
























































































































































































































































































































































































































































































































































interference of a compound which was excreted into the broth by the bacteria and which was a yellow-

pigmented compound.
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Figure 5.33. Response of the bulk phenol concentration (e) and the suspended biomass concentration () to
an increase in the feed concentration from 192 to 712 mg/L in the ICFBR during Run 7. The dilution rate
shifted slightly from 0.0376 10 0.0314 h™.

The biofilm thickness increased slightly over the course of the run, from an average thickness of
approximately 3 to 5 um, as shown in Figure 5.34. Despite the small increase in average biofilm thickness,
the EPS content (shown in Figure 5.35) and the dry weight of the biofilm (shown in Figure 5.36) both
increased out of proportion to the measured change in biofilm thickness. The EPS increased by
approximately 230% and the dry weight of the biofilm increased by approximately 130%. Perhaps these
discrepancies can be explained, in part, by the presence of protuberances on some of the bioparticles, as

shown in Figure 5.37. The protuberances were not included in the biofilm thickness measurement because

they tended to be included with the background during image analysis.
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Figure 5.35. Average EPS content of the biofilm during Run 7. Error bars indicate the standard deviation.
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5.2.2.2 High-level Responses

Run 1

The first run was begun after the reactor had been operating for 31 days. Although many particles appeared
10 be covered with biofilm, the biofilm was so thin that the thickness could not be easily discerned even
under high magnification (1000X).

The run was criginally intended to be a fow-level feed concentration step change. Immediately
before the step change, there were problems drawing feed due to an equipment problem. While solving the
problem, the feed flow rate was temporarily increased to draw feed into the tubing. The feed flow rate was
returned back to what appeared to be the original level, however, because the pump speed was highly
sensitive to very small changes on the dial, the actual flow rate was somewhat higher. Thus, the resulting
step change was a combination of changes in feed concentration and dilution rate. The changes in

operating conditions are summarized in Table 5.20.

Table 5 20. Operating and Reactor Condittons During Run |

Operating Conditions and System Initial Conditions Conditions after Step

Characteristics Change

Dilution Rate (h™) 0.0344 0.0592

Phenol Concentration in Feed (mg/L) 251 296

Loading (g/1./d) 0.207 0.421

Suspended Biomass Concentration (mg DW/L) 143 Reached 112

Phenol Concentration in the Reactor (me/L) 1.1 Reached 100

EPS (g glucose equiv. /g sand) 0.00028 Reached 0.00039

Sand Concentration (g/L) 20.8

The response of the reactor to the step change is shown in Figure 5.38. Within 2 hours of the step
change, the phenol concentration in the reactor increased beyond 2 mg/L. The initial change in suspended
biomass concentration is less dramatic than Figure 5.38 appears to indicate. For some unknown reason, the
suspended biomass concentration increased from approximately 130 mg DW/ L, where it had been for
several days, to 143 mg DW/L immediately before the step change (within ! hour). Within 2-3 hours of the
step change, the suspended biomass concentration increased to approximately 153 mg DW/L, then
decreased gradually over a period of 36 hours to a concentration of 112 mg DW/L. During this period, the
phenol concentration increased from 6.4 mg/L (at t=3 h) to 100 mg/L (at t=48 h) after which the experiment

was terminated. The suspended biomass concentration appeared to recover slightly at the end of the run,
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but in view of the increasing phenol concentrations and the scatter in the suspended biomass data, it is

likely that the ‘recovery’ was simply a result of scatter in the data.
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Figure 5.38. Response of the bulk phenol concentration () and the suspended biomass concentration (4)
1o an increase in the feed concentration (o) from 251 10 296 mg/L and an increase in dilution rate from
0.034 t0 0.059 h™' in the ICFBR during Run 1.

The effect of the step change on the biofilm was more difficult to discern. There was no visible
change in the biofilm within the 48 hours of the step change. After the system had recovered (a month
later), small protuberances were visible on the particles. It was discovered that the sample volume used for
the dry weight procedure had been too small (about § mL) and the weight differences were too small to
evaluate the dry weight of the biofilm. The only information about the response of the biofilm to the step
change comes from the EPS analysis. The results of this measurement are shown in Figure 5.39. An

average increase of 0.0001 g glucose equiv./g sand was measured as a result of the step change, which is an

increase of 36%.
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Figure 5.39. Average EPS content of the biofilm during Run 1. Error bars indicate the standard deviation.

Run 5

Run 5 was begun 41 days after sand was added to the Plexiglass airlifi reactor. Many of the particles were

covered with a very thin biofilm (see Figure 5.40). The initial steady-state conditions are shown in Table

5.21.

Table 5 21. Operating and Reactor Conditions During Run 5

Operating Conditions and System

Initial Conditions

Conditions after Step

Characteristics Change
Dilution Rate (h") 0.0420 0.0945
Phenol Concentration in Feed (mg/L.) 158 183
Loading (2/L.-d) 0.159 0.415
Suspended Biomass Concentration (mg DW/L) 160 washout
Phenol Concentration in the Reactor (mg/L) 5 washout
EPS (g glucose equiv. / g sand) 0.0016 0.0017
Dry Weight (g DW/g sand) 0.047 0.055
Biofilm thickness (um) 9.2 10.6
% Bare Carrier Particles 30 10
Sand Concentration (g/L.) 20.6 settled out
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Figure 5.40. Appearance of the bioparticles prior to Run 5.

A steady state was achieved at a dilution rate of 0.0420 h™' and a feed concentration of 158 mg/L
phenol. The diluticn rate was increased to 0.0945 h! which was above the critical dilution rate of 0.071 h™*
for an equivalent suspended-cell reactor. The average feed concentration after the step change was 183
mg/L phenol. The response of the suspended cell and phenol concentrations is shown in Figure 5.41. The
suspended cell concentration dropped from 160 to 35 mg DW/L in 145 hours. The phencl concentraticn in
the reactor rose from 5 to 182 mg/L (the feed concentration). The scatter in the suspended cell and phenol
concentrations in Figure 5.41 is possibly a result of fluctuating oxygen concentrations, which was a result
of the sparger plugging on several occasions during the run. The run was terminated because the
suspended cells had washed out and there was very little sand in the samples for biofilm measurement.

Several weeks later, a plug consisting of biomass and sand was discovered in the tube connecting
the riser to the downcomer. The reactor was encased in foam insulation to minimize heat loss, so the
problem was not noted until after the experiment. The plug prevented circulation between the riser and
downcomer sections and was very difficult to dislodge. It was possible that during one of the episodes of

sparger plugging, sand which had collected on the incline immediately prior to the entrance of the tube
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could have caused a blockage. Afier air-flow was restored to the system, further settling could have

occurred due to the lack of circulation of the fluid in the reactor.

The settling out of bioparticles is reflected in the decrease in the mass of sand in the samples, as

shown in Figure 5.42. There was very little sand, if any, in the effluent tanks, therefore the loss of

circulating sand must have been due to settling in the reactor. The result is that as the run progressed, the

reactor became mare characteristic of a suspended-cell system without biofilm-coated particles. That the

suspended cells washed out of the system is not surprising considering the dilution rate was above the

critical dilution rate of a suspended-cell system.
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Figure 5.41. Response of the bulk phenol concentration (¢) and the suspended biomass concentration (a)
to an increase in the dilution rate from 0.0420 to 0.0945 h™* and a small increase in feed concentration from

158 to 183 mg/L phenol in the ICFBR during Run 5.
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Figure 5.42. Decreasing concentration of sand in EPS samples during Run 5.

The biofilm thickness may have increased after the step change, but the data are not clear. There
is little difference between the average biofilm dry weight before and after the step change (see Figure
5.43). There was considerable scatter in the EPS results in Figure 5.44; however it appears that the EPS
content of the biofilm did not increase appreciably during the run. Although there is limited information
from the biofilm thickness data in Figure 5.4S, it appears that there was no increase in the biofilm thickness

within 20 hours of the step change.
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Figure 5.43. Dry weight analysis for Run §.
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Figure 5.44. Average EPS content of the biofilm during Run 5. Error bars indicate the standard deviation,
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Figure 5.45. Average biofilm thickness during Run 5. Error bars indicate the 80% confidence interval.

Run 8

Run 8 immediately followed Run 7, during which a pseudo-steady state had been achieved afier 500 hours
after the step change. The broth was strongly coloured with a yellow pigment. The wall growth that had
been present at the beginning of Run 7 was highly heterogeneous with long streamers several millimetres in
length. The biofilm was fairly thin (approximately 4 um) (see Figure 5.46). The initial conditions prior to
the step change are listed in Table 5.22.

The dilution rate was increased from 0.0374 to 0.170 h™', which is far in excess of what would be
required to wash out an equivalent suspended-cell system. After the step change, the suspended biomass
rapidly washed out within 50 hours and the phenol concentration approached the feed concentration (shown
in Figure 5.46). As the phenol concentration rose, the wall growth began to detach until only a patchy

remnant remained.
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Figure 5.46. Appearance of the biofilm immediately prior to Run 8.

Table 522 Operating Conditions and Svstem Variables During Run 8

Operating Conditions and System Initial Conditions Conditions after Step
Characteristics Change
Dilution Rate (h™") 00374 0.170
Phenol Concentration in Feed (mg/L) 592 506
Loading (g/L-d) 0.530 2.06
Suspended Biomass Concentration (mg DW/L) 589 washout
Phenol Concentration in the Reactor (mg/L) 4.1 washout
Biofilm Dry Weight (g/g sand) 0.016 0.031
EPS (2 glucose equiv. /g sand) 0.00087 0.0011
Average Biofilm Thickness (um) 4 4
% Bare Particles 20 10
Sand Concentration (g/L) 16.7
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Figure 5.47. . Response of the bulk phenol concentration (e) and the suspended biomass concentration (A)
to an increase in the dilution rate from 0.0374 t0 0.170 h™' and a decrease in the feed concentration from
592 to 506 mg/L phenol in the ICFBR during Run 8.

In the next 250 hours, the biofilm did not appear to grow very much (see Figure 5.48). The EPS
content, shown in Figure 5.49, did not appear to change afier the step change. This is also reflected in the
biofilm thickness data in Figure 5.50. It is not clear if the biofilm thickness actually decreased at the end of

the run as suggested by Figure 5.50, because of the scatter in the data. For unknown reasons, the biofilm

dry weight shown in Figure 551, appeared to increase during the run.
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Figure 5.48. Appearance of the biofilm 250 hours after the step change in Run 8.
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Figure 5.49. Average EPS content of the biofilm during Run 8. Error bars indicate the standard deviation.
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Figure 5.51. Biofilm dry weight during Run 8.
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5.2.3  Phenol Growth Dynamics
§.2.3.1 Phenol Removal Mechanisms
Although biodegradation can be considered the primary mechanism by which phenol was removed in the
ICFBRs, several other processes must also be considered. These include stripping, sorption, bioconversion
and chemical modification.
Stripping
Despite the volatility of phenol, air stripping is not usually considered 1o be a major removal mechanism in
biological wastewater treatment systems due to the low concentrations present under normal operating
conditions (Stover and Kincannon, 1981, Kincannon et al., 1983; Petrasek et al., 1983). Under shock-
loading conditions, air stripping may be a more significant removal mechanism, particularly if there is a
system failure in which the phenol concentrations rise to high levels.

The amount of phenol removed through air stripping, ry, [mol/L-d], can be estimated by assuming

a gas-liquid equilibrium and applying Henry's Law. The appropriate expression is as follows:

H S
Iy = P_-.'lpx_;_:ﬂ
r

(5.10)
where H is the Henry’s law coefficient [atm-L/mol], O, is the air sparging rate [L/d], p, is the molar density
of the air [mol/L], S, » is the bulk phenol concentration expressed on a molar basis [mol/L], }"is the volume
of the liquid which is sparged [L] and P; is the rotal pressure {atm]. Kincannon et al. (1983) reported a
value of 1.3+ 10 atm-L/mol for the Henry’s Law constant for phenol in an activated sludge system.

The steady-state phenol removal rates ranged from 0.15 to 0.53 g/L-d. The removal of phenol due
10 air stripping was approximately 0.00001 to 0.0003 g/L-d using Equation 5.10, which is a negligible
fraction of the total removal. The phenol concentration in the reactor was highest at the end of Run 8,
where it reached 506 mg/L (average over a 5-day period). At that point, the suspended biomass had washed
out of the reactor, and the biofilm did not appear to be active. Equation 5.10 would predict a removal rate
due to stripping of 0.019 g/L-d assuming an equilibrium between the gas and liquid phases. The average
reactor concentration and feed concentration over a 5-day period were almost identical, resulting in a

phenol removal rate of 0.0003 g/L-d, which is lower than the predicted stripping rate. Thus, it is likely that
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the assumption of an equilibrium between the gas and liquid was not valid, and the other predicted
stripping rates are high. Based on these calculations, it was concluded that stripping was not a significant
phenol removal mechanism.

Sorption

Sorption of phenol by activated sludge is not generally considered to be a major removal mechanism
(Kincannon et al., 1983; Petrasek et al., 1983). Reported concentrations of sorbed phenol in activated
sludge have been very low (Petrasek et al., 1983). The significance of sorption of phenol to a biofilm has
not been investigated. Indeed, it would be ditficult to distinguish between phenol that is adsorbed to the
biofilm and phenol that is included in the interstitial voids within the biofilm or phenol that is diffusing
within the EPS matrix of the biofilm. Sorption to the sand is also unlikely to be a major attenuation
mechanism.

Biodegradation, bioconversion and abiotic degradation

Biodegradation, bioconversion and abiotic degradation are difficult to differentiate. Under steady-state
conditions, phenol was the only compound present (using GC-MS analysis), indicating that bioconversion
was unlikely to be a significant removal mechanism. However, during unsteady-state conditions after step
changes, there was some evidence of other compounds present. These are discussed further in Section
5232  The relative proportion of these compounds (in terms of peak height using GC-MS analysis)
appeared to be small compared to the amount of phenol present; thus, for modeling purposes, the process of
bicconversion was not included. The process of abictic degradation was not possible to differentiate in this
study. If it occurred at all, it was included in the biological degradation component as the end result was

the same - mineralization of the phenol.

5.2.3.2 Intermediate Metabolites

The presence of compounds other than phenol was investigated by measuring the absorbance of
filtered samples of the broth between 200 — 450 nm using a spectrofluorometer (as described in Section
3.3.3). Spectral scans for Runs 5, 6, 7, and 8 are shown in Figures 5.52, 5.53, 5.54 and 5.55, respectively.

Several absorbance peaks were observed and are listed in Table 5.23. The characteristic peak for phenol (at

181



Absorbance
n

4

0.5 *\ '

350 400

Time (h)

450

500
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270 nm) was observed in Runs 5, and 8, in which the pheno! concentration rose to levels above the critical
substrate concentration and the suspended cells washed out.

The two low-response runs (Runs 6 and 7 in Figures 553 and 5.54, respectively) were quite
different from each other. The absorbance spectrum in Run 6 appeared to have an increase in absorbance at
a wavelength of 255-258 nm, which increased in height as the run progressed. The absorbance spectrum in
Run 7 had an absorbance maximum at 400 nm, which increased markedly over the course of the run. This
was observed as the samples became progressively more yellow.

Others have detected the presence of other compounds in the broth during the degradation of
phenol by various mesophilic strains of P. purida. Xu and Majidi (1994) identified catechol, 2-oxopent-4-
enotic acid, 4-hydroxy-2-oxovalerate, 2-hydroxymuconic semialdehyde, 4-oxalocrotonic acid (enol form)
and 4-oxalocrotonic acid (keto form) from a culture of P. putida DMP-1 using laser desorption time-of-
flight mass spectrometry. Several have identified an intermediate metabolite with an absorbance maximum
at 375 nm and have auributed it 1o the presence of 2-hydroxymuconic semialdehyde (Molin and Nilsson,
1985, Li and Humphrey, 1989; Xu and Majidi, 1994). 2-hydroxymuconic semialdehyde is characterized by
a yellow colour (Molin and Nilsson, 1985). It is one of the intermediates in the meta pathway (see Figure
2.2). The P. putida strain used in the current research does not possess the mera pathway (Kolenc et al,,
1988), thus the ycllow-pigmented compound observed in the current work is unlikely to be 2-
hydroxymuconic semialdehyde.

Allsop (1989) reported the presence of an intermediate metabolite with a peak at the wavelength
of 260 nm, which he attributed to the presence of acetyl-coenzyme A which has a peak at 260 nm. Acetyl-
coenzyme A is an intermediate metabolite in the ortho pathway. The presence of the compound at 260 nm
correlated well with the presence of dissolved organic carbon that could not be attributed to glucose or

phenol (NPNG-DOC) during dynamic experiments.

Table 5.23. Ultraviolet Absorbance Peaks Observed During Step-change Experiments'

Run Absorbance Peaks (nm)

5 209, 210, 215, 270, 400

6 255-258

7 400

8 209, 210, 211/212, 270, 400

" Scans performed for a limited number of samples in each run. Not all samples in each run contained each
peak listed in the table.
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Allsop (1989) noted the presence of a yellow-green colour in the broth during dynamic
experiments, although its presence was not necessarily linked to surges in NPNG-DOC. He suggested that
the colour may have been due to the production of a pigment, which is a common feature of fluorescent
Pseudomonads (including P. purida) (Palleroni, 1975). Kotturi (1989) also reported the presence of a
yellow-green colour during experiments with the same strain of P. putida which was used in this study.

The absorbance scans in this study (in Figures 5 52-5 55) bear little resemblance to those of Allsop
(1989) who reported an absorbance maximum at 260 nm for intermediate-response types of experiments.
The runs in which there were high-level responses all had peaks corresponding to the phenol peak at 270
nm; however, phenol has two peaks, including another at 214 nm (see Figure 5.55). The peak at 214 nm
was often replaced by others at wavelengths in the range of 209-215 nm (see Table 5.23). Runs 6 and 7
were both classified as low-response;, however, the spectral scans of the two experiments were very
different with increasing amounts of compounds absorbing at 255-258 nm and 400 nm, respectively.

A possible explanation for some of the peaks is the excretion of intermediate metabolites which
would result from uncoupled metabolism of the type noted during the batch kinetics experiment with
unacclimated cultures (see Section 5.1.1.2). The absorbance peaks of intermediate compounds in the ortho

pathway for phenol biodegradation are shown in Table 5.24.

Table 5.24. Ultraviolet Absorbance Peaks for Intermediate Metabolites in the Ortho Pathway of Phenol
Biodegradation'

Compound Ultraviolet Abscerbance Peak (nm)
Catechol 219, 266
Cis-cis-muconate 257
Muconolactone 212
3-ketoadipate enal lactone 215
Succinate 208
Acetvl coA 260
as cited by Allsop (1989)
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Figure 5.56. Absorbance spectrum of phenol between 200 and 400 nm.

A number of the intermediate metabolites have peaks (208-215 nm) that may be difficult to
distinguish if there is any phenol present, because of the large first peak at 214 nm; however, a first peak
value of 214 nm was quite rare in the samples in which phenol was evident. For the washout experiments
(Runs 4,5 and 8), the peaks may correspond to the presence of 3 - ketoadipate enol lactone (Runs 4 and 5),
succinate and muconolactone (Runs 5 and 8). Runs 5 and 8 also yielded samples which had peaks at 210
nm which cannot be explained by the intermediate metabolites listed in Table 5.24.

The two low-response experiments (Runs 6 and 7) had very different spectral profiles. Run 6 did
not comtain any peaks as such; however the ‘*hump’ in Figure 5.53 had a consistent maximum at 255-258
nm (the absorbance was the same for each wavelength) which is similar to the peak for cis-cis-muconate at
257 nm. The strong peak at 400 nm in Run 7 does not correspond to any metabolites found in the ortho
pathway. The yellow compound was also detected at the beginnings of Run 5 at a low level and Run 8
(which immediately followed Run 7). The compound may simply be a pigment that is secreted by P.
putida Q5. A yellow-green compound reported by Kotturi (1989) may be another example.

