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This study evaluated the feasibility of replacing acetic acid with a
commercial carbohydrate-based electron donor (CBED) for removal
of nitrate and perchlorate (ClO,") from drinking water. Bench-scale
biologically active carbon fixed-bed and fluidized-bed reactors
(FXBR and FLBR, respectively), with an initial empty bed contact
time (EBCT) of 42.8 min, were fed simulated groundwater
containing 15 mg/L nitrate as nitrogen and 200 pg/L ClO,~. EBCT
in the FLBR after final expansion was 80.5 min. During the first

100 days using acetic acid at 125 mg/L chemical oxygen demand
(COD), complete nitrate removal was achieved in both systems,
whereas perchlorate in the FXBR and FLBR effluents remained
below 3 and 6 pg/L ClO 7, respectively. For comparable removals,
influent COD requirement was higher with the CBED. Biomass
yields with acetic acid and the CBED were 0.54-0.58 and 0.59-
0.74 mg COD /mg COD

biomass' substrate?
with the CBED resulted in more frequent maintenance requirements.

respectively. The higher yield
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Nitrate (NO;7) and perchlorate (ClO,”) often coexist in
drinking water sources (Li et al. 2010, Webster et al. 2009,
Kimbrough & Parekh 2007, Logan & LaPoint 2002).
Although nitrate is regulated in the United States at a maxi-
mum contaminant level (MCL) of 10 mg/L nitrate as nitrogen
(NO;™-N), a federal drinking water regulation does not yet
exist for perchlorate. Massachusetts and California have regu-
lated perchlorate in drinking water with state-level MCLs of
2 and 6 pg/L, respectively, and the proposed MCL in New Jersey
is 5 pg/L (Water Research Foundation 2011). In addition, Arizona,
California, Florida, Illinois, lowa, Kansas, Maine, Maryland,
Massachusetts, Nevada, New Jersey, New Mexico, New York,
Oregon, Texas, and Vermont have adopted advisory levels rang-
ing from 1 to 18 pg/L ClO,~ (Water Research Foundation 2011).
In 2008 the US Environmental Protection Agency (USEPA)
issued an interim health advisory of 15 pg/L for perchlorate in
drinking water (USEPA 2008). USEPA was expected to propose
a federal drinking water standard for perchlorate in 2013
(USEPA 2011) at levels similar to the state MCLs, but a standard
has not yet been proposed.

BACKGROUND

Biological treatment processes are effective for the removal
of nitrate and perchlorate because microorganisms gain energy
by mediating the reduction of these contaminants through deni-

trification and dissimilatory perchlorate reduction (Ricardo et
al. 2012, Zhao et al. 2011, Li et al. 2010, Hamlin et al. 2008,
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Brown et al. 2005, McCarty & Meyer 2005). Advantages of
biological treatment include the ability to remove many inor-
ganic and organic contaminants simultaneously with minimal
generation of waste products and without the requirement of
regeneration of spent materials—e.g., ion exchange resins (Zhao
et al. 2011, Li et al. 2010, Upadhyaya et al. 2010, Patel et al.
2008, Tziotzios et al. 2008, Fuller et al. 2007, Brown &
Lauderdale 2006). However, biological processes require the
availability of an electron donor to provide the reducing equiv-
alents to remove dissolved oxygen (DO), followed by denitrifi-
cation and dissimilatory perchlorate reduction. Drinking water
sources typically contain insufficient amounts of natural organic
matter to support these processes, and thus biological treatment
requires the addition of an electron donor such as acetate,
ethanol, or hydrogen gas (H,). This requirement makes it imper-
ative to investigate the possibility of using alternative electron
donors that could result in lower operating costs. When use of
a new product is considered, it is essential to evaluate the prod-
uct’s effect on treatment performance, its required dose, and its
suitability for drinking water treatment.

