
(Loveland, CO) premeasured reagent vials. Routine analysis of reactor 
outlet gas used Gastec Analyzer tubes (Gastec Corp., Yokohama, Japan) 
for NO (0-250 ppmv range). More precise determinations of NO in the 
outlet gas were done by gas chromatography using a Hewlett Packard 
5890 gas chromatograph with a thermal conductivity detector. The column 
was 30 ft x 1/8-in ID stainless steel packed with 100/120 mesh Haye Sep D 
(Hayes Separation, Bandera, TX). The carrier gas was helium at 30 mL/ 
min. The Column oven, injector oven, and detector oven temperatures 
were 25, 25, and 140~ respectively. Succinate in culture medium sam- 
ples was determined by gas chromatography using a Hewlett Packard 
5840 gas chromatograph with a flame ionization detector. The column 
was a 2 mx  1.8 mm ID (glass) packed with 801120 Carbowax B-DA/4% 
Carbowax 20 M (Supelco, Bellefonte, PA). The carrier gas was helium at 
24 mL/min. The column oven, injection oven, and detector temperatures 
were 185, 205, and 205 ~ respectively. 

RESULTS AND DISCUSSION 

Reduction of NO 
by Paracoccus denitrlflcans 

When NO was introduced into suspensions of P. denitrificans in min- 
eral salts medium supplemented with succinate, complete removal of NO 
from the feed gas (30 mL/min of 0.50% NO) was observed. As NO was 
removed from the feed gas, there was a corresponding decrease in the 
succinate (Fig. 1) and ammonium ion concentrations, and an increase in 
the biomass protein concentration (Fig. 2). Growth of P. denitrificans on 
succinate as a carbon and energy source and NO as a terminal electron 
acceptor is clearly indicated. In control experiments without biomass, NO 
broke through rapidly at concentrations comparable to the feed gas. 
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Fig. 1. Succinic acid concentration in a P. denitrificans culture receiving a 
NO feed (30 mL/min of 0.50%). 
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Biomass protein concentration in a P. denitrificans culture receiving 
a NO feed (30 mL/min of 0.50%). Succinate was the carbon source. 

During the course of the experiment illustrated by Figs. 1 and 2, the 
reduction of 32.3 mmol  of NO gas was  accompanied by the oxidation of 
5.0 mmol  of succinate, the utilization of 0.74 mmol  of NH4 § and the pro- 
duction of 99.3 mg of biomass protein. The average NO/succinate stoichi- 
ometric ratio observed in these experiments was 6.0. The purely chemical 
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Fig. 3. Soluble COD concentration in a P. denitrificans culture with pre- 
treated sewage sludge as a carbon and energy source receiving an NO feed (30 
mL/min of 0.50%). 

oxidation of succinate (to CO2) would  require 7.0 tool of NO/tool  of succin- 
ate. The difference be tween the biochemical reaction and a purely chemical 
reaction can be at tr ibuted to diversion of reducing equivalents for biosyn- 
thesis in the microorganism.  

In the specific exper iment  illustrated above, the initial specific NO 
feed rate was 4.3 mmol  NO/h/g  of biomass protein. However ,  subsequent  
exper iments  s h o w e d  that specific NO feed rates of up  to 23.6 m m o l  NO/  
h /g  biomass prote in  (140 m L / m i n  of 0.50% NO at a biomass pro te in  con- 
centrat ion of 70 rag/L) could be tolerated wi thout  breakthrough of NO. At 
the higher  NO feed rate, a proportionally higher  growth rate was observed 
in terms of accumulat ion of biomass  protein.  

A similar series of exper iments  was conducted  to de te rmine  whe the r  
P. denitrificans could use heat  and  alkali-pretreated sewage s ludge as a 
carbon and energy source with NO as a terminal electron acceptor. W h e n  
NO was in t roduced into a suspens ion  of P. denitrificans in mineral  salts 
m e d i u m  s u p p l e m e n t e d  with heat/alkali-pretreated sewage s ludge,  com- 
plete removal  of NO from the feed gas (30 mL/min  of 0.50% NO) was 
observed.  As NO was r emoved  from the feed gas, there was a corre- 
spond ing  decrease in the concentrat ion of soluble COD (Fig. 3). These  
data indicate that P. denitrificans was utilizing biomolecules solubilized 
f rom the sewage s ludge as sources of carbon and energy and NO as a ter- 
minal  electron acceptor. The a m m o n i u m  ion concentrat ion was seen to 
increase as NO was r emoved  f rom the feed gas. This has prel iminari ly 
been  attr ibuted to liberation of NH4 + dur ing  metabol ism of N-conta in ing 
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Soluble COD concentration in a P. denitrificans culture with pre- 
treated sewage sludge as a carbon and energy source receiving an intermittant 
NO feed. 

c o m p o u n d s  from the sewage sludge.  In control exper iments  with no 
biomass,  NO broke th rough  rapidly at concentrat ions comparable  to the 
feed gas. 

In order  to demons t ra te  clearly that the utilization of soluble COD in 
these cultures was directly l inked to the utilization of NO as a terminal 
electron acceptor, two addit ional types of experiments  were  conducted .  
In the first type, P. denitrificans cultures were g rown on a pre t reated sew- 
age s ludge and an NO gas feed as described above. When  utilization of 
soluble COD in the culture m e d i u m  was clearly established, the  NO gas 
feed was s topped.  As seen in Fig. 4, w h e n  NO was no longer available as 
a terminal  electron acceptor, the soluble COD concentrat ion remained  
stable. W h e n  the NO feed was restarted about 72 h later, the soluble COD 
concentrat ion again began to decline. 

