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Abstract

2,2-Dibromo-3-nitrilopropionamide (DBNPA) has been used as a biocide in industrial water applications due to its instan-
taneous antimicrobial activity and rapid chemical breakdown. In this study, DBNPA is considered a potential alternative
for antibiotics used for bacterial control during corn-to-ethanol fermentation. A method using LC/MS/MS was developed
to accurately quantify DBNPA in water. When this method was applied to quantify DBNPA concentration in a fermenta-
tion matrix, DBNPA was found to be unstable and to decay rapidly, preventing validation of the method or quantitation.
This method was then used to evaluate the degradation rate of DBNPA in whole stillage, which is the nonvolatile residue
produced by removal of ethanol from corn-based fermentation beer by distillation through the relative decrease in mea-
sured signal. In addition, a method was developed and validated to quantify bromide, one of the degradation products
of DBNPA, in whole stillage using LC/MS/MS. The degradation rate of DBNPA in whole stillage was found to display
first-order kinetics with a calculated half-life of 85 min. Laboratory analytical chemistry results on DBNPA degradation

were confirmed based on a bacterial viability assay in field trials.
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Introduction

Fuel-ethanol production in the U.S. has grown from less
than 2 billion gallons per year in 2000 to 15.8 billion gallons
in 2019 [10]. A major byproduct of ethanol production from
corn is distiller’s dried grains with solubles (DDGS). DDGS
is used primarily as animal feed and consists of the non-
fermentable components of the corn kernel (e.g., protein,
oil, and fiber), unconverted starch, and nonvolatile fermen-
tation products (e.g., yeast biomass, glycerol) [24]. During
corn fermentation, bacterial contamination and spoilage of
products are common problems since chemical and biologi-
cal processing are not performed under aseptic conditions
[26]. To prevent and treat bacterial infections, antibiotics,
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such as virginiamycin and penicillin, are often added to the
fermentations [2,16, 26]. Recently, the FDA has become
more concerned about antibiotic residues in DDGS, [12a,
12b] and as a result, interest in alternative strategies for
controlling bacterial infections has increased in the ethanol
industry. One such strategy is to apply a biocide such as
2,2-Dibromo-3-nitrilopropionamide (DBNPA) [29, 30, 31].
This biocide is an effective bactericide but does not affect
the yeast employed to ferment corn to ethanol [29, 30, 31].

DBNPA is a brominated acetamide [15] originally
applied as a seed fungicide [22]. More recently, DBNPA
was used effectively to limit bacterial growth in different
water applications, such as cooling water and paper pro-
cessing [5, 17, 25]. In these applications, favorable char-
acteristics of DBNPA included instantaneous antimicrobial
activity and rapid chemical breakdown into relatively non-
toxic byproducts [11, 29]. These characteristics would also
be beneficial in the ethanol industry, [29,30, 31, 32] but the
behavior of DBNPA has not been studied in this applica-
tion. In particular, DBNPA decomposition in water treat-
ment applications is dominated by two reaction pathways:
pH-dependent hydrolysis and light-catalyzed reactions with
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reducing nucleophiles [ 11]. However, the relevance of these
pathways in ethanol processes and operations is not known.

Whole stillage is comprised of nonvolatile residues
produced by removal of ethanol from corn-based fermen-
tation beer by distillation. It typically contains 95% water
and 5% residual material from corn fermentation. This
includes fermentation byproducts, residual fermentable
sugars, and nonfermentable components of corn, such as
protein, triglycerides and free fatty acids, and corn fiber.
Because whole stillage is a critical intermediate product
of the operations that eventually result in the production of
DDGS, it was selected as the sample matrix for this study.
Previous methods have utilized HPLC with UV detection
to quantitate DBNPA in wastewater [11], but interference
from other components of whole stillage precluded the use
of this method in this matrix. Similar interference issues
were encountered when conductivity detection was used
to attempt to quantify bromide, a major decomposition
product of DBNPA, in the whole stillage. To achieve the
analytical goal of this study to measure DBNPA degrada-
tion in fermentation medium, we developed and validated
quantification methods for DBNPA and bromide using lig-
uid chromatography/mass spectrometry/mass spectrometry
(LC/MS/MS). Subsequently, we introduced DBNPA to the
fermentation process in field trials and measured the pres-
ence or absence of this biocide downstream in the corn-to-
ethanol process using bioluminescence.

