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Abstract

The aim of this study is to model the denitrification process performed in a membrane
bioreactor (MBR). The research was carried out using a modified Zenon ZeeWeed 10MBR
system. The membrane module consisted of submerged hollow-fibre membrane with a
pore size of 0.04 µm and an active area of 0.93 m2. The concentration of nitrate in drinking
water was (70 � 2) mg/L NO3

�. During the experiment, we maintained a constant
concentration level of activated sludge at approximately 0.76 g/L under anoxic conditions.
Sugar was added to the activated sludge as a source of carbon. The Monod kinetic
parameters were estimated based on the experimental data numerical interpolation.
Afterwards, a dynamic simulation with known parameters was carried out, and the time
dependence of the substrate and biomass concentration was studied. We developed a
model based on actual substrate outlet concentration. In addition, the time required to
reach a steady state was estimated.

Keywords: denitrification, groundwater, membrane bioreactor, dynamic concentration
profile

1. Introduction

Nitrate and nitrite removal fromwater is necessary because of the harmful effects of nitrates on

human health, such as methaemoglobinemia (blue-baby syndrome) [1–3], nitrosamines and

nitrosamides [4].

During the biological process of denitrification, nitrate is microbiologically reduced over nitrite

to molecular nitrogen (N2) [1, 5]. The efficiency of biological removal of nitrate depends on

different types of carbon sources [6, 7], various types of microorganisms [6, 8] and different
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operational parameters such as carbon to nitrogen (C/N) ratios [2, 9], temperature [3, 10–12],

pH [3, 10], dissolved oxygen [13, 14] and mixed liquor suspended solids (MLSSs) [15, 16].

Furthermore, it also depends on the amount of substrate and heterotrophic yield [17]. Denitri-

fication may be inhibited by higher levels of nitrate and nitrite [10, 18, 19], which can directly

affect microbial growth. Reaction rates and efficiencies are sensitive to dissolved oxygen [11];

anoxic growth reaction especially can be inhibited [17]. The advantages of heterotrophic

denitrification are, on the one hand, the high denitrifying rates; on the other hand, one of the

greater weaknesses is that the residual carbon sources can cause many problems during

drinking water treatment [3]. For growth under anoxic conditions, heterotrophic denitrifiers

require a specific source of organic carbon, such as methanol [1, 2, 6, 20], ethanol [2, 15, 21],

acetate [7, 10], glucose [7, 9, 20], glycerol [20] and acetic acid [20], whilst the application of

sucrose is relatively rare and has only been mentioned in a few articles [2]. Gómez et al. [2]

studied the effectiveness of three selected carbon sources (sucrose, ethanol and methanol) on

submerged filters for the removal of nitrate from contaminated groundwater (100 mg/L NO3
�).

Greater biomass production was observed with sucrose, compared with ethanol and methanol.

Fernández-Nava et al. [4] examined the properties of saccharose-rich residue (from the produc-

tion of soft drinks) in the process of denitrification. Crude syrup as a C source was used in

another study performed by Lee andWelander [6]. Sison et al. [22] used sucrose in the process of

denitrification by biological granular-activated carbon. The influent NO3-N concentration was

80 mg/L (C/N ratio 1.88:1), and the average denitrification efficiency achieved 84–89%. During

the study, when the C/N ratio increased from 1.5 to 2.5, removal efficiency increased up to 95%

[23]. Besides the influence of C sources, the investigations focused on different types of

denitrification (hydrogenotrophic [19, 24], autotrophic [25], heterotrophic [25]), membrane

bioreactor (MBR) configurations [16], carbon to nitrogen (C/N) ratio [15, 25–27], and the

removal of pesticides [27]. Moreover, studies were carried out on hydraulic retention

time [28–30], concentration of mixed liquor suspended solids (MLSSs) [15, 16, 30], mathemat-

ical modelling of MBR [31], optimisation of the energy demand [29], trihalomethane formation

potential [11, 21, 28, 30] and the inhibition of nitrite [10, 19]. The first commercial-scale

biological drinking water denitrification plant utilising hydrogen was introduced at Rasseln

in Germany [19, 24]. However, the MBR system is, in general, less commonly used for drinking

water treatment. Nitrate removal from contaminated groundwater, drinking water and surface

water has been studied by using extractive MBRs [31, 32], ion-exchange MBRs [16], gas-

transfer MBRs [16], pressure-drivenMBRs [15, 16, 28] and other known hybrid systems [11, 25].

