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Abstract The present study provides an insight into the

optimization of a glucose and sucrose mixture to enhance

the denitrification process. Central Composite Design was

applied to design the batch experiments with the factors of

glucose and sucrose measured as carbon-to-nitrogen (C:N)

ratio each and the response of percentage removal of

nitrate–nitrogen (NO3
-–N). Results showed that the poly-

nomial regression model of NO3
-–N removal had been

successfully derived, capable of describing the interactive

relationships of glucose and sucrose mixture that influ-

enced the denitrification process. Furthermore, the pres-

ence of glucose was noticed to have more consequential

effect on NO3
-–N removal as opposed to sucrose. The

optimum carbon sources mixture to achieve complete

removal of NO3
-–N required lesser glucose (C:N ratio of

1.0:1.0) than sucrose (C:N ratio of 2.4:1.0). At the optimum

glucose and sucrose mixture, the activated sludge showed

faster acclimation towards glucose used to perform the

denitrification process. Later upon the acclimation with

sucrose, the glucose uptake rate by the activated sludge

abated. Therefore, it is vital to optimize the added carbon

sources mixture to ensure the rapid and complete removal

of NO3
-–N via the denitrification process.

Keywords Denitrification � Carbon source � C:N ratio �
Central Composite Design � Optimization

Introduction

The Malaysian population had reached 30 million in 2014

and was anticipated to grow progressively for the next

30 years (Abdullah 2012). The rapid migration of Malay-

sian population towards urbanization and industrialization

together with burgeoning of agricultural activities has

brought about the indiscriminate introduction of large

quantity of nitrate into the environment. The nitrate con-

centration in surface water is typically higher than

groundwater. Nevertheless, nitrate–nitrogen (NO3
-–N)

concentration exceeded the Department of Environment

Malaysia groundwater standard in Pelarit, Perlis had been

reported by Ismail et al. (2007). The Department of Envi-

ronment Malaysia standard has set a limit of 10 mg/L for

NO3
-–N in groundwater (Ismail et al. 2007) which was in

commensurate with the maximum contaminant level

(MCL) as decreed by US Environmental Protection

Agency under the Drinking Water Regulations and Health

Advisories 1996. In addition, as more than half of public

water supply in Kelantan originates from groundwater, the

NO3
-–N concentration of approximately 72% higher than

the Malaysia standard had been measured in Kota Bharu,

Kelantan at an average groundwater level of 5.65 m above

the mean sea level (Mohamed Zawawi et al. 2010). In

addition, about 35% of the regions close to the Kelantan

River valley including of Kota Bharu, Bachok, Tumpat and
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Pasir Mas districts possessed NO3
-–N levels beyond the

threshold limit with some parts of the area exceeding

45 mg/L (Mohamed Zawawi et al. 2010). Contamination

of freshwater bodies with nitrate constitutes an alarming

environmental concern not only in Malaysia, but world-

wide. In China, groundwater in some rural and suburban

areas used primarily as a drinking water source by both

humans and livestock was contaminated with NO3
-–N at a

concentration above 130 mg/L (Liu et al. 2009). The water

resources in Basse Normandie area of France were polluted

with nitrate discharged from industries and human activi-

ties as well as fertilizers utilization for the intensive agri-

culture (Garcia et al. 2006). Likewise in US, about 10–25%

of the groundwater used as drinking water suffered from

nitrate contamination above the maximum permissible

contaminant level (Tong et al. 2014). Such occurrence can

generally lead to eutrophication in receiving water bodies

that severely affects the indigenous surrounding and

aquatic organisms when the consequential hypoxia looms,

degrading the intrinsic values of nature. As for the con-

tamination of drinking water, the nitrate is potentially bio-

reverted to toxic nitrite which can convert haemoglobin

into methemoglobin, resulting in methemoglobinemia dis-

order to infants. Adults who consume prolonged excessive

nitrate-bearing drinking water have been associated with

gastric cancer resulted from the potential formation of

nitrogen–nitroso, proven carcinogenic compounds (Tong

et al. 2014).

Numerous nitrate-treating technologies had been inves-

tigated and these included adsorption, filtration, ion

exchange, anion-exchange membrane, electrocoagulation,

electrodialysis, photocatalysis, etc. As price of treatment is

a prime concern, biological denitrification-based tech-

nologies are traditionally extolled to be the most cost

effective; besides being environmentally sound techniques

with high stability and reliability whilst treating large

volume of wastewater containing nitrate (Lim et al.