Materials and methods

Chemical Standards and Reagents DBNPA was pur-
chased from Sigma Aldrich (St. Louis, MO, USA; CAS#
10222-01-2) at 96% purity. Field trials used 20% active
ingredient dissolved in propylene glycol manufactured by
DOW Chemical Co. (Midland, MI.) LC/MS grade metha-
nol, formic acid, ammonium acetate, sodium bromide, and
N,N-1,4-diethyl-p-phenylenediamine (DPD) were also
purchased from Sigma Aldrich. Purified (DI) water, with a
measured resistance of 18.2 MQ, was produced using a Mil-
lipore Synergy 185 (Millipore, Billerica, MA, USA). High-
purity nitrogen, which was used as the nebulizing, sheath,
and collision gas, was provided by a nitrogen generator
(Peak Scientific, Billerica, MA, USA).

Frozen microorganism cultures of the bioluminescent
bacterium Aliivibrio fischeri were obtained from Microtox
(Azur Environmental, Carlsbad, CA). These were thawed in
a water bath at 15.0+0.5 °C, hydrated, adjusted osmotically
to 2% NaCl with 22% NaCl in ultrapure water, mixed asep-
tically, and utilized immediately for tests on a Microtox 500
Analyzer, according to the instructions of the manufacturer
[21] The photometric reading of the light production by A.
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fischeri was measured in a Microtox 500 (A=490 nm) and
immediately recorded. The light output radiated by this bac-
terium is known as an indicator that is directly proportional
to bacterial cell metabolic activity [21].

Whole stillage supernatant For laboratory studies, a
whole stillage sample was selected from archived samples
that were generated during a pilot plant trial that used typi-
cal conditions for the production of fuel ethanol and DDGS
from corn. The pilot plant trial was performed at NCERC,
and the sample was stored frozen at -20 °C until it was used
in this study. Whole stillage supernatant was prepared by
centrifuging approximately 50 ml of whole stillage at 22 °C
at 3000 rpm for 5 min. The supernatant was filtered through
a 0.45 pm syringe filter to remove colloidal suspended sol-
ids. The pH of the whole stillage sample was 4.6. Field sam-
ples of whole stillage were handled similarly.

DBNPA Identification and Quantitation DBNPA was
analyzed in a methanol/water matrix with a Shimadzu
SPD 20 HPLC system (Shimadzu Corporation, Kyoto,
Japan) consisting of an autosampler, a degasser, two dual
head pumps, and a thermostated column oven set at 40°C
connected to a triple quadrupole mass spectrometer (3200
QTrap, AB Sciex) equipped with an ESI turbo ion source. A
binary solvent system was used: solvent A was 0.1% (w/v)
formic acid in water, and solvent B was 0.1% (w/v) formic
acid in methanol. An Insertsil ODS-4 C18 column (6 mm
x 250 mm, 5 um; GL sciences, Torrance, CA, USA) and
a guard column (7.1 mm x 2.1 mm) were used for chro-
matographic separation. Chromatographic separation was
performed at a flow rate of 0.9 mL min~! using a gradient
elution program (T=0 min, A: 95% B: 5%; T=10 min, A:
75% B:25%; T=10-17 min A: 75% B: 25%; T=17-21 min
A: 60% B: 40%). The mass spectrometer was operated in
negative mode under software control (4nalyst, version 1.5,
AB Sciex). DBNPA was detected using 238.8, 240.8, and
242.8 m/z ions, corresponding to the [M-H]™ ion of DBNPA
with various bromide isotopes.

