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Abstract 

A novel membrane gradostat reactor (MGR) was patented in 1999. This MGR is used for the continuous production of secondary metabolites, 

such as lignin peroxidase and manganese peroxidase, from an immobilised biofilm of Phanerochaete chrysosporium, in response to nitrogen 

starvation. Extensive research has been done previously on the biochemistry and the enzymatic activities of this fungus, but very little information 

is available on this fungus’ growth kinetics and nutrient consumption, within a continuously operated MGR system. It was the purpose of this study 

to identify the biofilm growth phases and to quantify the growth kinetics and nutrient consumption of an immobilised biofilm of P. chrysosporium 

(BKMF-1767) using single-capillary flow-cell MGR’s, operated under different spore concentrations and airflow rates. Biofilm thickness increased 

with an increase in both spore concentration and airflow rate. Biphasic growth (first and second exponential growth phases, separated by a short 

intermediate lag phase) was demonstrated. For the first exponential growth phase, the biofilm thickness increase rate (kf) ranged between 0.07 and 

0.1 h−1 and for the second exponential growth phase the growth slowed down to between 0.015 and 0.05 h−1. The ammonium depletion of 96–99% 

corresponded to the time of the intermediate lag phase. At the end of the first exponential growth phase, the glucose depletion was approximately 

13%, compared to 24% during the second exponential growth phase. For this system, the intermediate lag phase occurred in response to the 

ammonium depletion and not glucose depletion. The fungal growth was accompanied by pH acidification, attributed to NH4
+/H+ exchange, only 

up to the time of ammonium depletion. The determination of the biofilm thickness increase rate, kf, for biphasic growth, in relation to glucose and 

ammonium consumption, for within a MGR system, was not previously reported. 
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1. Introduction 

 
Although the commercialization of membrane bioreactors 

(MBRs) has expanded substantially in the past 20 years in the 

wastewater treatment industries, new potential areas of appli- 

cations are continually developing [1]. In the biotechnology 

field, MBRs have achieved limited application [2]. A promising 

area of MBR applications is the immobilisation and culturing 

of microorganisms (such as fungi and bacteria), for the produc- 
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tion of high value low volume extra-cellular, complex biological 

molecules [3,4]. 

The white rot fungus, Phanerochaete chrysosporium, and its 

extra-cellular enzymes, lignin peroxidase (LiP) and manganese 

peroxidase (MnP), are known to catalyse the transformation and 

degradation of several recalcitrant aromatic pollutants [5–7]. 

Both LiP and MnP are produced by the fungus’ response to 

low levels of key sources of carbon and nitrogen [8–11]. Much 

attention has been given to the biochemistry and the enzymatic 

activities of this fungus. 

In 1999 a membrane gradostat reactor (MGR) was con- 

ceptualised and patented for the continuous production of 

extra-cellular secondary metabolites [12]. The MGR com- 

prises of a porous substratum (membrane) that has a biofilm 

attached thereto. A synthetic nutrient solution flows through the 

lumen of the membrane, at a rate that is sufficiently low for a 
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Nomenclature 

a1,a2,a3  experimental coefficients 

Cs substrate concentration (g/m3) 

kf biofilm thickness increase rate (h−1) 

Km Monod saturation constant (g/m3) 

rB biological reaction/consumption rate (g/m3 h) 

rm maximum substrate consumption rate (g/m3 h) 

X biofilm thickness (mm) 

X̄ average biofilm thickness (mm) 

Xm maximum biofilm thickness (mm) 

t time (h) 

 

 
nutrient gradient to be established across the biofilm. The nutri- 

ent concentration, close to the membrane, is sufficiently high to 

support primary growth and the nutrient concentration, further 

away from the membrane, is sufficiently low to induce enzyme 

production [3,12–16]. Air or O2 is passed through the extra- 

capillary space of the reactor. Studies performed using the MGR 

reported the continuous production of LiP and MnP from an 

immobilised biofilm of P. chrysosporium, in response to nitrogen 

starvation [3,13–20]. The term gradostat applied since oxygen 

and nutrient flow was both uni-directional and bi-directional and 

contact occurred between the primary and secondary growth 

phases of the biomass. A uniform biofilm was developed along 

the length of the membrane [19,20] and suitable potential for 

enzyme production was shown, to warrant further development 

in order to provide a sufficient basis for process analysis. The 

factors that influenced the biofilm development and the process 

performance were interrelated, complex, and not completely 

understood. These factors included the nature and concentration 

of growth substrate(s); the nutrient phase momentum transfer; 

the oxygen phase mass transfer across the biofilm; the nature 

of the support medium (membrane); and the immobilisation 

of P. chrysosporium. In addition, aspects not yet understood 

included the microbial growth kinetics and nutrient consumption 

[3,13–20]. 