The Zenon ZW 10 membrane bioreactor was first used in the denitrification of drinking water

sources in 2005 [26].

Miscellaneous models for describing the process kinetics have been studied so far (e.g. the

Haldane model and Michaelis-Menten kinetics). The performance of a special bacterial culture

(Aphelenchus avenae) was investigated using different carbon sources, such as ethanol, methanol,

sodium acetate, glucose and poly(ε-caprolactone), within the batch biological denitrification

system [33]. The most commonly used relationship describing microbial growth is Monod

kinetics [33–35]. This mechanism is also used to describe heterotrophic denitrification [19]. There

are several factors affectingmicrobial growth and its kinetics: pH [10, 36], temperature [12, 36, 37],

dissolved oxygen [11, 36], type of substrate [2, 9], microbial population [12, 37, 38], type of water
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source [37] and the presence of nitrite [10]. The temperature dependence of the growth rate can

generally be described using the Arrhenius relationship [39]. Microbial growth, Monod kinetics

and the influences of different physico-chemical factors on the denitrification process have been

extensively investigated in recent papers [34, 35, 39]. In an experiment by Ravindran et al. [11],

mixed batch bioreactor studies were performed to evaluate the denitrification kinetics of ground-

water. Ethanol was added as the external carbon source. A sensitivity analysis was performed in

order to determine which biokinetic parameter had the greatest influence on effluent substrate

concentration. The results obtained showed that biokinetic coefficients vary significantly with

any changes in the MLSS concentrations of groundwater.

Studying biokinetic coefficients is important to obtain more information about the cell growth

and utilisation of substrate, which then helps to better understand the denitrification process. A

literature review shows that there is a lack of information related to the determination of kinetic

coefficients for drinking water denitrification treatment by MBR using sugar as a C source.

The purpose of our research was to develop a kinetic model in order to describe microbial

growth during the drinking water denitrification process using MBR. A kinetic study was

conducted by assuming Monod kinetics to be appropriate for describing substrate consump-

tion at constant biomass concentration. Firstly, the basic kinetic parameters, such as specific

growth rate of biomass, substrate half-saturation constant and the yield coefficient, were

determined based on experimental data. Furthermore, dynamic simulation was performed

based on calculated kinetic parameters. With the dynamic concentration profiles, the time

dependence of the substrate and biomass concentrations can be followed, and the time

required to reach steady state can be estimated.

2. Materials and methods

During this study, denitrification was carried out in a modified Zenon ZW 10 MBR, which can

be described as a continuous stirred-tank reactor (CSTR) with recycle capability. The microbial

growth rate was expressed using Monod kinetics [34, 35, 39].

In our case, biomass was absent from the influent and effluent of the bioreactor, so the system

behaved as a closed system (although the circulation of biomass within the reactor still

existed). The fact that the increase of biomass was very low had to be taken into account

during the calculations, in which the increase of biomass was neglected. Because of the

biomass characteristics, it was assumed that the mode of MBR operation would be close to

the model of mixed flow bioreactor under steady state. The substrate dynamic profiles could

be described with the equations for the continuous stirred-tank reactor (CSTR) with recy-

cle [40]. The mass balances for substrate and biomass [36, 40], provided a basis for determining

a kinetic model regarding drinking water denitrification (Eqs. (1)–(26)). The balance of biomass

was obtained in two ways: firstly, by using the equations for a continuous stirred-tank reactor

with recycling, and secondly, by the equations for the reactor without recycling. During the

testing of the second method, we assumed that the biomass concentration in the circulation is
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equal to the concentration of biomass in the reactor and would thus produce the same result in

both cases, namely that the specific growth rate of microorganisms is equal to the dilution rate.

