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1

INTRODUCTION

Increased environmental regulations and continual pressure to achieve EPA licensing limits has seen
wastewater treatment plants (WWTP) in Australia adopting the practice of biological nutrient removal
(BNR), as an effective means of reducing total phosphorus (TP) and total nitrogen (TN) levels in their
effluent streams. In order to achieve these emission standards, supplemental carbon sources are often
required to assist these biological processes, in particular denitrification, where the COD levels may be
limiting the process.
There is a range of external carbon sources available to treatment plants to assist in the BNR process, for
example: ethanol, methanol, sugar and acetic acid. Recognising the potential for a sustainable and nonhazardous nutritive carbohydrate that assists in denitrification, Sugar Australia has developed a sucrose
TM
based carbon alternative called D.Nitro which is a high grade, refined sucrose solution and is already
used at several sites around Australia to assist with denitrification.
Given the increasing wastewater industry interest in this alternative carbon, Sugar Australia has sought to
better understand its performance through benchmarking the product against another generally
accepted and well understood supplementary carbon source, ethanol. To facilitate such benchmarking,
it was proposed to run a bench scale” jar test” utilising a 150 litre batch reactor to compare denitrification
rates of sucrose and ethanol, and the overall efficacy of sucrose in the denitrifying process.
The objective of this investigation is, therefore, to describe and report on the bench scale jar tests to
determine the effectiveness of sucrose as a carbon supplement for denitrification in comparison to that
for ethanol.

2
2.1

METHODOLOGY
Experimental Rationale

The batch testing procedure was prepared to enable a comparative assessment of sucrose to ethanol as a
carbon source for denitrification. (Note: It was not the intention of this exercise to develop kinetics for or
to demonstrate the performance of sucrose, or ethanol, in a full scale WWTP.) The purpose of this
exercise was to benchmark and, in addition, observe how sucrose performs under a particular set of
operational scenarios in comparison to ethanol. It has been assumed that no bias would exist for either
ethanol or sucrose under the test conditions given that the mixed liquor suspended solids (MLSS) obtained
from the Pimpama WWTP anoxic zone has had no history of chemical dosing.
In order to interpret the results obtained from sampling runs and account for any changes in the batch
reactor health over time, a spreadsheet was prepared to emulate the batch system’s theoretical
nitrification and denitrification performance. The theory for the predictive spreadsheet was based on the
IAWQ -Activated Sludge Model (ASM) Monod equations with a set of assumed kinetic rate constants
considered reasonable for the purpose of this investigation. The only adjustable variables are shown in red
in Table 1 and Table 2, being the percentage of nitrifiers in the MLSS, to check for loss of nitrifiers (and
therefore overall system health) and the standard denitrification rate to obtain a best fit for the test
results. The fixed kinetic rate constants adopted for the purpose of identifying best fit for the data are
listed in the aforementioned tables:
Table 1 Nitrification Constants
VSS Yield=
M@20=
Mu=
Decay=
Xn=
Ksn=
Kso=

0.10
0.80
0.06
0.06
0.8
1.8
0.8

mg
"/day
"/day
"/day
% VSS
mg/l
mg/l

VSS/mg-N
"20 deg. Nitrifier growth rate
"Max. Nitrifier growth rate
"Nitrifier death rate
"Nitrifiers conc. In VSS
"Half sat coeff.NH3-N
"Half sat coeff.O2
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Table 2 DE-Nitrification Constants
Ksdn=
Dntf=
Dnu=
Dnu=
Dnu=
Ko=
Nitrate=

0.5
1.1
1.9
2
0.5
0.2
4.4

mg/l
mg NO3-N/gVSS.h
mg NO3-N/gvss.h
mg NO3-N/gVSS.h
mg/l
mg/l

"Half sat coeff.NO3-N
Temp correct factor
Sucrose rate
Ethanol rate
Basic- denit rate
Inhibitory DO mg/l
Amount spiked

Charts were prepared for each experimental run showing the theoretical and recorded data best fit using
only the variables for denitrification (Dnu) and % nitrifiers (Xn) to adjust the spreadsheet. The
denitrification rate used to obtain the best fit was then adopted as the test result for that particular trial
run.
Ethanol was trialled first prior to any sucrose addition and then trialled again throughout the experimental
period to compare to the initial performance and to gauge any impact from the MLSS exposure to sucrose.