The phenomenon of diauxic growth was described as the 

sequential use of two different carbon sources, resulting in multi- 

ple lag and exponential phases [21–23]. This normally happens 

when the one carbon source is depleted and the cells have to 

adapt their metabolic activities, to utilise the second carbon 

source [23]. A number of researchers have studied the sequential 

utilisation of carbon substrates [22,24–27] such as glucose and 

arginine [22] and glucose and amino acids [25]. However, when 

two exponential phases occur from the consumption of only one 

carbon source, the growth pattern can be classified as biphasic 

growth [28,29]. Kodama et al. [28] performed studies on the 

growth of Pseudomonas stutzeri and found that in the presence 

of limiting amounts of nitrate, and under anaerobic conditions, 

the growth was biphasic: two logarithmic phases separated by an 

intermediate phase where the growth rate was very low. Meunier 

and Choder [29] also showed that the growth of Saccharomyces 

cerevisiae was biphasic; a rapid growth phase followed by a 

sharp transition to a slower growth phase. A few studies were 

performed on P. chrysosporium in submerged cultures by Bar- 

clay et al. [30], Yetis et al. [31] and Ceribasi and Yetis [32], 

indicating possible multiple exponential growth phases. How- 

ever, the biphasic growth kinetics and nutrient consumption of 

P. chrysosporium, in MGR’s, has not been studied. 

The purpose of this study was to identify the growth patterns 

of P. chrysosporium biofilms, immobilised on the external sur- 

face of polysulphone membranes in MGR’s using flow-cells, 

and to quantify the growth and nutrient consumption kinetics 

for different spore concentrations and airflow rates. Studying the 

growth pattern and nutrient consumption in the MGR systems 

is of importance, as this can be used to evaluate the develop- 

ment of an efficient nutrient gradostat in the immobilised biofilm 

and to model the mass transfer and the reaction kinetics of the 

bioprocess. 

 
2. Materials and methods 

 
2.1. Microorganism and growth medium 

 
P. chrysosporium, strain BKMF-1767 (ATCC 24725), was used in all 

the experiments. The fungus was maintained on a spore-inducing, agar-based 

medium (SIM), using petri-plates, and was incubated at 37 ◦C for 7–9 days before 

harvesting. The SIM and spore solutions were prepared, as described by Tien and 

Kirk [10]. The nutrient medium contained (in 1 L): 100 mL of Basal medium; 

100 mL of 10% glucose stock solution; 100 mL of 0.1 M 2,2-dimethylsuccinate; 

10 mL of thiamine (100 mg/L stock); 25 mL of ammonium tartrate (8 g/L stock); 

100 mL of 0.02 M veratryl alcohol; 60 mL of trace elements; 505 mL of sterile 

distilled water [10]. 

 

2.2. Polysulphone membrane 

 
The capillary polysulphone membranes that was used, was developed by 

Jacobs and Leukes [33] and Jacobs and Sanderson [34] at the Institute of Polymer 

Science, Stellenbosch University, SA and were coded IPS 763. This was the same 

membrane used in previous studies on the MGR [13–20,35]. The membrane was 

characterised by an internal skin (30 ± 2 m thick) and externally unskinned 

region of narrow-bore microvoids (200 ± 2 m thick), closely packed cavities, 

radiating outwards from just below the internal skin [33], as shown in Fig. 1. 

These membranes were asymmetric, with an inner diameter of approximately 

0.9–1.0 mm and an outer diameter of 1.7–1.9 mm. It has an average pore size of 

±11   m and a burst pressure of 1400 kPa [33,34]. 

 
 

 
 

Fig. 1. SEM of the internally skinned and externally unskinned capillary poly- 

sulphone membrane [13]. 
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Fig. 2. Schematic representation of the flow-cell experimental setup (drawing not to scale). 