Methanol has been the most common supplemental electron
donor to accomplish denitrification in water quality processes,
especially in wastewater treatment (Ravnjak et al. 2013, Mohseni-
Bandpi & Elliott 1998). However, its use is of concern because
of its toxicity, volatility, and safety issues related to transporta-
tion, handling, and storage. As an alternative to methanol, elec-
tron donors such as glycerol, acetic acid, lactic acid, glucose,
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high-fructose corn syrup, hydrogen, and commercial products
have been evaluated for their potential for biological denitrifica-
tion in both wastewater and drinking water treatment applica-
tions (Bill et al. 2009, Cherchi et al. 2009, Pretorius et al. 2006,
Akunna et al. 1993). Following its approval by NSF International
for use in drinking water treatment, acetic acid has become a
commonly used electron donor for biological treatment of drink-
ing water (Li et al. 2010; Upadhyaya et al. 2010; Dugan et al.
2009; Webster et al. 2009; Brown et al. 2005, 2003). NSF
International recently approved the use of a carbohydrate-based
electron donor! (CBED)—the commercial product evaluated in
this research—for drinking water treatment (NSF International
2015). This product is delivered as an aqueous solution with
approximately 680,000 mg/L chemical oxygen demand (COD).
It has a specific gravity of 1.235 at 25°C and is yellowish in color
with a pH of 3.75-4.25.

Biofilm reactors, such as fixed-bed reactors (FXBRs) and
fluidized-bed reactors (FLBRs), allow the attainment of high
concentrations of microbial biomass without the need for
sludge recycling or biomass separation. As a result, high con-
taminant loading rates can be achieved in biofilm systems.
Furthermore, these reactors are of particular importance when
multiple contaminants coexist as microbial populations of
different metabolic capabilities, positioned along the depth of
the filter bed or throughout the biofilm, may use and subse-
quently remove the contaminants (Upadhyaya et al. 2010).
However, owing to flow characteristics such as velocity, tur-
bulence, and shear force, biofilm in an FXBR differs from that
in an FLBR. In an FXBR, biofilm growth close to the inlet is
expected to be greater and thicker than that near the outlet
of the filter (Benthack et al. 2001, Rittmann 1982), with a
spatial positioning of terminal electron accepting process
(TEAP) zones along the filter depth (Upadhyaya et al. 2010).
In contrast, biofilm of more uniform thickness is expected
throughout an FLBR after maturation of the system (Rittmann
1982). The uniform biofilm observed in an FLBR may be
attributed to high fluid shear and loss of particles caused by
overexpansion and mixing of the attachment medium (Choi
& Silverstein 2007). The growth and characteristics of biofilm
in turn affect the hydrodynamic behavior in the systems
(Blanco et al. 1995) and may dictate the contaminant removal
efficiency. Recirculating the effluent in an FXBR may result
in better contaminant removal because of better distribution
of biomass along the flow path (Choi & Silverstein 2007).
Several researchers have demonstrated the simultaneous
removal of nitrate and perchlorate with FLBRs and FXBRs
using H, or acetic acid as the electron donor. For example,
Kurt et al. (1987) and Webster et al. (2009) used H, and ace-
tic acid, respectively, as the electron donor in FLBRs. Simi-
larly, Li et al. (2010) and Brown et al. (2005) used acetic acid
as the elctron donor in FXBRs. Although a few research stud-
ies have compared the performance of FXBRs and FLBRs for
wastewater treatment (Rezaee et al. 2011, Borja & Banks
1995, Holladay et al. 1978), a systematic comparison of the
performance of these systems has not been conducted for
drinking water treatment.
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The objective of the current study was to evaluate the feasibil-
ity of replacing acetic acid with the CBED in lab-scale bioreactors
operated for the removal of nitrate and perchlorate from drinking
water sources. Since both FXBRs and FLBRs are of interest in the
drinking water field, this study evaluated the performance of both
reactor configurations.