2.1. Mass balance of biomass

Depending on the biomass and the mode of operation, the equations for the CSTR in steady

state [36, 40] can be used (Eqs. (1)–(9)):

Input�OutputþGeneration ¼ Accumulation ð1Þ

For each part of above Eq. (1), the following can be written:

qDγD � qXγX þ μγXV ¼ ðdγXV=dtÞ ð2Þ

Eq. (2) can be written in the form:

qDγD � qXγX þ μγXV ¼ ðdγX=dtÞV þ ðdV=dtÞγX ð3Þ

For the continuous stirred-tank reactor, (dV/dt) = qD � qX = 0, and from this it follows that

qD = qX = q; therefore, it can be written and referred to as

qðγD � γXÞ þ μγXV ¼ ðdγX=dtÞV= : V ð4Þ

And then

q=VðγD � γXÞ þ μγX ¼ dγX=dt ð5Þ

The quotient of the inlet flow rate and bioreactor volume can be expressed as, D = q/V (h�1).

Dynamic changes in the biomass concentration over the time can be written as follows:

DðγD � γXÞ þ μγX ¼ dγX=dt ð6Þ

By considering that the inlet mass concentration of biomass is zero (γD ¼ 0) and at steady state

dγX=dt ¼ 0, Eq. (6) can be expressed as

�DγX þ μγX ¼ 0 ð7Þ

And

D ¼ μ ð8Þ

Specific growth rate of biomass, μ, can be expressed as [35, 36]

μ ¼ μMaxγS=ðKS þ γSÞÞ ð9Þ

At high substrate concentrations (γS >> KS), a zero-order kinetic model is usually used and at

low-substrate concentrations, first-order dependence can be applied [10, 39].
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The specific growth rate of active biomass is a result of the endogenous decay of active biomass

(microbial death) reduced for the coefficient kd (h�1) [36]. Thus, Eq. (6) can be rearranged

into Eq. (10):

DðγD � γXÞ þ ðμ � kdÞγX ¼ dγX=dt ð10Þ

And further:

dγX=dt ¼ DðγD � γXÞ þ ðμMaxγS=ðKS þ γSÞ � kdÞγX ð11Þ

Similarly, the mass balance of biomass for CSTR with recycling [36, 40], can be written

according to Eqs. (12)–(20):

Input�OutputþGeneration ¼ Accumulation ð12Þ

In steady state: Accumulation = 0

Similarly, Eq. (3), the next Eq. (13) can be written as

qDγD þ qRγR � ðqD þ qRÞγX þ μγXV ¼ 0 ð13Þ

Since qDγD ¼ 0 (biomass concentration at the inflow is zero), therefore

qRγR � ðqD þ qRÞγX þ μγXV ¼ 0 ð14Þ

If Eq. (14) is divided by V and afterwards by γX, then we obtain the following expression:

qRγR=ðVγXÞ � qD=V � qR=V þ μ ¼ 0 ð15Þ

The dilution rate is the reciprocal value of residence time, D = qo/V, therefore

μ ¼ Dþ qR=V � qRγR=ðVγXÞ ð16Þ

With the introduction of parameter, a = qR/qo, we obtain Eq. (17):

μ ¼ Dþ aqo=V � ðaqoγR=ðVγXÞ ð17Þ

And if the quotient γR/γX is replaced by parameter b, then Eq. (17) can be rewritten as

μ ¼ Dþ aD� aDb ð18Þ

Since in our bioreactor, there was no barrier (or cell separator) which could lead to changes in

the concentrations, we assumed that the mass concentrations of biomass in the recycle and in

the reactor are equal γR = γX. This leads to the assumption that b = 1 and from this it follows

that the specific growth rate of the biomass is equal to the dilution rate, Eqs. (19) and (20).

μ ¼ Dþ aD� aD ð19Þ
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And

μ ¼ D ð20Þ

In this way, the same final expression for biomass, as with the equations for the continuous

stirred-tank reactor, was obtained.

2.2. Mass balance of substrate

Regarding the substrate, the equations for CSTR with recycle [36, 40], were adequate (Eqs.

(21)–(26)):

Input�Output� Consumption ¼ Accumulation ð21Þ

In steady state: Accumulation = 0

For the substrate according to Eq. (21), the following expression can be written:

qDγS;D � qDγS � ð1=yX,SÞμγXV ¼ 0 ð22Þ

If Eq. (22) is divided by V and by considering that qo/V = D, we obtain:

DγS;D �DγS � ð1=yX;SÞμγX ¼ 0 ð23Þ

The yield coefficient can be determined according to Eq. (24), which describes the mass balance

of substrate in the steady state.