The spectral evidence suggests that a number of intermediate metabolites from the ortho pathway

may have been excreted into the broth during step changes in which there was a high response; however no
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conclusions can be drawn without analysis that can specifically identify each compound (eg. GC-MS). The
detected compounds could also be a result of cell leakage due to damage to the cell membrane (see Section
2.12), particularly because several were present when the phenol concentration rose to inhibitory levels.
The compounds could also be extracellular anabolites. There is no data to indicate the relative importance

of these compounds 1o the dissolved organic carbon.

5.2.4 Biofilm Characteristics and Development

£.2.4.2 Biofilm Formation and Development

The biofilms observed in this study tended to be very thin, even after fairly long periods of time for biofilm
development (30-80 days). These startup times are similar to those used for nitrifying bacteria which have
a relatively fow maximum growth rate (0.033 h' at 20°C; Garrido et al., 1997) which is in the same order
of magnitude as the maximum growth rate for P. putida Q5 at 10°C. A difference between this study and
those in which nitrifying biofilms were developed, is that the dilution rates were much higher in the other
studies (2 h™' as opposed to 0.04 h”', for example) (Garrido et al., 1997). A difficulty when using toxic and
inhibitory substrates is that the high dilution rates (which in other cases would enhance biofilm growth
because of the high substrate levels and the lack of competition for substrate with suspended cells), inhibit
growth and may prevent development of a mature biofilm. This was seen during Run 8 where there was
little apparent growth of the biofilm even 250 hours after the step increase to a dilution rate of 0.17 h™'. The
feed concentraticn of SC6 mg/L phenol was clearly inhibitory.

An important factor in the development of a mature biofilm is abrasion due to bare or partially
covered particles. Gjaltema et al. (1995, 1997b) and Tijhuis et al. (1995) have reported that detachment is
influenced strongly by the concentration of bare carriers in the reactor. The abrasion rate per particle
increases with the size of the panicle and the sharpness or roughness of the particle (Gjaltema et al.,
1997b). Gjaltema et al.(1997b) suggest that during the startup of ICFBRs, the abrasion stress is initially
high until a sufficient portion of the carriers become covered or partly covered with biofilm, at which point
the abrasion stress is reduced and biofilm formation proceeds at a faster rate. Thus, the successful startup
of an JCFBR reactor may depend upon achieving a growth rate in the primary biofilm layer which is high

enough to overcome the detachment forces which result from the high level of abrasion. The thin biofilm
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thickness reported in this work may have been due to a high level of abrasion. Thicker biofilms were
achieved in runs in which the concentrations of particles were lower (eg. Run 6 with biofilm thicknesses of
13-40 pm). In other reactors described in the literature, development of fairly thick biofilms has been
achieved with fairly high particle concentrations (eg. 150 g/L) by operating at high organic loadings and
above the critical dilution rate for an equivalent suspended-cell culture. For reasons already discussed this
is less desirable for reactors treating toxic or inhibitory substrates if the feed concentrations are subtantially
above S'.

Once biofilm development was well underway, approximately 5-10% of the particles remained
bare, even during Run 6 where the biofilm thicknesses were quite thick. Examples are shown in Figures

5.57 and 5.58.

Figure 5.57. Example of a bare carrier during Run 4.
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Figure 5.58 . An example of a bare particle (in the background) during Run 6.

The bare particles generally appeared to have smooth flat surfaces and sharp edges, unlike the other sand
particles that were highly irregular and rounded. These observations are supported by the findings of
Gjaltema et al. (1997a), who reported that the adhesion of P. putida to particles in ICFBRs depended to a
great degree on the surface roughness. The initial biofilm development occurred in pits and hollows on the
particle surface, and was much more affected by shear stress than physico-chemical properties of the

particle surface (Gjaltema et al., 1997a).

5.2.4.3 Biofilm Morphology

The biofilms observed during Runs 1, 5, 7 and 8 were thin and smooth. A portion of the bioparticles (at
least 50%) were covered with thin patchy growth. An example of both types of bioparticles is shown in
Figure 5.59. Gjaltema et al. (1997a, b) reported that smaller particles are more likely to develop a biofilm

because their impact upon colliding with other particles is less. This was not found to be the case. Biofilm
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growth appeared on particles of all sizes, and patchy growth seemed to be as common on small particles as
on larger ones, however this was not confirmed statistically.

The biofilms observed at steady-state conditions for Runs 2 and 3 were also smooth and thin;
however, after the step changes in each exper-imem, protuberances developed (See Figures 5.19, 5.20, §.23
and 5.24 in Section $22.1). The formation of protuberances became more pronounced after a reactor
upset following Run 3, during which a high-concentration feed was delivered to the system and particles
were lost to the effluent tank (possibly as a result of pH problems and the ‘lift-out’ phenomenon). An
example is shown in Figure 5.60. Heterogeneous biofilms also formed during Run 6, possibly as a result
of the low shear stress arising from the low particle concentration and thick biofilms that developed. An
example of this type of biofilm is shown in Figure 5.61. The development of ‘fluffy’ biofilms after an
increase in substrate loading has been reported in other studies as well (Tang et al., 1987; Kwok et al.,
1998). “Hairy’ biofilms have been reported at low particle concentrations (Tijhuis et al, 1996). These
obsenvations are consistent with the hypothesis postulated by van Loosedrecht et al. (1995a). They
suggested that biofilm structure is a function of the balance between detachment forces and surface loading.
When the substrate surface loading increases, the biofilm preferentially grows in a heterogeneous
morphology, which increases the surface area of the biofilm. Over time, this reduces the substrate surface
loading and the protuberances erode to a new steady-state biofilm thickness. Kwok et al. (1998) observed
that their *fluffy’ biofilms eroded over time, which agrees with the hypothesis. In cases where the abrasive
force is low, the heterogencous structure may persist.

Prior to the step change in Run 6, the protuberances began to break off from the bioparticles and
form settleable suspended biomass in the reactor. This led to preblems with solids separation and a build-up
of suspended solids in the ICFBR. As the run progressed, the suspended solids became less heterogeneous
and more rounded and solid in appearance. They also became larger, until they were comparable in size to
some of the smaller bicparticles. An example is shown in Figure 5.62. This phenomenon is similar to the
formation of granules reported by Tijhuis et al. (1995) and Gjaltema et al. (1997b). Tijhuis et al. (1995)
reported that they removed a portion of the flocs and granules from their ICFBR reactor, presumably

because of problems with solids separation.
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Figure 5.59. Example of a thin, smooth biofilm-coated particle (centre) and partially-covered bioparticles
(upper right) during Run 7.

191



Figure 5.60. B

les with protuberances which dev

ing Run 3.

eloped after a reactor upset follow

iopartic

~

192



Run 6

rior to

Im structure with a thicker base biofilm p

iofi

Figure 5.61. Example of a heterogenecus b

193



Figure 5.62 . Example of bioparticles, granules and settleable suspended solids which occurred
during Run 6.

Another difficulty arising from the buildup of granules and flocs within the ICFBR was that
suspended biomass consumed much of the phenol in the reactor. Given that the biofilm thicknesses were
reasonably thick (with an average of up to 40 um), substrate or oxygen depletion within the inner layers of
the biofilm were likely. Several examples of sloughing were observed, probably as a result of decay in the
inner regions of the biofilm. An example is shown in Figure 5.63, in which a ponion of the bare particle

surface had been exposed as a result of a large piece of the biofilm being removed.
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Figure 5.63. Example of sloughing during Run 6.

53 Model Verification

§3.1 Model Solution

The model described in Section 3.0 could not be solved analytically, so numerical methods were used. A
steady-state form of the madel was solved to provide initial conditions, which were needed to solve the
unsteady state model.

§.3.1.1 Steady-state Model

The steady-state model was solved using the von Neuman integral method used in fluid dynamics. The
significant advantage of the integral method is that the original formulation, which consists of a system of
partial and ordinary diffential equations, is transformed to a set of diffential equations only, which can be
readily integrated with standard Runge-Kutta methods. The MATLAB program that was used to solve the

steady-state model is listed in Appendix B.
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The phenol profile within the biofilm is approximately parabolic, and is related to boundary layer
problems solved using a similar approximation by von Karman (1921} (as cited in Holman, 1990). When
the phenol concentration in the bulk fluid is inhibitory, the growth rate in the biofilm may be higher in the
interior of the biofilm than at the surface (Gantzer, 1989), however, it is expected that the shape of the
phenol profile in the biofilm would also have an approximately parabolic form as shown in Figure 2.5.
This assumption simplifies the mathematics, and can satisfy the boundary conditions pertaining to the
biofilm/bulk fluid and the biofilm/substratum interfaces. In principle other higher order profiles could be
assumed in order to improve the accuracy of the simulations. In this particular case, the resulting
curvature was small because the biofilm thicknesses were very thin (see the discussion in Section 5.3.3)
and the growth rate can be assumed constant over the bioifim profile. For this case the parabolic solution is
the exact solution for a steady-state solution. This approach avoids numerical solution using finite
elements which would require a grid which changes with time, leading to a much more complex solution.

The type of substrate profile depends upon the substrate concentration in the bulk fluid, the
substrate uptake rate of the cells and the biofilm thickness. There are three categories of substrate profiles
in the biofilm, which are shown in Figure 2.5. At one extreme is a flat profile in which there is no
resistance to mass transfer, often found in very thin biofilms (case ‘a’ in Figure 2.5). At the other extreme
is a deeply penetrated biofilm in which the substrate concentration within the biofilm reaches zero, either at
the biofilm/particle interface or within the biofilm (case ‘¢’ in Figure 2.5). This type of substrate profile is
undesirable because the biofilm becomes susceptible to sloughing as the EPS structure weakens in
substrate-depleted regions (Wagner and Hempel, 1988; Applegate and Bryers, 1991). Between the two
extremes is a substrate profile which is approximately parabolic in shape and does not reach a zero
concentration (case ‘b’ in Figure 2.5). In heterogeneous biofilms, the substrate profile may look quite
different, particularly if there is convective transport within the void spaces; however, such a case is not
considered here. For P. putida Q5 growing at 10°C, biofilm thicknesses below 45 um are expected to
resemble those in case *b’ (Patoine, 1989).

Because relatively thin biofilms were observed during this study, a parabolic phenol profile in

which the substrate concentration did not reach zero was assumed. The profile was given the general form

S, =a’(r-r‘,)2 +b'(r—r,)+c (5.11)
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where a’, " and ¢’ are constants. The expression was solved using the expressions for the boundary
conditions and replaced the variable §; in the model with the coefficient of the second degree term in the
profile function in Equation 5.11. The development of the model solution is described in detail in
Appendix A. This substitution transformed the set of equations into a set of four ODEs with the coefficient
of the second power in the profile function in Equation 5.11. The values of S, .Xs, a’ and r, that were

determined from the steady state model, were used as initial condition inputs to the unsteady-state model.

5.3.1.2 Unsteady-state Model

The unsteady-state model was solved numerically using the stiff ODE solver, ODE23s, in MATLAB. The
code is listed in Appendix B. The mode! was transformed into a form that was amenable to the solver by
using the parabolic approximation discussed in the previous section and two other key transformations.

The first transformation employed was the Leibniz rule 10 deal with the moving boundary problem
posed by the growth of the biofilm and the change in the variable r, which was the limit of an integral term.
The second was the consolidation of an untidy group in the balance on the substrate concentration within
the biofilm. This resulted in a new lumped-term variable, 8, which replaced a’ as one of the four unknowns

{see Equation A-35 in Appendix A-2). The result was a set of four equations of the form:

By _ (80 Xs07,,0) (s.12)
dr
d‘\,s =-f2(S 1‘\,5:"]) (5-13)
J6 dr
= .fs(r,,9)+7t’x f(Sy,77,6) (5.14)
dr

S
o fs(rp, 6) (5.19)

where f}, /5 /. /. and f; are functions of the indicated variables.
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§.3.2  Experimental Verification of the Model

§.3.2.1 Experimental Verification of the Steady-state Model

Steady-state values for each of the four variables were obtained using the steady-state model. Initially, the
steady state model was difficult to fit to the data using experimentally determined values for each
parameter. There were two problems encountered during the fitting procedure.

The first problem was that the experimental values for the specific detachment rate, rp, were
unreliable. The difficulties in evaluating r;, were discussed in Section 5.1.4.4. The values listed in Table
525 were chosen 1o reflect the particle concentrations that were used in each run, and also were slightly
adjusted to better fit the model to the data.

The second problem was that the values for the maintenance coefficient, m, did not appear to work
well with the steady-state data from the ICFBR. A value of 0.044 g/g-h was determined from CSTR
experiments with suspended cell cultures at 10°C. It was clear from the yield data listed in Table 5.25, that
there was a difference between the first three experiments and the last group of experiments. The lamps for
the spectrofluorometer and the spectrophotometer used to evaluate the phenol concentration and the optical
density of the broth were changed between the analysis of the two sample sets. Both instruments were
recalibrated, and the calibration for the spectrofluorometer was checked five times during the data analysis
for Runs 5-8, during which no shift in the calibration was detected. No explanation can be offered for the
high yield values in Runs 5-8. Consequently, to reflect the changes in the yield, two different values of m
were used. A value for m of 0.03 g/g'h was used for Runs 1-3 and a value of 0.01 g’g-h was used for
subsequent experiments. These values of m roughly approximate the observed values of Y5 using
Equation 2.7. For example, for Runs 1 and 7, the caiculated values of Yy;s are 0.8 and 1, respectively.

Table 5.25 Experimental Values of Observed Yield (¥ ) and Sand Concentration (C,) and Values of the
Maintenance CoefTicient (m) and the Specific Detachment Rate (r-) used in the Model Simulations.

Run Experimental Values Parameter Values

Yes[2/e] Cr [2/1] m [g/e-h] rp[h]
1 0.6 20.8 0.03 0.024
2 0.6 226 0.03 0025
3 0.5 11.4 0.03 0.018
5 1.0 18.3 001 0.022
7 0.8 18.5 0.01 0022
8 1.0 16.7 0.01 0.022
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The results of the model fitting are shown in Table 526. The model predicted the bulk phenol
concentrations fairly well for the first three experiments. The fitted values for Runs 5 to 8 were lower than
measured. The measured values were higher than expected and it was possible that there was some
interference by other compounds. This was likely the case during the steady-state period prior to the step
change in Run 8 during which what was likely a yellow pigment was secreted into the brath. The yellow
compound was washed out quickly as the run progressed. The fitted values of the suspended biomass
concentration were typically lower than observed experimentally, but were usually within 10% of the
experimental value. The model predicted thin biofilms for the selected values of rp. This was consistent
with experimental observation. The biofilms for which there was no thickness data during Runs 1.2 and 3,
were very thin prior to the step changes; thus, the fitted values were reasonable. The simulation values
listed in Table 5.26 for steady-state conditions were used as initial values for the unsieady-state model. The

parameter values for the steady-state and unsteady-state models were consistent for each run.

Table 5.26 Comparison of Experimental and Simulated Values of the Measured Variables
in the ICFBR at Steady State.

Run Si [meAl] X [mu/L] J[um
Experimental Model Experimental | Model Experimental Model
] 1.1 1.7 135 132 - 1.0
2 1.8 1.7 115 98 - 1.3
3 0.6 1.0 112 107 - 1.7
5 4.9 1.5 160 144 9 23
7 22 1.5 158 173 3 2.2
8 4.1 1.7 581 542 4 54

£.3.2.2 Experimental Verification the Unsteady-state Model with High-response Experiments

The calibration procedure for the unsteady-state model is summarized in Section 3.5.3. The fit of the
model to the experimental results was first explored with the high-response experiments because those
experiments gave the most information about the sensitivity of the system to shock loads. The discussion
will focus on Runs I and 8 because problems were experienced with clogging of the downcomer with
particles during Run 5 as a result of sparger plugging. Run 1 was a moderate shock load during which the
dilution rate was increased from 0.034 t0 0.059 h™' and the average feed concentration was increased from

251 to 296 mg/L phenol. Run 8 was a more severe shock load during which the dilution rate was increased
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from 0.037 t0 0.17 h™' and the average feed concentration changed from 592 to 506 mg/L phenol. Both step
changes resulted in the washout of suspended biomass and increases in the bulk phenol concentrations,
approaching feed concentrations. The response of the bulk variables, phenol concentration and suspended

bicmass concentration will be discussed first.

Bulk Parameters, S, and X¢

The first attempt at fitting the model to the experiments was made with the Haldane model for the
kinetics, using paramecters determined from acclimated cultures. The resulting simulations are shown in
Figures 564 and 5.65. In both cases, the unsteady-state model predicted that the systems would recover
from the shock. In the case of Run 8 (Figure 5.65), the unsteady-state model predicted that the system
would exhibit large transients in the bulk phenol and suspended biomass concentrations, and that the
phenol concentration would exceed 300 mg/L phenol, which is well into the inhibitory range. Neither
simulation fit the data.

The changes in bulk phenol concentration during the high-response experiments were quite rapid,
with concentrations rising to inhibitory levels within ten hours. The shortest generation time of P. putida
QS5 at 10°C is, at best, seven hours. The generation times during the experiments were much longer,
because the steady-state specific growth rates were low. Thus, acclimation could not have occurred quickly
enough for the cells to adjust to the changing conditions.

When comparing the kinetics of acclimated and unacclimated P. putida QS in Section 5.1.1.2, two
striking differences were noted. For unacclimated cultures, the critical specific growth rate, «°, was lower
and the specific growth rate under inhibitory conditions decreased more rapidly as the phenol concentration
increased. Both characteristics have a significant effect on how the system responds to changes in phenol

concentration and how a model predicts the response.
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Figure 5.64. Simulation of the bulk phenol concentration ( )} and the suspended biomass
concentration (- - - - - ) for Run ! using Haldane kinetics determined for acclimated cultures. The simulation
is plotted with the experimental response of the bulk phenol concentration () and the suspended biomass
concentration () to an increase in the feed concentration from 251 to 296 mg/L and an increase in dilution
rate from 0.034 10 0.059 h™' .
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Figure 5.65. Simulation of the bulk phenol concentration ( } and the suspended biomass
concentration (- - - - - } for Run 8 using Haldane kinetics determined for acclimated cultures. The simulation

is plotted with the experimental response of the bulk phenol concentration (e) and the suspended biomass
concentration (4 ) an increase in the dilution rate from 0.037 t0 0.17 h”'. The feed concentration changed
from 592 mg/L to an average of 506 mg/L after the step change.
A second attempt at fitting the model to the experiments was made with the kinetics determined using
unacclimated kinetics. The Luong model was used because it was better at predicting the specific growth
rates of unacclimated batch cultures than the Haldane model (see Section 5.1.1.2), in part because it
predicts stronger inhibition at higher phenol concentrations.

The results from the simulations using unacclimated kinetics are shown in Figures 5.66 and 5.67.
The simulation of Run 8 predicted a rapid washout of suspended cells and an increase of the phenol
concentration to a level approaching the feed concentration with no recovery. The fit of the model to the
dynamic response was very good. Worden and Donaldson (1987) also found it necessary to increase the
level of inhibition 1o fit a dynamic ICFBR model to two pulse experiments; they accomplished this by
decreasing the value of K.

The simulation of the moderate shock in Run 1, did not predict the response of the system (in
Figure 5.66). The model predicted a small transient in the bulk phenol concentration, followed by a return

to low levels. The simulated suspended biomass concentration increased quickly to a maximum and then
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leveled ofT to a new steady state. The experimental data showed an increase in the phenol to 100 mg/L as
the suspended biomass began to wash out, at which point the run was terminated.