MATERIALS AND METHODS

Reactor setup and operation. Two lab-scale biologically active
carbon (BAC) reactors—an FXBR system and an FLBR system—
were fabricated from glass columns with an inner diameter of 4.9 cm
and heights of 56 and 50 cm, respectively (Figure 1). The FLBR
also had a 3-L spherical compartment (bowl) on top of the glass
column. Both reactors were packed with granular activated car-
bon (GAC) particles? (bituminous, 1.4-2.36 mm in size, bulk
density of 0.69 g/cm?3) collected from a pilot-scale nitrate- and
perchlorate-removing bioreactor (Li et al. 2010) to attain a settled
bed height of 34 cm. Thus, the initial empty bed contact time
(EBCT) in both reactors was 42.8 min. The FXBR had 10 sam-
pling ports along the depth of the column.

The systems were inoculated with 15 mL of perchlorate-reducing
culture? (Azospira suillum JPLRND). In addition, approximately
10 g of BAC, collected from a bench-scale system for nitrate and
arsenic removal (Upadhyaya et al. 2010), was used to seed each
reactor. To establish the microbial community in the filter beds,
5 gal of the influent (described subsequently) was recirculated at
a flow rate of 1 mL/min through the reactors for two days. The
reactors were operated at 20.5 = 0.4°C.

A synthetic groundwater was prepared representing the
groundwater in Rialto, Calif. (Li et al. 2010), except that the
perchlorate concentration selected was four times greater in order
to simulate a groundwater with relatively high perchlorate con-
tamination. Specifically, the synthetic groundwater contained
approximately 7 mg/L DO, 15 mg/L NO;™-N, 12.5 mg/L sulfate
(SO 42‘), and 200 pg/L CIO,™ along with other typical groundwa-
ter constituents (Table 1). A peristaltic pump was used to pump
the influent through each reactor (downflow for the FXBR and
upflow for the FLBR) at a flow rate of 15 mL/min (Figure 1). The
influent to the FLBR was introduced in the recirculation line,
which was operated at a flow rate of 1.8 L/min using a peristaltic
pump to achieve an initial bed expansion of 29% (i.e., expanded
bed height = 44 cm). This flow rate resulted in a final steady-state
bed expansion (i.e., after the development of biofilm) of 88%
(bed height = 64 cm) because of the growth of biofilm on the
GAC particles. Although the initial EBCT was 42.8 min in both
the FXBR and unexpanded FLBR, the final EBCT in the FLBR
under steady-state conditions was 80.5 min.

A peristaltic pump was used to pump the electron donor from
a concentrated stock at a flow rate of 0.17 mL/min to achieve the
calculated final concentration. Acetic acid was used as the elec-
tron donor for the first 100 days of reactor operation; subse-
quently, the CBED was used as the electron donor. On the basis
of a typical net biomass yield of 0.4 g CODy, /g COD, ...
(Rittmann & McCarty 2001), 83 mg/L COD,_,... Was estimated
to be required to completely remove the DO, nitrate, and per-
chlorate present in the influent. With a safety factor of 1.5, the
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FIGURE 1 Schematic presentation of the FXBR and FLBR setup
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TABLE 1 Chemical composition of the synthetic groundwater
Concentration
Chemicals Used lons Expressed as mg/L
NaNO, NO,~ N 10.2-19.7
NaCl, MgCl, * 6H,,0, cr cr 25.5-50.8
and CaCl,
K,COy, COz2 CO,z2 6°
NaHCO, HCO,~ HCO,~ 2135
Na,SO, S0, S0, 9.3-16.8
NaCIO, clo,” clo,” 0.2
KH,PO, PO,* P 0.5

CaCl,—calcium chloride, CI—chloride, CIO,—perchlorate, COf‘—carbonate, HCO;—
bicarbonate, K,CO;—potassium carbonate, KH,PO,—monopotassium phosphate,

MgCl, ¢ 6H,0 —magnesium chloride hexahydrate, N—nitrogen, NaCl—sodium chloride,
NaClO,—sodium perchlorate, NaHCO,—sodium bicarbonate, NaNO,—sodium nitrate,
Na,SO,—sodium sulfate, NO;~—nitrate, P—phosphorus, PO,*—phosphate, SO,,>—sulfate

2Determined on the basis of the amount of chemical used to prepare the influent
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influent COD concentration was maintained at 125 mg/L acetate
COD for the first 100 days of reactor operation. From day 101
to day 152, the CBED was used as the electron donor with an
influent COD level of 125 mg/L. COD. The influent COD con-
centration was subsequently adjusted to 250, 165, and 150 mg/L
CBED COD on days 153, 166, and 198, respectively.