 
 

2.3. Experimental setup and procedure 

 
A ∼10 mL single-capillary flow-cell MGR system, as shown in the schematic 

diagram in Fig. 2 and the isometric view in Fig. 3, were used for all the exper- 

iments. A flow-cell consisted of three separate channels each, with a length of 

45 mm, width of 17 mm and height of 12 mm. The basic design of the flow-cells 

consisted of the capillary polysulphone membrane, fixed to the centre of each 

channel (using silicone glue), onto which the fungus was immobilised. All auto- 

clavable components were steam sterilised, using an autoclave set at 121 ◦C for 

20 min, before it was used in the assembly. Each channel was then individually 

covered with a glass slide, also using silicone glue, and was allowed to set for 

24 h, before pressure testing to check for any leaks. The flow-cells were ster- 

ilised with a 4% (v/v) formaldehyde solution for at least 6 h and rinsed with 

sterilised distilled water for at least 12 h. The fungal spores were inoculated 

onto the external membrane surface, using reverse filtration. This technique was 

explained in detail by Govender et al. [35] and was shown to be very successful 

 
 

 
 

Fig. 3. An isometric view of the flow-cell design drawn using Solid edge Version 

15. The dimensions in the figure are in millimeters. 

 
for uniform spore distribution along the length of the membrane. After inocu- 

lation, the nutrient medium was continuously supplied to the membrane lumen 

at a flow rate of 0.67 mL/h, in the dead-end filtration mode. Filter-sterilised and 

humidified air, containing 21% (v/v) O2, was supplied to the shell side of each 

channel, using a multi-channel Hailipai ACO-9620 aquarium pump. 

Two flow-cells with three channels each were operated simultaneously and 

were tested with three different spore concentrations cultures of 0.5, 1 and 2 mil- 

lion spores and at two different airflow rates of 1.3 and 2.8 L/min, respectively. 

All experiments were performed at room temperature (±25 ◦C). Permeate sam- 

ples were collected and analysed daily for pH and redox potential (mV). Testing 

for enzyme activity was not part of this study, but the redox potential (mV) was 

measured as an indication of enzyme activity. According to Leukes [3] an mV 

value above 200 is an indication of enzyme activity and from other studies on 

the MGR LiP and MnP activities were measured above 200 mV [13,15,18,20]. 

 

2.4. Biofilm thickness measurements 

 
Using flow-cells was a non-invasive technique as the images for biofilm 

thickness could be taken in situ, daily, without disturbing the biofilm. The flow- 

cells were disconnected, secured and then moved to a light microscope for digital 

image capturing of the biofilms. Images were acquired using a Carl Zeiss Axi- 

olab light microscope connected to a Carl Zeiss Axiocam MRc5 digital camera 

and a computer loaded with Carl Zeiss Axio Vision v4.2 software. The Axio- 

vision software was used to capture an image of a clean membrane, before 

inoculation, to determine the membrane’s outer diameter. Thereafter, images of 

the membrane with biofilm growth were taken daily. These images were then 

used to calculate the biofilm thicknesses over time, by subtracting the clean 

membrane’s diameter from the total membrane with biofilm growth measure- 

ment, and then dividing the answer by 2. Three points along the length of the 

membrane were identified to represent the reactor inlet, middle, and end, where 

the inlet refers to the side the nutrient entered the membrane. At least five mea- 

surements were taken at each point daily and averaged for that specific day. The 

results were subjected to a statistical analysis that included standard error bars 

and t-tests using Sigma Plot 8.0. 

 

2.5. Ammonium and glucose analysis 

 
The standard nutrient medium, according to Tien and Kirk [10], was prepared 

and contained 39 mg/L of ammonium ions and 10 g/L of glucose, correspond- 
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ing to 0.00063 g/day ammonium and 0.16 g/day glucose. The permeate samples 

from each flow-cell channel were analysed in duplicate daily. The ammo- 

nium concentration in the permeate was measured by using a Spectroquant 

Ammonium test kit (Merck, Germany). The glucose concentration in the per- 

meate was measured by using a Roche® 
d-glucose test kit (Roche, Germany). 