DðγS;D � γSÞ ¼ ð1=γX;SÞμγX ð24Þ

Since during the consumption of the substrate and thus in the production of biomass only

active biomass is involved, the variable wx is introduced into Eq. (24) representing the percent-

age of active biomass:

DðγS;D � γSÞ ¼ ð1=γX;SÞμwXγX ð25Þ

In the literature [8, 38, 41], information may be found about the proportion of active biomass,

depending on a number of factors. The viability of biological sludge can be expressed as the

active bacterial concentration per unit mass of volatile suspended solids [41].

Dynamic changes in the substrate concentration over time are displayed by the following

Eq. (26):

DðγS;D � γSÞ � ð1=γX;SÞμmaxγXγS=ðKS þ γSÞ ¼ dγS=dt ð26Þ

2.3. Membrane bioreactor

Experiments were performed using the modified Zenon ZeeWeed 10 membrane bioreactor

(MBR). The denitrification process was carried out under anoxic conditions in a reactor volume
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of 60 L. The average operating temperature within the reactor was 26.3�C and the pH value

within the range of (8.7–9.4). Variations in operating temperatures were a result of changes in

the external temperatures. The membrane module consisted of a submerged hollow-fibre

membrane with a pore size of 0.04 µm and a 0.93 m2 active area. The process scheme for the

drinking water treatment within the modified MBR is shown in Figure 1 and the ultrafiltration

(UF) membrane specifications are presented in Table 1.

The groundwater used for the study was spiked with sodium nitrate in concentration (70 � 2)

mg/L NO3
�. The membrane bioreactor (Figure 2) was inoculated with biomass sludge from

an existing wastewater treatment plant. During the experiment, we maintained a constant

Figure 1. The process scheme for groundwater treatment with the modified MBR.

Specifications Description

Type of membrane Hollow fibre (HF)

Material Polyvinylidene difluoride (PVDF)

Surface properties Neutral, hydrophilic

Nominal membrane area 0.93 m2

Pore size 0.04 µm

Max. temperature 40�C

pH range 5–9

Max. trans-membrane pressure 62 kPa

Max. pressure of backpulse 55 kPa

Max. capacity of process pumps 1.4 L/min

Table 1. UF membrane specifications.
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concentration level of activated sludge at approximately 0.76 g/L. Anoxic conditions were

provided by using nitrogen. Sugar was added to the activated sludge as a source of carbon.

Inlet mass concentration of substrate was 0.1126 g/L. Based on previous papers [2, 22, 23] and

our previous investigations, the appropriate value for the C/N ratio was 3:1.

A series of experiments were performed in order to follow the influence of drinking water flow

rates (dilution rates) on the outlet’s substrate concentration. The flow rate of the feed was

increased stepwise, from 10 up to 170 mL/min. At each flow rate (or dilution rate), sufficient

time was ensured to establish a steady state.

2.4. Analytical methods

Before, during, and after treatment of the drinking water, the following physico-chemical

parameters were monitored: chemical oxygen demand (COD), content of nitrate ions NO3
�

and the mixed liquor suspended solids (MLSS). In addition, flow and circulation of water were

monitored. Sugar concentration in the effluent was determined indirectly by measuring the

chemical oxygen demand.

3. Results and discussion

Firstly, Monod kinetics parameters were determined.

During the experiment, we tried to maintain a constant concentration level of activated sludge

within the reactor, 0.76 g/L expressed as MLSS and C/N ratio of 3:1. During the experiment,

sugar concentration in the inflow was constant throughout all series. Such conditions allowed

an average nitrate removal efficiency of 87%.

Figure 2. Modified Zenon ZW 10 membrane module during the treatment.
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Determination of the kinetic parameters was based on the experimental values of outlet

substrate mass concentration γS and the calculated dilution rates (D). The γS is expressed as

chemical oxygen demand (COD). The data are gathered in Table 2.