In a second type of experiment ,  nitrate (3 g/L KNO3) was ad ded  to a 
P. denitrificans culture growing on pretreated sewage sludge and  NO. If 
NO were acting as a terminal electron acceptor in these cultures,  nitrate 
should  suppress  the utilization of NO. Within 72 h of the addi t ion of 
KNO3, NO was seen to break th rough  in the outlet  gas at concentrat ions  
of about  1000 p p m v .  Further  addi t ion of pretreated sewage s ludge did 
not  reverse the NO breakthrough.  

One  addit ional  observat ion is wor thy  of note.  P. denitrificans cultures 
growing  on pretreated sewage s ludge were occasionally subject to NO 
break th rough  even w h e n  soluble COD was still available in the  med ium.  
However ,  addi t ion of more  pretreated s ludge resulted once again in the 
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Fig. 5. Soluble COD concentration in a Ps. den#rift'cans culture receiving 

an NO feed (30 mL/min of 0.50%). Yeast extract was the carbon source. 

complete NO removal. These observations indicate that P. denitrificans 
could use only certain components  of the soluble COD as carbon and 
energy sources. 

Reduction of NO 
by P s e u d o m o n a s  deni tr i f icans  

When Ps. denitrificans cells were suspended  in mineral salts med ium 
supplemented  with yeast extract, the suspensions initially received a feed 
of elemental nitrogen only. As seen in Figs. 5-7, the COD concentration, 
the optical density, and biomass protein concentration remained relatively 
constant during this time (40 h). However ,  when  NO feed was initiated 
(30 mL/min of 0.50% NO), the COD concentration began to decline, and 
the optical density and biomass protein concentration began to increase 
indicating growth of the organism on components  of the yeast extract as 
carbon and energy sources and NO as a terminal electron acceptor. Com- 
plete removal of NO from the feed gas was observed. After about 100 h of 
operation with the NO feed, the NO feed gas was again replaced with N2. 
The results as shown in Figs. 5-7 were  a cessation in growth and utili- 
zation of COD. When  the NO feed was resume after about 48 h on N2, 
growth resumed with further utilization of COD, and increase in optical 
density and biomass protein concentration. In control cultures in which 
NO was fed at the same rate to yeast extract/mineral salts medium without  
biomass, NO broke through rapidly at concentrations comparable to the 
feed gas. 
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Fig. 6. Optical density in a Ps. denitrificans culture receiving an NO feed 

(30 mL/min of 0.50%). Yeast extract was the carbon source. 
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Fig. 7. Biomass protein concentration in a culture of Ps. denitrificans cul- 
ture receiving an NO feed (30 mL/min of 0.50%). Yeast extract was the carbon 
source. 

W h e n  N O  was  introduced into s u s p e n s i o n s  of Ps. denitrificans in 
mineral  salts m e d i u m  s u p p l e m e n t e d  with heat and alkali-pretreated sew-  
age s ludge ,  very similar results were  obtained compared  to P. denitrificans 
in the same m e d i u m .  Again  comple te  removal  of N O  from the feed gas 
(30 m L / m i n  of 0.50% NO)  was  observed.  Figure 8 s h o w s  the so luble  C O D  
concentrat ion in the culture m e d i u m  in one  of these  exper iments  as N O  is 

Applied Biochemistry and Biotechnology Vol. 3 9 / 4 0 ,  1993 



736 Shanmugasundram, Lee, and Sublette 

Fig. 8. Soluble COD concentration in a Ps. denitrificans culture with pre- 
treated sewage sludge as a carbon and energy source receiving an NO feed (30 
mL/min of 0.50%). 

r emoved  from the feed gas. The decrease in soluble COD concentra t ion 
indicates g rowth  of Ps. denitrificans on biomolecules der ived f rom the 
sewage sludge as carbon and energy  sources and NO as terminal  electron 
acceptor. Figure 8 shows  that w h e n  the NO feed was shut  off at about  120 
h into the exper iment ,  the soluble COD concentrat ion leveled off, but  
r e sumed  its decline w h e n  the NO feed was restarted. The a m m o n i u m  ion 
concentrat ion in Ps. denitrificans cultures also increased as NO was re- 
m o v e d  from the feed gas. However ,  the a m m o n i u m  ion concentra t ion 
leveled off while the  NO feed was shut  off. 

C O N C L G S I O N  

It has been demons t r a t ed  that  NO will suppor t  the g rowth  of two 
heterot rophic  denitr ifying bacteria, Paracoccus denitrificans and  Pseudo- 
monas denitrificans, as a terminal electron acceptor with succinate, yeast  
extract, and  heat/alkali-pretreated sewage sludge as carbon and  energy  
sources. These results,  taken wi th  those  previously repor ted for the  auto- 
t roph  Thiobacillus denitrificans, suggests  that NO reduct ion may  be a com- 
m o n  proper ty  of denitrifying bacteria. The use of a potentially inexpensive 
carbon and  energy source, such as pre t reated sewage sludge,  to suppor t  
NO reduct ion indicates that a microbial process to dispose of NO• may  
be economically viable. Less costly pre t rea tment  me thods  are current ly  
being investigated.  
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