2.2

Apparatus

The batch configuration pilot plant consisted of a 200L capacity polyethylene container with independent
aeration and mixing. The pilot plant schematic is shown in Figure 1 and was installed at the Gold Coast
City Council’s Pimpama five Stage Bardenpho (17 ML/day) WWTP. Figure 2 provides some photo
snapshots of the experimental set-up. Mixed liquor for the inoculation of the batch reactor was taken
from the WWTP post anoxic phase and the feed stock of raw sewage was sourced from the screened and
degrit channel of the plant. The sludge age for this WWTP was reported as 15-20 days.

Figure 1 Pilot Plant Schematic

Figure 2 Batch Reactor located in the Pimpama WWTP Sludge Dewatering Building
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2.3

Chemical Addition

The Clean Water (CW) used for this trial consisted of Class A recycled effluent produced at Pimpama
WWTP for reuse. This was primarily used to confirm/calibrate the chemical spiking and carbon
supplement dosing rates. It was assumed that once the chemical spiking calculations were confirmed with
CW they would be reproducible for the mixed liquor (ML) runs. The results for CW Runs #2 and #3
confirmed the theoretical determinations used for the dosing of nutrients, sucrose and ethanol as listed
below:





10 mL sucrose provides 9.8g COD
10 mL ethanol provides 16.8g COD
2g KNO3 provided 0.27 g NO3-N
2g NH4Cl provided 0.56 g NH4-N

2.4

at 67% dry solids as experimental external carbon source
at 100% ethanol as benchmark external carbon source
for nitrate spiking
for ammonia spiking

Operational Basis

The batch process had continuous feed of sucrose on a 24Hr auto timer over the entire trial period from
19th June to 10th July 2012. 5L of screened raw sewage was added twice weekly to the batch reactor to
account for trace elements normally present in WWTPs. Prior to adding the screened raw sewage the
system was settled for 30min and 5L of supernatant was removed. There was no wasting from the system
other than that lost during a settlement and decant for raw sewage feed and from the 400mL samples
taken during each trial run for total suspended solids (TSS) analysis. TSS and volatile suspended solids
(VSS) were monitored at beginning and end of every trial run.
The external source of carbon was dosed after aeration to assist with dissolved oxygen (DO) draw down
until anoxic (<0.2mg/L DO) conditions were achieved. The anoxic conditions then permitted the
heterotrophic denitrifying bacteria in the batch reactor to convert NO3-N to nitrogen gas, CO2, water and
cell biomass. To ensure that anoxic zones were sustained, the batch reactor had mixing adjusted via bypass valves on the mixing pump. Too much mixing energy can entrain oxygen from the surface and
compromise the anoxic zone, therefore in-situ DO measurements were used to monitor anoxic conditions
throughout each trial.
The dimensions and parameters of the batch reactor are detailed in Table 3 and the operational basis
follows:
Table 3: Dimensions and Parameters of batch reactor
Trial #

Aeration/
Anoxic timers

Volume
(L)

ML-###

1-120min

150

Liquid
Depth
(mm)
500

BOD load
(g/d)

N load
(g/d)

270

Varies

MLSS
conc.
(mg/L)
Initial
2500

Type of aeration

Blower– 14 kPa

The batch reactor was operated on the following basis:
1.

The 200L reactor was filled with 150L of MLSS that was kept in suspension by a small mixing
pump. This pump operated continuously and recycled MLSS at a rate 0.25 L/sec. The volume
of the reactor was turned over at least every 10min enabling a sampling frequency of 15min.

2.

Aeration was achieved by a small blower and controlled on a timer for intermittent periods.
The blower operated against a pressure of 14kPa and a pressure gauge was used to verify
consistent operation over the trial period.

3.

Samples were taken from the recycled pump flow as indicated in the schematic in Figure 1 to
ensure a representative mixed sample was obtained.

4.