The method was validated by evaluating linearity, accu-
racy, and precision. Five external calibration standards were
prepared through dilutions of a 200 ppm DBNPA stock
solution prepared by dissolving an appropriate amount of
DBNPA in a 50/50 methanol/water mixture using a volumet-
ric flask producing the following concentrations: 25 ppm,
20 ppm, 10 ppm, 5 ppm, and 2 ppm. The correlation coeffi-
cient, 12 (or coefficient of determination), between the detec-
tor response and the concentrations of the external standards
was 0.998. Due to the rapid degradation of DBNPA in whole
stillage, the method could not be validated in this medium.
Instead, the method was validated using a water/methanol
matrix, in which DBNPA is relatively stable. The accuracy
of the method was determined from the recovery of DBNPA
in a series of spiked samples. Aliquots were made from the
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200 ppm DBNPA stock solution in the following amounts:
500 pl, 100 pl, 50 pl, and 25 pl. The aliquots were then
diluted with 50/50 methanol/water create spiked samples at
the following concentrations: 100 ppm, 20 ppm, 10 ppm,
and 5 ppm. In the case of spiked samples that were spiked
with a concentration above the calibration range, the sample
was diluted by a factor of 10 before submission for analysis.
(See Table 1.)

Bromide Identification and Quantitation Bromide
concentration in whole stillage was determined with the
same chromatograph and detection instruments as were
used for DBNPA. Before instrumental analysis, the whole
stillage sample was cleaned using a solid phase extraction
procedure. The SPE cartridge (C18, Agilent, Santa Clara,
CA, USA) was conditioned with methanol, then 50/50
methanol/water, the whole stillage sample was filtered
through the cartridge, and the eluent was collected for direct
injection on LC/MS/MS. A Dionex RFIC Ionpac AS22
(4 mm x 250 mm) ion chromatography column was used
with 0.2% (w/v) ammonium acetate in water solution as the
mobile phase. Identification and detection of analytes was
performed by a triple quadrupole mass spectrometer (3200
QTrap LC/MS/MS, AB Sciex) equipped with an APCI ion
source operated in negative mode with a mass transition of
79/79.

The method was validated by evaluating its linearity,
accuracy, and precision. Five external calibration standards
were prepared at concentrations of 12.4, 5.0, 2.5, 1.2, and
0.5 ppm bromide ions. The correlation coefficient (or coeffi-
cient of determination) of the external calibration curve was
0.999. Spiked samples were prepared to test the accuracy
of the method by spiking an aliquot of concentrated sodium
bromide into whole stillage supernatant. Spikes were pre-
pared at the following concentrations: 6.8, 4.3, and 1.8 ppm

bromide ions. Recovery for each spiked whole stillage sam-
ple was determined. Instrument repeatability was evaluated
based on five injections of the 1.2 ppm standard and 4.2 ppm
spiked sample. Relative standard deviations are shown in
Table 2 for both sample types.

DBNPA Degradation Time Trials A whole stillage
supernatant sample was spiked with DBNPA to make a 40
ppm DBNPA sample for the degradation study. The sam-
ple was kept at 15 °C in the dark within the autosampler
between injections due to the photosensitivity of DBNPA.
The sample was analyzed using the LC/MS/MS method we
developed and validated for DBNPA in methanol/water.

A duplicate sample of whole stillage supernatant was
spiked with DBNPA to an initial concentration of 40 ppm
DBNPA for the degradation study. Instead of determining
the DBNPA concentration, the bromide concentration was
monitored. The method was modified to remove the SPE
pretreatment phase due to the time requirements of the
experiment.

Field trials Field sites in four states were surveyed to
run proprietary trials. Ethanol plants were sought specifi-
cally where personnel had experience working with bio-
cide techniques (as opposed to non-biocide, clean-in-place
technologies) but also where personnel were not bound by
contract or were not given exclusivity rights to test unchar-
acterized chemicals or biochemicals from another company
or agency. Two corn-to-ethanol plants agreed to carry out
a confidential trial. Before proceeding, they cleaned their
equipment with permeate water from their reverse osmosis
system. The absence of chlorine in the water was determined
by using standard DPD testing in a HACH DR5000™ spec-
trophotometer. This was done to assure that chlorine was
not present in the water to act as a biocide, and so it would

Table1 LC/MS/MS results from aliquots made from 200 ppm stock DBNPA solution and then diluted in 50/50 methanol/water. (See Materials and
Methods.) Validation results of the DBNPA method for both accuracy and precision. Accuracy results are reported as a percent of the spike value
detected in the spiked sample. Precision results are reported as the relative standard deviation of 5 injections from the same sample.