[23]: 

 

rB = 

 

rmCs 

Km + Cs 

 

 
(2) 

The permeate concentration was subtracted from the nutrient concentration 

to determine the amount of ammonium and glucose consumed daily. The 

ammonium and glucose consumption was only determined for the 0.5 and 

1 million spore cultures at 2.8 L/min and the results presented will be the 

average results of four experiments performed. The average nutrient consump- 

tion, over the entire experiment, was calculated by dividing the accumulative 

ammonium or glucose consumed by the period in which the experiment was 

performed. 

 

3. Theoretical aspects 

where Cs is the substrate concentration (g/m3), rB is the biolog- 

ical consumption rate (g/m3 h), rm is the maximum substrate 

consumption rate (g/m3 h) and Km is the Monod saturation 

constant (g/m3). The accumulative substrate consumption was 

obtained by adding the daily substrate consumed over time. The 

graph of the accumulative substrate consumption plotted against 

time was best described by a third-order polynomial function, as 

shown previously by Ntwampe and Sheldon [16], in the format 

shown in the following equation: 

 
The biofilm growth curves for this study were constructed Cs = a1t3

 + a2t2
 + a3t + a4 (3) 

from the daily biofilm thickness measurements and were used 

to calculate the biofilm thickness increase rate (kf). 
The derivative of Eq. (3) is equivalent to the substrate consump- 

tion rate (rB) and can be described by the following equation: 

dCs 2    rm Cs   

3.1. Determination of the biofilm thickness increase rate = 3a1t 
dt 

+ 2a2t + a3 = rB = 

Km + Cs 

(4) 

Eq. (1) is an equation that generally characterises growth in 

terms of the growth rate constant, but for the purposes of this 

study kf will be referred to as the biofilm thickness increase rate 

(h−1) [23]: 

The inverse of Eq. (4) describes the relationship between the 

inverse of the first-order derivative and the inverse of the Monod 

equation as shown in the following equation: 

 
dC     −1    

= 

  
Km 

  
 1  

+
  1   (5) dX 

= k X  1 − 
X̄

 

  

(1) 
dt

 3a1t2 + 2a2t + a3 rm Cs rm 

dt        
f 
¯           

X 

For this study X is the biofilm thickness (mm), X̄ is the average 

biofilm thickness (mm), Xm is the maximum measured biofilm 

thickness (mm) for that phase and t is the time (h). 

Two methods were used to determine kf. The first method 

was calculating kf, by manipulating Eq. (1) into 

(1/X̄ )( X/ t) 

The Lineweaver-Burk and Eadie-Hofstee are two lineariza- 

tion techniques, in which the hyperbolic relationship between 

the rate of reaction and the substrate concentration can be 

arranged, to give linear plots [23]. According to Ntwampe [20], 

the Lineweaver-Burk gave the best fit for the MGR system, with 

correlation coefficients (R2) of 0.9 and higher. The Lineweaver- 

Burk method was therefore used to rearrange Eq. (5) in order 

to evaluate the kinetic constants. From the plot of (dCs/dt)−1
 

kf = 
1 − (X̄ /Xm) against 1/Cs, for the different time intervals, Km  can be cal- 

culated by dividing the slope (Km/rm) by the intercept (1/rm) 
The calculation was performed separately for the two exponen- 

tial growth phases. 

The second method was through modelling by using curve 

fitting. A growth curve was fitted to the experimental data by 

using Eq. (1) in an ordinary differential equation software solver, 

Polymath 5.1. The curve was fitted by estimating a value for kf, 

until the curve obtained from Polymath fitted the experimental 

values, with the lowest error, as shown in the examples in Fig. 7. 

This was done by applying time limits to the equation for the 

two exponential growth phases, with known time and Xm values 

from the experimental results. 

 
3.2. Method used for ammonium and glucose consumption 

kinetics 

 

The method for determining the nutrient consumption kinet- 

ics was also previously used for the MGR system, as published 

in Ntwampe and Sheldon [16]. The commonly used method to 

express the kinetic constants is the Monod equation, derived 

from the Michaelis–Menton hypothesis, as shown in Eq. (2) 

[23]. 