Sucrose was dosed continuously into the recycle line by a positive displacement pump on
timer.
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5.

The cycle time was based on 2Hrs and consisted of:
0-15min
15min- 45min
45min- 60min
60min- 120min

6.

Aeration
No aeration and mixing only
Sucrose dosing at 180mL/Hr
Anoxic Phase

Experimental runs were designed to test:
 NOx-N limiting and carbon in excess
 Carbon limiting and NOx-N in excess
 Excess of NOx-N and Carbon.

Spiking of ammonium (NH4Cl) and nitrate (KNO3) was required to benchmark denitrification using sucrose
against ethanol under the same carbon and nitrate limited conditions. Spiking of ammonium was used on
a limited basis to assess nitrification capacity as an indication of MLSS health.
This study did not set out to confirm growth rates or yield coefficients so generally accepted values for
heterotrophic growth rates, including the death rates, were adopted for the purpose of these trials as set
out under section 2.1.

2.5

Sampling and Laboratory Analysis

Testing was undertaken by Gold Coast City Council NATA Laboratory with all sample vessels and chemicals
provided by the laboratory and samples were provided by GHCE (John Terry).
Although this assessment relates primarily to NOx-N the other parameters also monitored included:
•
NH3-N
•
COD(Total)
•
VSS/TSS
•
pH
•
DO
•
Temperature
pH was checked weekly and found to have little variation from 7.2-7.4. Dissolved oxygen and temperature
were measured using an in-situ probe used which was calibrated daily by the Pimpama WWTP operators.
All other parameters were analysed by GCW - NATA Laboratory and all samples were filtered on site
immediately after sample was taken to remove any colloidal solids that could impact nutrient analysis. A
vacuum pump was used as a first stage filtration followed by a 0.45 um filter cartridge on a syringe. 30mL
samples were taken for nutrient analysis while 200mL samples of MLSS were taken for VSS and TSS
analysis.
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3

RESULTS

There were a total of 15 trial runs performed to determine standard denitrification rates (SDNR).
Approximately 300 nutrient analyses, 55 COD and 20 VSS tests were taken during the trials. The results
were assessed using a predictive spreadsheet tool to determine best fit to the laboratory results. The
predicted scenario requires at least five data points for determination of a single SDNR outcome. Below is
an example of one of the runs performed, while the remaining trial runs can be found in the Appendix.
Test Results refer to either NOX-N or NH3-N as the chart axes indicate:

Figure 3 Predicted and Actual Results for Run#4 using Ethanol as first Carbon Source (SDNR=1.9)


The Top Chart represents the Ammonium concentration in blue



Bottom Chart is NOx-N concentration in yellow.

The actual results shown as black squares in the case of ammonia and black triangles for NOx-N are
plotted with nitrification/denitrification rates determined using the predictive spreadsheet which was
developed using kinetic rates and variables as listed. The results from each trial would yield a single data
point for denitrification rate (indicated by the red value Dnu). Subsequent runs use the same
methodology1 while trialling alternate configurations and concentrations for both nutrients and carbon.
The SDNR rates for both ethanol and sucrose are tabulated in Table 4. Each of the figures in this table has
been used to determine a single SDNR value which is represented in Figure 4.

1

Given the absence of reliable data for similar trials of this nature, the methodology was subject to informed amendment to ensure
robustness of the trials.
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Table 4: Trial Denitrification rates
Run#
R4
R5
R6
R7&8
R9
R11
R12
R13
R15