The FXBR was backwashed every other day with a mixed flow
of compressed air and deionized (DI) water (50 mL/min) to com-
pletely fluidize the filter bed for 3 min, followed by a flow of DI
water (500 mL/min) for 4 min to remove the dislodged biomass.
Every week the liquid in the bowl of the FLBR was stirred man-
ually to resuspend the sludge deposited on the sides of the bowl,
and approximately 1 L was wasted. After the system was operated
with the CBED for 54 days (starting on day 155), the FXBR was
backwashed daily and the flushing flow of 500 mL/min was
changed to ~300 mL/min; the bowl of the FLBR was stirred every
three to four days before biomass was wasted.

Liquid sample collection and chemical analyses. Liquid samples
were collected from the influent tank and the effluents of both
reactors at regular intervals, typically every three to four days.
In addition, liquid profile samples were collected from the
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sampling ports along the depth of the FXBR on days 78 and
196. All liquid samples were filtered through 0.22-pm filters,*
stored at 4°C, and subsequently analyzed for acetate, nitrate,
chloride, sulfate, perchlorate, soluble COD (sCOD), and non-
purgeable organic carbon (NPOC).

DO levels in the influent were measured in the influent tank
using a multipurpose meter?® (detection limit of 0.01 mg/L). Redox
potentials in the effluents were measured in flow-through cells
using a pH meter® fitted with an oxidation-reduction (redox)
potential (ORP) electrode. The pH of the influent and effluent
samples was determined using a portable pH meter.”

Acetate, nitrate, chloride, sulfate, and perchlorate in liquid sam-
ples were measured using an ion chromatography system with a
conductivity detector.® The anions were chromatographically
separated using an anion exchange column® fitted with a capillary
guard column.'® To elute the anions through the column, the
researchers used a gradient flow of potassium hydroxide (0-13
min, increasing gradually from 12 to 52 mM; 13-22 min at 52 mM;
and 22-30 min at 12 mM). The detection limits for acetate, chlo-
ride, nitrate, sulfate, and perchlorate were 0.1 mg/L, 0.04 mg/L,
0.05 mg/L, 0.04 mg/L, and 3 pg/L, respectively. NPOC was mea-
sured in liquid samples using a total organic carbon analyzer.!!
Inorganic carbon was removed through acidification of the samples
using the function available in the analyzer for NPOC analysis. The
detection limit for NPOC was 0.3 mg/L C. The sCOD was deter-
mined using the COD microdigestion method (Hach 2014) and a
spectrophotometer!? by measuring absorbance at 420 nm. The
method detection limit for sCOD was 3.7 mg/L.

Yield determination. Biomass yields were estimated using Eqs 1

and 2:
biomass COD = influent COD - effluent COD (1)
— theoretical COD required for the electron acceptors
yield = (biomass COD)/(influent COD - effluent COD) (2)

To determine the COD requirements for the electron acceptors,
COD equivalents of 2.86 mg COD/mg NO;™-N and 0.67 mg
COD/mg ClO,~ were used for NO;™-N and ClIO,7, respectively.