 
4. Results and discussion 

 
4.1. The effect of spore concentration on biofilm growth 

 
Figs. 4 and 5 depict the growth curves for P. chrysosporium 

cultivated in the continuous single-capillary flow-cells operated 

with three different spore concentration cultures of 0.5, 1 and 

2 million and at airflow rates of 1.3 and 2.8 L/min, respec- 

tively. The graphs represent the average results and include the 

standard error bars, generated using Sigma Plot version 8.0, to 

indicate deviation from the average. The biofilm thicknesses 

increased with time for all three spore concentrations at low 

and elevated airflow rates. Biofilm thicknesses also increased 

with an increase in spore concentration at a constant airflow 

rate. 

From Fig. 4, using an airflow rate of 1.3 L/min, the average 

biofilm thickness after 11 days of operation was 0.85 mm for 0.5 

million spores, 0.91 mm for 1 million and 1.49 mm for 2 million 

m 
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Fig. 4. P. chrysosporium growth curves for spore concentrations of 0.5, 1 and 2 

million spores at an air flow rate of 1.3 L/min (error bars represent the standard 

error using Sigma Plot 8.0). 

 

 

spores. A t-test (using Sigma Plot 8.0) was done between these 

biofilm thicknesses obtained after 11 days, from 0.5, 1 and 2 

million spore cultures. The P-values indicated that the increase 

in thickness from 0.85 mm for 0.5 million spores to 0.91 mm 

for 1 million was not significant. However, the increases from 

0.85 to 1.49 mm for 2 million spores and from 0.91 for 1 million 

spores to 1.49 mm for 2 million spores were significant with 

P-values of 0.00078 and 0.005, respectively. When using an 

increased airflow rate of 2.8 L/min, the biofilm thickness after 

11 days was 1.47 mm for 0.5 million, 1.66 mm for 1 million and 

2.06 mm for 2 million spores as shown in Fig. 5. The P-values, 

obtained from the t-tests, indicated that the increase in biofilm 

thickness after 11 days between 0.5 and 1 million spores and 

between 1 and 2 million spores were not significant. However, 

the increase in biofilm thickness from 0.5 to 2 million spores 

was significant with a P-value < 0.035. 

 

 

 

Fig. 5. P. chrysosporium growth curves for spore concentrations of 0.5, 1 and 2 

million spores at an airflow rate of 2.8 L/min (error bars represent the standard 

error using Sigma Plot 8.0). 

 

4.2. The effect of airflow rate on biofilm growth 

 
Fig. 6 depicts the biofilm thickness growth curves for airflow 

rates of 1.3 and 2.8 L/min using spore cultures of 0.5, 1 and 

 

 

 

Fig. 6. P. chrysosporium growth curves at an airflow rate of 1.3 and 2.8 L/min 

for (a) 0.5 million, (b) 1 million, and (c) 2 million spores (error bars represent 

the standard errors using Sigma Plot 8.0). 
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Table 1 

Biofilm thickness increase rate, kf, calculated using Eq. (1) for the two exponential growth phases of the different spore concentrations and airflow rates 
 

 1.3 (L/min)    2.8 (L/min) 

0.5 million 1 million 2 million  0.5 million 1 million 2 million 

kf for first exponential phase (h−1) 0.079 0.10 0.097  0.079 0.094 0.099 

kf for second exponential phase (h−1) 0.051 0.056 0.049  0.054 0.050 0.058 

 

 

2 million, respectively. The biofilm thicknesses increased with 

time for both airflow rates at all spore concentrations. Biofilm 

thicknesses also increased with an increase in airflow rate for 

a specific spore concentration. A t-test was done using biofilm 

thickness achieved after 11 days, when the airflow rate was 1.3 

and 2.8 L/min for 0.5, 1 and 2 million spore cultures, respec- 

tively. The results showed that the increase in biofilm thickness 

for all three the specified spore concentrations was significant 

as the P-values were all less than 0.05 (0.038, 0.013 and 0.011, 

respectively). The increase in biofilm thickness with an increase 

in airflow rate could have been due to a decrease in the external 

mass transfer boundary layer thickness, possibly resulting in a 

higher oxygen concentration at the biofilm surface but was not 

measured as part of this study. 

 
4.3. Identification of P. chrysosporium growth phases for a 

MGR system 

 

Figs. 4–6 show that the biofilm growth curves for P. 

chrysosporium followed the logistic growth curve [30–32] and 

consisted of different growth phases. Most of the growth curves, 

for this study, illustrated an initial lag phase; first exponential 

phase; intermediate lag phase; followed by a second exponential 

growth phase. No decline (death) phase was observed. 