In shock-loading experiments with suspended-cell cultures, properly calibrated Haldane kinetics
can usually predict the complete washout of a culture which has been subjected to a large shock load
(Garcia Sanchez et al., 1998), however, the Haldane model cannot predict washout accurately at lower
shock loads (Garcia Sanchez et al., 1998). The predictive capability of other balanced-growth models such
as the model of Luong (1987) appears to be similar in a biofilm reactor. Run 8 represented a severe shock
load to the ICFBR,; system failure was successfully simulated using balanced growth kinetics that had been
determined using unacclimated cultures. The system failure in Run 1, however, was not predicted

accurately using balanced growth kinetics.
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Figure 5.66. Simulation of the bulk phenol concentration ( ) and the suspended biomass
concentration (- - - - - ) for Run 1 using Luong kinetics determined for unacclimated cultures. The
simulation is plotted with the experimental response of the bulk phenocl concentration (e) and the suspended
biomass concentration (A ) to an increase in the feed concentration from 251 to 296 mg/L and an increase in
dilution rate from 0.034 to 0.059 h™'.
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Figure 567 Simulation of the bulk phenol concentration ( ) and the suspended biomass
concentration (- - - - - ) for Run 8 using Luong kinetics determined for unacclimated cultures. The
simulation is plotted with the experimental response of the bulk phenol concentration (e) and the suspended
biomass concentration (A ) an increase in the dilution rate from 0.037 to 0.17 h*  The feed concentration
changed from 592 mg/L to an average of 506 mg/L. after the step change.

The acclimated and unacclimated kinetics used in both sets of simulations utilized the concept of
balanced growth; however, results from shock-loading experiments using continuous suspended cultures
suggest that unbalanced growth is likely (Storer and Gaudy, 1969; Yang and Humphrey, 1975, Yongagoglu
et al., 1981, Sokol, 1988a; Allsop et al., 1993; Garcia Sanchez et al., 1998). The various hypotheses
concerning unbalanced growth include changes in the cell structure and RNA content. storage or excretion
of intermediate metabolites, metabolic overflow, double inhibition by intermediate metabolites and phenol,
and growth rate hysteresis. These were described in Section 2.3.1.2,

The presence of intermediate compounds was not investigated for Run 1. The presence of
intermediates in Run 8 after the step change was not confirmed, possibly because the phenol concentration
was high in the samples that were investigated. However, it is very likely that in both experiments, growth
either stopped or was affected by the phenol or intermediate concentrations reached during the experiments
in a way that affected the outcome of the experiment.

Growth rate hysteresis has been approached in a number of ways by other researchers. Most have

produced time lag models that are of limited use. Several utilize variables that are difficult to measure a
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priori, including the value of 4 immediately after a step change (Yang and Humphrey, 1975) or the ratio of
enzyme activity to the maximum enzyme activity of the cells (Yongagoglu et al., 1981), which limit the
utility of the models for predictive purposes. Others represent the step change in some way, as the ratio of
dilution rates before and after a step change (Li and Humphrey, 1989). Time constants to model the delay
in the ability of the cell to react to the shift in feed conditions have also been applied, however, they have
been limited to small perturbations (Young et al., 1970), or have required the use of separate time constants
for uptake and growth with little experimental verification (Chiam and Harris, 1983).

In this work, a very simple adjusting factor (Equation 5.16) was added to the model to allow for
growth-rate hysteresis. Unlike other models, the adjusting factor changed according to the phenol
concentration that the bacteria were being subjected to at any given time. The steady-state phenol
concentrations in the system were very low; thus, if during a simulation the phenol concentration in the
bulk fluid (or the biofilm) departed significantly from the steady-state value, it was assumed that the cells
were undergoing some sort of hysteresis. This is supported by the observations of strongly unbalanced
growth in some of the unacclimated-culture batch kinetics experiments at concentration increases as low as
50 mg/L phenol (see Figure 5.9 in Section 5.1.1.2). Another assumption underlying the adjusting function
was that as conditions proceeded farther away from the steady-state phenol concentration, Si(0), the
suppression of growth became more severe, although it was assumed that growth was possible 10 some
extent.

The adjusting factor was expressed as a suppression of cell-growth that was proportional to the
difference between the bulk phenol concentration and the steady-state phenoi concentration to which the

cells had been acclimated. Thus, the growth rate of the suspended cells was expressed as follows:
() = k(S,(£) = S,(0)) 14,5 (1) (5.16)
where the bulk concentration of phenol at time ¢, Sy(7). and at the initial steady state value, S,(0), were

expressed in mg/cm3 and the specific growth rate corresponding to S,(f) assuming balanced growth, u,.

was expressed in h!. The specific growth rate within the biofilm was expressed similarly.
A disadvantage of the function is that is does not predict metabolic overflow - that is, the

conversion of phenol to other products that are not used for growth. Very low concentrations of non-
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phenol compounds compared to the concentrations of phenol present were detected in the bulk fluid in the
samples that were analyzed using GC-MS. Thus, the diversion of substrate to the production of other
compounds rather than to growth was not considered significant enough to induce one to complicate the
model further. The introduction of intermediate compounds introduces significant complexity to the model
formulation as shown by Garcia Sanchez et al. (1998) for suspended-cell cultures, with the addition of a
number of parameters which have to be identifted.

Simulations of Runs | and 8 using a value of 10 cm*/mg for k, are shown in Figures 5.68 and 5.69.
k was determined through trial and error using the data from Run | only. The unsteady-state model with
the growth-rate adjusting function fit the data for Run 1 (Figure 5.68) much better than before. The model
predicted a steeper increase in phenol concentration and a steeper decline than the data indicated, 40 hours
after the step change and beyond, however, without additional data, it is difficult to ascertain whether the

reactor would have recovered or if the change in slope in each case is due to measurement error. The
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Figure 568 Simulation of the bulk phenol concentration ( ) and the suspended biomass
concentratoin (- - - - - ) for Run 1 using Luong kinetics determined for unacclimated cultures, adjusted to
account for suppression of growth during shock-loading. The simulation is plotted with the experimental
response of the bulk phenol concentration () and the suspended biomass concentration (A) to an increase
in the feed concentration from 251 to 296 mg/L and an increase in dilution rate from 0.034 to 0.059 h™' .
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simulation in Figure for Run 8 was slightly steeper than in the previous case (Figure 5.69), which better

reflected the data.

Phenol and Biomass Concentration (mg/L)
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Figure 569. Simulation of the bulk phenol concentration ( ) and the suspended biomass
concentration (- - - - - ) for Run 8 using Luong kinetics determined for unacclimated cultures, adjusted to
include suppression of growth during the shock-load. The simulation is plotted with the experimental
response of the bulk phenol concentration (e) and the suspended biomass concentration (4) to an increase
in the dilution rate from 0.037t0 0.17 h*. The feed concentration changed from 592 mg/L to an average of
506 mg/L after the step change.

A simulation of Run 5, shown in Figure 5.70, was artempted even though there were problems
with solids suspension during the run due to sparger plugging. In Run 5. the dilution rate was increased
from 0.042 to 0.095 h' and the average feed concentration changed from 158 to183 mg/L phenol. During
the experiment the suspended biomass washed out of the reactor and the phenol concentration approached
the feed concentration. The simulation predicted that the system would react only slightly to the step
change with full recovery after a small transient in the phenol concentration. A check of the sand
concentration in the EPS samples taken over the course of the run, confirmed that the solids had settled out
in the reactor. likely in the arm of the downcomer where plugging was observed later. A plot of a

simulation of the same run, except with inactive biofilm to simulate the absence of bioparticles, resulted in
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washout of the suspended biomass (in Figure 5 71). The rate of washout in the simulation was steeper than
the rate of washout that was observed in the system. however, bioparticles were present (in decreasing
amounts) at the beginning of the run, and likely absorbed some of the shock. The difference between the
two simulations illustrates the importance of the biofilm to the stability of the reactor, even though the

average initial biofilm thickness was fairly thin (9 pm - measured and 2.3 pm - used in the simulation).
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Figure 5.70. Simulation of the bulk phenol concentration ( ) and the suspended biomass
concentration (- - - - - ) for Run S using Luong kinetics determined for unacclimated cultures, adjusted to
include suppression of growth during the shock-load. The simulation is plotted with the experimental
response of the bulk phenol concentration () and the suspended biomass concentration (A ) to an increase
in the dilution rate from 0.042 to 0.095 h' at a feed concentration of 160 mg/L.
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Figure 571 Simulation of the bulk phenol concentration ( } and the suspended biomass
concentration (- - - = = ) for Run 5 assuming that the biofilm was inactive. Luong kinetics determined for
unacclimated cultures, adjusted to include suppression of growth during the shock-load, were used. The
simulation is plotted with the experimental response of the bulk phenol concentration (e) and the suspended
biomass concentration (4 ) to an increase in the dilution rate from 0.042 to 0.095 h™' at a feed concentration
of 160 mg/L.

Biofilm Parameters, é and S,

The simulation of biofilm thickness during Run | is shown in Figure 5.72. The model predicted that the
biofilm thickness would increase marginally trom an extremely thin layer (=1 pm) and then would be
eroded as detachment forces exceeded the growth rate of the biofiim during the rise in the bulk phenol
concentration beyond the critical substrate concentration. Practically speaking, such dynamics would be
difficult to observe in the ICFBR because the resolution of the biofilm thickness measurement was not
narrow enough to distinguish biofilm thickness at this level. Although biofilm thickness was not measured
during this run, the biofilm appeared extremely thin and difficult to distinguish under the microscope. No
change was observed over the course of the run.

The simulation of the biofilm thickness during Run 8 is shown in Figure 5.73. The model
predicted that within 200 hours of the step change the biofilm would be eroded by abrasive forces, from an

initial biofilm thickness of approximately Sum. During Run 8, the concentration in the reactor rapidly
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reached 570 mg/L phenol (a feed tank with a concentration of 730 mg/L was used after the step change in
dilution rate, but subsequent tanks averaged 506 mg/L) At this concentration, assuming unacclimated
Luong kinetics, one would expect that the biomass would be completely inhibited. It is not ciear from the
biofilm thickness data if this was the case, considering the resolution of the biofilm thickness measurement
and the scatter in the data. The dip in the biofilm thickness at the end of the experiment (in Figure 5.73)
was not reflected in the EPS measurements or visual observations. A thin biofilm appeared to be forming
gradually on a portion of the particles after the step change, suggesting that the biofilm cells had adapted to
the high bulk phenol concentration and were growing enough to compensate for detachment forces. The
smooth appearance of the biofilm that was forming (see Figures 5.46 and S 48) also suggested that the rate

of growth was very slow; otherwise, protuberances would be expected.

Biofilm Thickness (pm)

-100  -50 0 50 100 150 200 250
Time (h)

Figure 5.72. Simulation of the biofilm thickness during Run 1 assuming Luong kinetics developed for
unacclimated cultures and an adjustment of the growth rate to account for growth-rate suppression during a
shock load. The feed concentration was increased from 251 to 296 mg/L and the dilution rate increased

from 0.034 10 0.059 h™".
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Figure 5.73. Simulation of the biofilm thickness ( ) during Run 8 assuming Luong kinetics determined
for unacclimated cultures, adjusted to include suppression of growth during the shock load The simulation
is plotted with the experimental response of the biofilm thickness (®) to an increase in the dilution rate
from0.037t00.17h' The feed concentration changed from 592 mg/L to an average of 506 mg/L after the

step change.

The phenol concentration profile in the biofilm could not be measured; however, values for S,
could be extracted from the model. A plot of the phenol concentration profile during Run 1 is shown in
Figure 5.74. The length of each line in the plot is the predicted biofilm thickness at each time listed during
the run. The flat profiles indicate that the rate of consumption of phenol was reaction-rate-limited rather
than diffusion-limited. This was expected because the biofilm was very thin. The profile corresponds to

the fully penetrated biofilm (line "2’) in Figure 2.5.

5.3.2.3 Experimental Verification the Unsteady-state Model with Low-response Experiments
The unsteady-state model with kinetics developed for unacclimated cultures using the model of Luong
(1987) adjusted for growth-rate hysteresis was applied to experiments in which there was a low level of

response to the step change The low-response experiments included Runs 2, 3 and 7. In Run 2, the feed
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Figure 5.74. Simulated phenol concentration profiles in the biofilm during Run 1 assuming Luong kinetics
developed for unacclimated cultures and an adjustment of the growth rate to account for growth-rate
suppression during a shock load. The feed concentration was increased from 251 to 296 mg/L and the
dilution rate increased from 0.034 to 0.059 h"!

concentration was increased from 180 to 303 mg/L phenol; the dilution rate changed from 0.045 to 0.037
h"' In Run 3, the dilution rate was shifted from 0.025 up to 0.059 h™' and the feed concentration was 248
mg/L phenol. In Run 7, the feed concentration was increased from 192 to 712 mg/L phenol; the dilution

rate shifted slightly from 0.037t0 0.031 b During each of these runs, there was little response in the bulk

phenol concentration and the suspended biomass concentration increased.

Bulk Parameters, S, and X

The simulation of Run 2 is shown in Figure 5.75. The model predicted the lack of response in the
bulk phenoi concentration. Although the steady-state suspended biomass concentration in the experiment
was higher than predicted, the model correctly predicted the rate of increase observed in the experiment and
the general form, as the suspended biomass concentration reached a new steady state in approximately 50
hours.

The simulation of Run 3. in Figure 5.76 is less accurate. It correctly predicts that the step change
would not cause washout, and that the system would recover; however, the transient response in the phenol
concentration predicted by the model did not occur. The model also did not accurately predict the new

steady-state suspended biomass concentration after the step change.
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The simulation of Run 7, in Figure 5.77, predicted a rapid washout of the biomass and rapid
increase in the phenol concentration. Experimentally, however, there was no response in the bulk phenol
concentration and the suspended biomass concentration rapidly increased to the new-steady state. The only
explanation for the difference between the experimental observations and the model predictions is the
profusion of wall growth observed in the upper section of the riser. The wall growth consisted of long
streamers several millimetres in length. Wall growth has been attributed to enhancing the stability in
continuous suspended-cell cultures biodegrading phenol in laboratory-scale reactors in another study, to the
extent that the researchers were not able to wash out the culture even at fairly high dilution rates (0>0.5 h'';
4'=0.21 h'; §,=200 mg/L) (Howell et al., 1972) Thus it is not surprising that wall growth was able to
absorb the shock load delivered to the system, even though it covered only a small portion of the inner

reactor surface (approximately 10%).
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Figure 575  Simulation of the bulk phenol concentration ( ) and the suspended biomass
concentration (- - - - - ) for Run 2 using Luong kinetics determined for unacclimated cultures, adjusted to
include suppression of growth during the shock-load. The simulation is plotted with the experimental
response of the bulk phenol concentration (e) and the suspended biomass concentration (A) to an increase
in the t‘eeld concentration from 180 to 270 mg/L phenol and a change in the dilution rate from 0.0451 to
0.0368 h™".
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Figure 576. Simulation of the bulk phenol concentration ( ) and the suspended biomass
concentration (- ~ - - - ) for Run 3 using Luong kinetics determined for unacclimated cuitures, adjusted to
include suppression of growth during the shock-load. The simulation is plotted with the experimental
response of the bulk phenol concentration (e) and the suspended biomass concentration (A ) to an increase
in the dilution rate from 0.025 to 0.059 h"'.

Biofilm Parameters, d and Sy

The simulation of biofilm thickness during Run 2 is shown in Figure 5.78. Although the phenol loading
after the step change was 40% higher than before. there was little response in the biofilm thickness, likely
because there was little change in the phenol concentration in the reactor during the step change. The final
steady-state biofilm thickness predicted by the model was slightly lower than the initial steady-state biofilm
thickness, as a result of the lower dilution rate.

The simulation of biofilm thickness during Run 3 is shown in Figure 5.79. The model predicted
that the biofilm thickness would gradually increase within 150 h by 6 um to a new steady state value. The
predicted response was greater than that of Run 2, because the step change was larger (130% increase in
loading). Although there was no biofilm thickness data for this run, the EPS content of the biofilm doubled
within 120 h of the step change (in Figure 5.25). The simulation suggests that the biofilm approachs a new

steady-state thickness at approximately 150 hours. It is possible that the EPS content of the biofilm had not
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Figure 577 Simulation of the bulk phenol concentration ( ) and the suspended biomass
concentration (- - - - - ) for Run 7 using Luong kinetics determined for unacclimated cultures, adjusted to
include suppression of growth during the shock-load. The simulation is plotted with the experimental
response of the bulk phenol concentration (e) and the suspended biomass concentration () to an increase
in the feed concentration from 192 to 633 mg/L in the ICFBR during Run 7. The dilution rate shifted
slightly from 0.038 10 0037 h™".

reached steady state when the run was terminated.

The formation of protuberances was observed after the step changes in Runs 2 and 3. The model
was developed only for smooth, diffusion-only types of biofilms and cannot predict the formation of
heterogeneous structures. This limitation is not likely to cause difficulties in the model predictions for the
biofiims in Runs 2 and 3, because the biofilms were very thin and the issues of transport phenomena were
not as important. This would not have been the case if the biofilms had been thicker.

A plot of the phenol concentration profile in the biofilm during Run 3 is shown in Figure 5.80.
The length of each line in the plot is the predicted biofilm thickness at each time listed during the run. The
higher phenol concentrations at =4 h and r=28 h are a result of the transient in the bulk phenol
concentration that was predicted by the model (but did not occur during the experiment). As before, the

flat profiles indicate that the rate of consumption of phenol was reaction-rate-limited rather than diffusion-

limited. The biofilm in this case was also initially very thin. Even afier the biofilm grew, as a result of the
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Figure 5.78. Simulation of the biofilm thickness ( ) during Run 2 using Luong kinetics determined
for unacclimated cultures, adjusted to include suppression of growth during the shock load. The feed
concentration was increased 180 to 270 mg/L phenol and the dilution rate changed from 0.0451 to 0.0368
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Figure 5.79. Simulation of the biofilm thickness (: ) during Run 3 using Luong kinetics determined
for unacclimated cultures, adjusted to include suppression of growth during the shock load. The system
was subjected to an increase in the dilution rate from 0.025 to 0.059 h'. The feed concentration was 248

mg/L.




step change. the phenol concentration profile remained fairly flat.

The predicted concentration of phenol at the biofilm surface and in the bulk fluid were similar At
t=4 h. when the predicted phenol concentration in the bulk fluid was 16.67 mg/L., the phenol concentration
at the biofilm surface was 16.64 mg/L. At /=41.5 h, when the biofilm was thicker, the predicted phenol
concentrations in the bulk fluid and at the biofilm surface were 2.40 and 2.27 mg/L. The concentration
boundary layer between the bulk fluid and the biofilm surface did not appear to exert a significant influence
on the predicted results. This is consistent with Figure 2.5 for the case of a thin biofilm that is fully
penetrated. This finding puts into the question the need to include the concentration boundary layer in the

model. This question is examined in the next section.
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Figure 5.80. Simulated phenol concentration profiles in the biofilm during Run 3 using Luong kinetics
determined for unacclimated cultures, adjusted to include suppression of growth during the shock load.
The system was subjected to an increase in the dilution rate from 0.025 to 0.059 h™".

5.3.3 A Re-examination of the Significance of Internal and External Mass Transfer
The predicted phenol concentration profiles within the biofilms were relatively flat, which indicated that
internal diffusion was unimportant for the conditions tested. The small predicted differences between the

phenol concentration in the bulk fluid and in the biofilm, also indicate that the concentration boundary layer



was unimportant for the conditions tested. The assumptions of internal and external mass transfer
complicate the model considerably. Thus, the significance of the roles of internal and external mass transfer
need to be re-examined.

External mass transfer through a concentration boundary layer, and internal diffusion are
connected through the boundary condition at the interface of the biofilm and the bulk fluid The
importance of both processes depends upon the thickness of the biofilm (see Figure 2.5). External mass
transfer has been neglected in some ICFBR models (Shieh, [980; Stathis, 1980; Mulcahy et al., 1981,
Andrews, G.F., 1982; Park et al., 1984a, b, Worden and Donaldson, 1987, Hermanowicz and Cheng, 1990,
Coelhoso et al., 1992). however, its relevance depends upon the biofilm thickress and penetration of the
substrate. In some modeling studies, the inclusion of external mass transfer resistatice has been found to be
important (Tang and Fan, 1987, Livingston and Chase, 1989; Tijhuis et al, 1995), with decreases in
substrate concentration across the concentration boundary layer of up to 54% reported (Livingston and
Chase, 1989).