2014a, b; Tong et al. 2014). The main prerequisite to

ensure the feasibility of the denitrification process is the

availability of accessible biodegradable carbon sources that

act as electron donors, in addition to anoxic conditions and

suitable pH and temperature ranges (Lim et al. 2013;

Mukkata et al. 2016). To this end, organic carbon sources

are commonly exploited and their classifications had been

thoroughly detailed by Lim et al. (2014a, b) as presented in

Fig. 1. The organic carbon source originating from the

wastewater itself is known as an internal carbon source,

and it is initially used to sate the denitrification process.

However, the major setback that usually foils the use of

this carbon source is when treating low COD/N wastewa-

ters, e.g. supernatants from sludge digesters and stabiliza-

tion ponds as well as pretreated industrial wastewaters by

anaerobic fermentation, in which external carbon source is

frequently added to spur the denitrification activities. Based

on their physical states, the external carbon source can be

further subdivided into either liquid carbon source or solid

carbon source. Of late, research into applying various solid

carbon sources used for the denitrification process

enhancement has been reported (Zhang et al. 2012; Shen

et al. 2013; Lim et al. 2014a, b; Yang et al. 2015). As time

is of the essence, solid carbon sources are generally less

attractive since they induce slower rate of denitrification as

compared with the use of liquid carbon source (Shen et al.

2013). Also demonstrated by Shen et al. (2013), the

application of starch/polylactic acid as a solid carbon

source undermined the denitrification rate due to the con-

spicuous difference of biodegradability between the two

carbon-blended components. In the worst case, some of the

solid carbon sources such as wheat straw and sawdust are

potentially releasing nitrogen compounds via leaching,

giving rise to the secondary pollution (Zhang et al. 2012).

To date, the introduction of various liquid carbon

sources that serves to promote the denitrification process

has been exhaustively reported. Paul et al. (1989) con-

firmed that the denitrification capacity per mole of carbon

differed in the order of sucrose\ glucose\ ac-

etate\ propionate\ butyrate. The effectiveness of glu-

cose synthetic wastewater in promoting denitrification had

as well been compared with industrial wastewater and

anaerobic-treated cassava stillage by Xie et al. (2012).

Nevertheless, the optimization of liquid carbon mixtures

via systematic study using statistical tools has not been

reported in the literature. To the best of our knowledge, this

paper reports for the first time on manipulating Design of

Experiments (DOE) to isolate the best combination of

glucose and sucrose mixtures in terms of carbon-to-nitro-

gen (C:N) ratio each in enhancing the denitrification pro-

cess. Accordingly, the research output is anticipated to

shed a brighter understanding on exploiting mixed liquid

carbon sources, such as beverage industry wastewaters

laden with high sucrose and glucose reducing agents, to

eliminate nitrate pollutant via natural process of denitrifi-

cation without having compromising the cost of treatment.

The Central Composite Design (CCD) tool of DOE was

chosen for statistical C:N ratio optimization of glucose and

sucrose mixtures since it permits the extensions of low and

high values of factors in computing the optimum point.

Materials and methods

Fresh wastewater from open fish farm

The fresh wastewater from open fish farm in Kelantan,

Malaysia located at the coordinate latitude: 5.744491|lon-

gitude: 101.864224 was collected once a week from mid-
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February 2016 to May 2016. The collected wastewater

samples were immediately ferried to the Environmental

Laboratory and analysed for nitrogen species (ammonium,

nitrite and nitrate) concentrations as well as chemical

oxygen demand (COD) and biochemical oxygen demand

(BOD5) values. The nitrogen species concentrations were

determined based on HACH method using DR5000 spec-

trophotometer, whereas the COD and BOD5 values of the

samples were measured based on standard methods (APHA

1998). The concentrations of NO3
-–N, COD and BOD5

were then found to fluctuate within the ranges of 43 ± 5,

22 ± 3 and 12 ± 6 mg/L, respectively, for all the col-

lected wastewater samples. On another note, the concen-

trations of ammonium and nitrite ions in the samples

appeared negligible.

Batch bioreactor setup

An Erlenmeyer flask of 250 mL capacity was used as a

batch bioreactor for the determination of optimum glucose

and sucrose mixture used for the denitrification process. A

200 mL volume of fresh wastewater obtained from open

fish farm was initially conditioned to attain a NO3
-–N

concentration of 50 mg/L before introducing it into the

batch bioreactor. This conditioned wastewater was inocu-

lated with indigenous activated sludge at the concentration

of approximately 800 mg/L of mixed liquor suspended

solids (MLSS) with 72% volatile suspended solids (VSS).