From Fig. 4 the biphasic growth was clearly evident for spore 

concentrations of 0.5 and 2 million spores operated at 1.3 L/min 

airflow rate. Where this intermediate lag phase was observed a 

t-test was done with the preceding and following days. From 

Fig. 4 the t-test indicated that the phase from days 9 to 10 for 

0.5 million spores and from days 6 to 7 for 2 million spores 

were significant, as the P-values were all less than 0.05. From 

Fig. 5 the intermediate lag phase was also observed for all three 

spore concentrations when airflow rate of 2.8 L/min was used. 

Again the P-values from the t-test that was done on the days 

the intermediate lag phase was observed indicated that this was 

significant. 

For the lower airflow rate of 1.3 L/min (Fig. 4) the second 

exponential phase was reached on days 9 and 7 for the 0.5 and 2 

million spore cultures, respectively. For the higher airflow rate of 

2.8 L/min (Fig. 5) the second exponential phase was reached on 

days 7, 6 and 7 for the 0.5, 1 and 2 million spore cultures, respec- 

tively. The second exponential phases were reached earlier with 

an increase in spore concentration. Comparing the phases of the 

two airflow rates, the second exponential phases were reached 

earlier for the higher airflow rate of 2.8 L/min than at 1.3 L/min. 

 
4.4. Comparison with other systems 

 
A comparison with other MGR systems for the cultiva- 

tion of P. chrysosporium showed that no other system reached 

this biofilm thickness. Biofilm thicknesses obtained, for P. 

chrysosporium, from other MGR studies by Leukes [3] ranged 

from 350 to 500 m, and by Solomon [18], ranged from 500 

to 800 m. The results for the secondary exponential growth 

phase in this study is in agreement with the second exponential 

growth phases obtained after 10 days in a batch culture by Regan 

et al. [27], after 100 h (±4 days) by Yetis et al. [31] and after 

90 h (±3.75 days) by Ceribasi and Yetis [32]. This phenomenon 
was also observed for P. chrysosporium after 9 days by Ntwampe 

and Sheldon [16]. It is clear that the operating conditions have an 

effect on the appearance of the second exponential growth phase. 

 
4.5. Biofilm thickness increase rate (kf) 

 

The results for the method of calculating kf are shown in 

Table 1. For the first exponential growth phase, at the lower 

airflow rate of 1.3 L/min, kf ranged from 0.079 to 0.1 h−1 and 

for the higher airflow rate of 2.8 L/min, kf ranged from 0.079 to 

 
 

Table 2 

Biofilm thickness increase rate, kf, estimated using Eq. (1) and Polymath 5.1 for the two exponential growth phases of the different spore concentrations and airflow 

rates 
 

 

 

kf for first exponential phase (h−1) 

1.3 L/min    2.8 L/min 

0.5 million 1 million 2 million  0.5 million 1 million 2 million 

0.084 0.10 0.069  0.070 0.082 0.10 

X0 (initial thickness from Polymath model) (mm) 0.0001 0.0001 0.001  0.001 0.001 0.0001 

Xm (maximum thickness from Polymath model) (mm) 0.55 0.72 0.96 
 

1.19 0.99 1.57 

kf for second exponential phase (h−1) 0.049 0.04 0.032  0.04 0.033 0.015 

X0 (initial thickness from Polymath model) (mm) 0.58 0.72 0.96 
 

1.2 0.99 1.57 

Xm (maximum thickness from Polymath model) (mm) 0.87 0.94 1.49 
 

1.59 1.71 2.06 
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Fig. 7. An example of the Polymath 5.1 program used to estimate the biofilm 

thickness increase rate, kf, for the two exponential growth phases using Eq. 

(1) and applying time limits known from the experimental data, for a spore 

concentration of 0.5 million at airflow rates of 1.3 and 2.8 L/min. 

 

0.099 h−1. For the second exponential growth phase, kf ranged 

from 0.051 to 0.056 h−1, and from 0.054 to 0.058 h−1, for the 

1.3 and 2.8 L/min airflow rates, respectively. 