The biofilms during the runs for which simulations were performed were very thin. The biofilms
were much thicker in Run 6 (up to 40 um), but problems with solids accumulation during the run made it
impossible to fit the model to the steady-state data.  The range of operating conditions for which
experiments were performed did not include steady state conditions above the critical dilution rate (for
suspended-cell cultures). It is at higher dilution rates or at low particle concentrations that higher biofilm
thicknesses are more likely to occur. To test the importance of internal and external mass transter for
higher biofilm thicknesses, a simulation was performed.

The steady state of a system with a feed concentration of 200 mg/L phenol and a dilution rate of
0.17 h'! was determined using the steady state model. The dilution rate was beyond the critical value of
0.07 h' at which a comparable suspended-cell culture would wash out. The predicted biofilm thickness
was 14 pym. The predicted steady-state conditions in the bulk fluid were a phenol concentration of 2.45
mg/L and a suspended biomass concentration of 104 mg/L. It is interesting that the mode! predicted that
suspended cells would be present, considering the dilution rate. The presence of suspended cells, however,
would be expected at lower concentrations that those observed at D>D’, because the suspended cells are

produced through the detachment process. The presence of suspended cells under high-dilution rate



conditions has not been reported (or measured) in the literature (Tang et al., 1987, Worden and Donaldson,
1987) and should be investigated.

The effect of a step increase to a dilution rate of 0.25 h™' was simulated. The predicted response of
the system is shown in Figure 5 81. The unsteady-state model predicted a small transient in the phenol
concentration, and a dip in the suspended biomass concentration, with a recovery to a new steady state
within 100 hours The predicted biofilm thickness increased from 14 to 19.4 pm, as shown in Figure 5.82.
The appearance of the predicted phenol concentration profile within the biofilm is very different from
before, as shown in Figure 5.83. The parabolic concentration profile for the initial and final steady states in
the simulation suggest that under these conditions, diffusion cannot be neglected. The difference between
the predicted phenol concentrations in the bulk fluid and the biofilm surface were 2.5 and 2.2 mg/L at the
initial steady-state and 3 3 and 2.9 mg/L at the final steady state. While these differences are not large, they
represent a 12% difference in concentration. At higher bulk phenol concentrations, possibly during a larger
shock-load in which there is a larger phenol transient, the effect of a concentration boundary layer might be

more important.
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Figure 5.81 Simulation of the response in the phenol concentration ( ) and the suspended biomass
concentration (- - - - ) in the ICFBR to a step change from a dilution rate of 0.17 to 0.25 h™' at a constant
feed concentration of 200 mg/L using the parameter set for Run 7 (75=0.02 h™).
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Figure 582 Simulation of the response in the biofilm thickness to a step change from a dilution rate of
017 100.25 h" at a constant feed concentration of 200 mg/L using the parameter set for Run 7 (r5=0.02
h.
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Figure 5.83 Simulation of the ?henol concentration profile within the biofilm during a step change from a
dilution rate of 0.17 to 0.25 h™ at a constant feed concentration of 200 mg/L using the parameter set for
Run 7 (r5=0.02 h™).



Both internal and external mass transport processes appear to be a necessary part of the model in
cases where the biofilm is moderately thick (= 15 um). Although only thin biofilms were predicted using
the unsteady-state model for the conditions tested in the laboratory, thick biofilms were observed during
Run 6, which could not be modeled due to experimental difficulties. Internal mass tranport limitations
were important in Run 6 because evidence of sloughing was observed for some of the bioparticles. The
model predicted that at higher dilution rates, thicker biofilms would be produced. For such biofilms, the
concentration profiles indicated that diffusion was important. Thus, the process of diffusion should remain
in the model, despite the complexities that arise in solving the model.

The case for external mass transport (and the parameter &,) is less clear. The difference between
the bulk and surface phenol concentrations was only 12%:; however at concentrations of approximately 3
mg/L phenol, this difference is probably not very important. Under conditions where there are large
transients, this difference may be more significant and may affect the outcome of the success of the model
prediction. Thus, the process of external mass transport should remain in the model until its importance
can be examined experimentally under more demanding conditions than were tested in this work. The

added complexity to the model is relatively minor.

5.3.4  Applications and Limitations of the Unsteady-state Model
Applications

The unsteady-state model was calibrated for a wide range in the types of response possible for
such a system. The experiments included low-level response runs in which there was no change in the
phenol concentration and washout experiments in which the suspended biomass (but not the bioparticles)
was washed out of the system as the phenol concentration rose above inhibitory levels. Thus, the ability of
the model to describe a wide variety of responses was tested. Steady-state conditions at dilution rates
above the critical dilution rate for suspended-cell cultures were not tested, and should be included in future
work along with shock loads in that region of the solution space.

The unsteady-state model was able to simulate the responses of the ICFBRs fairly well. Although
it predicted a transient in Run 3 that did not occur, it correctly predicted that the system would reach a new

steady state. The model also predicted that during washout experiments the biofilm would be eroded as
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detachment exceeded the growth rate. Although this was not confirmed experimentally, the phenomenon
under other conditions has been reported (van Benthum et al , 1997)

A key result is that the model could predict the washout of suspended biomass that occurred
during two of the shock loads This has not been demonstrated previously for ICFBRs in the literature. To
successfully predict washout, the model required the inclusion of kinetics developed for unacclimated
cultures and an adjustment factor that was used to represent growth rate hysteresis. Although others have
acknowledged that the kinetic parameters for cultures undergoing a shock load might be different than
those calculated from steady-state values (Rittmann et al., 1992), this is the first application of
unacclimated kinetics applied to the unsteady-state modeling of shock loads. The adjustment factor that
was used to model growth rate hysteresis was a function of the phenol concentration in the reactor as the
response to a shock load progressed relative to the preshock steady-state concentration of phenol. The new
adjustment factor approach using the same value of ¥ was used for the simulation of every experiment.

The unsteady-state model can be used to predict the four state variables of the system: the bulk
phenol and suspended biomass concentrations, the biofilm thickness and the phenol concentration profile
within the biofilm. Others have shown results for substrate concentration oniy (Tang et al., 1987, Worden
and Donaldson, 1987), although presumably other variables could have been extracted from the
information produced by the models.

Although the unsteady-state model was useful in simulating the responses ot the [CFBRs to a variety of
step changes, its use is limited in a number of ways. Dilution rates above the critical value (for suspended-
cell cultures) were not tested and the responses of systems with thicker biofilms were not tested.

The model is currently limited to smooth-types of biofilms. Heterogeneous bioparticles with
protuberances were observed as a result of some of the shock-loads, although most of the examples were of
systems that contained very low particle concentrations. Before the model could be improved in this
respect, more basic information is needed about predictively modeling the detachment rate and
understanding the way that detachment and surface loading of substrate interact to determine biofilm

structure. The formation of heterogeneous structures may be a way that biofilms behave during transient



conditions (depending of course on abrasive forces). This is an area that is not yet well understood for
ICFBR systems.

Information concerning substrate-depleted regions in the biofilm can be extracted from the model
output; however, another concern, which is not currently addressed by the model, is oxygen depletion. At
10°C the solubility of oxygen is relatively high and the substrate uptake rates are relatively low, thus,
oxygen consumption for the thin biofilms observed during the experiments was not likely to result in
oxygen-depleted layers within the biofilm. This is discussed further in Appendix F. At higher
temperatures and higher substrate loadings, oxygen depletion within the biofiim could be a more significant
concern. Oxygen consumption and diffusion into the biofilm could be added to the kinetics.

Similarly, the model does not include the diffusion of carbon dioxide out of the biofiim. The “lifi-
out’ phenomenon, in which bioparticles become buoyant and are carried out of the bioreactor, has been
attributed to the build-up of carbon dioxide bubbles in the biofilm due to the production rate of carbon
dioxide by bacterial metabolism having become greater than its diffusion rate out of the biofiim to the bulk
solution (Krouwel and Kossen, 1981; Patoine, 1989). This phenomenon was experienced following a feed
tank mix-up after Run 3. It is more likely to be a problem at higher substrate loadings and higher biofilm
thicknesses. The production rate of carbon dioxide can be calculated stoichiometrically from the rate of
phenol biodegradation (which is known); however, the form of the carbon dioxide is a function of pH.
Thus, the formation of hydrogen ions also must be included. The kinetics of phenal degradation are also
pH sensitive (Patoine, 1989).

Another problem that was experienced during the experiments was the formation of flocculent
solids and the development of granules. Others have reported similar phenomena (Tijhuis et al., 1995;
Gjaltema et al., 1997b). The steady-state and unsteady-state models are currently limited to conditions
where the suspended solids leave the system at the same rate as the effluent. The model also assumes that
the bioparticles do not leave the system. Particularly when flocculent solids develop, particles can become
entrained in masses of suspended biomass and may be carried out of the system. Gradual atmrition of
bioparticles has also been reported in the literature, although the design of the solids separator was different

than the ones used in this study (Gjaltema et al., 1997b).
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Another limitation of the model is that it was developed using a pure cuiture. Practically
speaking, it should be modified to apply to mixed cultures that would be used in full-scale applications.
This would not simply be a matter of altering the kinetics to represent a different group of organisms. A
difficulty with mixed-culture ecosystems is the presence of protozoa and other predators of bacteria.
Flagellates, which were present as a contaminant of the sand, had a devastating impact on the bacterial
population at the beginning of this research. The impact of predation on the functioning and dynamics of
an ICFBR cannot be overlooked if mixed cultures are used. Modification of the model may require the
inclusion of a separate balance on predators in order to allow the model to reflect the impact of predation
and the changing dynamics of the system arising from an overgrowth of predators or death due to levels of

phenol that are toxic to the predators but only growth inhibitory to the bacteria.



6

6.1

Conclusions and Recommendations

Conclusions

The research consisted of three main goals:

to gain a better understanding of the growth and phenol biodegradation kinetics of P. putida Q5,
particularly at temperatures between 10-25°C,

to investigate the response of P. putida Q5 and that of an ICFBR under shock or variable loading
conditions of phenol concentration and dilution rate, and

to develop a practical process model.

6.1.1  Phenol Biodegradation Kinetics

Phenol Biodegradation with Acclimated Cultures

The phenol biodegradation kinetics of P. putida Q5 were evaluated using batch and continuous cultures at

10, 15, 20 and 25°C, and a concentration range of 1 to 640 mg/L phenol. In continuous cultures the dilution

rate was varied from 0.031 to0 0.23 h!, depending upon the temperature.

1

X

The Haldane model was found to describe the relationship between the phenol concentration and the
specific growth rate of P. putida Q5 quite well; however, the model of Webb (1963) was slightly better
at 10 and 25°C and the model of Edwards (1970) was slightly better at 15 and 20°C. Practically
speaking, the models were indistinguishable at initial concentrations in batch culture below 200 mg/L
phenol at the temperatures studied.

The temperature dependence of the specific growth rate, x4, was found to be described better by the
square-root model (Equation 2.30) (Ratkowsky et al., 1982) than the Arrhenius model (Equation 2.24)
(Arrhenius, 1908), which is more commonly used in the literature. The saturation constant, Kj,
increased with increasing temperature and was best described by the Arrhenius model (Equation 5.1),
the temperature characteristic, 44", was 47.6 kJ/mol, which is within the range reported in the
literature (Marr et al., 1963; Knowles et al., 1965; Stevens et al., 1989). The inhibition constant, X,
was found to increase with increasing temperature, which indicates that the inhibition effect is stronger
at the lower temperatures. The square-root model (Equation 5.3) fit the data slightly better than the

Arrhenius model. The overall temperature-dependent kinetic equation is expressed as
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where u is the specific growth rate [h"'] and S is the phenol concentration [mg/L].
The temperature-dependence of the Haldane model for phenol biodegradation has not been reported
previously in the literature.

3. The maintenance coefficient, m, was 3-5 times higher in batch cultures (where S is greater than the
critical substrate concentration, S”) than in continuous cultures at 10°C and 25°C. Values of observed
yield were also higher in batch cultures than in continuous cultures for a given specific growth rate.
The Pirt (1965) definition of the maintenance concept (Equation 2.7) would indicate that the same
observed yield, Yys, would be expected for a given growth rate, assuming that the maintenance
coefficient is constant. Thus, the maintenance coefficient cannot be assumed to be constant over a
wide range of substrate conditions, and Equation 2.7 should be used with caution when applied to
inhibitory substrates; it should probably be used only for cases where the substrate concentration is less
than S".

4. The yield data varied considerably between experiments; thus, it was not possible to develop a
quantitative relationship between temperature and the true growth yield, Y, or the maintenance
coefficient, m. However, two general conclusions about the trends observed in the parameter estimates
can be made. First, I'; has been reported in the literature to be constant with respect to temperature, the
results of this study do not disagree. Secondly, the maintenance coefficient determined in the present
study was found to increase with temperature in both batch and continuous cultures; this trend is
consistent with prior work (Fieschko and Humphrey. 1983; Heijnen and Roels, 1981. Mainzer and

Hempfling, 1976).

Phenol Biodegradation with Unacclimated Cuitures
Batch kinetic experiments were performed at 10°C using cells taken from the ICFBR and initial phenol

concentrations of 25 t0 315 mg/L.



5. The phenol biodegradation kinetics of acclimated cultures differed from the kinetics of cultures that
have been exposed to the low levels of phenol found in ICFBRs at normal steady-state operating
conditions (at 10°C in batch cultures). The critical specific growth rates (the maximum observable
specific growth rates) of the two cultures were different (2'=0.09 h"' for acclimated cultures and
#"=0.07 h'! for unacclimated cultures) and the specific growth rate decreased much more quickly at
higher phenol concentrations (§>200 mg/L) for the unacclimated cultures. The Haldane model did not
describe the data at the higher phenol concentrations very well. A simplified version of the model of
Luong (1987) described the data better (=0.78 compared to r*=0 69 for the Haldane (1930) model).
The resulting expression for unacclimated phenol biodegradation kinetics at 10°C was:

0.0876 x S(1- )
40]

_ 5.8
# 438+5 )

where S is the phenol concentration [mg/L] and g is the specific growth rate [h™']

6.1.2 ICFBR Performance

Two ICFBRs were operated at a variety of steady-state conditions with feed concentrations ranging from
180 to 590 mg/L phenol and dilution rates ranging from 0.025 to 0.069 h”', resulting in organic loadings of
0.15 to 0.50 g phenol/L-d. The phenol concentrations in the feed better represented industrial levels than
those used previously for shock-loading experiments in ICFBRs (Tang et al, 1987, Worden and
Donaldson, 1987). Periods from 31 to 80 days were allowed for the biofilm development under steady-state
conditions. Steady-state biofilm thicknesses ranged from 3 to 35 pm, depending upon the organic loading
and particle concentration (11-23 g/L). After steady state was reached, the systems were perturbed with
step changes in either the feed concentration or the feed rate. The resulting increases in organic loading
ranged from 40 to 500% of the initial steady-state values. Unsteady-state response of ICFBR systems with

psychrotrophic organisms at low temperatures has not been investigated previously.
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Bioparticle Characteristics and Development

6. High levels of abrasion can hinder biofilm growth, even at moderate gas flow rates (ug=0.9 cm/s) and

relatively low particle concentrations (18-22 g/L). This is particularly true if the temperature is low
(eg. 10°C), resulting in low growth rates, and if the dilution rate is below x4~ because there is increased
competition for substrate by suspended cells. Particle size did not appear to be a factor in biofilm
development; this contrasts with the findings of Gjaltema et al. (1997b) who concluded that biofilms
formed preferentially on smaller particles due to the lower impact upon colliding with other particles.
Approximately 5-10% of the sand particles did not develop a biofilm, even when most particles in the
ICFBR were covered with a fairly thick biofilm (=35 um) The uncovered particles were markedly
different in appearance from those that developed biofilms: they were typically smooth, whereas the
biofilm-coated particles were irregular and rounded. Thus, it can be tentatively concluded that a
fraction of the sand remained uncovered because of lack of surface roughness, although surface
chemistry effects cannot be ruled out. This finding is consistent with other reports (Gjaltema et al.,
1997a).

The extraceliular polymeric substances (EPS) in the biofilm accounted for only 3-5% of the bioftlm
dry weight. This contrasts with other studies in which the EPS was reported to be a significant portion

of the biofilm (up to 90% as TOC (Bakke et al., 1984)).

Response of the ICFBRs to Shock Loading

9.

During the various shock-load experiments conducted, two types of responses were noted: low- and
high-level responses. During low-level responses, there was no response in the bulk phenol
concentration and the suspended biomass concentration increased to a new steady state value. During
high-level responses, the phenol concentration rapidly increased to levels approaching the feed
concentration and the suspended biomass washed out, however, the bioparticles were retained in the
system. The experimental work shows clearly that washout of suspended biomass and leakage of
phenol leading to system failure is possible in an ICFBR system. This has not been previously

demonstrated in the literature. Factors leading to system failure include:
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 thin biofilms which may arise from an imbalance in detachment forces and substrate surface
loading,

®  competition with suspended cells for substrate,

e high feed concentrations which may lead to high concentration transients, and

» relatively large changes in organic loading rate (200-500%).
Even though bioparticles are retained during a system failure. the system will not necessarily recover,
particularly if the biofilms are thin and the reactor phenol concentration enters into a strongly
inhibitory regime (>200 mg/L).
In laboratory-scale reactors, where the reactor surface-area-to-volume ratio is low, wall growth can
significantly alter the response of the system to shock loads, and must therefore be avoided if the

results are to be meaningful.

. Spectrophotometric analysis of the fermentation broth during the shock loading experiments indicated

that compounds other than phenol were present. The observed peaks were suggestive of intermediate
metabolites from the ortho pathway for phenol biodegradation, which is possessed by P. putida Q5
Another compound, possibly a yellow-coloured pigment, was also noted. GC-MS analysis confirmed
that at steady-state conditions, phenol is the only compound present.

Air stripping was calculated to be a minor removal mechanism of phenol, even when phenol

concentrations were above 100 mg/L during process failure.

6.1.3  Unsteady-state ICFBR Model

A unique unsteady-state process model was developed and implemented. The model included the

contribution of suspended cells to the removal of phenol in the reactor, and included terms for diffusions

both within the biofilm and in the diffusion boundary layer surrounding each bioparticle as well as the

process of detachment. The model could represent a wide variety of conditions (described above) and a

wide range of responses - from no response in the reactor phenol concentration to system failure. Unlike

other models, the model could also simulate the response of all four process variables: the bulk phenol

concentration, the suspended biomass concentration, the concentration profile of the substrate in the biofilm

[
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and the biofilm thickness. The solution of the model was simple enough that the model could be used for

estimation and nonlinear control in the future.

Conclusions Arising from the Unsteady-state Model

13.

4.

15

The use of kinetics determined using unacclimated cultures was needed to model the response of the
system. The use of kinetics determined using acclimated cultures resulted in simulations that
incorrectly predicted the recovery of the system to a severe shock load (dilution rate shift from 0.037 to
0.17h).

Growth rate hysteresis was another key concept that was required in the model to represent the
sensitivity of the system to transient conditions during a shock load. An adjusting factor was expressed
as a suppression of cell-growth that was proportional to the difference between the bulk phenol
concentration and the steady-state phenol concentration to which the cells had been acclimated. Thus,

the growth rate of the suspended cells was expressed as follows:
Hy (1) = k(Sy (1) = 5,(0)) (1) (5.16)
where the bulk concentration of phenol at time ¢, S,(7), and at the initial steady state value, S,(0), are

expressed in mg/cm’ and the specific growth rate corresponding to Sy(?) assuming balanced growth,
Uy, is expressed in h™' . The specific growth rate within the biofilm may be expressed similarly.
d(rt)=k(S,(r.t)=S,(r0Nu,,(r,t) (5.17)

The addition of the adjustment factor to account for growth rate hysteresis enabled the model to
comrectly simulate system failure (ie. washout of the suspended biomass and breakthrough in the
phenol concentration) for a moderate shock foad (dilution rate shift from 0.034 to 0.059 h' and a feed
concentration increase from 251 to 296 mg/L phenol). Such system failures have not been previously
demonstrated for ICFBRs.