The sludge volume index (SVI) was measured at 63 mL/g,

indicating good settleability due to the presence of dense

sludge. The mixed liquor was then sparged using helium to

displace dissolved oxygen in the mixed liquor. Nutrient

broth of 1 mL containing 1.0 g/L of KH2PO4, K2HPO4,

MgSO4, NaHCO3, FeCl3.6H2O and CaCl2 each was spiked

into the batch bioreactor, giving slightly alkaline pH of

7.8 ± 0.2 upon homogenization, a preferable pH for den-

itrification (Simek et al. 2002). Finally, the stock glucose–

carbon (glucose–C) and sucrose–carbon (sucrose–C) solu-

tions (2000 mg/L each) used as a carbon source for the

denitrification process were injected into the batch biore-

actors according to the runs as specified in Table 1. The

opening of batch bioreactor was immediately covered to

minimize the intrusion of atmosphere oxygen and agitated

at 250 rpm. The bioreactor was finally incubated at

28 ± 2 �C throughout the time course of experiment. Each

run was concluded when the concentration of NO3
-–N in

the mixed liquor reached fairly constant value measured

from continuous sampling of mixed liquor via siphoning

with pipette.

Experimental design by Central Composite Design

Design-Expert� Version 7.0 (Stat-Ease, Inc., Minneapolis,

MN 55413, USA) software was used for the statistical

DOE and analysis of data. The CCD tool of DOE was

selected to design batch experiments, whereas response

surface methodology (RSM) was subsequently employed

to identify the optimum condition. The range of C:N from

0:1 to 1.5:1 for each glucose and sucrose in the mixture

was acquired from preliminary experiments in concert with

Fig. 1 Classification of carbon

sources used for the

denitrification process (Lim

et al. 2014)
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ancillary evidence from the literature (Tong et al. 2014).

The coded values set for glucose (A) and sucrose (B) at

three levels were -1 (0:1), 0 (0.75:1) and 1 (1.5:1),

resulting in four factorial points (consisting of all possible

combinations of the maximum and minimum levels), four

axial points (one of the factors set at the midpoint) and five

centre points (replicated experimental runs at the factors

midpoint), all shown in Table 1. The dependent variable or

response used to gauge the outcome of glucose and sucrose

mixture was the percentage removal of NO3
-–N measured

at the end of every run. The optimum mixture of glucose

and sucrose was later predicted using quadratic equation

model as expressed in the following equation (Myers et al.

2009; Leong et al. 2016):

Y ¼ b0 þ
Xk

i¼1

bixi þ
Xk

i¼1

biix
2
i þ

X Xk

i\j¼2

bijxixj þ e ð1Þ

where Y is the response, xi and xj are the process variables,

b0 is the constant coefficient, bi, bii and bij are the

interaction coefficients of linear, quadratic and second

order terms, respectively, k is the number of process

variables and e is the random error component. As only two

factors were being involved in this study (k = 2), the

following equation is derived (Tong et al. 2014):

Y ¼ bo þ b1X1 þ b2X2 þ b11X
2
1 þ b22X

2
2 þ b12X1X2 þ e

ð2Þ

Analysis of variance (ANOVA) was then used for

graphical analyses of data to conceive the interactions

between the process variables and the response. The quality

of the fitted quadratic model was demonstrated by the

coefficient of determination (R2) and its statistical

significance was verified by the F value (Fisher variation

ratio) and Adequate Precision. The instantaneous

consideration of response involved the initial creation of

a suitable response surface model and later identification of

optimum operational condition that targeted the response

such in the most desired range.

Profile study at optimum condition

The optimum ratios of glucose and sucrose mixture in

terms of C:N ratio each were then utilized for profile

studies of nitrate–nitrogen (NO3
-–N), nitrite–nitrogen

(NO2
-–N), glucose and sucrose indicated by their respec-

tive time courses. Similar experimental procedure as

described in the section: batch bioreactor setup, was

implemented with the injection of stock glucose-C and

sucrose-C solutions into the batch bioreactor attaining

optimum C:N ratios of glucose and sucrose in the mixture.

Samplings were performed at every 2–3 h once until the

concentrations of all monitored species reached steady

state in which fairly constant values could be detected.