The results for applying the curve fitting method to the exper- 

imental data, by estimating kf, are shown in Table 2. Examples of 

Polymath 5.1 used to estimate kf for the two exponential growth 

phases are shown in Fig. 7. For the first exponential growth 

phase, for the lower airflow rate of 1.3 L/min, kf ranged from 

0.0835 to 0.1 h−1 and for the higher airflow rate of 2.8 L/min, kf 

ranged from 0.07 to 0.1 h−1. For the second exponential growth 

phase, kf ranged from 0.032 to 0.049 h−1 at 1.3 L/min and from 

0.015 to 0.04 h−1 for 2.8 L/min. Again, kf for the second expo- 

nential phase was almost half of that estimated for the first 

exponential growth phase. 

Comparing the two methods, the values calculated using the 

equation and the values estimated using Polymath 5.1 were very 

close. The growth rate was faster for the first exponential growth 

phase than the second exponential growth phase, using both 

methods. This curve fitting method was a very robust procedure 

in an attempt to get a rough estimation of the biofilm thick- 

ness increase rates, for this system, as this was not previously 

reported. The equation that was used was an unstructured, sim- 

plistic model that does not consider the intracellular regulatory 

mechanisms and is not detailed enough to include the dynamics 

of the intermediate lag phase and multiple metabolic pathways 

that are observed during these biphasic growth patterns. For a 

more accurate, structured and unsegregated model, such as the 

Cybernetic model that was used by [24], a much more detailed 

knowledge that describes the intracellular control mechanisms 

that enforces the biphasic growth pattern is needed. 

 
4.6. Ammonium consumption 

 
As shown in Fig. 8, the ammonium consumption increased 

exponentially with time up to day 5, after which the consump- 

tion remained constant just below 0.0006 g/day for the 0.5 

million spore culture and at approximately 0.00062 g/day for 

the 1 million spore culture, which represented a depletion of 

96–99%. This indicated that after 5 days, almost all the ammo- 

 

Fig. 8. Average daily ammonium consumption and the average biofilm thickness 

for 0.5 and 1 million spores operated at an airflow rate of 2.8 L/min (error bars 

represent the standard error using Sigma Plot 8.0). 

 

 

nium supplied was consumed by the biofilm. The ammonium 

concentrations were not measured as a function of the biofilm 

depth in this study, therefore it was postulated that the biofilm 

closer to the membrane could have consumed most of the ammo- 

nium for primary growth and that the fungus further away from 

the membrane was starved, causing the fungus to go into sec- 

ondary metabolism. The ammonium depletion after 5 days was 

observed at more or less the same time as the intermediate lag 

phase, as shown in Fig. 8. According to Ratledge and Kris- 

tiansen [36], when certain nutrients (not carbon) are depleted, 

the growth slows down, but metabolism does not cease. The cells 

divert their core metabolites into products not needed in the same 

abundance, resulting in a secondary mode of metabolism, also 

referred to as the idiophase. It is believed that these secondary 

metabolites are beneficial to the cells for its survival in a natural 

environment [36]. 

The average consumption over the length of operation was 

1.25 and 1.18 g/m3 h for the 0.5 and 1 million spore cultures, 

respectively. The maximum ammonium consumption rate, rma , 

for 0.5 million spores was determined as 1.41 g/m3 h and the 

Monod saturation constant, Kma , as 9.32 g/m3. For 1 million 

spores rma  was 1.34 g/m3 h and Kma  was 17.67 g/m3. 

 
4.7. Glucose consumption 

 
As shown in Fig. 9, the glucose consumption increased with 

time as the biofilm thickness increased and also increased with 

an increase in spore concentration. The consumption curves fol- 

lowed a similar pattern to the growth curves. For both spore 

concentrations very little glucose was consumed during the lag 

phases followed by an exponential increase in consumption; a 

period of consistent consumption of about 0.01 and 0.02 g/day, 

for 72 h, and another second exponential consumption phase 

after day 8. This coincided with the growth phases previously 

identified for these spore concentrations. After the intermediate 

lag phase, this fungus continued to use glucose during the sec- 

ond exponential growth phase and will probably continue to do 

so until all the glucose is depleted. Therefore, for this system, 

the intermediate lag phase occurred in response to the ammo- 
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Fig. 9. Average daily glucose consumption and the average biofilm thickness 

for 0.5 and 1 million spores operated at an airflow rate of 2.8 L/min (error bars 

represent the standard error using Sigma Plot 8.0). 

 
nium depletion, as was previously demonstrated, and not glucose 

depletion. 