Simulated phenol concentrations within the biofilm confirmed that for thin biofilms (such as the ones
that were observed during a number of the experiments performed), internal and external mass transfer
resistances were not significant. However, simulations of concentration profiles for thicker biofilms
confirmed that under operating conditions that were outside the ones verified experimentaily, internal

and external mass transfer processes are significant and should be included in the model.
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6.2 Recommendations

Biofilm Development

The process of developing biofilm-coated particles in an ICFBR reactor that is fed toxic or inhibitory
compounds is an area that needs further work. With the techniques used in this research and others, it is
possible to operate for long periods of time (eg. 50 days) without developing fuil coverage of the carrier
particles, particularly if the initial carrier concentration is high. The high dilution rate approach suggested
by Tijhuis et al. (1992a) may not be appropriate if the concentration of phenol in the feed stream is
significantly above the critical substrate concentration. In practice, a reactor cannot operate for any period
of time at the conditions that were noted in Runs 5 and 8 (ie. at dilution rates above ' during which the
phenol concentration in the reactor approached the feed concentration).

Parameters of importance would include: the suspended cell concentration (needed for primary
biofilm formation but provides competition with biofilm cells for substrate), the carrier concentration, the
substrate concentration in the reactor, and the reactor hydrodynamics. Startup regimes might include batch,
fed batch or sequencing batch steps to allow for high suspended-cell concentrations and high phenol
concentrations, although to do so in an ICFBR reactor might require adjustments to the reactor. Another
approach might involve the gradual addition of bare carrier particles in order to minimize abrasion so that
biofilm development might occur at a faster rate. Once the biopanicles are panially covered, the
detachment rate decreases (Gjaltema et al., 1997¢). The steady-state model could be used to predict steady-
state operating conditions that would be conducive to the development of thicker biofilms than were

observed during this study.

Kinetics

Preliminary resuits indicated that suspended cells that are acclimated to very low concentrations of phenol
are more inhibited by shock loads of phenol than are suspended cells that are acclimated to high
concentrations. These results have important ramifications for our understanding of the dynamic response
of systems to shock loads of toxic or inhibitory feed streams. Much of the kinetics research reported in the

literature has been done with acclimated celils. It is an area that shouid be investigated further.



Biofilm Structure

The structure of biofilms grown in flow cells and annular reactors has been the subject of a number of
studies using novel experimental techniques, including the use of microelectrodes, micro-optrodes for
oxygen, confocal microscopy and microsectioning (de Becr and Muyzer, 1995). The results will likely
change the way we model and work with biofilms of these types. To date, there is very little understanding
of the microstructure of biofilms that are subject to the level of abrasion found in ICFBRs. For example,
the smooth biofilms that were observed during this research may have had a complex network of pores in
which convective transport was occuring, or the biofilms may have been of the diffusion-only type.
Investigations of this type would provide a fundamental understanding of mass transfer effects and perhaps
the ‘lift out’ phenomenon.

Intermediate Metabolites

Despite the large volume of work that has been donme in the last 20 years to understand phenol
biodegradation kinetics, there is very little information about the excretion of substances into the medium
during the dynamic response of systems to shock loads. It would be useful to identify these compounds
(some are likely intermediate metabolites), and to determine the extent to which these compounds have an
effect on the dynamic response of systems. For example, these compounds may repress certain metabolic
pathways.

Lift-out Phenomenon

Lift-out of bioparticles has been reported previously for both lab-scale (Patoine, 1989) and full-scale
(Tijhuis et al., 1996) ICFBRs. The model could be modified to include the formation of carbon dioxide gas
bubbles so that potential probiems with lift-out could be predicted.

Predators / Microbial Ecosystems

During the initial part of this research, problems were experienced with a flagellate which was a
contaminant in the sand used as the carrier. The ability of the flagellate to decimate the population of
bacteria in the reactor highlighted the importance of investigating mixed culture/complex ecosystem types
of biofilm reactors (rather than simply pure cultures) and perhaps eventually incorporating the findings into
models. Nevertheless, pure culture studies are still valuable because they enable important features of the

response of systems to be interpreted.

[
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NOMENCLATURE

Ay
A

As

by
bs
Bo

B, B;. B;

interfacial area per unit liquid volume, [m™')

curvature factor in Equation 5 11, [mg/cm’]

interfacial area per liquid volume of the biofilm, [m™']

Arrhenius frequency factor, [h™']

surface area of the bioparticle, [cm®]

enzyme activity, units not listed in original paper

maximum enzyme activity, units not listed in original paper
Arrhenius frequency factor related to K}, [mg/L]

Arrhenius frequency factor related to K, [mg/L]

regression coefficient in square-root temperature relationships, [K'n'?
constant in Equation 5.11, [mg/cm®)

regression coefficient in square-root relationship for K/, [K™(mg/L)"?]
regression coefficient in square-root relationship for K, (K (mg/L)"! g
Bond number, Bo=gd.” 0, o

dimensionless constants in Equation 2.64

regression coefficient in square-root temperature relationships, [K']
heat capacity, [J/gK]

constant in Equation 5.11, [mg/cm’]

concentration of component C in a biofilm, [g/L]

concentration of component C in the aqueous phase, [mg/L]
dissolved oxygen concentration, {g/L]

equilibrium concentration of dissolved oxygen in water, [g/L]

bulk dissolved oxygen concentration, [g/L]

concentration of dissolved oxygen at biofilm surface, [g/L]

particle concentration in the reactor, [g/L]

particle concentration over the sparger, [g/L]
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dy, bioparticle ferret diameter, [cm]

d. diameter of column, [m]

dy internal diameter of the downcomer section in the ICFBR, {cm]

d, bare particle diameter, [cm]

d,, specific surface diameter, [m’}]

dy screen diameter, [cm]

d, equivolume sphere diameter, [m?)

d, internal diameter of the riser section in the ICFBR, [cm]

diop internal diameter of the top of the riser section in the ICFBR, [cm]

D dilution rate, D~Q 17, [h"]

D, effective diffusivity in the biofilm, [cm?/s]

DJD., relative effective diffusivity in the biofilm (as compared to that of the
component in water)

D, diffusivity in biofilm of component i, [cm?/s]

D, diffusivity in water of component i, [cm®/s)

Dy diffusivity in the liquid, [cm?/s]

Do diffusivity of oxygen in water, [cm?/s)

Dg; diffusivity of substrate in the biofilm, [cm®/s]

Ds. diffusivity of the substrate in water, [cm/s]

DBSM dilute basal salts medium

[E7] total enzyme concentration, [mol/L]

S fraction of active bacteria in the biofilm

Jow ratio of dry weight to wet cell weight, {g DW/g wet weight]

S inactive fraction in the biofilm

Sz fraction of inactive bacteria in the biofilm

o fiutefs function expressions for the unsteady-state model (Equations 5.12-5.15)

F, lumped term in Appendix G, F,= (kpc,)(£7/)

Fr Froude number, Fr=ug (gd‘/’ :
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ki k: ks ky

k4

ki

K;, K:, Kj, K4

K
K;
K[_a

Ks

gravitational acceleration [m/s®)

Galileo number, Ga-gd.’¢c,” u,”

Plank's constant, [J/s]

height of column. [m]

Henry's Law constant, [atm-L/mol]

Arrhenius temperature characteristic, [J/mol]

Arrhenius temperature characteristic relating to K, [J/mol]

Arrhenius temperature characteristic relating to Ks, [J/mol]

ernthalpy of activation, {J/mol]

flux of phenol, [g/cm? h]

heat transfer coefficient, [W/mK]

empirical constants with dimensions consistent with equations in which they are
found

endogenous decay coefficient, [h']

liquid-biofilm mass transfer coefficient for oxygen, [m/h]

growth associated product formation coefficient, {g product/g biomass]
non-growth associated product formation coefficient, [g product/g biomass.h]
liquid-biofilm mass transfer coefficient for substrate, [cm/s]

empirical constants with dimensions consistent with equations in which they are
found

Boltzmann's constant, [J/molecule.K]

Haldane inhibition constant, [g/L]

overall gas-liquid mass transfer coefficient, {h")

Monod constant, [g/L]

thickness of liquid-to-biofilm diffusion boundary layer, [cm]

biofilm thickness, [cm]

substrate maintenance coefTicient, [g/g-h]

mass of biofilm on a single particle, [g]
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my
M,
My

M, M, M;

Mep

ps

Pr
/]

qs

ry

g5}

rp
s
rs

ry

mass of one particle, (g)

mass of particles in system, [g]

molar mass, [g/mol]

masses in biofilm dry weight procedure, [g]

number of bioparticles in a sample for image analysis
number of bare particles in a reference sample
number of active bacteria

number of bacteria

total number of particles in the reactor at any given time
total number of particles added to the reactor initially
number of particles in a sample

mass of sand added to an ICFBR reactor, {g]

total pressure in ICFBR, [atm]

specific rate of product formation, [g/h]

specific rate of substrate uptake, (g/h]

feed rate, [L/h]

air sparging rate, [L/d]

radial position within biofilm, (cm]

rate of endogenous decay, (g/L-h]

specific rate of detachment, (h']

radial position at biofilm surface, [cm]

rate of cell maintenance, [g/L-h]

radial position at particle surface, {cm]

rate of product formation, [g/L-h]

rate of substrate uptake, {g/1-h]

rate of stripping, [mol/L-d]

rate of cell growth, [g/L-h]

gas constant, [J/mol:K]
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Rt

Re
Re,
Re.,.

Rs

Sh

-Sh.m

©oo-

i

AS°

AS e

los

rate of adhesion of cells to biofilm, [y DW/L-h]

rate of biofilm detachment, {g DW/L-h]

Reynolds number, Re ~dup; 1

particle Reynolds number, Re, - odyu 1.

Reynolds number at the wall, Re,, ~dupo; up

reaction term for consumption of substrate, (g/L-h]

substrate concentration, [g/L.]

substrate concentration when p-u', {g/L]

substrate concentration in the bulk liquid, [g/L]

substrate concentration in the bulk liquid. [mol/L]

deviation variable, effluent substrate concentration, $= S-S, [g/L}
Schmidt number, Sc=v D,

substrate concentration within biofilm, [g/L]

Sherwood number, Si=kd, D;,

bacteriostatic substrate concentration, [g/L]

substrate concentration in the feed, [g/L]

substrate concentration at biofilm surface, [g/L]

steady-state phenol concentration, [g/L]

specific surface area, [cm®/g]

entropy of activation, [J/mol]

entropy of activation corresponding to high-temperature enzyme inactivation.
[J/mol]

entropy of activation corresponding to low-temperature enzyme inactivation,
[J/mol}

time, [h]

characteristic time, f=t ¢

Student’s t statistic with a tail area probability of 10%

temperature, (K]
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Tosu

TQ LA

Td.S

s
T 4

ar

Uuc

UGr

temperature at which controlling enzyme is half active due to high temperature

inactivation, [K]

temperature at which controlling enzyme is half active due to low temperature

inactivation, {K]

initial temperature, [°C]

maximum temperature for growth, [K]

minimum temperature for growth, [K]

characteristic temperature, [°C]

characteristic temperature relating to X, in the square-root maodel [°C]
characteristic temperature relating to K, in the square-root model [°C]
optimum temperature for growth, [K]

surface temperature, [K]

effective temperature, [K]

change in temperature, [K]

superficial velocity of the fluid, [m/s]

gas superficial velocity, {m/s]

gas superficial velocity in the riser section, [m/s]

hindered settling velocity, [m/s]

terminal settling velocity for a particle in stagnant fluid, [m/s]
average turbulence intensity, {m/s]

root mean squared velocity, [m/s]

volume of sparged fluid, [L}]

volume of a bioparticle, {cm’]

volume of one cell, [cm’)

volume of liquid in the reactor, [L]

molar volume of a substance at normal boiling point, [cm*/mol]
reactor liquid volume, [L]

sample volume, L}
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X
Xou
X,
X,

Xeo

Frs
Fys

"vo

Greek symbols

/4

g

&G

£Gd

&
Es
&)

n.

bs

6

concentration of viable cells, [g/L]

biofilm concentration on a sand basis, [g DW/g sand)

biofilm biomass concentration in reactor, [g DW/L]

suspended biomass concentration in the reactor, (g DW/L]

suspended biomass concentration in the feed stream, [g DW/L]

true growth yield coefficient, (g DW/ g substrate]

product yield coefficient based on substrate consumed, (g product/ g substrate]
observed growth yield coefficient, [g DW/ g substrate]

growth yield coefficient on oxygen, [g DW/ g oxygen]

time constant, [h?]

biofilm thickness, [cm]

porosity of expanded bed

specific energy dissipation, [m*/s’]
gas phase holdup

gas phase holdup in the downcomer
gas phase holdup in the riser

liquid phase holdup

solid phase holdup

perturbation variable

effectiveness factor

transmission coefficient

sphericity factor

Carman'’s surface factor (®.=6.0,5.d,)
solids fraction in the suspension

hydraulic retention time, [h]
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4 lumped term variable in the unsteady-state model defined in Equation A-35

u specific growth rate, [h"']

i specific growth rate - deviation variable, [h™']

U maximum observable specific growth rate, [h"'}

Hp specific growth rate in bulk liquid, [h™")

Ui specific growth rate in the biofilm (at a given radial distance), [h"'}]
m viscosity of a liquid, [cP]

Hm Monod maximum specific growth rate, [h"']

M Haldane maximum specific growth rate, [h™')

Us predicted specific growth rate at steady state, [h']
Hu viscosity of water, [mPa]

v kinematic viscosity, v~y p, [g/cmz-s]

Por wet density of biofilm. [g/cm’ wet biofilm]

Preet density of a cell, [g/cm’]

o biofilm dry density, [g DW/cm® wet volume]

o density of a liquid, [g/cm’]

Op particle density, [g/cm3 ]

c surface tension (in K a correlations), [g/s’)

T time constant (depending on context), [h]

T shear stress, [Pa]

Ty shear stress at the wall, [Pa]
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Appendix A:  Mathematical Development for the Solution of the Steady-state and Unsteady-state
Models

A-1 Mathematical Development for the Solution of the Steady-state Model.

At steady state, the rate of change of each variable in the system is zero. The expressions developed for

each variable in Section 4.2 at steady state are listed below.

The balance on the substrate in the bulk fluid, S, (Equation 4 1 with 4.2 and 4.3 substituted) becomes:

ANk (S, -S,|,)
= D[S,-Salt)] (- m) g —L T2 MM g (A1)
Vg eV r

dSs
dt

The balance on the suspended biomass in the bulk fluid, X5, (Equation 4.10 with 4.11 substituted) becomes:

- 47N r (r3 —r’)
s o xs-Dxs - —2EL0 1 7T g (A-2)
dt 3g,Vy

The balance on the substrate in the biofilm, S in spherical coordinates (Equation 4.5) becomes:

as, | 8,.,05,  u
—_— = —_ = (r'—=))-(—-m =0 A-3
Ey Dss = 6r( o )) " f P, (A-3)

which is subject to the following boundary conditions:

Ds_,a§f=0 ar r=r, (A-3a)
or
0

Dsy aif “ks(Sy-Sy,) at r=ry (A-3b)

The balance on the biomass in the biofilm, expressed in terms of the radial distance to the surface of the biofilm

from the centre of the bioparticle, r, (Equation 4.16) becomes:

@y

1T L,
~ =r—:(_[pfr“dr—3(r;-r;)rn)=0 (A-4)

s



Assuming a parabolic profile for the substrate concentration in the biofilm, the expression for the substrate

concentration in the biofilm, §,, is

S,=d'(r—r,Y +b(r-r,)+c

oS
—L =24 (r-r,)+ b
or (r=1)

but from Equation A-3a,

as,
=0a r=r,

or

thus

b =0

At r=ry
o8 .

Dsy ffks(Sb‘Sf,,/

or

Substituting Equations A-5 and A-6 gives
,
2a'Dg (r,—r,)=k(S,-a'(r,-r,)" +c)

Rearranging to isolate ¢’ gives,
2D
2 =Ysr
¢'=S,-a'(r,-r,) = (rp=r,)
Substituting Equation A-10 into Equation A-5 gives,

S, =d((r-r,) ~(r;-r,)" -

Thus,

oS
—L = 2d'(r -r,)

or

S‘f(rf-rp)+Sb)

(A-5)

(A-T)

(A-8)

(A-3b)

(A-9)

(A-11)

(A-12)

(A-13)

(A-6)

(A-10)
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From Equation A-3b,

. 2a'Dg, ,
Sf ’, =.S,,———k——(rj.—rpj (A-14)

Substituting Equation A-12 into Equation A-3 and multiplying by

R a r .2 4
r Ds‘f(a—r(2a r(r=r,p-r° (fi -m)fp,=0

(A-15)
R
Integrating with respect to r
T (2 2 d T e d
—(2d'r*(r-r,))dr- (r" (—-m))dr=0 A-16
Ds,! (5,7 (r=r,) fp,J G m) (A-16)
P P
Solving
2 w7t Jfo,m
2a'Ds g1 (ry = 1) - 2L [Py ydr - L= (r} - 1) =0 (A-17)
g
From Equation A-4
f r
[rugdr =24} - 1}) (a-18)
r, J ’
Substituting Equation A-18 into A-17
) fo,rpr;=r))  fo,m
2a'Dspr(r, —r)- L2 (2 -y =0 (A-19)
- . -’}K B
Collecting terms
1 r, _
2a'Dsyr, (1 =1,)-3/Ps (17 -r,f)(;,"—+m) =0 (A-20)
8
Rearranging to isolate a’
3 3 rD N
fp/("f = )(?"'m)
a = . 2 (A-21)
6D ;r;(r,—r,)



Substituting Equation A-14 into A-1,

Sm'rfNPa'Ds_f(rf -r,) 0

D(S,-Sp)-(22 - m) x5 - ]
)g gL,'R

Substituting Equation A-21 into A-22,

,
4fer,[,j}of(y£ +m)r}-r))

D(S,-Ss)- (2L - m) - £ =0
YR 38L[,R

Rearranging to isolate X

. r,
| 4aN, for (- +m)r}-r))
Xy =—(D(S,-§,)- £ .
(?A +m) 3¢, Va

8

Substituting Equation A-24 into A-2 and consolidating common terms,

4mVppf(r; - r:)

<rD<%+m>-f(;z,, - D)(;—D+m>)+D(ub - DXS, - S,)=0

3¢V, . .

Isolating ry,

r=( 3, Ve D(D = py XS, -Sb)r "'",,3)3

42N 0, (rp (£ +m) = f(pty = DY +m))
Yx Yx

Substituting Equation A-26 into Equation A-18 gives,

J'r:/lfdr-r—g’-( "‘SLIZ?D(D'/‘I»)(SU‘SH’

g 4mNppf(rD(?l+m)-.f(”b—D) YTD‘*’"))

g 2

(A-22)

(A-23)

(A-22)

(A-24)

(A-25)

(A-26)

(A-27)

Equations A-26 and A-27 were solved numerically for different values of S, until a value of S, for which

the function value was zero, was found. There were two solutions: a trivial solution for r,=r, and a steady-

state solution for which r>r,. The trivial solution corresponds to the case of a bioreactor without

immobilized biomass.



A-2 Mathematical Development for the Solution of the Unsteady-state Model.