RESULTS

Reactor performance. When acetic acid was used as the elec-
tron donor, nitrate and perchlorate removals were established
in both reactors after a startup period of approximately 20 days
(data not shown). Figure 2 shows performance data for the final
period of using acetic acid as the electron donor (days 75-100).
For this operating period, the pH and DO in the influents
(samples collected from ports upstream of the electron donor
injection location) were 8.6 = 0.2 (mean =+ standard deviation)
and 7.7 = 0.7 mg/L, respectively; pH values of the effluents of
the FXBR (7.4 = 0.3) and the FLBR (7.3 = 0.3) were not sig-
nificantly different (p > 0.05). DO levels in the effluents were
<0.02 mg/L at all times. ORP was a reliable indicator of reactor
performance and correlated well with nitrate and perchlorate
concentration trends in the effluents (Figure 2). Typically, ORP
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levels lower than —300 mV were observed when complete nitrate
removal and >180 pg/L perchlorate removal were observed. In
general, an ORP lower than =250 mV was observed when sul-
fate reduction was established in the systems.

Influent nitrate levels averaged 13.1 = 2.1 mg/L NO;™-N from
days 75-100, and complete nitrate removal was achieved in
both reactors (Figure 2). Influent perchlorate levels averaged
201.1 = 16.9 pg/L during this period, and effluent perchlorate
levels were always below detection (3 pg/L) for the FXBR and
<6 ng/L for the FLBR. The acetate COD in the FXBR and FLBR
effluents (calculated from the acetate concentrations measured
by ion chromatography) closely matched the less frequently
measured effluent sCOD concentrations (Figure 3) and averaged
18.8 + 7.4 and 17.0 = 8.2 mg/L, respectively.

Acetic acid was replaced with the CBED on day 100. During
days 101-129, the influent nitrate concentration averaged 11.2
+ 0.1 mg/L NO;™-N. On and beyond day 130, the influent nitrate
level was readjusted to the target level of 15 mg/L NO;™-N and
was measured to average 14.9 = 1.2 mg/L NO;™-N during days
130-154 (Figure 2). Complete nitrate removal was achieved until
day 1235, but the effluents contained measurable nitrate levels
beyond day 126. Specifically, from day 130 to 152, the FXBR and
FLBR effluent nitrate levels averaged 0.4 = 0.6 and 0.8 = 1.0 mg/L
NO;™N, respectively. After the switch to the CBED on day 100,
effluent perchlorate concentrations increased gradually in both
reactors and on day 152 reached 136 pg/L in the FXBR and 160
pg/L in the FLBR (Figure 2). During days 101-130, the acetate
COD in the FXBR and FLBR effluents averaged 12.7 + 8.5 and
8.0 = 3.7 mg/L, respectively. However, the higher influent nitrate
levels after day 130 resulted in lower effluent acetate concentra-
tions (Figure 3), suggesting that insufficient COD was being
supplied during this period. Specifically, from days 130-152, the
NPOC in the FXBR and FLBR effluents averaged 1.5 + 0.3 and
1.1 = 0.2, respectively, whereas effluent acetate COD was below
detection (Figure 3).

After influent COD levels were increased to 250 mg/L on day
153, complete nitrate removal was reestablished, and effluent
perchlorate levels were similar to those observed during the
period with acetic acid as the electron donor. Effluent nitrate and
perchlorate levels remained the same even after influent COD was
lowered to 165 mg/L on day 166. However, significant sulfate
reduction was also observed, especially in the FLBR (Figure 2),
indicating that this level of COD dosing was more than needed
for complete nitrate and perchlorate reduction. To minimize
sulfate reduction, the influent COD was lowered to 150 mg/L on
day 198, which negatively affected nitrate and perchlorate remov-
als, with a more pronounced effect on the FLBR (Figure 2). Efflu-
ent COD levels were consistent with these observations, but
acetate was detected. Effluent acetate COD levels for the FXBR
and FLBR were 36.5 = 24.8 and 35.7 = 24.1 mg/L, respectively,
during days 153-166; 20.8 = 18.7 and 7.3 = 13.8 mg/L, respec-
tively, during days 167-197; and 3.1 = 2.4 and 0 mg/L, respec-
tively, during days 198-215 (Figure 3).