Results and discussion

Removal of NO3
2–N based on the design of CCD

The experimental removal efficiencies of NO3
-–N based

on the CCD of DOE are tabulated in Table 1. The removals

of NO3
-–N were recorded varying from 1 to 88%

throughout the 13 runs with the mean value calculated to be

approximately 60%. In general, the removal of NO3
-–N

increased with the ascent of C:N ratios of glucose and

Table 1 Batch experimental runs based on CCD tools and their corresponding denitrification efficiencies measured as NO3
-–N removals

Run no. Point type A: Glucose B: Sucrose NO3
-–N removal (%)

C:Na Stock 2000 mg/L glucose-C (mL) C:Na Stock 2000 mg/L sucrose-C (mL)

1 Axial 1.50:1 7.5 0.75:1 3.8 85

2 Axial 0.00:1 0.0 0.75:1 3.8 24

3 Centre 0.75:1 3.8 0.75:1 3.8 60

4 Centre 0.75:1 3.8 0.75:1 3.8 62

5 Factorial 1.50:1 7.5 0.00:1 0.0 78

6 Factorial 1.50:1 7.5 1.50:1 7.5 88

7 Axial 0.75:1 3.8 0.00:1 0.0 47

8 Centre 0.75:1 3.8 0.75:1 3.8 68

9 Centre 0.75:1 3.8 0.75:1 3.8 63

10 Factorial 0.00:1 0.0 1.50:1 7.5 53

11 Centre 0.75:1 3.8 0.75:1 3.8 64

12 Axial 0.75:1 3.8 1.50:1 7.5 83

13 Factorial 0.00:1 0.0 0.00:1 0.0 1

a Actual factor (coded factor) = 0.00:1 (-1), 0.75:1 (0) and 1.50:1 (1)
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sucrose in the mixture, indicating the proportionality

between carbon source supply and denitrification intensity.

Significance of NO3
2–N removal model terms

The model terms of NO3
-–N removal were statistically

analysed using ANOVA and the assessment results are

concluded in Table 2. All the model terms, except for B2,

owned a high F value with Prob[F\ 0.05, indicating

model term significances. By ostracizing the insignificant

model term, B2 with Prob[F[ 0.10, the final regression

model of polynomial equation of NO3
-–N removal in

terms of coded and actual factors could be presented as in

Eqs. (3) and (4), respectively:

NO�
3 � N removal ð%Þ ¼ 63:86þ 28:83Aþ 16:33B

� 10:50AB� 9:02A2 ð3Þ

NO�
3 � N removal ð%Þ ¼ �0:83þ 76:51Aþ 35:78B

� 18:67AB� 16:04A2

ð4Þ

By either substituting the coded value into Eq. (3) or

actual value into Eq. (4) from Table 1, the percentage

removal of NO3
-–N could be calculated in verifying the

equations. This model had F value 261.13 and

Prob[F\ 0.0001 signifying significance of model and

lack of fit Prob[F = 0.6909 confirming the model lack

of fit was insignificant. The quality of the fitted model was

expressed by the R2, adjusted R-squared (adj. R2) and

predicted R-squared (Pred. R2) with the respective values

of 0.9924, 0.9886 and 0.9768. Good fitted model should

have a minimum R2 = 0.8. The R2 of approaching 1.0

shows good agreement between the calculated and

observed results within the experimental range. The Adj.

R2 is R2 adjusted for the number of terms in the model with

respect to the number of points in the design. The model

estimates the fraction of the overall variation in the data.

The Pred. R2 is R2 of the predicted NO3
-–N removal model

of actual factors (Eq. (4)). A reasonable agreement of Adj.

R2 with Pred. R2 is accepted with the difference between

them not greater than 0.2 or 20% (Tong et al. 2014). In this

study, the difference was only 0.0118 or 1.18%, revealing

reasonable agreement and the data fitted the model well.

The Adequate Precision (AP) representing the error

between the predicted values at the design points and the

average prediction. The model AP should be greater than

four to substantiate that the noise is not contributing any

error to the response surface and the model can be

employed to navigate in the design space (Tong et al.

2014). The NO3
-–N removal model acquired the AP of 55

in this study, verifying the absence of significant error due

to the noise in the model. The coefficient of variance (CV)

formulated as the ratio of the standard deviation of estimate

(2.64% in this study) to the mean value of observed

response (60% in this study) denotes the reproducibility of

the model. The permissible upper fiducial limit of CV

should not be greater than 10% to ensure the

reproducibility of the model which was also fulfilled by

the model in this study (CV 4.43%). Therefore, the

statistical analysis demonstrated the adequacy of the

model which could be used to navigate in the design

space identified by CCD of DOE.

