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Abstract For biological nitrification, a set of experiments

were carried out to approximate the response of lag period

along with ammonia oxidation rate with respect to different

concentrations of cyanide (CN-) and ammonia-oxidizing

bacteria (AOB), and temperature variation in laboratory-

scale batch reactors. The effects of simultaneous changes in

these three factors on ammonia oxidation were quantita-

tively estimated and modeled using response surface

analysis. The lag period and the ammonia oxidation rate

responded differently to changes in the three factors. The

lag period and the ammonia oxidation rate were signifi-

cantly affected by the CN- and AOB concentrations, while

temperature changes only affected the ammonia oxidation

rate. The increase of AOB concentration and temperature

alleviated the inhibition effect of cyanide on ammonia

oxidation. The statistical method used in this study can be

extended to estimate the quantitative effects of other

environmental factors that can change simultaneously.
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Introduction

Ammonia-oxidizing bacteria (AOB), chemoautotrophs,

oxidize ammonia to nitrite, which is the first and rate-

limiting step of nitrification. AOB are highly sensitive to

many environmental factors such as pH, temperature, and

dissolved oxygen (DO) concentration [28, 29, 31]. Growth

of AOB is also affected by industrial contaminants,

including cyanide [3, 11, 16, 17].

Cyanide is toxic to many living organisms, because it

inhibits activities of enzymes such as the heme–copper

oxidase superfamily of cytochrome oxidases [4, 5]. Cya-

nide is often found in various industrial wastewater such as

coke oven gas wastewater, blast-furnace blowdown water,

photoprocessing wastewater, electroplating wastewater,

and chemical fertilizer wastewater, which also contains

high levels of ammonium [12, 19, 21, 30, 33]. In these

industrial wastewaters, ammonia oxidation can be highly

susceptible to disruption by cyanide.

Temperature and AOB concentration as well as cyanide

directly influence the ammonia oxidation. The activity of

living organisms involves enzymatic reactions in cells;

these reactions are affected by temperature. According to

the van’t Hoff–Arrhenius equation, the growth rate of

microorganisms doubles with each 10�C increment in

temperature [7]. The concentration of AOB is another

important factor that affects ammonia oxidation, because

ammonia oxidation is the process of substrate utilization by

AOB.
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Researchers have investigated the effects of various

environmental factors on ammonia oxidation. Several

pure culture studies have demonstrated the effects of

temperature on AOB [14, 15, 28] and have reported 30–

35�C as the optimum temperature. The toxic effects of

cyanide on AOB activity have also been investigated [17,

19], and it was shown that this inhibition is irreversible

[10].

It must be noticed that most studies have investigated

the effect of one environmental factor at a time. The

effect of temperature on nitrification, for example, has

recently been studied at a fixed concentration of cyanide

[19]. In a full-scale wastewater treatment plant (WWTP),

however, the environmental factors affecting ammonia

oxidation are likely to change simultaneously and inde-

pendently. For example, influent cyanide concentration to

the industrial wastewater treatment plant usually fluctu-

ates, because it is released in different amounts at variable

flow rates with respect to the operational modes of the

unit processes. Temperature of the WWTP is also affected

by ambient temperature, because almost all full-scale

WWTPs are located outside. Microbial populations in

such treatment system also change according to the

influent quality along with the growth conditions such as

temperature. Therefore, it is essential to understand the

simultaneous effects of changes in these factors on

ammonia oxidation to predict and control the ammonia

oxidation in full-scale WWTP.

Response surface analysis (RSA) is a collection of

mathematical and statistical techniques useful for design-

ing experiments, building models, and evaluating relative

significance of several independent variables (i.e., envi-

ronmental factors) [2, 26]. In most RSA problems, the

relationship between the response and the independent

variables is unknown. Thus, the first step in RSA is to

approximate the function using a low-order polynomial in

some region of the independent variables. If the response is

not linear, then a higher order polynomial must be used to

approximate the response. Almost all RSA studies utilize

one or more of these approximating polynomials [22, 23].

Thus, this study was conducted to approximate continuous

response surfaces of the change in AOB activity with

respect to the simultaneous effects of cyanide concentra-

tion, AOB concentration, and temperature using RSA. To

quantify the effects on ammonia oxidation, changes in the

lag period and the rate of ammonia oxidation were inves-

tigated, because the lag period is the time in which the cells

adapt to new environments or stressors and the ammonia

oxidation rate represents the activity of the AOB in expo-

nential growth period. Statistical model equations of the

simultaneous effects of changes in these three factors are

expressed in terms of the lag period and the ammonia

oxidation rate.