Basic mass balances
The expressions developed for each variable in Section 4.2 at unsteady state are listed below

The balance on the substrate in the bulk fluid, §,, (Equation 4.1 with 4 2 and 4.3 substituted) becomes:

dmrriNok (S, -S,|, )
S0 Dy sa-Sat)] (2 ey yy LT Tl (A-28)
dt Yg SLI/R

The balance on the suspended biomass in the bulk fluid, X5, (Equation 4.10 with 4.11 substituted) becomes:

33
dXs AN p rp(ry —r,)
-4 Xs-DXs - - A-29)
a s DAs 36,0, (
The balance on the substrate in the biofilm, S, (Equation 4.5) becomes:
oS, 1 o, .05, y
— = De = =—Ar" —=))-{—=~-m) (A-30)
DG G il ey
which is subject to the following boundary conditions:
oS,
D.s:f—g;- 0 at r-p, (A-3a)
s
Ds; L =ks(S-Sy,,) at r=rs (A-3b)

The balance on the biomass in the biofilm, expressed in terms of the radial distance to the surface of the biofilm

from the centre of the bioparticle. r, (Equation 4.16) becomes:

d, 1% ., 1

S 2 3 3
——=—(Vuridr-—r; -r,)rp) (A-31)
dt r; ;[ 3 P

The parabolic approximation for substrate concentration in the biofilm, S; is shown in Appendix A-I,

Equations A-5 to A-14.

263



Applving the parabolic approximation the balance on the bulk phenol concentration

Substituting Equation A-14 into A-28 gives,

dS 8mr}N,a'Dg (r,-r,)
£ (S, - Sh)- (2 - my g - —L Ll (A-32)
dr Yq gtVr
Applying the parabolic approximation to the balance on phenol concentration in the biofilm
Multiplying Equation A-30 by r~ gives.
orS d, .08 H 2
O/ 2 / 2
" Dsg(—(r"—=))-(—=-mr (A-33)
at Sar' or ) Y, / Py
Integrating with respect to 7 gives,
/i
er's M 1,
I f“' I 5. (-—(f —-—'))d f (=L -mrifp,dr (A-34)
’, r, Y g
» P
Equation A-34 will be evaluated term by term.
f'l a 2
Term 1. I rS; dr (A-34a)
: o
1
Applying the Leibniz rule to term A-34a gives,
W dr==\rS,dr-—Lr (A-34a-1)
! j. ar ool

Substituting Equation A-11 for Syand Equation A-14 for S, gives,

d% . \ , 2D
dr = Ij.r'(a (r=r)y =(rp=r,) - ks‘f (rp=r,))+S,1dr
G (A-34a-2)



Expanding and integrating yields,

oA s 5 5 4 3 3 3
or-Sy d ,rp—r, r-=r re=r,
dr =—(a L £r + £ p=
,Iaz’dz((s 3 3”)
2. oo P gt
—a' (2L (r, = r) 4 (-1, ) WL T+ 5 L—2)) (A-34a-3)
S 2
dr, , 2a'D,
——Lr (S, -5 =)
Let 4 be defined as,
rR-r r-r ri-r
6 =da'( [5 - f?. Er, + L_ Ery)-d'( P L(r,-r,)
3 3 3 3 ’ (A-35)
. ri=r r;-r
+("f—rp)-)(f p)"‘Sb(f,, P)
3 3
Thus Equation A-34a-3 can be restated as,
A 6,' Sf de dff - ..CI'DY
dr==—-=L3S, -=—2L(r, -r A-34a-4
J ar TR (A-34a-4)
f o, .08
Tem2: | Dg, (—(r® =L))dr A-34b
erm J sf ar( a )) ( )
Substituting Equation A-12 into A-34b gives
f &, ,0S (¥
D, (—(r*=Ly)dr = D, | =—Qa'r*(r-r,)dr A-34b-1
{ s (=5 5,,!ar( (r-r,) ( )
’f r,
3, .85 'y Frant
{DS s (-é-;(r -—é-;—))dr=2cz 5./ J (3r° =2rr,)dr (A-34b-2)
4
d .05 , s
[Ds, (o (r* S DNdr = 24D (7} = 1) (A-34b-3)

T



Replacing terms | and 2 in Equation A-34 with A-34a-4 and A-34b-3 and rearranging gives,

dé , i s dr, , 2a'Dy
E—:‘la[)_q.f(rf—rfrp)-t-?rf(Sh——-Tk'——(rf—rp))
', (A-36)
Hy 2
- ——m)r-dr
fpf!(yx )
where a’ is expressed as,
’ 9—51,(";—7'3)/3
a =— s 1 4 3 3 £ 3 3 (A-37)
AR =t 2y 2Dsy 2170
( 5 3 r, + 3 r,)—( P (rp=r)+(rp=r,) - 3 -)

s

Then a system of four nonlinear ODEs given by Equations A-36, A-28, A-29 and A-31 is obtained.
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Parameter Values and Operating Conditions used in the Steady-state
and Unsteady-state Simulations

Appendix B

Table B-1 Parameter Values used in the Steady-state and Unsteady-state Simulations

Parameter Notation in Run
MATLAB 1 2 3 5 ] 8
code !
Haldane | ptmg [h'] mumax 0.112 0.112 0.112 0112 | 0112
kinetics | K [g/em’] Ks 2.5«107 | 25x10”° | 2.5x10° | 2.5x10" | 2.5x10?
K, [mg/em’] ki 0.175 0175 0.175 0.175 0.175
Luong | Uma[h’] mumax | 008762 | 0.08762 | 0.08762 | 0.08762 | 0.08762
kinetics | Ky[mg/cm'] Ks 43107 | 43x10° | 43x10° | 43x107 | 4.3x107
S; [mg/em’] ki 0.401 0.401 0.401 0.401 0.401
Y, {mg DW/mg phenol] yg 1.39 1.39 1.39 i.39 1.39
m [mg phenol/mg m 003 0.03 0.03 0.01 0.01
‘ DW-h]
Ds ., [cm®/s] dsw 0.056952 | 0.056952 | 0.056952 | 0.056952 | 0.056952
D.D, [-] dedw 0.1 0.1 0.1 0.1 0.1
pr [mg/em’] rof 230 230 230 240 290
f {-] ff 0.85 0.85 0.85 0.85 0.85
rp [h7] rd 0.024 0.025 0.018 0.022 0.022
k, [cm/h] kss 39.6 39.6 39.6 39.6 396
g [-] epsl 0.97 0.97 0.97 0.97 0.97
r, [cm] P 9.75.10" | 9.75x107 | 9.75x107 | 9.75x10”* | 9.75x10°
! 2 [em’] VT 4.22x10° | 3.46x10° | 4.22x10° | 4.22410° | 3.46x10°
! N [ np 8.74x10° | 7.61x10° | 4.79x10° | 8.09x10° | 5.63x10°
Table B-2. Operating Conditions used in the Steady-state and Unsteady-state Simulations
Initial/Final Operating | Notation in Run
Conditions Condition | MATLAB 1 2 3 5 | 8
Parameters code
Initial Conditions D [hY d 0.034 | 0.0451 | 0025 | 0042 | 0.037
used in steady- S, [mg/cm’] 5o 0251 | 0180 | 0248 | 0.160 | 0.592
! state simulations l
! Step increases D[h" d 0.0592 | 0.0368 | 0.0593 | 0.0945 | 0.170
used in unsteady- | S, [mg/cm’) 0 0.296 0.270 0.238 0.160 0.506
state simulations




Appendix C MATLAB Code for Steady-state and Unsteady-state Simulations
C-1 MATLAB Code for the Steady-state Model using Haldane Kinetics

clear
d=0.0374;
s0=592/1000;
np=5.63e6;
vr=3.46*1000;
mumax=0.112;
Ks=2.5/1000;
ki=175/1000;
yg=1.39;
m=0.01;
dsw=1.582e-5*3600;
dedw=0.1;
rof=240;
f£=0.85;
rd=0.022;
kss=0.011*36G0;
epsl=0.97;
rp=1.95e-2/2;
dsf=dswrdedw;

1=0;

fcr sb=0.2005:0.000002:0.002,
i=i+1
sbb(1)=sb;

mub=mumax*sb/ (Ks+sb+sb*sb/ki);

mu (i) =mub;

num= (mub-d) *d* (so-sb) *3*epsl*vr;
den=4*3.14*np*rof* ( (mub-d) *ff* (rd/yg+m) -zd* (mub/yg+mj) ;
rf=(rp”3+num/den) "~ (1/3)

rff(i)=rf;
a={ff*rof*0.333*(rf"3-rp"3) ) * m+rd/yg)/ (2*rf"2*dst* (rf-rp)):

aai{i)=a;
xs{i)=(d* (so-sb)-4*3.1415%*np*ff*rof/ (3*epsl*vr) * (rd/yg+m)* (rf~3-
g3/ mek/ 5w
sum=0;
11i=0;
fcr r=rp: (rf-rp)/1000:rf,
ii=ii+1;
sf=sb+a*({r-rp)"2-2*dsf*(rf-rp)/kss~-{(rf-rp) "2},
sff(ii)=sf;
muf=mumax*sf/ (Ks+sf+sfrsf/ki);
sum=sum+muf*r*r* (rf-rp)/ (1000);
end
£f(i)=1Ce7* (sum=-{rf*3-rp”"3)*rd/ (3))
end



C-2 MATLAB Code for the Steady-state model using Luong kinetics

clear

d=0.0451;
so0=130/1000;
np=7.6le6;
vr=3.46*1000;
mumax=0.08762;
Ks=4.38/1000;
ki=401/1000;
yg=1.39;
m=0.03;
dsw=1.582e-5+*3600;
dedw=0.1;
rof=230;
f£=0.85;
rd=0.024;
kss=0.011+*3600;
epsl=0.97;
rp=1.95e-2/2;
dsf=dsw*dedw;

i=0/;

for sb=(0.,0008:0.00001:0.004,
1=i+1
sbb (i) =sb;

mub=mumax*sb* (1-sb/ki)/ (Ks+sb);
mu (i) =mub;
num= (mub-d) *d* (so-sb) ;
den=4+3.14*0.332*np*rof* ( (mub-d) ~£f* (rd/yg+m) -
rd* (mub/yg+m) ) /epsl/vr;
rf=(rp~3+num/den) "~ (1/3)
rif(iy=rf;
a=(ff*rof*0.333"(rf"3-rp~3}) *(m+rd/yqg)/ (2*r£"2*dsf*(rf-rpii;
aa(l)=a;
xs(i)={d*(so-sb)=-4*3.14158"np*ff*rof/(3*epsl*vr; ®(rd/yg+m) * (rf"3-
rp”~3) 1}/ (mub/yg+m} ;

cvim=m .
sum=12;

ii=0;
for r=rp:(rf-rp)/1000:rf,
1i=ii+1;

sf=sb+a* ((r-rp)*2-2*dsf* (rf-rp)/kss-(rf-rp) "2i;
sff(ii)=sf;
muf=mumax*sf®(l-sf/ki)/ (Ks+sf);
sum=sum+muf*r*r*{rf-rp)/(1000);
end
£(i)=10e7* (sum- (r£*3-rp*3!*rd/ (3))
end
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C-3 MATLAB Code to calculate 0 from the steady-state value of a

rf=0.01030133;
a=4.378e2;
sb=0.766/1000;

dsw=1.582e-5*3600; zml/n

dedw=0.1;
kss=0.01143600; cx/h
rp=0.0195/2; cm
dsf=dsw*dedw;

theta=a* ((rf"5-rp~5!/5-(rf*4-rp~4)/2*rp+(rf~3-rp”"3)/3*rp~2) -
ar(2*dsf/kss*(rf-rpi+(rf-rp)"2) " (rf"3-rp"3)/3+sb*{(rf"3-rp~31/3
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C-4 MATLAB Code for the Unsteady-state Model using Haldane Kinetics

e - -~ 1
fircuicsn dy=dynamic(t, vyl
IUNRMIT T,y retyurns Tne stzne deriviatnives I The UnIZteal” 3TiTe
ITEFRER mine .
[ Ty . - - P Pl B T I e S | R O R z AT zas faw
~a g el ela ’ ~ s ATl 22 - 2T20 L anl2lVan | alie vz Gz Ies L0
5, "neza, i

0,170; n-1.

50=506/1000; mg/cmi

np=5.63e6;

vr=3.46~1000; zom3

mumax=0.112; n-1

Ks=2.5/1000; mg,/cm3

ki=175/1000; mg/zm3

yg=1.39; mgrm3

m=0,01; n-.

dsw=1,582e~-5"36C0; cmi/n

dedw=0.1;

rof=290; mz,/Im3

£f=0.83;

rd=0.022

kss=0,011*3600; cm/h

epsl=0.97;

rp=0.0195/2; cm

dsf=dsw*dedw;
mub=mumax*y{1l)/(Ks+y (1l ry(1)"2/ki);
pl=y(l)*(v’4;"3-rp”~3)/3;
p2={1(y(4)"5-rp"5)/5~-rp*iy(4)"4~rp~4}/2+rp {y'4:"3-rp~3)/3)
i2dsf* iy i4)-rp)/kss+iy(d)-rp)*21*(y(4)" 3~ o 3 /31
a=(y(3y-pli/p2;
sfrf=y(l)-2*a*dsf/kss* {(yidi=-rp};

suml=0;
sum2=0;
i=0;
for r=rp:iily -rp}/100:y(4),
i=i+1;
si=yllitar ir~sp)"2-2dsf (ypid) - Skes- oy ld o T2

muf=mumax*sf/ (Ks+sf+sf*sf/ki):
suml=suml+muf*r*r*{y(4)-rp)/{100};
sumZ=sum2+ (muf/yg+m) *rer~{y(4)-rp)/100;
and
integ=1/y {4} "2 (suml-1/3*(y(4)*3~-rp"3) *rd);
group=2*dsf*a*y(4)*y(4)*{y(4!-rpi~ff*rof*sum2;
dy (1, 1)=d* (so~-y(l})~(mub/yg+m)*y(2)-4*pi*{y(4))"2*npr2*dsfra~{y(4)~
rp) / (epsl=vr);
dy (2, 1) =(mub*y (2} ~d*y (2} +4*pi~ (y(4)*3-rp" 3! *np*rof*rd/ (3*epsl vr));
dy {3, l)=(group+integ*sfrf*y(4)~y(4));
dy(4,1i)=integ



C-5 MATLAB code for the unsteady-state Model using Luong Kinetics
funcrziorn dy=dynalu(t,y)

ZYNARLD T,y reTlirns tne sState eriviegTives I The insSTealy Snéte
ITEFRR model

Fun by typlng %,y =0deils;'dyramic', [interval), inlTila. Fuesses Icr
e, ¥s, theta, ri
d=0.0368; h-_

so=270/1000;
np=7.6le6;
vr=3.46*1000; <m3
mumax=0.,08762; :h-1
Ks=4.38/10400; ‘mg/cm3
£1=401/1000; mg/cm3
yg=1.39; mg/mg
m=0.03; h-1
dsw=1,582e-
dedw=0.1;
rof=230;
££=0.85;
rd=0,024;
kss=0.011*3600;
epsl=0.97;
rp=0.0195/2; cm
dsf=dsw*dedw;
mub=mumax*y (1) *(1-y(1)/ki)/(Ks+y(l))
1 £ mub<0

mg/oms

5%*3600; zmi/h

mg/cm3

-em/h

~3-rp”*3)/3)-

mub=0;
end
pl=y *(y(4)"3-rp"3)/3;
92-( y (4)"5-rp"5)/S-rp* (y(4) "4d-rp~4)/2+rp*rp* (y (4)
(2*dsfr(y(4)-rp) /kss+(y(4)-rp)"2) *(v(4)"3-rp~2)/3);

a=(y{3)-pl)/p2;
sfrf=y(l)-2~a*dsf/kss*(y(4d)-rp}:

suml=0;
sum2=0;
fcr r=rp:(y(4)-rp)/100:y(4),
=l"’11
sf=y(l)+a* ((r-rp)"2-2*dsf*(y(4)
muf=mumax*sf*(l-sf/ki)/ (Ks+sf);
- muf<0
muf=0;
end

suml=suml+muf*r*c* (y(4)-rp)/(100);

sum2=sum2+ (muf/yg+m) *r*r~ (y(4)-rp) /100;
and
integ=1/y(4)"2* (suml-1/3*(y(4)
group=2*dsf*a*y(4)*y(4)* (y(4)-rp)
dy (1, 1)=d* (so-y{1l) )~ (mub/yg+m)*y
rp)/ (epsli*vr);
dyi{2,1)=(mub*y(2)-d*y (2)+4*pi*({y(4)
dv(3,1})=(group+integ*sfrf*y(4)*y(4)):
dy(4,1l)=integ:;

“3-rp”3) *rd);
-ff*rof*sum2;

(2)-4*pi*ly(4))

-rp)/kss-!y(4)-rp) "2)

“2*np'2'dsf'a' (Y(4)‘

~3-rp"3) *np*rof*rd/ (3*epsl*vr));
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C-6 MATLAB Code for the Unsteady-state Model using Luong kinetics Adjusted for Suppressed
Growth During Shock-loading

th
[

-
neTl
DURAMZE T, returng The gtate dsriviatives -~ nne Lnsteady §tate
IZFER mogel.
Fun by Typlng
t, =2Qezis ' 'dynammm', [Time Lnterva.., ..nitla. guesses Izr Zo, z,

~heta, 7.
d=0(.0593; h-1
50=248/1000; mg/zx3
np=4.7%e¢;
vr=4,22+1000; =zmx3
sbo=1.035%e~3;
mumax=0.08762;
Ks=4,38/1000;
»1i=401/1000;
vg=1.39; ma/mg
m=0.028; h-.
dsw=1.562e~-5*3600; omi/n
dedw=0.1;
rof=230; 'mg/cm3
f£=0.85;
rd=0.016;
kss=0.011*3600; cm/n
epsl=0.97;
rp=0.0195/2; '¢cm
dsf=dsw*dedw;
adif=y(l)~sbo:
if adif<o0
mub=mumax*y{1) * (1-y(1j/ki)/ (Ks+y (1)
else
mub={l-adif*10) *mumax*y (1) *(l=-y(1l)/kKi}/(Ks+y(l}i;
1 f mub<0
mub=0;
else:f {l~-adjf*10)<0

n
1=y (1) *{y(4)"3-rp~3}/3;

pa2={{{y (4} "S-rp"S)/S=-rp* (y(4d)"4-rp"4;/2+rp rp* (yt4) "3=-rp~3)/3)~
(2*dsf*(y{4)-rp}/kss+(y(4)~rp)"2)*(y(4)"3-rp~3}/3):;
a=(y(3)y-pli/p2;

sfrf=y(l)-2*a~*dsf/kss*(y{4)-rp);

suml=0;

sumzZ=0;

1=0;

Sor r=rp:{y(4)-rp)/100:y (4},
=1+1;

sf=y(l)+a*i{(r-rp)~2-2*dsf~(y (4} ~rp}/kss—(y(4)-rp)"2}):
adjfsf=sf-sbo;
if adjfsf<0

muf=mumax*sf*(l-sf/ki)/ (Ks+sf};
eLse

muf=(l-adjfsf*10) *mumax=sf* {1-sf/ki)/ (Ks+sf);

1f muf<Q

muf=0;

o
3
W



suml=suml+muf*r*r* (y(4)-rp)/(100);
sum2=sum2+ (muf/yg+m) *r*r* (y(4)-rp)/100;
end
integ=1/y(4)"2* (suml-1/3*{y(4)"3-rp"3)*rd);
group=2*dsfra*y(4)*y{4) *(y(4)-rp)-ff*rof*rsumz;

dy(l,1)=d* (so-y(l))-{mub/yg+m)*y(2)-4*pi* (yv(4):"2*np*2-dsf*a*(y(4) -
rp)/ lepsl*vr);
dy(2,1;=(mub*y(2)-d*y (2)+4*pi* (y(4)"3-rp~3)*np*rcf*rd/(3*epsl*vr));

dy(3,1)=(group+integ*sfrf*y(4)*y(4));
dy (4, 1)=1nteg;