By employing the developed model, the distribution of

NO3
-–N removal was noticed following the normal dis-

tribution as vindicated by the normal probability plot of

internally studentized residuals as presented in Fig. 2. The

studentized residual is the division of raw residual by its

estimated standard deviation. The internally studentized

residual was regarded by virtue of the estimation of stan-

dard deviation is of the same data used in model fitting.

However, in many instances, little scattering is anticipated

even with normal data. In addition, the developed model

could precisely account the predicted values of NO3
-–N

Table 2 Assessment of model terms for NO3
-–N removal by

ANOVA

Model

term

Sum of

squares

Mean

square

F value p value

(Prob[F)

A 4988.17 4988.17 662.55 \0.0001

B 1600.67 1600.67 212.61 \0.0001

AB 441.00 441.00 58.58 0.0001

A2 245.66 245.66 32.63 0.0007

B2 3.16 3.16 0.42 0.5380

-1.58 -0.76 0.06 0.88 1.69

1

5
10

20
30

50

70
80

90
95

99
88

1

NO3
--N removal (%)

Internally studentized residuals

N
or

m
al

 %
 p

ro
ba

bi
lit

y

Fig. 2 Normal probability plot of internally studentized residuals of

NO3
-–N removal
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removal which were observed to be in good conformity

with actual values (Fig. 3).

Optimization of glucose and sucrose mixture

in enhancing the NO3
2–N removal

Based on the developed model, the three-dimensional (3D)

response surface plot manifested the interactive relation-

ships between glucose and sucrose mixture which impacted

the NO3
-–N removal via denitrification process (Fig. 4).

Generally, the rise of either carbon source concentrations

would result in increasing of NO3
-–N removal with the

peak of almost 90% attained at C:N ratios of glucose and

sucrose mixture of 1.5:1.0 each. Deriving from Fig. 4, the

perturbation plot (Fig. 5) explicitly illustrated the profound

effect of glucose on NO3
-–N removal as opposed to

sucrose. The sharp curvature of A underscored the

dependent variable NO3
-–N removal was more responsive

towards glucose carbon source. On the flipside, the NO3
-–

N removal was less sensitive with respect to the change of

sucrose C:N ratio, highlighted by semi-sharp curvature of

B curve belonging to sucrose carbon source. Paul et al.

(1989) had recorded that the denitrification capacity per

mole of carbon was always lower for sucrose as compared

with glucose. Sucrose was also labelled the least efficient

carbon source for process yield in removing nitrate from

contaminated groundwater by Gomez et al. (2000). The

setback which foiled the substantial use of sucrose as a

carbon source for denitrification process could be plausibly

due to its disaccharide structure which was essentially

needed to be hydrolyzed by the cells before it could serve

as an electron donor.

The interactions of glucose and sucrosemixturewere then

manipulated by CCD to identify the value of response

positioned at the maximum removal of NO3
-–N. The max-

imum NO3
-–N removal was recognized as a complete

removal of NO3
-–N from the mixed liquor which is shaded

with grey colour in Fig. 6 (area of interest). By narrowing the

C:N ratios gap between the glucose and sucrose, the opti-

mum combination of mixture of glucose and sucrose was

achieved at C:N ratios of 1.0:1.0 and 2.4:1.0, respectively, as

flagged in Fig. 6. The theoretical C:N ratio for a complete

reduction of NO3
-–N to nitrogen gas was 1.07:1.0 for either

glucose (Eq. (5)) or sucrose (Eq. (6)) as shown below:

5C6H12O6 + 24NO�
3 + 24 Hþ

! 30CO2 + 12N2 + 42H2O ð5Þ

C12H22O11 þ 9:6NO�
3 þ 9:6Hþ

! 12CO2 þ 4:8N2 þ 15:8H2O ð6Þ

However, higher C:N ratio was noted in this study with

a total of 3.4:1.0 for the mixture of glucose and sucrose to
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90.00
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Fig. 3 Predicted against actual values plot of NO3
-–N removal

Fig. 4 Interactive effect of glucose and sucrose mixture on NO3
-–N

removal via denitrification process
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Fig. 5 Perturbation plot of NO3
-–N removal against coded values
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attain the complete removal of NO3
-–N. According to Paul

et al. (1989), simultaneous fermentation and denitrification

could occur under anaerobic condition in a reaction

mixture amended with glucose and nitrate, explaining the

possible loss of carbon source not spent on denitrification

process. Moreover, in tandem with the finding by Lorrain

et al. (2004), the optimum mixture of carbon sources

required larger portion of sucrose; again confirming the

superiority of glucose used as a carbon source to enhance

the denitrification process. To further justify, also reported

by Her and Huang (1995), the minimum C:N ratio required

to complete the denitrification process increased with the

increase of organic carbon sources’ molecular weights.