Materials and methods

Enrichment culture and seed preparation

A batch reactor with a 10 L working volume was set up to

have a sufficient amount of seed to inoculate the subsequent

batch cultures for RSA. The reactor was inoculated with a

steady-state effluent of a lab-scale completely stirred tank

reactor (CSTR) treating ammonia containing wastewater

(i.e., 300 mg NH4
+–N/L) of a steel-processing industry.

The CSTR was operated at 10 days hydraulic retention time

and at 28 ± 20�C. pH and dissolved oxygen concentration

was controlled to be above 7.5 and 2.0 mg DO/L, respec-

tively. The enrichment batch system was inoculated with

10% (v/v) of the CSTR effluent, and 90% (v/v) of the

identical wastewater was adjusted to contain 500 mg/L

NH4
+–N. The other operational conditions were same

as those of the inoculum system. Ten liters of the enrich-

ment culture was centrifuged at 14,000g for 5 min. The

supernatant was discarded and the pellet was washed with

20 mM NaHCO3. After another centrifugation and washing

step, the concentrated seed was prepared and aerated until it

was used as the inoculum for the subsequent batch trials.

DNA extraction

DNA was extracted from the sample for the quantitative

real-time PCR (QPCR) assay. An aliquot (1 mL) of sample

was centrifuged at 16,000g for 10 min, and 900 lL of the

supernatant was decanted. The pellet was washed twice

with following steps: (1) the pellet was added to 100 lL of

deionized distilled water (DDW) and resuspended; (2) the

pellet was centrifuged; (3) an aliquot (100 lL) of super-

natant was decanted. Finally, the pellet was prepared in

100 lL of total volume and applied to an automated

nucleic acid extractor (Magtration System 6GC, PSS Co.,

Japan). The purified DNA was eluted with 100 lL of DDW

and the concentration of the AOB was measured with the

QPCR assay.

Quantitative real-time PCR

In previous studies, the mixed liquor volatile suspended

solids (MLVSS) have often been used to represent the

concentration of microorganisms [18, 32]. However, even

the same concentrations of MLVSS may display different

ammonia oxidation rates, because they contain different

portion of AOB. The sludge samples from different

WWTPs showed different AOB concentrations, in the

range of 104–108 copies/mL [8]. The AOB concentration

per MLVSS in each sludge sample also differed [6]. The

b-proteobacterial AOB, a subgroup of AOB, are likely to
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be found in most engineered biological nutrient removal

processes [24]. In this study, the b-proteobacterial AOB

concentration, one of the independent variables, was

measured using a QPCR (LightCycler 1.2, Roche Diag-

nostics) with the TaqMan system, which employs two PCR

primers and a TaqMan probe. The TaqMan probe contains

a fluorescent reporter dye FAM and a quencher dye

TAMRA, which were attached to the 50 and the 30 ends,

respectively. The primers and probe bind to the target DNA

during the annealing step of PCR and the TaqMan probe is

cleaved by the exonuclease activity of Taq polymerase

during primer extension.

TaqMan probe and primer sets, designed to specifically

detect subgroups of AOB (i.e., clusters of Nitrosomonas

europaea, N. nitrosa, N. cryotolerans, and Nitrosospira

multiformis) [24], were used to quantify the AOB in the

seed. Plasmids, constructed using type strains belonging to

the clusters and normalized to be 106 copies of corre-

sponding 16S rRNA genes/ll, were used as target AOB

templates to construct standard curves. Different initial 16S

rRNA gene copy numbers covering six orders of magnitude

for each target were amplified using the QPCR with the

corresponding sets. Logarithmic values of the different 16S

rRNA gene amounts were plotted against the threshold

cycle (CT) numbers from each QPCR assay. All sets were

capable of detecting the corresponding targets as low as

two 16S rRNA gene copies per reaction mixture.

A two-step amplification of the target DNA, combining

the annealing and extension steps, was performed. An

initial 10 min incubation at 94�C for Taq DNA polymerase

activation was followed by 45 cycles of denaturation at

94�C for 10 s, and simultaneous annealing and extension at

60�C for 30 s. The transition rate was 20�C/s for all seg-

ments of the two-step cycling.

Experimental design and batch tests

The RSA experiment was designed with a central com-

posite cube design [27] and batch ammonia oxidation

reactions were conducted at each condition (Table 1). Each

batch trial was performed with the ISO 9509 method [13].