Accuracy Precision

Sample ID Recovery (%) n RSD (%)
100 ppm 93.2 S ppm 5 256

20 ppm 103.4 60ppm 5 0.89

5 ppm 104.2

2 ppm 98.3

Table 2 Validation results of the brpmide Accuracy Precision

method for both accuracy and precision. Sample ID Recovery (%) P RSD (%)
Accuracy results are reported as a percent

of the spike value detected in the spiked 6.8 ppm 104.4 1.2 ppm 3 2.144
sample. Precision results are reported as the 4.3 ppm 108.3 4.3 ppm 5 3.905
relative standard deviation of 5 injections 1.8 ppm 99.1

from the same sample. See Methods.
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not oxidize Br™ to HOBr and throw off our measurement of
[Br].

DBNPA was introduced into the fermenters as 200 ppm
small quantity dosages, as product (20% active).[29] The
temperature of the first fermenter was 32-33 °C and pH
4.6 0.1 for 42 h; the second plant maintained its fermenta-
tion at 35 °C and pH 4.5+0.1 for 46 h. In both fermenta-
tion trials, field samples were drawn by experienced plant
personnel and dispensed into opaque, covered containers to
avoid photodegradation of DBNPA. Samples were centri-
fuged, followed by filtration through 0.45 um syringe filters
as described above. The presence of DBNPA was deter-
mined by its effect on the bioluminescence radiated by A.
fischeri culture, as measured in the Microtox 500 Analyzer,
[21] and the results from the trial samples were compared
with the control samples. The goal was to have data points
from the field samples within 3—5% of each other.

Results

Degradation of DBNPA was determined using LC/MS/
MS. Table 1 lists the recovery for each spiked sample.
Instrument repeatability was determined from five injec-
tions out of a standard (5 ppm) and spiked sample (60 ppm).
For each, the relative standard deviation based on peak area
was calculated for the set of runs. The limit of quantitation
was not determined for this method.

Table 2 lists the recovery for each spiked whole stillage
sample. Instrument repeatability was determined from five
injections of the 1.2 ppm standard and 4.2 ppm spiked sam-
ple. Relative standard deviations are shown in Table 2 for
both sample types.

Both developed analytical methods displayed a high
degree of accuracy and reproducibility during valida-
tion. For both methods, recovery of the spikes at all levels
was within 90-110% recovery of the spike. The RSD for
both methods at both high and low analyte concentrations
was below 5%. The results of the validation are shown in
Tables 1 and 2 for DBNPA and bromide, respectively.

Figure 1 shows the change in relative DBNPA signal area
as a function of time in the whole stillage. The relative sig-
nal area of DBNPA decreased to approximately 20% of its
initial value when incubated for 3 h at 15 °C in the dark, and
the rate appeared to be first order in DBNPA concentration.
The best-fit degradation rate coefficient (0.0081 min~') cor-
responds to a half-life of approximately 85 min. The results
in Fig. 2 indicate that even though DBNPA degradation
started immediately, bromide was only produced after a
delay of approximately 150 min. After this relatively long
lag period, bromide was rapidly released as a free ion.