Appendix

D Data from Kinetic Studies

D-1 Data from Batch Experiments at 10°C used for the Temperature-dependent Growth Model
(Haldane Equation)

Table D-1 Data from Batch Run 10B-1
Time [h] | Xs[mg/L] | S,([mg/L]
0.37 53.4 12.50
0.73 55.7 11.27
1.23 60.7 7.72
1.57 62.1 5.09
1.92 63.0 5.80
2.48 66.3 2.1
2.82 70.9 1.97
3.48 709 1.67
Table D-2. Data from Batch Run [0B-2
Time[h] | Xs[mg/L] | S, [mg/L]
0.30 50.2 12.81
0.70 54.3 9.25
1.18 552 7.50
1.52 58.0 467
1.85 59.8 2.53
243 62.6 1.15
4.80 64.0 1.15
3.42 64.9 0.91

Table D-3. Data from Batch Run 10B-3

Time [h] | Xs[mg/L] | S,[mg/L]
0.17 50.3 16.25
0.57 50.3 11.26
1.15 53.9 7.58
1.48 55.3 6.00
1.80 56.6 2.90
2.28 60.2 3.28
273 616 1.07
3.35 61.2 1.51

Table D-4 Data from Batch Run 10B-4

Time [h) | Xs[mg/L] | S,[mg/L]
0.23 494 16.31
0.68 521 11.48
1.18 56.6 8.26
1.50 58.9 6.77
1.83 60.7 415
2.40 64.3 232
277 69.8 0.95
3.40 69.8 1.13
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Table D-5 Data from Batch Run 10B-§

Time [h] | Xs[mg/L] | S,[mg/L]
0.17 349 3183
0.68 381 34.67
1.22 36.2 33.10
1.67 371 3234
270 38.5 30.01
372 417 25.81
470 453 16.99
5.57 498 11.46
6.53 548 4.85
7.52 61.6 1.87
877 60.7 1.40

Table D-6. Data from Batch Run 10B-6

Time [h] | Xs[mg/L] | S, [mg/L]
0.18 36.7 44 .56
0.73 371 46 .51
1.60 39.0 37.40
2.58 426 20.65
3.07 448 11.65
3.55 485 6.99
420 52.1 3.74
467 539 3.89
5.37 56.6 420
6.02 54.4 484

Table D-7. Data from Batch Run 10B-7

Time [h] | Xs[mg/L] | S, [mg/L]
0.17 61.6 51.37
0.65 616 48.00
1.58 64.3 41.19
2.05 65.7 38.42
270 67.5 2892
3.32 711 17.90
3.78 73.8 12.81
433 77.9 543




Table D-8. Data from Batch Run 10B-8

10

Time [h] | Xs[mgil] | S, [mg/L]
0.20 439 55.95
0.75 43.5 53.59
1.32 448 52.67
2.05 46.7 51.82
273 47 6 50.73
365 494 3745
457 53.9 32.09
543 57.5 25.20
6.10 60.7 21.44
6.73 62.5 13.48
755 67.0 263
10.13 79.3 3.88
1045 78.8 228

Table D-9. Data from Batch Run {0B-9

Time [nh] | Xs[mgiL] | Sp,[mg/L]

0.15 711 57 .30
0.67 77.9 50.73
1.17 82.0 47 86
177 87 4 40.18
2.20 88.8 33.84
270 951 29.05
3.27 98.8 17 .49
3.75 103.7 6.79
425 108.3 6.42
4.83 1137 6.27
5.37 1133 1.84
Table D-10. Data from Baich Run 10B-

Time (h] | Xs[mg/L] | S, [mg/L]
0.08 38.5 59.73
0.58 44 4 58.58
1.12 453 57.43
1.63 46.2 53.19
227 49.8 51.84
3.05 525 48.60
4.03 54.4 47 46
5.02 60.7 27.03
6.05 65.2 21.03
7.07 716 14.36
8.00 77.0 7.62
9.98 85.2 177
11.85 85.6 2.4
2273 86.1 -




Table D-11 Data from Batch Run 10B-11
Time [h] | Xs[mg/L] | S, {mg/L]
022 376 72.47
0.80 35.8 73.23
1.62 358 73.56
2.60 38.1 66.23
3.10 394 50.98
3.58 40.8 44.02
423 44 4 2885
4.70 46.7 20.83
5.37 476 7.26
6.00 52.5 374
6.48 53.0 3.22

6.83 521

Table D-12. Data from Batch Run 10B-12

Time [h] | Xs[mg/L] | S, [mg/L]
0.22 38.1 80.22
0.97 39.0 78.60
173 412 78.20
265 421 76.44
3.62 44 4 65.39
425 46.7 58.51
4.92 489 56.54
568 498 46.35
6.17 51.6 44 83
6.65 54.4 36.99
8.10 69.3 18.78
10.77 743 227

23.50 88.8 2.85
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Table D-13 Data trom Batch Run 10B-13

Time [h] | Xs[mg/L] | S,[mg/L]
0.20 64.3 87.57
0.70 64.8 83.83
1.22 67.5 80.79
1.82 69.3 76.65
2.25 729 73.82
2.73 76.6 70.48
3.30 79.7 67.85
3.83 815 66.13
4.27 852 58.45
5.28 82.0 48.54
573 86.0 57.22
6.27 103.3 45.92
6.70 105.5 40.31
7.27 112.3 33.30
7.65 118.2 23.83
8.28 130.5 12.30
8.68 135.0 529
S.08 140.9 1.95
9.47 1422 1.33

Table D-14. Data from Batch Run 10B-14

Time {h] | Xs[mg/L} | S, [mg/L]
0.27 779 98.29
0.70 78.4 87.77
1.65 829 80.76
2.10 86.1 75.50
277 93.3 64.98
3.35 85.1 51.74
3.77 100.1 47 61
435 105.1 39.01
4.80 111.9 33.20
5.30 116.4 23.02
578 122.3 16.01
6.25 129.6 6.76
6.82 134.5 172
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Table D-15 Data from Batch Run 10B-15

16

17

Time (h] | Xs[mg/L] | S, [mg/L]
0.15 31.7 109.54
0.78 33.1 99.77
1.68 326 92.86
2.28 353 92.19
3.23 36.2 88.98
412 38.5 87.30
530 41.2 82.07
5.98 435 91.54
6.63 458 57.38
813 54 .4 53.00
9.58 63.9 41.46
9.92 62.1 36.07

Table D-16 Data from Batch Run 10B-

Time [h] | Xs[mg/L] | S, [mg/L]
0.12 86.5 152.69
0.88 89.7 151.93
1.62 93.3 151.17
2.52 96.5 146.87
3.52 104 .2 136.26
412 110.1 130.69
478 112.3 111.73
5863 121.9 109.88
6.02 127.3 69.30
6.52 133.6 55.68
7.95 1490 34.92

10.62 173.0 2.05
Table D-17 Data from Batch Run 10B-

Time [h] | Xs[ma/L] | S,([{mg/L]
0.08 87.0 161.79
0.85 89.2 152.94
1.58 92.0 151.17
2.52 92.9 141.82
3.47 974 122.10
4.10 101.9 114.01
475 105.5 113.00
5.53 114.2 83.32
6.00 117.3 69.57
6.48 125.0 68.09
7.95 1391 10.77

10.62 164.0 1.35




Table D-18 Data from Batch Run 10B-18

Time [h] | Xs[mg/L] | S, [mgiL]
0.17 451 162.80
0.82 46.9 157.24
1.70 46.0 152 94
253 47 4 151.42
3.33 48.8 143.59
430 50.2 138.78
510 529 126.14
582 55.2 127.81
6.82 58.0 108.70
8.33 63.0 80.64
10.07 71.8 43.65

Table D-19. Data from Batch Run 10B-19

Time [h] | Xs[mg/L] | S, [mgiL]
0.13 82.0 195.83
1.10 86.1 180.33
1.95 89.2 168.87
2.87 915 165.16
3.78 96.9 152.01
473 104.2 148 14
548 111.0 136.19
6.45 118.7 85.78
7.52 127.7 76.01
970 154.0 548
12.10 152.2 460

2265 148.6 317
Table D-20 Data from Batch Run 10B-20

Time{h] | Xs[ma/l] | S,[mgiL]
0.15 78.8 211.67
1.08 83.4 201.56
1.93 89.2 194.48
287 91.1 183.36
3.83 99.2 175.94
477 106.9 186.55
5.50 111.9 131.64
6.45 1223 115.07
7.50 135.4 109.88
9.70 162.2 39.01
12.08 187.5 2.39
2263 185.3 3.46
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Table D-21 Data from Batch Run 10B-21
Time [h] | Xs[mg/l] | S, [mg/L]
0.07 62.1 273.02
1.07 670 271.33
207 711 266.28
3.00 747 253.47
3.97 79.7 249.42
497 856 246.05
597 93.3 241.00
7.97 106.5 227 .51
9.97 125.0 198 .86
12.13 141.3 148.64
2175 197.5 3.05
23.60 190.3 2.90

Table D-22 Data from Batch Run 10B-22
Time (h] | Xs[mg/l] | S, [mg/L)
0.08 56.6 366.55
1.08 62.1 361.49
2.08 64.0 358.46
3.03 64.9 346.33
4.00 67.6 344 .30
517 69.0 334.70
6.00 76.4 343.80
8.00 80.5 340.43
10.00 86.0 339.16
12.00 99.4 29619
21.80 183.1 18.61
23.60 196.5 4.04
25.60 190.9 3.62

D-2 Data from Continuous Experiments at 10°C

Table D-23 Data from Continuous Experiments at 10°C
Run |D(1/h)] S,[mg/L] |S[mg/L]l Xs[mg/L]

10C-1 | 0.0308 316.9 3.7 130
10C-2 | 0.037 200 24 96.6
10C-3 | 0.037 379 27 198
10C4 | 0.039 203 2.4 105
10C-5 | 0.042 217 2.5 109
10C-6 | 0.042 226 1.7 96

10C-7 | 0.06 191 17 111
10C-8 | 0.06 186 1.2 121
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D-3 Data from Batch Experiments at 15°C

Table D-24 Data from Batch Run 15B-1

Time [h] | Xs[malL} | S,[mgiL]
0.08 335 23.66
0.43 35.5 14.93
0.78 37.5 16.18
1.03 39.1 13.28
242 48.4 1.65
2.88 55.2 1.57
3.40 548 1.10

Tabie D-25 Data from Batch Run 15B-2

Time[h] | Xs[mg/L] | S, [mgiL]
0.08 46.6 2480
0.63 51.8 21.66
1.20 55.4 15.13
1.65 59.0 216
2.20 61.8 1.10
273 66.6 1.07

2117 53.8 485
Table D-26. Data from Batch Run 15B-3

Time [h} | Xs[mg/L] | S, [mg/L]
0.18 470 41.12
0.68 510 42 47
1.35 558 30.67
1.92 57.4 18.47
272 67 4 10.63
3.57 75.0 3.22
447 815 406
555 81.1 533
7.60 80.7 1.55

Table D-27 Data from Batch Run 15B-4
Time [h] | Xs[mg/Ll] | S, [maiL]
0.08 421 55.78
0.32 425 51.57
1.07 449 47.78
1.72 47.0 41.88
242 52.2 32.78
267 55.4 28.65
3.08 57.0 19.89
3.50 59.8 10.87
403 65.8 5.06
453 70.2 167




Table D-28 Data from Batch Run 15B-5

Time [h] | Xs[mg/L] | S,{mg/L]
0.08 44 5 71.84
077 46.1
145 51.0 65.83
2.00 53.8 55.45
277 60.2 46.35
365 67.0 36.23
4.57 77.0 6.21
565 91.1 6.42
7.70 91.9 2.56

Table D-29. Data from Batch Run 15B-6

Time[h] | Xs[mg/L] | S,[mg/L]
0.03 97.1 88.15
0.37 95.2 95.59
1.12 95.7 86.56
1.78 105.4 76.85
247 112.3 64.98
273 1146 58.11
3.15 121.5 38.83
3.57 130.2 32.36
412 138.0 14.22
457 145.9 2.36

Table D-30. Data from Batch Run [5B-7

Time [h] | Xs[mg/L] | S, [mg/L]
0.07 51.8 110.89
0.47 53.8 107.86
0.75 53.4 102.30
105 54.6 98.59
1.40 57.0 99.43
1.83 59.4 92.86
232 63.4 86.29
292 69.8 92.35
3.88 78.7 64.04
457 85.9 33.54
6.08 107.1 17.78
6.63 122.0 20.22
6.98 125.6 772

12.90 131.2 735




Table D-31

Data from Batch Run 15B-8

Time [h} | Xs{mg/L] | S, ([mg/L]
0.05 90.7 126.40
047 959 127 41
0.65 967 12319
1.08 100.3 119.99
1.38 102.7 125.05
1.92 111.2 109.54
252 120.4 95.56
2.97 131.6 84 .43
3.50 137.2 73.48
3.92 145.3 57.89
438 1565.3 49.80
512 168.5 21.15
5.80 183.8 8.58
6.28 198.6 8.09
8.52 2019 7.77
12.48 197.0 5.39

Table D-32. Data trom Batch Run 15B-9

Time [h] | Xs[mg/L] | S,mg/L]
0.07 676 155.32
073 66.3 147 23
1.85 78.2 165.83
252 82.8 127.00
295 90.6 12276
3.52 96.2 113.66
400 102.1 106.78
480 116.9 102.52
5.55 126.1 105.84
6.47 140.3 76.18
785 169.3 364
10.08 183.6 -
13.82 182.7 3.26
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Table D-33 Data from Batch Run {5B-10

Time [n] | Xs[mg/L] | S, [maiL]
0.05 77.9 223.47
0.77 79.1 219.09
1.87 86.7 207.96
2.55 92.7 201.90
3.00 96.3 180.33
3.55 101.5 171.23
4.03 106.7 163 55
493 1156 139.03
5.58 1224 128.92
6.53 133.6 103.64
8.65 156.9 53.93
10.12 177.8 -
13.88 179.8 3.57

Table D-34 Data from Batch Run 15B-11

Time [h]) | Xs[mg/L] | S,[mg/L]
0.05 87.5 283.13
0.85 86.7 277.06
1.95 93.9 251.98
263 98.7 254.82
3.07 100.7 241.87
3.63 103.9 238.64
412 109.2 22408
5.00 113.2 194 .82
565 123.6 194.94
6.55 127.2 162.46
7.95 1316 121.34
10.18 160.9 -
13.97 189.4 2873
21.13 177 .4 0.91




Table D-35. Data from Batch Run 15B-12

Time [h] | Xs[mg/L] | S, [mg/L]
0.10 943 54182
0.95 95.9 537 61
2.02 93.9 515.70
273 94.3 513.17
3.73 97 1 505.59
422 99.5 503.90
512 100.7 487 05
475 1015 43818
6.67 103.5 44576
8.05 107.5 434 80
10.27 112.4 37245
14.08 1248 -
21.25 168.5 46.94
2407 195.8 3.66
27 45 175.4 457

D-4 Data from Continuous Experiments at 15°C

Table D-36 Data from Continuous Experiments at {5°C

Run | D(1/M) S, {S[mg/L]| Xs[mgiL}
[mgrL]
15C-1 {0.0547 | 1336 124 105
15C-2 { 0.0986 | 2001 35 112
15C-3 1 0.0911| 200.8 4 105

D-5 Data from Batch Experiments at 20°C

Table D-37. Data from Batch Run 20B-1

Time {n] | Xs[mgil] | S, [mg/L]
0.07 39.0 18.69
0.32 43.0 17.87
0.47 44 4 156.91
0.70 479 8.62
0.98 51.0 484
1.22 546 3.36
1.72 58.6 2.16
233 59.9 3.33
278 59.4 2.31




Table D-38 Data from Batch Run 20B-2

Time[h] | Xsimg/L] | S, [mg/L]
0.03 359 20.60
0.18 377 21.08
040 38.6 17.97
0.77 413 14.28
1.33 47.5 6.06
1.95 55.5 6.13
242 546 479

Table D-39 Data from Batch Run 20B-3

Time [h] | Xs[mg/L] | S, ([{ma/L]
0.07 30.2 23.36
0.30 333 29.43
0.73 359 15.95
1.27 40.8 8.15
178 44 4 5.15
2.80 448 3.58
3.28 452 3.59
372 46.1 3.59
432 457 3.49

Table D-40. Data from Batch Run 20B-4

Time [h] { Xs[mg/L] | S, [mg/L]
0.07 38.6 29.11
0.23 413 28.42
0.37 426 22.52
0.67 452 24.60
0.88 479 12.82
1.12 501 8.07
1.62 57.7 2.86

222 60.8 2.79
272 61.7 3.59

Table D-41 Data from Batch Run 20B-5
Time [h] | Xs[mg/L] | S, [mg/L]

0.05 491 3374
0.30 531 2425
0.52 54.7 28.84
0.90 58.2 15.19
1.42 65.8 10.57
2.00 76.1 11.26
255 77.3 3.07
3.00 77.3 -
3.45 77.3 474




Table D-42. Data from Batch Run 20B-6

Time [h] | Xs[mg/L] | S, [mgiL]
0.07 36.4 46.55
0.28 386 44.97
0.55 46.1 4223
0.83 42.1 40.36
1.05 43.0 36.69
1.57 488 31.08
1.98 537 25.01
242 577 13.70
3.20 68.3 2.40
432 68.3 2.53

Table D-43. Data trom Batch Run 20B-

Time[h} | Xs[mg/L] | S, [mg/L]
0.03 44 4 5554
0.25 46 .1 53.38
0.47 47 9 50.72
0.68 50.1 47 .63
0.95 51.9 42.59
1.27 546 37.05
163 59.0 30.22
203 68.3 23.00
2.52 76.7 436
298 77.2 7.21

Table D-44. Data from Batch Run 20B-8

Time[h] | Xs[mg/L] | S, [mg/L]
0.07 479 82.65
0.30 49.5 80.62
0.52 523 81.46
0.92 55.9 76.66
1.53 57.8 71.63
1.98 62.2 51.27
265 71.3 7.71
3.85 92.7 13.46
4.83 94.3 539
522 85.5 3.54
573 943 3.63
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Table D-43

Data from Baich Run 20B-9

H

Time[h] | Xs[mg/L] | S, [mg/Ll]
0.08 794 111.88
0.32 816 109.49
0.68 869 95.35
1.00 89.2 83.85
1.40 100.3 56.66
1.78 107.8 40.73
225 127.8 898
273 133.1 527
3.13 129.5 5.99

Table D-46 Data from Batch Run 20B-

Time [h] | Xs[mg/L] | S, [mg/L]
0.03 386 118.59
0.18 39.9 122.90
0.55 417 122.66
107 43.9 113.80
1.50 48.4 100.14
1.82 51.9 83.01
2.20 555 78.70
2.70 63.9 65.88
3.27 78.1 43 51
3.82 93.6 16.77
425 98.9 B8.62
475 98.5 3.67
522 102.0 3.83

Table D-47 Data from Batch Run 20B-

Time [h] | Xs[mg/L] | S, [mg/L]
0.03 44.8 134.64
0.55 46.6 124 .58
0.90 48.8 120.27
1.55 55.5 107.33
2.10 61.7 88.04
252 68.3 78.10
3.13 79.0 65.52
418 106.0 15.33
468 122.0 2.68
5.48 124.7 2N
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Table D-48 Data from Batch Run 20B-i2

Time [h] | Xs[mg/L] | S, [mg/L]
0.08 82.5 169.26
0.27 847 156.24
0.63 86.9 1568.76
0.87 88.7 150.86
1.22 95.8 134 .64
1.73 109.6 115.23
2.30 121.5 82.41
283 138.0 26.59
385 144 6 10.37
432 144 6 7.09
4.75 143.7 659