Visual observations suggested a shift in biomass characteristics
in both systems after the CBED was used as the electron donor.
The liquid in the bowl of the FLBR system became cloudier, and
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FIGURE 2 Influent and FXBR and FLBR effluent nitrate, perchlorate, and sulfate concentrations and ORP
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FIGURE 3 Soluble COD in the influent and effluents of the FXBR and FLBR
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alnfluent COD was estimated from flow rate and the electron donor concentrations in the stock.
bEffluent acetate COD was derived from effluent acetate concentrations.
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progressively more biomass was deposited on the sides of the
TABLE 2 Biomass yields at different operating conditions bowl, resulting in the need to remove biomass more frequently.
The GAC particles in the FXBR system were gradually coated
mg C ois_ﬁmaﬁ;’gvgé% with more and thicker cotton-like biofilm. This development had
fomas substrate two consequences: first, the BAC bed became more tightly packed,
Electron Donor Used FXBF FLBR which required more frequent backwashing, and second, the BAC
— particles became lighter, leading to the requirement of a lower
Acetic acid—125 mg/L. COD 0-58 0-54 flushing flow rate (i.e., 300 mL/min versus 500 mL/min) during
CBED—125 mg/L COD 0.63 0.59 backwashing. This observation of increased biomass growth was
supported by the calculated yields. During the period with acetic
CBED—250 mg/L COD 0.74 0.69 acid, the yields ranged from 0.54 to 0.58 mg COD,, . /mg
CBED—165 mg/L COD 0.60 061 COD «irate> Whereas the yields ranged from 0.59 to 0.74 mg
CODy; mas/mg COD o when the CBED was used as the
CBED—150 mg/L COD 0.61 0.64 electron donor (Table 2).

, Concentration profiles along the depth of the FXBR. Samples were

CBED—carbohydrate-based electron donor, COD—chemical oxygen demand, FLBR— .
fluidized-bed reactor, FXBR—fixed-bed reactor collected along the depth of the FXBR filter on days 78 and 196
to characterize TEAP zones during the use of acetate and the

FIGURE 4 Concentration profiles along the depth of the FXBR
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CBED, respectively. The profile data collected on day 78 (Figure 4,
part A) indicated that nitrate reduction took place in the upper part
of the bed, resulting in a nitrate level below the detection limit of
0.04 mg/L at sampling port P5 (corresponding to an EBCT of 9.5
min). Similarly, perchlorate removal took place in the upper part
of the bed and was complete before port P6 (EBCT of 13.5 min).
Sulfate reduction was very limited throughout the bed. The COD
concentration profile corresponded well with the reduction of the
electron acceptor; the highest COD consumption was observed
between ports P2 and P3, where most of the nitrate and perchlorate
reduction occurred.

The chemical profiles collected on day 196 (Figure 4, part B)
reflected the trends observed on day 78—i.e., most nitrate,
perchlorate, and COD removal occurred between ports P2 and
P3. However, nitrate and perchlorate removal were complete
only at ports P7 (EBCT of 17.5 min) and P8 (EBCT of 21.5
min), respectively. Sulfate reduction also ensued beyond port
P3, and the rate of sulfate reduction was greatest after nitrate
and perchlorate were removed. The sCOD increased after port
P4, mapping the increase in acetate COD (calculated from the
measured acetate concentrations).

Effect of backwashing on FXBR performance. Hourly effluent
samples collected before and immediately after backwashing the
FXBR on day 203 indicated that effluent nitrate and perchlorate
concentrations were below detection in all cases (Figure 5), sug-
gesting that nitrate and perchlorate removals were not affected
by backwashing. Chloride and sulfate concentrations in the
sample collected 1 h after backwashing were slightly lower than
the concentrations in the other samples because of a dilution
effect. Paired t-test results suggested that the effluent concentra-
tions of chloride, sulfate, and acetate before and after the back-
washing (excluding the data collected 1 h after backwashing)
were not significantly different (p > 0.05 for all analytes).

DISCUSSION

As previously reported, complete removal of 25 mg/L nitrate
and 75 ng/L perchlorate can be achieved in an FXBR with an
EBCT of 20 min using acetic acid as the electron donor (Li et
al. 2010). To allow for a comparison between FXBR and FLBR
performance, two reactor columns were packed with the same
amount of GAC, which resulted in an equivalent bed volume
and EBCT (i.e., the initial EBCT of 42.8 min) in the FXBR and
FLBR systems.