Concentrated (tenfold) synthetic wastewater was prepared

with 2.65 g/L (NH4)2SO4 for a final concentration of

56 mg/L NH4
+–N. The concentrated wastewater also

contained 16.8 g/L NaHCO3 as buffering agent, which

helped maintain the pH at 7.5 during ammonia oxidation. A

concentrated KCN solution (100 mg/L), the concentrated

seed, and the synthetic wastewater were added to 250-mL

flasks, with DDW to a total volume of 125 mL. The flasks

were kept in a shaking incubator, stirred at 130 rpm [18], at

the desired temperature of 23, 28, or 33�C. The cultures

were periodically sampled until the ammonium was

completely depleted.

Analytical methods

The nitrite concentration of each experimental trial was

monitored with the Griess method [20]. The concentrations

of ammonium ions were analyzed with an ion chroma-

tography (Metrohm 790 Personal IC) and were plotted to

Table 1 Experimental design

and observed lag periods and

ammonia oxidation rates

a Center point. The experiment

was replicated three times and

the data represent average

values

Trial Independent variables Dependent variables

CN- concentration

(mg/L)

AOB concentration

(109 copies/L)

Temperature (�C) Rate (NH4
+–N mg/L/h) Lag

(h)

Linear design

1 0.1 30 33 10.86 1.4

2 0.1 30 23 5.64 3.7

3 0.1 3 33 3.16 18.4

4 0.1 3 23 1.72 40.7

5a 5 16.5 28 3.90 161.0

6 10 30 33 2.60 159.9

7 10 30 23 2.40 216.0

8 10 3 33 2.69 482.3

9 10 3 23 0.72 678.8

Quadratic design

10 0.1 16.5 28 6.01 4.0

11 5 30 28 5.89 86.7

12 5 16.5 33 2.26 168.3

13 5 16.5 23 1.65 201.2

14 5 3 28 2.27 439.8

15 10 16.5 28 1.61 240.2
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calculate the lag periods and ammonia oxidation rates

using the modified Gompertz model (Eq. 1) [34].

y ¼ A exp � exp
lmax � expð1Þ

A
k� tð Þ þ 1

� �� �
ð1Þ

where

A Asymptote, the maximum value of growth reached;

lm Maximum specific growth rate, tangent to the growth

curve at the inflection point;

k Lag time, t-axis intercept of the tangent at the

inflection point on the growth curve.

Results

Range of variables and RSA

Cyanide concentration, AOB concentration, and tempera-

ture in the biological nitrification facility of a steel-

producing industry were monitored to determine the

experimental ranges of the variables approximately for a

year (Fig. 1). The cyanide concentration varied from 0 to

7.2 mg/L and the AOB concentration ranged from

3.85 9 109 and 2.36 9 1010 copies/L in the nitrification

facility. The lowest and highest temperatures of the facility

were 23 and 33�C for the period. Thus, ranges of the

independent variables were determined based on these

monitored data for the industrial full-scale WWTP, and are

summarized in Table 2. The culture condition at the center

point was 5 mg CN-/L, 1.65 9 1010 copies of AOB/L, and

28�C. Repeat observations at the center were used to

estimate the experimental error in the RSA.

A total of 17 trials, including a center point, were run to

estimate the response surface for the lag period and the

ammonia oxidation rate. A first-order model was initially

tested, but it was not statistically significant based on the

regression coefficient, the lack of fit of the first-order

model, the P values of the parameter estimations, and the

residual plots (data not shown). Additional six trials (10–15

in Table 1) were added to the previous 11 trials to form a

central composite cubic design. Various models, from

interaction to partial cubic, were tested sequentially with

data from the whole 17 trials (Table 1) to estimate the lag

periods and ammonia oxidation rates.

Effects on the lag period

The effects of the variables on the lag period were ade-

quately estimated with the partial cubic model (Eq. 2)

based on statistical analysis (P = 0.0009 at a 0.1% a-level,

R2 = 0.993) and a residual plot (Fig. 2a). The residual

plots for the models and data set showed no patterns or

trends. A check of the constant variance assumption also

could be addressed, because a random plot of residuals

meant homogeneous error variances across the observed

values.