@ Springer

Field trial results In field trials, DBNPA was introduced
at 200 ppm in each fermenter. After completion of fermenta-
tion, samples were drawn from whole stillage and prepared
for analysis using the Microtox 500 instrument. (See Meth-
ods.) Bioluminescence measurements were used to deter-
mine the presence of DBNPA in the stillage and compared
with laboratory controls. Exposure to a microbicide such as
DBNPA causes a change (decrease) in luminescence, which
is a byproduct of cellular respiration of photoluminescent
bacteria. Changes in respiration directly relate to the toxic-
ity of the biocide and to the inhibition of A. fischeri biolu-
minescence [21]. The results of field trials carried out at two
corn-to-ethanol plants are provided in Fig. 3. Laboratory
samples with and without DBNPA under ambient conditions
were tested at 60 min, and 0 and 60 min, respectively. The
results clearly indicate that the bioluminescence radiated
by untreated A. fischeri in the negative controls was strong
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Fig. 1 Decay of DBNPA in whole stillage. Each data point is a repli-
cate injection from the same spike whole stillage sample.
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Fig. 2 Change in the concentration of bromide in whole stillage
detected as a function of time. Each data point is a replicate injection
from the same whole stillage sample spiked with DBNPA.
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BIOLUMINESCENCE MEASUREMENT
of DBNPA BIOCIDAL AGTIVITY USING
Aliivibrio fischeri in TWO FIELD APPLICATIONS

ce

-
Control 12 Control 1b Control 2b Whole
stillage

Percent Bioluminescen

Trial #1  Trial #2

Fig. 3 2,2-dibromo-3-nitrilo propionamide (DBNPA) was dosed as
200 ppmv of Bronam 20 in laboratory samples and plant fermenta-
tion media. Bioluminescent bacteria, Aliivibrio fisheri, were tested at
0 min to obtain a negative control reading (Control 1a) under ambi-
ent conditions. Samples that were exposed to DBNPA for 60 min in
the in the laboratory yielded a decrease in bioluminescence (Control
1b) whereas readings of control samples remained the same. Similarly,
after the fermentation process was completed in the plant, whole still-
age was harvested, and tested. The results of DBNPA degradation in
whole stillage were compared with the controls. Bar 2b represents a
check of viability of fresh laboratory cultures prior to testing the whole
stillage samples.

both before (1a) and after (2b) the field tests. In contrast,
the laboratory samples containing fresh 200 ppm DBNPA
added to A. fischeri cultures (1b) were found to eliminate the
bacteria completely. Bioluminescence results from the sam-
ples in the fermentation process indicated that the DBNPA
efficacy waned. These were measured in duplicate and aver-
aged 95% degradation in trial #1; 98% in trial #2. In each
case the results are almost identical to the negative controls,
meaning the DBNPA was degraded.

Discussion

Chemically, two well-characterized degradation pathways
have been described for DBNPA: pH-dependent hydrolysis
and light-catalyzed reactions with nucleophilies [5]. How-
ever, in the case of this study, neither of these mechanisms
seem likely. Because the sample was kept in the dark during
the degradation study, the light-catalyzed reaction could not
occur. The pH-dependent degradation mechanism is rapid
at pH > 7; however, the pH of the whole stillage used in this
study was 4.6, which indicates that DBNPA is relatively
stable. Additionally, the observed degradation rate at this
pH was much faster than would be predicted based on the
previously reported rate coefficient [11]. Instead, DBNPA
may have reacted with nucleophilic compounds in whole
stillage, such as sulfhydryl groups derived from corn protein
or yeast metabolic byproducts. Physiologically, it is known
that DBNPA attacks sulfhydryl groups of bacterial cell pro-
teins, rendering them inactive [4]. The lag between DBNPA
disappearance and bromide appearance suggests that one or
more intermediate products accumulate during the degrada-
tion mechanism followed by a degradation step that releases

bromide ions. However, more work needs to be done to
define the chemical pathways.

We chose LC/MS/MS for accuracy, precision, and repro-
ducibility and developed a method to measure DBNPA.
Based on the analytical chemistry results in Figs. 1 and 2,
we conclude that DBNPA decayed rapidly in the whole still-
age, which is typical of the fermented material made in the
production of bioethanol from corn. The DBNPA applied in
the fermentation process was not persistent. The degrada-
tion rate of DBNPA in whole stillage was discovered to dis-
play first-order kinetics with a calculated half-life of 85 min.
During decomposition, an intermediate product forms and,
ultimately, decays to free bromide and other (unidentified)
compounds by an unknown reaction mechanism. The mea-
sured decay rate of DBNPA ignored the effects of sunlight,
a major route of rapid decomposition of DBNPA. In addi-
tion, whereas in whole stillage at pH (4.6), where DBNPA is
expected to be relatively stable and does not undergo rapid
degradation through a mechanism of hydrolysis, photolytic
and hydrolytic effects may increase the rate of DBNPA
decomposition in a manufacturing environment. Conse-
quently, based on the compelling results of the analytical
chemistry studies of DBNPA degradation, we pursued fur-
ther testing in corn-to-ethanol processing plants.