As suggested by the reactor performance data (Figures 2 and
4), the use of 125 mg/L COD of acetic acid allowed the establish-
ment of a microbial community capable of nitrate and perchlorate
reduction. Based on thermodynamic information for standard
conditions and a pH of 7, the expected order of TEAP zones is
DO- (AG®" -844 k]J/mol acetate), perchlorate- (-801 kJ/mol
acetate), nitrate- (=796 kJ/mol acetate), and sulfate- (=52 k]J/mol
acetate) reducing zones (Chaudhuri et al. 2002, Rikken et al.
1996, Lovley & Phillips 1988). Consistent with these values, a
DO-reducing zone was expected at the inlet of the reactor,
although DO was not monitored in the profile samples taken
along the depth of the FXBR. Nitrate reduction started before
perchlorate reduction (Figure 4), which is not consistent with the
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reported AG®’ values. However, given that the AG®’ values are
for standard conditions and a pH of 7, the much higher nitrate
concentrations relative to perchlorate concentrations result in
nitrate being a more favorable electron acceptor. DO and nitrate
also regulate the expression of chlorite dismutase, a key enzyme
in the perchlorate reduction pathway, and their presence thus
inhibits perchlorate reduction (Chaudhuri et al. 2002). Concen-
tration profiles within the biofilm, although not measured in the
current study, also provide differential conditions promoting
different TEAPs. The profile data indicated that nitrate- and
perchlorate-reducing TEAP zones partially overlapped (Figure 4),
suggesting that all these factors were important.

An equivalent amount of CBED COD (125 mg/L. COD) did
not result in similar contaminant removal performance compared
with the acetic acid (Figure 2); this prompted the addition of more
CBED COD, which was subsequently lowered. Acetate was pres-
ent in the effluents of both reactors and was detected at higher
levels when the CBED was provided in excess. It is likely that
fermentation occurred in some parts of the bed, especially when
sulfate reduction was more complete.

The electron donor limitation observed with the CBED was
less pronounced in the FXBR than in the FLBR (Figure 2), pos-
sibly as a result of differences in hydraulic characteristics. Because
of the high recycle ratio used for the FLBR, this system behaved
close to a continuously stirred tank reactor, whereas the FXBR
exhibited greater plug-flow characteristics. It is difficult to further
explore this possibility at the laboratory-scale level because
equivalent hydraulic loading rates (i.e., gallons per minute per
square foot cross-sectional area) are needed to expand short
laboratory-scale FLBR beds and tall commercial-scale FLBR beds.
Higher recycle ratios are required for a short bed than for a tall
bed at equivalent contaminant loading rates, resulting in recycle
ratios at the laboratory-scale level that are not representative of
those used in full-scale systems.

A longer EBCT was required for the FXBR operated with the
CBED than with acetic acid to accomplish the same amount of
nitrate and perchlorate removal (Figure 4). Visual changes in
biomass characteristics and observed increases in biomass yield
after changing the electron donor suggested a possible shift in
microbial community structure. This could have resulted in less
efficient removal of nitrate and perchlorate, leading to the need
for a longer EBCT when the CBED was used.

Related to the optimization of EBCT is the need to evaluate
the extent of sulfate reduction. When the CBED was used as the
electron donor, most of the sulfate reduction occurred at and
beyond port P8 (i.e., EBCT >27 min), when both nitrate and
perchlorate were completely removed (Figure 4). Given that sul-
fate reduction results in the requirement of additional treatment
downstream to remove odor and improve the aesthetic quality of
the treated water, it is important to minimize sulfate reduction
during drinking water treatment. For the conditions in the current
study, lowering the EBCT to below 27 min in the FXBR could
have minimized sulfate reduction. Alternatively, sulfate reduction
could be minimized by controlling the ORP through the adjust-
ment of acetic acid dose. Sulfate concentrations in groundwater
are highly variable and often higher than evaluated in the current
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study. Given that considerable sulfate reduction was observed
with higher electron donor dosing, electron donor dose control-
ling mechanisms—such as feed-forward and feed-backward
systems (Brown et al. 2015)—need to be evaluated in a full-scale
treatment system to limit sulfate reduction. With the feed-forward
and feed-backward control mechanisms, the acetic acid dose will
be adjusted on the basis of the bioreactor influent or effluent
nitrate and perchlorate concentrations, respectively.