Ya ¼ 341þ 118X1 � 1:19� 10�8X2 � 16:4X3 � 5:99

� 10�9X1X2 þ 0:325X1X3

þ 2:97� 10�10X2X3 � 1:95X2
1 þ 9:05� 10�20X2

2

þ 0:182X2
3 þ 7:30� 10�20X1X2

2

þ 2:19� 10�10X2
1X2 � 0:146X2

1X3 ð2Þ

Fig. 1 Variation of cyanide concentration and temperature (a), and

AOB concentration (b) in the biological nitrification facility treating

wastewater of the steel-processing industry

Table 2 Experimental ranges of the three variables based on moni-

toring data for a steel-producing industrial wastewater treatment plant

Independent variables Low Center High

CN- concentration (mg/L) 0.1 5 10

AOB concentration (109 copies/L) 3 16.5 30

Temperature (�C) 23 28 33
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where

Ya Lag period;

Xk Independent variable k (k = cyanide concentration,

initial AOB concentration, or temperature).

With this model equation, the change in the lag period

can be quantified when the variables change simultaneously.

If cyanide concentration, initial AOB concentration, and

temperature were 5 mg/L, 16.5 9 109 copies/L, and 23�C,

respectively, then the lag period would be 193 h. Using the

equation, the lag period was expected to decrease to 174 h if

cyanide concentration and temperature increased to 10 mg/

L and 33�C, respectively. It could also be predicted that the

lag period would not decrease even if the cyanide

concentration decreased from 10 to 2 mg/L when the initial

AOB concentration also decreased to 3 9 109 copies/L at

33�C.

Figure 3a, b shows the effects of the cyanide and initial

AOB concentrations and the effects of the initial AOB

concentration and temperature on the lag period, respec-

tively. Temperature had no significant effect on the lag

period (Table 3).

Fig. 2 Residual plots of the partial cubic model for the lag period (a),

and the quadratic model for the ammonia oxidation rate (b). Each

residual was calculated using Eqs. (2) and (3), respectively

Fig. 3 Two-dimensional contour plots of the partial cubic model for

the lag period of ammonia oxidation with respect to cyanide

concentration and initial AOB concentration within the design

boundary at 28�C (a), and with respect to the initial AOB concentra-

tion and temperature at a cyanide concentration of 5 mg/L (b)
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Effects on the ammonia oxidation rate

The quadratic model (Eq. 3) was the only adequate model

for the ammonia oxidation rate based on statistical analysis

(P = 0.006 at a 1% a-level, R2 = 0.912) and a residual plot

(Fig. 2b).

Yb ¼ �43:4þ 3:49� 10�1X1 � 3:76� 10�11X2 þ 3:11X3

� 1:88� 10�11X1X2 � 2:26� 10�2X1X3 þ 3:72

� 10�12X2X3

þ 2:41� 10�2X2
1 þ 4:62� 10�21X2

2 � 5:13� 10�2X2
3

ð3Þ

where

Yb Ammonia oxidation rate;

Xk Independent variable k (k = cyanide concentration,

initial AOB concentration, or temperature).

The change in the ammonia oxidation rate could be

predicted with this model equation. When cyanide con-

centration, initial AOB concentration, and temperature

were 10 mg/L, 3.0 9 109 copies/L, and 33�C, respectively,

the estimated ammonia oxidation rate for NH4
+–N was

1.86 mg/L per hour. Even if the cyanide concentration and

temperature decreased from 10 to 0.1 mg/L, and from 33 to

23�C, respectively, the ammonia oxidation rate would

decrease to 1.04 mg NH4
+–N/L/h when the initial AOB

concentration was kept at 3.0 9 109 copies/L. Figure 4a, b

shows the effects of the cyanide concentration and initial

AOB concentration on the ammonia oxidation rate and the

effects of the initial AOB concentration and temperature on

the ammonia oxidation rate, respectively. When the cya-

nide concentration is lower than 5 mg/L and the initial

AOB concentration is higher than 16.5 9 109 copies/L, the

ammonia oxidation rate is predominantly influenced by the

linear combination of the cyanide concentration and the

initial AOB concentration (Fig. 4a). The ammonia oxida-

tion rate is significantly affected by the cyanide

concentration, the initial AOB concentration, and temper-

ature (Table 3).

Discussion

Cyanide is extremely toxic to AOB and to biological

ammonia oxidation. A cyanide concentration of 0.34 mg/L

inhibits nitrification during the activated sludge process

[32]. A recent study with a pure culture of Nitrosococcus

mobilis showed that even a cyanide concentration of

0.026 mg/L can have an adverse effect on ammonia oxi-

dation [29]. Despite the severe toxicity of cyanide,

microorganisms can adapt to high concentrations of cya-

nide after constant and long exposure to it [33]. This was

confirmed in this study by the observation that ammonia

oxidation was still occurring after almost 28 days (678 h)

of the lag period, when the cyanide concentration was as

high as 10 mg/L (Table 1).