Profile study at optimum glucose and sucrose

mixture

The profile studies of nitrogen species and carbon sources

in terms of time courses at the optimum C:N ratios of

1.0:1.0 and 2.4:1.0 for glucose and sucrose, respectively,

are presented in Fig. 7. The removal of NO3
-–N required a

lag period of almost 18 h as can be observed in Fig. 7a,

before it was removed steadily at the rate of 5.35 mg/L h.

The appearance of NO2
-–N albeit it was not added into the

mixed liquor, unveiling the occurrence of denitrification

process with the peak of NO2
-–N accumulation attained at

the concentration of approximately 2.5 mg/L. The accu-

mulated NO2
-–N was finally denitrified swiftly after the

NO3
-–N concentration fell below the detection limit in the

mixed liquor.

The consumption of glucose and sucrose concentration

profiles (Fig. 7b) bore some semblance trend with NO3
-–N

concentration profile (Fig. 7a). The lag periods as seen in

Phase 1 of carbon source consumption profiles were

plausibly due to the acclimation requirement by the

indigenous activated sludge from the wastewater before it

could extensively assimilate and oxidize glucose and

sucrose in the mixed liquor. Cells that are not pre-adapted

to the new substrate or growth condition usually experience

a long lag phase and acclimation period (Wilson and

Clarke 1994). To that end, also observed by Silva et al.

(2014), the non-acclimated sludge showed lag phase of

almost 11–15 times longer than the acclimated sludge

while metabolizing long-chain fatty acids.

The Phases 2 and 3 in Fig. 7b show noticeable con-

sumption of carbon sources predominantly due to the

denitrification process, as evidenced by the plummet of

NO3
-–N concentration at the same time period (Fig. 7a).

By looking closely to these phases, the consumption of

glucose (7.35 mg/L h) was faster than sucrose (3.30 mg/

L h) in Phase 2 and the reverse took effect in Phase 3

[glucose (2.14 mg/L h) and sucrose (7.75 mg/L h)]. The

results in Phase 2 concluded that the activated sludge could

acclimate to glucose and use this carbon source for deni-

trification process faster than in the case of sucrose. Nev-

ertheless, by lengthening the acclimation period to Phase 3,

the activated sludge showed capability to boost sucrose
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consumption used for denitrification process. This acti-

vated sludge’s potential is important particularly when the

primary carbon source is depleted from the reaction mix-

ture and the activated sludge still can perform denitrifica-

tion process using other types of carbon sources,

eliminating the dependency to only one carbon source.

Hence, to utilize the sugary wastewaters containing high

concentration of sucrose, it must be initially conditioned to

own the correct proportion of glucose for the fast attain-

ment of acclimated activated sludge towards sucrose. In

this regard, the rapid removal of NO3
-–N via the denitri-

fication process can be achieved simultaneously with the

treatment of sugary wastewaters with minimum cost

entailed.

Phase 4 represented the end of denitrification process in

which the decrease of glucose and sucrose concentrations

became less intense because of the exhaustion of oxidized

nitrogen (NO3
-–N and NO2

-–N) concentrations in the

mixed liquor. However, a gradual consumption of these

carbon sources was still transpiring in Phase 4 possibly due

to sulphate-reducing bacteria activity which was retarded

in the presence of NO3
-–N in the earlier phases (He et al.

2010). As the use of carbon sources for the denitrification

process is of concern in this research, the profile studies of

all species were terminated in Phase 4.

Conclusions

The polynomial regression model of NO3
-–N removal was

successfully derived by the CCD of DOE after eliminating

the insignificant model term. The derived model was able

to explain the interactive effects of glucose and sucrose

mixture which impinged on the removal of NO3
-–N via

denitrification process. From the interaction study, the

removal of NO3
-–N was noticed to be more sensitive on

the presence of glucose as opposed to sucrose. Considering

of the derived NO3
-–N removal model, the best combi-

nation of glucose and sucrose mixture was attained at C:N

ratios of 1.0:1.0 and 2.4:1.0, respectively, leading to the

complete removal of NO3
-–N. Using this optimum mix-

ture of glucose and sucrose, the activated sludge could

acclimate to glucose faster than sucrose in performing the

denitrification process. Nevertheless, the consumption rate

of glucose was abated once the activated sludge had

acclimated to the presence of sucrose and used it for den-

itrification process.
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