The limited available literature provided conflicting informa-
tion on the comparative performance of FXBR and FLBR sys-
tems. Although the better performance observed in the FXBR
compared with the FLBR in the current study was in disagree-
ment with some previous observations (Rezaee et al. 2011, Borja
& Banks 1995, Holladay et al. 1978), a few studies have
reported better performance in FXBR systems (Azizi et al. 2013,
Clarke et al. 2007).

Biofilm development in a reactor is controlled by the flow
characteristics. A more uniform and well-distributed biofilm
may develop throughout an FLBR because of higher fluid shear
(Rittmann 1982), whereas biofilm of variable thickness may
develop in an FXBR as a result of greater plug-flow character-
istics and comparatively less shear force of the liquid. In addi-
tion, biofilm development in an FXBR depends on the effi-
ciency of biomass removal during backwashing. These
considerations were of particular importance in the current
study, especially given that the use of the CBED resulted in
more biomass, which required a modification of the backwash
protocol for the FXBR system.

An evaluation of the effect of backwashing on performance
(Figure 5) indicated that effluent quality immediately after back-
washing was excellent. Results obtained 1 h after backwashing
reflected a dilution effect attributable to the use of DI water,
which resulted in lower effluent concentrations (Upadhyaya et
al. 2012). The total volume of the FXBR of 943 ¢cm? and an
operational flow rate of 15 mL/min indicate that approximately
1 h was required to completely flush out the liquid contained in
the reactor after backwashing.

Visual observations and yield calculations suggested a higher
biomass yield because of the change in electron donor. The obser-
vation of an increased biomass yield with the CBED is in agree-
ment with previous research (Cherchi et al. 2009, DeBarbadillo
et al. 2008). For example, operating laboratory-scale sequential
batch reactors for denitrification of wastewater, Cherchi and col-
leagues (2009) reported yields of 0.29, 0.35, and 0.39 mg volatile
suspended solids/mg COD_ ;.. when using methanol, acetate,
and the CBED, respectively. The increase in biomass yield because
of the change in the electron donor resulted in the need for more
frequent backwashing of the FXBR and cleaning of the FLBR—
developments that require further evaluation in pilot-scale sys-
tems before the CBED is considered for full-scale drinking water
treatment. Given that nitrite and ammonia are potential by-
products of nitrate reduction, these compounds also should be
monitored during pilot-scale evaluation. Previous research has
described the development and application of backwashing pro-
tocols in full-scale FXBR systems using similar electron donors
resulting in high biomass yields (Ledwell et al. 2010).

DECEMBER 2015 | 107:12



Upadhyaya et al. | http://dx.doi.org/10.5942/jawwa.2015.107.0143
PEER-REVIEWED

CONCLUSION

The CBED evaluated here supported the simultaneous removal
of nitrate and perchlorate from drinking water using both the
FXBR and FLBR systems. Approximately 20-35% more CBED
COD was required to achieve an effluent quality equivalent to
that obtained with acetic acid. Compared with the FLBR, the
FXBR was more robust and resilient to the effects of limited
electron donor availability. The change in the electron donor
resulted in a shift in biomass characteristics, which warrants
further evaluation through microbial community and biofilm
characterization, including characterization of extracellular poly-
meric substance components. The higher biomass generation and
the more frequent maintenance required with the use of the
CBED must be further evaluated in pilot- and full-scale systems
before the product’s commercial use.
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