The length of lag period was significantly affected by

the cyanide concentration and the initial AOB concen-

tration (Table 3). The cyanide concentration had a

negative effect on duration of the lag period, because the

AOB required prolonged period to adapt to high cyanide

toxicity. Conversely, the initial AOB concentration had a

positive effect to shorten the lag period. When the initial

AOB concentration was 3.0 9 109 copies/L, the lag per-

iod was extended to 578 h as the cyanide concentration

increased from 0.1 to 10 mg/L (Fig. 3a). However, the lag

period was maintained for less than 191 h if the initial

Table 3 Results of the

response surface analysis and

the effects of each term

a Effect is cR, if R is the range

of the response term in the data

and c is the estimated coefficient

Term Regression analysis

Lag Rate

Coefficient Effecta P value Coefficient Effecta P value

Intercept 3.41 9 102 173 -4.34 9 101 3.50

X1 1.18 9 102 236 0.0056 3.49 9 10-1 -3.47 0.0016

X2 -1.19 9 10-8 -355 0.0012 -3.76 9 10-11 3.36 0.0020

X3 -1.64 9 10 -33.5 0.4854 3.11 1.89 0.0309

X1X2 -5.99 9 10-9 -183 0.0011 1.88 9 10-11 -2.51 0.0149

X1X3 3.25 9 10-1 -57.0 0.0591 -2.26 9 10-2 -1.12 0.1956

X2X3 2.97 9 10-10 40.1 0.1396 3.72 9 10-12 0.502 0.5411

X1
2 -1.95 -59.3 0.0346 2.41 9 10-2 0.590 0.4114

X2
2 9.05 9 10-20 83.7 0.0113 4.62 9 10-21 0.843 0.2525

X3
2 1.82 9 10-1 4.55 0.8210 -5.13 9 10-2 -1.28 0.0996

X1X2
2 7.30 9 10-20 132 0.0539

X1
2X2 2.19 9 10-10 145 0.0408

X1
2X3 -1.46 9 10-1 -35.8 0.5031

1336 J Ind Microbiol Biotechnol (2008) 35:1331–1338

123



AOB concentration was higher than 2.0 9 1010 copies/L,

as the cyanide concentration changed within the experi-

mental range. The changes in the lag period with respect

to the independent variables in this study may suggest

that the functional redundancy of the system can be

achieved by increasing the concentration of functional

microorganisms.

The temperature for the highest ammonia oxidation rate

decreased from 31 to 28.8�C as the cyanide concentration

increased from 0.1 to 10 mg/L when the initial AOB

concentration was 16.5 9 109 copies/L (Fig. 4b). In pre-

vious research, the optimum temperature for AOB was

reported to be 35�C [1, 9, 14], which is a little higher than

the results in this study. Temperature is one of the most

important environmental factors for microbial growth [25]

and is the result of two interactive processes under normal

conditions: the anticipated increase in the reaction rate with

an increase in temperature and protein denaturation above a

critical temperature [7]. It is also suggested that the opti-

mum temperature varies slightly with other environmental

factors [25]. The toxicity of cyanide tended to reduce the

optimum temperature for ammonia oxidation.

This study shows the quantitative effects of simultaneous

changes in three important factors affecting ammonia oxi-

dation. These results can provide a guide for the operation

of full-scale WWTP, especially with quantitative informa-

tion about the AOB concentration, which has a significant

effect on reducing the toxic effects of cyanide.

A factorial design, used most often in biological

research, yields discrete results according to the variable

values that the investigator assigns. It is hard to visualize

the effect of the variables that were not assigned (for

example, the middle point between two variable values). In

this paper, RSA was successfully applied to approximate

the continuous response of the AOB activity with respect to

the simultaneous changes in cyanide and AOB concentra-

tions, and operational temperature. This concept allows

researchers to study interactions of control variables or to

determine the collective properties of the mixture of

microbes selected by the conditions imposed upon them.

The results can also be applied to relevant biological areas,

when using mixed populations of microbes for better pro-

cess control. With the proper selection of a variable

interval, RSA continuously approximates the response

surface, which allows the researcher to investigate the

entire region of variables.
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