To carry out these field studies, we strove to apply experi-
ences we gained testing the persistence of DBNPA in other
field studies. For example, we previously tested the degra-
dation of brominated biocides 2,2-dibromo-3-nitrilo-prop-
ionamide and 2-bromo-2-nitro-propane-1,3-diol in cooling
water and paper processing industries. These tests were
performed by investigating the cellular toxicity of their
residuals on Aliivibrio fischeri by measuring the change in
bioluminescence spectrophotometrically. Likewise, in this
study, we conducted field trials on the persistence of DBNPA
in corn-to-ethanol processing using the bioluminescence of
A. fischeri as our sensitive photometric indicator of toxicity,
as determined by the Microtox 500 Analyzer [9, 20, 23].

Based on the results in Fig. 3, the effect of DBNPA on
A. fischeri bioluminescence, we can state that DBNPA was
indeed found degraded in whole stillage samples. The field
study results measuring loss of DBNPA activity also cor-
respond well with other process water studies conducted
similarly. In previous work, when DBNPA as added to fine
paper machines, we discovered that 99-100% was actu-
ally degraded before the machine effluent was discharged
into freshwater (Wiatr and Burns, unpublished data). Sub-
sequently, DBNPA was discovered to degrade in cooling
tower water by a different technique; the acute toxicity of
DBNPA was less toxic than the literature has stated [27].
Our laboratory and field study results, moreover, agree with
these findings. They can help forecast that the application of
DBNPA in fermentation of bioethanol can be done without
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fears that the biocide would carry over into and contaminate
DDGS.

Discoveries of the microbiological efficacy of DBNPA
[29, 30, 31, 32] against bacteria coupled with the degra-
dation results found early in the corn-to-ethanol process,
as provided by the evidence in this paper, can allow this
biocide to replace antibiotics in the corn-to-ethanol bio-
fuel industry. That is of significant value. Not only do these
results indicate that DBNPA can be used to protect against
bacterial infection of the corn-to-ethanol process, saving on
costs of raw materials, finished products, and post bacterial
infection clean-outs, but they also suggest that use of this
biocide can help prevent antibiotic resistance.

Overuse, underdosage, and other misapplications of anti-
biotics are known to increase antibiotic resistance by bacte-
ria in the field, regardless of the concentration of antibiotics
[8, 14, 28]. Antibiotic resistance is also recognized to occur
more likely when bacterial biofilms develop, such as those
formed on equipment surfaces [1, 7, 18]. Repeated use of
antibiotics in animal feed also translates to microorgan-
isms being exposed to sublethal doses of and developing
resistance to these drugs. This is a long-term concern, that
antibacterial resistance originates in farm animals [19] and
continues, particularly when antimicrobials are present at
subtherapeutic levels [13] in the food chain.

Moreover, residual antibiotics in meat were previously
found to disrupt its fermentation, increase the risk of infec-
tion, and make pathogens less susceptible medically to
treatment with antibiotics [18]. It appears that antibiot-
ics found at low concentrations at the end of the ethanol
process [3] can likewise cause high levels of antimicrobial
resistance [6, 33]. The results in this paper indicate that
these problems can be avoided. The application of DBNPA
instead of an antibiotic to control bacteria in the ethanol
process represents a significant advance in the field because
DBNPA breaks down prior to the end of the process and
thus cannot enter DDGS used for animal foods. This means
that the application of DBNPA can circumvent the bacterial
antibiotic resistance problem of FDA concern, [12a, 12b]
making it a successful alternative to antibiotics. Then agri-
cultural use of DDGS in feed would represent a safer prac-
tice because DBNPA would be degraded, would obviate the
use of antibiotics that induce antibiotic resistance in bacteria
in bovine, swine, and poultry applications in the food chain.
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