Because of the low increment of biomass, changes in its concentration were negligible; there-

fore, MBR operation mode was close to that of a mixed flow bioreactor under steady state. For

this reason, Eq. (8) could be adopted.The curve D = f(γS) was plotted when compiling this

equation, as shown in Figure 3. Subsequently, numerical interpolation using MATLAB soft-

ware was performed.

The following results for Monod kinetics parameters were obtained: maximum specific growth

rate of biomass, µmax = 0.31 h�1 (7.4 d�1) and the half-saturation constant (as COD) KS = 5.4 mg/

L, both with R2 = 0.94.

In the existing literature, there is a lack of information regarding the Monod parameters for

drinking water denitrification, and it was impossible to find data relating the value of maxi-

mum specific growth rate and the half-saturation constant for systems similar to ours.

The yield coefficient was determined in the next step of our study and afterwards dynamic

simulation was performed. The value of the yield coefficient was computed according to

Eq. (25). This equation considered whether in the consumption of the substrate and thus

during the production of biomass, only the active part of the biomass is involved. Sears et al.

[8] reported that under typical operating conditions the microbial fraction of the activated

sludge flocs represents approximately 40% by weight, whilst Chung and Neethling [41]

reported that only 5–10% of the total volatile suspended solids represented active bacterial

biomass. Similar values for MBR processes have been reported, namely that an active fraction

of biomass [38] is between 4 and 7%. Based on these data, an active fraction of biomass (wx) in

our research was set at 5%. Numerical interpolation of experimental results (by the method of

least squares) was performed in order to determine the yield coefficient (YX/S). The calculated

value of the yield coefficient was (YX/S) = 0.35 (R
2 = 0.94), which meant that approximately 35%

of biomass was produced regarding the consumed substrate.

γS (mg/L) D (h�1)

0 0

0.51 0.01

0.77 0.02

0.79 0.03

0.96 0.04

1.07 0.05

1.12 0.08

3.10 0.12

7.02 0.17

Table 2. Experimentally determined substrate mass concentration versus the dilution rate.
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To date, no data for yield coefficient have been available for drinking water denitrification by

MBR using sugar as the C source. The heterotrophic yield coefficient of activated sludge

bacteria provides information about the biodegradability studies of chemical compounds and

is important for modelling processes [42]. The removal of nitrate depends on the amount of

substrate used and the heterotrophic yield [17]. In addition, product formation and yield

coefficient are affected by temperature [36]. Lee and Welander [6], in their study on the effects

of different carbon sources on respiratory denitrification, concluded that the carbon source had

a significant influence on the denitrification rate, denitrification yield and the composition of

the microflora. The growth yield for saccharose-rich crude syrup obtained during this study

was within the range of 0.26–0.35 g TSS/g COD removed. The yield coefficient of aerobic

organism growth using glucose was typically from 0.4 to 0.6, whilst the anaerobic growth

was less efficient and the yield coefficient was reduced substantially [36].

3.1. Dynamic simulation

Dynamic simulation was performed based on the results obtained for µmax, KS and YX/S. Using

dynamic simulation by means of a software program, the time required to establish a steady

state was estimated and the impact of the dilution rate on the concentration profiles of sub-

strate and biomass was studied. The equations applied to this were: Eq. (11), which provides

the dynamic changes of the biomass concentration over time, and Eq. (26), which describes the

dynamic changes of the substrate concentration over time. The dilution rate varied from 0.1 up

to 5 d�1. The value for the specific endogenous decay rate for the heterotrophic biomass was

determined at kd = 0.05 d�1. Dynamic simulation was performed according to the proposed

Figure 3. Specific growth rate of biomass as a function of substrate concentration at the outflow.
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model by anticipating two different outlet substrate concentrations at the start of an operation (at

the time of zero): first, the value of ɣS close to zero (software allowed a minimal value 0.001 g/L)

and second, the actual ɣS is 0.1126 g/L. Dynamic concentration profiles are shown in Figures 4

and 5, respectively.