Date
19-Jun
20-Jun
21-Jun
25-Jun
26-Jun
28-Jun
29-Jun
4-Jul
10-Jul

Day #
0
1
2
6
7
9
10
15
21

Denitrification Rate
Sugar
Ethanol
1.9
1.2
1.8
1.2
1.4
1.3
2.1
1.8
2.1
1.9
2

Comments

Figure 4 Summary SDNR for sucrose and ethanol over the trial period
The results for SDNR achieved through the study indicate an upward trend for the sucrose over a ten day
period, followed by an apparent step change to a rate similar to that for ethanol. The implication of these
results is that the use of sucrose will achieve similar SDNR performance as ethanol. The actual amount of
NOx-N achieved may vary and will depend on the particular process configuration in which the carbon
supplement is applied as well as the existing microbial population. The rates determined from this study,
however, are considered conservative based on work by others reported in a paper titled “Final Report Protocol to Evaluate Carbon Sources for Denitrification at Full Scale Water Treatment Plants” by
WERF/IWAi.
The findings in this study are also supported a paper by P.Dold et alii (2007) which compares various
carbon sources, including sugar, methanol and ethanol over longer periods of time using low seed
concentrations from Blue Plains AWTP. The study was aimed at assessing growth rates, SDNR and process
kinetics for the different carbon supplements under stringent experimental controls. It was concluded that
sugar and acetate would likely have significantly higher denitrification rates because of their metabolising
heterotrophs having higher specific growth rates (page 235- ref i). Dold also described a possible
acclimation period for biomass to optimise sucrose uptake. An increasing SDNR therefore was another
possible observation.
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4

DISCUSSION

The batch configuration adopted for this study was undertaken to benchmark the Sugar Australia product
TM
D.Nitro compared with pure ethanol as an external carbon supplement for enhancing denitrification
rates. The 150L batch process (JAR TEST) was the preferred configuration for this trial as it provided a
rapid and robust comparison, particularly as the seed MLSS was taken from a working BNR wastewater
treatment plant. In this case the 150L batch reactor was useful in offsetting the impact of a 15min
sampling frequency and natural variability in the seed sample used. The batch reactor was initially filled
with Class A effluent to confirm assumptions with respect to theoretical determination for COD and
nutrient spiking and was found to correlate well with the calculations. The batch volume was then seeded
with MLSS from the post anoxic zone of the Pimpama WWTP and the 21 day trial period commenced.
In order to determine an unbiased background SDNR for ethanol it was the first to be trialled and a SDNR
value of 1.9 mg NOx-N/mg VSS.hr recorded. Subsequent trials with sucrose and ethanol confirmed that
their SDNR was very similar after an initial period of 10 days of dosing with sucrose as indicated in Figure
4. A SDNR of 2 mgNOx-N/mg.VSS.hr has been adopted as an outcome of this study. This performance
may not be the same for continuous flow studies, however, as the rates recorded are generally below
those of work reported in the two references thus far, they are considered conservative.
Although this study was comparatively brief it did serve to indicate/confirm that the SDNR for sucrose was
similar to that for ethanol after an apparent acclimation period of 10-12 days.
The outcome of this trial also suggested the notion of an acclimation period for sucrose to optimise SDNR.

5

CONCLUSIONS

The bench scale studies (JAR TESTS) for Sugar Australia, undertaken at Gold Coast City Council’s Pimpama
WWTP, have demonstrated the value of sucrose as an external carbon supplement for the purpose of
enhancing denitrification. SDNR performance has been benchmarked against another industry accepted
carbon supplement, ethanol, and found to have similar and, therefore, acceptable performance.
It is recommended that controlled studies at a full scale WWTP be undertaken as the next level of
investigation to gain a robust understanding of the sucrose economies and performance based on the
information obtained from this study.
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APPENDIX

Trial Results

Figure 5 Predicted and actual results for Run#5 using sucrose as carbon source (SDNR=1.2)

Figure 6 Predicted and actual results for Run#6 using ethanol as carbon source (SDNR=1.8)
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Figure 7 Predicted and actual results for Run#7 & 8 using sucrose as carbon source (SDNR=1.2)

Figure 8 Predicted and actual results for Run#9 using sucrose as carbon source (SDNR=1.4)
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Figure 9 Predicted and actual results for Run#11 using sucrose as carbon source (SDNR=1.3)

Figure 10 Predicted and actual results for Run#12 using sucrose and ethanol as carbon sources
(Ethanol SDNR=1.8, Sucrose SDNR=2.1)
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Figure 11 Predicted and actual results for Run#13 carbon Limited using sucrose (SDNR=2.1)

Figure 12 Predicted and actual results for RUN#15 using sucrose and ethanol (Ethanol SDNR=2, Sucrose
SDNR=1.9).
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