The glucose consumption for 0.5 million spores increased 

from 0 to 7% during the first exponential phase and then 

increased to 13% during the second exponential phase. When the 

spore concentration was doubled, to 1 million spores, the con- 

sumption almost doubled for both stages, to 12% during the first 

exponential phase, and to 24% during the second exponential 

phase. The average consumption, over the length of the opera- 

tion, was 17.09 and 48.9 g/m3 h for the 0.5 and 1 million spores, 

respectively. Glucose was clearly not depleted and appeared 

not to be growth limiting. The maximum glucose consumption 

rate, rmg , for 0.5 million spores at 2.8 L/min was determined as 

48.31 g/m3 h and Kmg  as 1200.61 g/m3. For 1 million spores at 

2.8 L/min, rmg  was 121.62 g/m3 h and Kmg  was 3190.34 g/m3. 

 
4.8. pH and redox potential (mV) 

 
The permeate pH and redox potential (mV) results from 

the different cells were averaged for a specific spore concen- 

tration and airflow rate and plotted against time as shown in 

Figs. 10 and 11. The fungal growth was accompanied by pH 

variations as the pH for all the experiments decreased during 

the period of 4–5 days, after which it remained fairly consis- 

 
 

 

Fig. 10. Flow-cell pH averages at 1.3 and 2.8 L/min for different spore concen- 

trations. 

 

 
 

Fig. 11. Flow-cell redox potential averages at 1.3 and 2.8 L/min for different 

spore concentrations. 

 
tent. If ammonium is the sole nitrogen source, hydrogen ions 

are released into the medium as a result of the microbial utiliza- 

tion of the ammonia, resulting in a decrease in pH [23]. This 

acidification was also previously reported for studies of the fun- 

gus, Penicillium camembertii, grown on glucose and ammonia 

as the C and N sources, respectively [37] and was attributed to 

a NH4
+/H+ exchange [38]. This was also the case in this study 

and the exchange stopped at the same time that 96–99% of the 

ammonium was depleted, which resulted in small pH variations 

after this period. 

Fig. 10 indicates that the pH decreased faster at the lower air- 

flow rate of 1.3 L/min than at the higher airflow rate of 2.8 L/min. 

The pH also decreased faster with an increase in spore con- 

centration, for a specific airflow rate. From Fig. 11, the redox 

potential (mV) results were the exact opposite of the pH. The mV 

increased faster for the lower airflow rate of 1.3 L/min than for 

the higher airflow rate of 2.8 L/min. The mV also increased faster 

with an increase in spore concentration, for a specific airflow 

rate. All the reactors reached an mV above 200 and according to 

previous studies on the MGR [3,13–20] this indicated enzyme 

activity. This corresponds to the ammonium depletion time, indi- 

cating that nitrogen starvation leads to enzyme production for 

this specific strain of the fungus. 

 
5. Conclusions 

 

Biofilm thicknesses increased with an increase in both spore 

concentration and an increase in airflow rate. Biphasic growth 

patterns were clearly evident in the MGR system. After the ini- 

tial rapid exponential growth phase the growth slowed down for 

a short intermediate lag phase period, due to ammonium starva- 

tion, followed by a slower second exponential growth phase. For 

the first exponential growth phase kf ranged from 0.07 to 0.1 h−1 

and for the second exponential growth phase, ranged between 

0.015 and 0.05 h−1. The first and second exponential phases 

were reached earlier for both higher spore concentrations and 

higher airflow rates. The curve fitting method was a very robust 

method, but gave a good estimation of the typical kf values for 

the second exponential growth phase. The ammonium was up to 

99% depleted after 5 days, corresponding to the time of the inter- 

mediate lag phase in the growth cycle. The fungus used glucose 

during the first exponential growth phase and continued to use 

glucose during the second exponential growth phase. The inter- 
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mediate lag phase was due to the depletion of ammonium and 

not glucose, a phenomenon that has not been observed before. 

The fungal growth was accompanied by pH variation due to 

NH4
+/H+ exchange up to the time of ammonium depletion. 
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