Figure 4 shows that by increasing the dilution rate, the time required to establish a steady state

decreased. At lower flow rates, D = 0.1 d�1 (Figure 4a), the time needed to reach a steady state

was over 25 days, but when the dilution rate increased (D = 0.8 and 1.2 d�1), time decreased by

up to 4–6 days, which can be seen in Figure 4b and c. At the higher flow rates (Figure 4d),

however, this time can be shorter than 2.5 days. Whereas the microorganisms at the beginning

of the operation needed to adapt to a new environment, the amount of biomass was low and

the substrate concentration was high, and consequently less substrate was converted. After a

while, the value of the substrate was reduced (because of increased consumption) and the

biomass increased to a value corresponding to a steady state. The biomass concentration in the

steady state increased when increasing the flow but only up to a certain limit. Figure 4b shows

that a steady state was achieved after approximately 6 days of continuous operating. The

Figure 4. Dynamic concentration profiles for substrate (γS = 0.001 g/L) and active biomass at four different dilution rates:

(a) D = 0.1 d�1, (b) D = 0.8 d�1, (c) D = 1.2 d�1 and (d) D = 5 d�1.
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active biomass and substrate concentrations in the steady state were 37 and 0.8 mg/L, respec-

tively. At a dilution rate of 1.2 d�1 (Figure 4c), a steady state was achieved in 4 days. The

concentration of substrate in the steady state at this dilution rate increased to 1.5 mg/L, whilst

the concentration of biomass was quite similar. At higher dilution rates, a steady state was

achieved even faster, but the substrate concentration in the steady state increased up to 9 mg/L

and the biomass concentration decreased up to 35 mg/L.

During the final phase of our research, we developed the second model based on actual outlet

substrate concentration, 0.1126 g/L. By comparing Figures 4 and 5, it can be seen that the outlet

substrate concentration at the start of an operation has an insignificant impact on the concen-

tration of active biomass and substrate in the steady state. It caused a change in the shape of

the profile only at the beginning of the operation. The times required to reach steady states (for

each dilution rate) were practically the same as presented in Figure 4. Figure 5a shows that a

steady state was achieved in approximately 5–6 days, which is almost the same as presented

in Figure 4b. The same applied for dilution rate 5 d�1, where the times needed to reach a

steady state in both cases were shorter than 2.5 days (Figures 4d and 5c). Therefore, it can be

Figure 5. Dynamic concentration profiles (γS = 0.1126 g/L) for substrate and active biomass at three different dilution

rates: (a) D = 0.8 d�1, (b) D = 1.2 d�1 and (c) D = 5 d�1.
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concluded that outlet substrate concentration at the start of an operation has an insignificant

impact on the final concentration of active biomass and substrate in the steady state.

4. Conclusion

Groundwater denitrification using a Zenon ZW 10 membrane bioreactor was studied and the

validity verified regarding Monod kinetics for microbial growth. The research was carried out

in two parts: firstly, the Monod kinetic parameters were determined by numerical interpola-

tion of the experimental results and secondly, dynamic simulation was performed. The kinetic

parameters obtained were 0.31 h�1 for the maximum specific growth rate of the biomass and

5.4 mg/L for the half-saturation constant. The calculated value of the yield coefficient was

determined to be 35%. Using dynamic concentration profiles, the impact of the dilution rate

on the substrate and biomass concentration was followed and the time required to establish a

steady state was estimated. The results of dynamic simulation show that increase of the

dilution rate decreased the time required to reach a steady state and that outlet substrate

concentration has no significant impact on the concentration of the active biomass and sub-

strate in the steady state.

Nomenclature

D Dilution rate (h�1)

KS Half-saturation constant as COD (g/L)

qD Volume flow rate at the inflow (and at the outflow in the case of substrate mass balance) (L/h)

qX Volume flow rate at the outflow (L/h)

qR Volume flow rate at the recycle (L/h)

V Reactor volume (L)

γD Inflow mass concentration of biomass (g/L)

γX Mass concentration of biomass in the reactor and at the outflow (g/L)

γR Mass concentration of biomass at the recycle (g/L)

γS,D Inflow mass concentration of substrate (g/L)

γS Mass concentration of substrate at the outflow (g/L)

µ Specific growth rate of biomass (h�1)

µmax Maximum specific growth rate of biomass (h�1)

YX/S Yield coefficient (biomass regarding substrate) (g/g)

wX Percentage of active biomass (%)

kd Endogenous decay rate (h�1)
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