Table D-49 Data from Batch Run 20B-

Time [h] | Xs[ma/l] | S, [mg/L]
0.05 120.7 202.20
0.28 1184 213.22
0.85 120.2 190.22
1.72 136.6 149.01
2.30 153.0 109.49
2.82 170.8 76.90
3.33 189.0 30.19
372 207 .6 7.93
418 2236 14.13
488 219.6 10.35
5.58 2218 -

Table D-50. Data from Batch Run 20B-14

Time [h] | Xs[mg/Ll] | S, [mg/L]
0.10 80.1 392.13
1.25 91.8 362.24
1.82 97.1 363.39
2.40 102.9 331.76
293 113.1 327 .16
3.42 130.4 287.49
3.80 133.5 269.76
4.27 138.8 263.53
4.98 153.5 238.62
5.68 172.6 22472
6.18 189.4 304.38
8.37 288.3 183.27
12.37 2551 -
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Table D-51 Data from Batch Run 20B- 15

Time [h] | Xs{mg/L] | S,([mgiL]
0.07 84.7 446 33
042 80.3 423.75
1.03 79.4 411.52
1.88 847 395.69
2.47 87.4 389.94
297 92.3 389.22
345 97.6 378.43
3.87 102.0 364.76
4.33 105.1 324.38
5.05 112.7 311.45
575 119.8 297.07
6.25 125.5 192.62
843 2497 2012

Tabie D-52 Data from Batch Run 20B-16

Time [h]) | Xs[ma/Ll] | S, [mgiL}
0.10 99.4 680.39
0.60 100.7 664.82
1.30 106.5 644 .45
1.87 109 1 646.85
2.45 1176 610.91
295 125.5 610.91
3.38 130.4 580.97
3.75 138.4 589.35
4.38 1556.3 546.23
4.80 165.9 509.09
542 184.1 443.21
6.13 2116 428.84
12.18 273.3 54 68
12.42 263.5 6.11

D-6 Data from Continuous Experiments at 20°C

Table D-53 Data from Continuous Experiments at 20°C

Run | D(1/h) | So(mg/L]] S[mgiL] | X.(mg/L]
20C-1 | 0.0434 | 118.7 1.7 B1.1
20C-2 | 0.0547 | 131.87 168 828
20C-3 | 0.157 | 260.7 46 94
20C4 | 0213 | 2361 385 76




D-7 Data from Batch Experiments at 25°C

Table D-54 Darta from Batch Run 25B-1

Time [h] | Xs(mg/L] | S,{mg/L]
0.03 479 17.30
0.17 48.3 18.52
0.40 50.2 16.29
0.68 53.8 10.30
1.00 58.0 4.58
1.80 59.8 4.43

Table D-55 Data from Batch Run 25B-2

Time[h] | Xs{mg/L] | S,[mg/L]
0.03 55.2 23.05
0.13 571 20.32
0.45 66.3 7.76
0.78 722 327
0.97 72.7 3.38
162 709 5.20
1.97 72.2 6.18

Table D-56 Data from Batch Run 25B-3

Time [h] | Xs(mg/L] | S, [mgil]
0.05 38.6 31.24
0.22 40.0 29.32
0.37 432 27.55
0.62 46.5 20.51
0.78 497 15.76
0.97 53.8 9.54
1.17 56.6 6.32
137 594 6.23
1.65 60.3 5.99

Table D-57 Data from Batch Run 25B-+4

Time [h] | Xs[mg/L] | S, [mag/l]
0.03 557 34.50
0.13 58.4 33.16
0.30 61.2 28.75
0.37 63.0 6.41
0.52 65.8 474
0.62 67.6 374

0.78 69.9 1.93
1.12 70.9 0.86




Table D-58 Data from Batch Run 25B-5

Time [h] | Xs[mg/L] | S,[mg/i]
0.05 55.2 31.66
0.28 59.4 25.54
0.62 64.0 15.25
0.80 70.9 7.43
1.10 81.9 7.50
1.47 78.2 6.04
1.83 78.7 4.34

Table D-59 Data from Batch Run 25B-6

Time [h] | Xs[mg/L] | S, [mg/L]
0.08 31.7 47 48
0.22 336 46.76
0.37 36.3 44 .82
0.53 37.3 42.38
067 48.3 38.99
0.83 511 3597
1.02 52.5 33.17
1.27 598 2492
1.48 62 6 18.35
1.70 686 11.02
1.93 75.0 470
2.28 76.8 276
2.70 77.8 8.50

Table D-60 Data from Batch Run 25B-

Time [h} | Xs([mg/L] | S,[mg/L]
0.05 727 97.03
0.17 72.2 95.88
0.27 73.6 83.15
0.40 745 93.43
0.57 77.8 85.67
0.72 814 81.07
0.85 83.3 77.62
1.02 86.0 76.78
1.18 87.9 71.87
1.40 95.7 53.47
1.55 98.9 4475
1.85 106.3 33.09
2.12 118.7 13.80
247 1242 498
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Table D-61 Data from Batch Run 25B-8
Time [h] | Xs{mg/L] | S,[mg/L]
0.03 31.7 81.22
0.13 31.7 81.34
0.28 327 81.22
0.48 336 78.82
0.72 354 76.66
0.92 377 74.51
1.15 40.9 68.88
1.37 41.4 68.88
1.63 46.0 63.37
1.97 534 58.58
2.38 61.2 38.14
415 76.8 276

Table D-62 Data from Batch Run 25B-9
Time [h] | Xs[mg/l] | S, [mg/L]
0.08 8.5 103.11
1.50 15.0 82.41
2.67 11.5 93.91
4.08 10.5 92.95
592 12.5 8210
7.67 200 86.85
8.58 23.5 74.56
983 340 5271
11.00 45.5 32.68

12.58 59.0 267
13.22 59.0 2.30
14.75 66.0 2.95
1575 64.5 278
2513 | 700 -
Table D-63. Data from Batch Run 25B-
Time [h] | Xs[mg/L] | S,{mg/L]
0.33 10.6 183.99
142 15.6 180.88
3.33 216 174 .41
483 30.4 150.45
6.83 446 123.38
7.83 51.5 101.10
8.83 59.8 74.99
967 60.3 58.94
10.25 59.4 18.57

(5



Table D-64 Data from Batch Run 25B-11
Time(h] | Xs[mg/L] | S, [mg/L]

0.13 46.0 189.26
1.78 47.4 177.28
2.55 53.4 173.93
3.65 658 144.94
4.40 79.1 129.37
532 88.3 109.49
570 95.2 77.86
6.67 125.6 16.10
7.30 176.2 10.06
8.52 198.7 15.09
9.58 2291 15.14
12.32 244.8 13.90

Table D-65 Data from Batch Run 25B-12
Time[h] | Xs[mg/L] | S,[mg/L]

0.20 248 307.61
1.60 29.0 319.59
2.30 36.8 252.99
3.88 52.0 252.99
512 53.4 162.91
6.08 104.9 136.56
7.03 1417 88.40
7.75 173.5 563
9.27 179.0 4.60
15.78 182.2 5.46
18.27 181.7 5.56
19.57 179.0 3.59
20.50 185.4 5.10
21.67 176.7 598
24.55 173.0 6.13
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Table D-66 Data from Batch Run 25B-13

Time [h] | Xs[mg/L] | S, ([mg/L]
0.03 46.9 426.06
1.22 46.0 424 91
1.93 488 408.23
282 58.0 391.56
3.33 63.5 385.23
378 67.6 367.99
433 796 336.36
472 92.0 33061
5.80 1247 274.55
6.43 140.3 216.57
8.23 2319 17.97
945 2425 15.57

2433 2098 7.62
Table D-67 Data from Batch Run 25B-14

Time [h] | Xs[mg/L] | Sp[marL]
0.27 423 423.76
1.53 451 403.63
240 497 373.74
3.40 60.3 351.89
410 75.0 321.99
460 85.1 309.05
518 89.7 25491
5.87 121.5 21562
7.03 176.2 102.54
7.40 188.2 49.14
8.38 2347 49.64
900 2406 15.28

10.37 243 9 16.36
11.55 2439 14.18
13.73 2314 13.18




Table D-68 Data from Batch Run 25B-15

Time [h] | Xs[mg/L] | S, [mg/L]
0.33 65.8 420.45
268 64.0 411.83
3.82 676 373.02
477 755 34283
568 939 334.21
6.20 100.8 280.30
6.63 121.0 234.78
7.23 141.3 19597
773 165.2 159.08
8.67 208.9 40.92
9.30 2411 3.74
11.10 2549 3.18
12.33 2466 325
27.23 201 1 2.80

D-8 Data from Continuous Experiments at 25°C

Table D-69 Data from Continuous Experiments at 25°C

Run | D(1/h) | So[mg/L] | S [mg/L]] Xs[mg/L]
25C-1 | 0.054 225 1.2 90
25C-2 0.11 186 5.9 111
25C-3 0.11 190 24 115
25C4 0.11 283 38 183
25C-5 01 190 1.2 121
25C6 0.12 202 3 119
25C-7 | 0.123 214 4.1 117
25C-8 | 0234 | 216 | 42 122
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Appendix E

Data from Shock-loading Experiments in the ICFBR

Table E-1 Data from Run |

Time [h] Xs [mg/L] Sy [mg/L]) S, [my/L] EPS (g glucose/g
sand]

-105.7 149 0.92 0.000148
-78.4 148 1.08 2519 0.000113
-54.6 130 167

-30.8 130 165

-12.3 130 1.06

-12.2 130 1.55

-12.1 134 1.38

-12.0 129

-11.5 125 0.000233
-11.4 127 1.30 0.000297
-11.4 1.18 250.6

7.7 133

7.7 131 1.25

76 134 0.000312

-7.4 136 1.29

-7.3 130

72 129

-7.1 130

-11 145 0.21

-1.0 143

-0.9 144 250.3

-0.8 144 0.19

-0.2 141 0.91

0.0 137 0.76

01 149 0.76

0.2 144 072

0.3 141 0.72

0.3 145 0.69

04 149 0.82

0.5 148 0.89

06 146 1.72

06 146 1.01

0.9 140 176

1.0 145

1.1 145 0.63

1.5 149 1.06

1.9 148 2.64

20 145 2863

2.3 147 265

26 151 3.51

3.0 157 5.40

3.3 150 6.43

3.6 146 10.49
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Table E-1 continued

4.0 146 7.06

4.3 145 12.31

4.6 145 20.42

5.0 168 19.71

54 135 23.43

6.6 139

67 141 14.29

59 140 22.26

12.6 129

12.7 137 32.38

13.4 150

13.9 134 48.94

146 137 59.51

15.6 128 41.67

16.6 130 42.92

18.2 147 38.96

18.3 126 53.06 0.000268
18.7 135 60.69

18.7 122 61.53 0.000501
25.8 116 62.36

25.9 115 71.39

28.3 115 79.72 295.1

28.5 116 69.44

39.3 112

39.5 119 57.15

39.6 285.5

411 121

43.1 121 85.42

48.2 100.42

48.3 308.8 0.000357
48.4 293.0 0.000410
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Table E-2. Data from Run 2

Time [h] Xs [mw/L] Sy [mg/L] So /mg/L) EPS {g
glucose/g sand]
-123.4 121 1.1
-98.6 126 1.0 191.4
-30.1 115 1.8 168.8
-18.2 116 0.000577
-7.8 0.000711
-7.5 0.000699
-7.4 0.000607
6.9 108 2.3
-3.5 109 2.0
-3.4 109
-1.2 117 2.5
-1.1 110 2.5
0.1 111 2.1
0.4 98 2.2
0.6 119 22
0.9 118 22
11 122 2.3
1.4 119 2.1 288.2
1.6 126 1.5
19 120 1.3
21 124 1.9
2.4 120 1.7
2.6 124 2.2
29 120 20
31 116 1.7 292.8
3.4 116 1.8
4.4 120 1.8
49 123 1.8
54 126 1.6
59 125 1.7
6.4 126 1.9
6.9 125 1.5
7.4 124 1.7
7.9 128 20
8.4 132 1.9 303.5
153 138 23
17.6 136 1.9
18.4 136 20
19.2 137 1.8
211 143 2.1 0.000723
21.2 0.000722
21.2 0.000669
224 141 1.7
27.5 150 1.6
28.9 154 1.3




Table E-2 continued

31.0 152 1.4

419 174 1.7

451 163 1.3

48.9 164 16

51.2 167 1.6 319.4 0.000669
51.4 3042 0.000609
67.8 168 1.4

67.9 324 .4

75.1 166 1.4 2855

96.8 164 1.3

113.4 169 1.3

116.4 0.000803
116.4 0.000821
123.5 179 1.4

136.9 166 1.4
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Table E-3 Data from Run 3

Time [h] Xs [mg/L] Sp [mg/L] So /mu/L| EPS [g glucose/g
sand])
-99.4 107 1.1
-72.9 248
-30.9 113 03 254
-19.0 113 0.3 251
-9.0 0.000578
-8.8 0.000455
-8.7 0.000415
7.7 112 0.3
45 112 09
-4.4 239
0.2 112 0.4
04 116 03
0.7 119 0.3
0.9 115 05
1.2 112 04
1.4 112 0.6
1.7 110 0.4
19 113 05
2.2 109 04
24 111 04
27 108
37 108 0.4
4.2 110 03
4.7 109 0.3
5.2 112 02
57 111 0.2
6.2 107 0.2
67 112 03
72 112
7.7 112
146 124
16.8 128 0.5
17.6 125 0.5
18.5 123 0.4
204 129 04 0.000612
204 0.000663
20.5 0.000642
217 124 0.4
26.8 136 0.3
28.2 134 07
28.2 228
29.9 133 0.5
41.2 136 0.5
443 132 0.3
482 132 07

("]

)



Table E-3 continued

50.5 0.6 237 0.000715
50.7 0.000432
52.1 0.000519
67.2 138 04

67.2 234

74.3 140 04

96.0 152 03

112.7 141 0.3

115.6 0.000762
115.6 0.000841
115.7 0.000855
122.8 140

136.1 147 251
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Table E-4 Data from Run 3

Time Xs Sy S, EPS Biofilm Dry Weight
~[h} [me/L] fmy/L] [mg/L] [g glucose/g sand] [g /g sand]
-35.9 168 0.00153
-359 0.00301
-16.9 0.00129
-16.7 0.00153
-16.6 8.6
-15.4 164 0.069
4.4 156 50 158.2
-26 161 58
-1.5 163 57 165.1
-04 147
0.3 145 79
1.5 154 36
25 127 44
53 126 8.4
56 113
10.7 168 237
14.2 123 1211
205 160 16.8
223 112 297 0.00160
244 109 0.00364
25.0 0.060
295 102 709 169.1
30.5 77 69.7
382 84 114.1
410 139 160.3 130.5
423 93 112.6
48.0 114 128.7 0.00171
57.2 74 116.2
654 95 88.2 0.00331
68.6 105 89.5 0.00130
723 68 1454
733 41 152.4
79.2 52 108.3
86.1 54 103.5
88.6 68
923 103 150.3 189.9
94 4 50 135.9
105.1 69 158.5
116.8 65 121.1
120.5 52 128.7
129.6 39 181.7 188.9
132.1 7 171.0 0.00274
132.2 5 166.7 0.00213
1321 0.05
1449 35 1847




Table E-5 Bioparticle Measurements from Image Analysis in Run
Time Average Ferret Standard Deviation| Number of Number of Bare
Lg]] Diameter of the Ferret Particles Particles
[mm] Diameter [mm]} Measured

Bare 0.195058 0.040366 325 -
-166.75 0.183816 0.043329 236 116

-63.70 0.207981 0.041517 22 3
-41.45 0.214161 0.044953 194 221
-24.20 0.218202 0.051356 281 57
20.52 0.218225 0.052392 267 18
81.13 0.250305 0.059233 167 12




Table E-6 Data from Run 6

Time Xs S, Se EPS Biofilm Dry Weight
[h] [me/L] [me/L] [mg/L] lucose/g sand] [9 /g sand]
-191.1 285 56
-166.7 387 66
-163.0 322 37 0.001%0
-162.9 0.00516
-162.8 0.00259
-161.8 183 0.10
-94.0 198
-65.8 0.00602
657 0.00497
-65.6 198 0.00488
-64.7 0.16
-37.8 0.00486
-37.8 0.00376
-37.8 0.00296
-371 182 10.2
-18.2 0.00390
-18.2 0.00202
-18.1 0.00342
-17.8 255 13.5
-16.3 013
-15.8 39 161
-35 290 8.0
2.4 276 87 196
-04 344
-0.3 295 10.2
-0.1 317
07 318 70
16 185 3.8
45 6.2
9.8 250 6.9
13.5 319 76
13.7 352
19.7 240 97
19.9 327
21.4 252 9.0
235 271 57 0..00809
245 0.18
287 279 79 329
295 326 7.4
375 236 281
377 329 97
402 8.5
415 286 4
56.3 390 126
64.5 493 84




Table E-6 continued

67.8 249 6.0 0.00808
71.4 350 31 0.00853
72.4 348

78.3 381 89

853 8.0

87.8 361

91.3 363 7.7

935 444 4.6

104.2 194 34

1159 348 12.6

119.6 349 6.7

128.6 739 7.6

131.3 0.00836
131.4 0.00590
131.5 0.01078
132.0 0.18
144.0 1268 3.7

Table E-7 Bioparticle Measurements from Image Analysis in Run 6

Time Average Ferret Standard Deviation Number of Number of Bare
{h) Diameter of the Ferret Particles Particles
[mm] Diameter [mm] Measured

Bare 0.195811 0.040666 323 -
-166.7 0.20464 0.043586 300 45
-64.7 0265113 0.084431 142 1
-60.4 0.255051 0.066382 209 6
-25.1 0.276263 0.076827 115 4

227 0.263501 0.070947 117 3

80.2 0.239402 0.075111 199 19
1290 | 0.22246 0.108001 158 12




Table E-8 Data from Run 7

Time Xs S, Se EPS Biofilm Dry Weight
[h} [mg/L] [me/L] [mg/L] [g glucose/g sand] [g /g sand}
-319 173
-29.3 169 1.5 0.00030
-29.2 156 1.4 0.00029
-29.1 154 1.4 0.00033
-28.8 152 1.8 204 .4 0.0067
-21.9 155 1.9 0.00038
-21.8 159 2.1 0.00036
-21.8 151 2.1 0.00032
217 152 2.2 0.0068
-10.4 167 25
-10.2 0.0072
-1.8 209.9 0.00036
-1.3 26 0.00041
-1.3 162 24 0.00045
-1.2 155 2.3
-0.1 155 1.5 2455
0.5 154 1.5
1.2 159 1.3
1.3 154 1.4
24 159 1.7
25 155 1.7
37 179 20
37 169 20 685.1
4.9 175 20
6.6 395 34 739.1
142 380
16.5 362 34 0.00058
16.6 341 26 0.00060
16.6 333 3.1 0.00051
18.2 371 42 0.0093
203 413 53 715.8
228 457 29
272 466 1.8
374 622 2.0
443 647 3.5
46.2 667 47 0.00053
46.3 639 43 0.00057
46.3 602 45 0.00065
47.3 609 0.0100
68.5 714 8.0
93.0 632 76
94.3 674 2.3 0.00060
943 674 24 0.00061
94.3 664 21 0.00065
94.7 0.0108
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Table E-8 continued

138.4 577.3

165.2 3.8

166.8 612 0.00083

166.9 559 0.00072

167 1 587 2.6

167.4 0.0184
219.8 597 51

236.1 574 3.5

305.7 3.3 672.0

3071 619 1.9 0.00076

307.2 574 1.6 0.00080

307.3 594 2.9 0.00084

307.5 579

353.2 28

385.5 552.5

400.7 597 2.8 0.00107

400.8 542 4.0 0.00096

400.8 542 4.0 0.00116

401.2 553.9 0.0134
449.0 594 42

455.8 614 5.6

457 9 597 11.7

458.6 .0165
474.3 634 3.7

Table E-9 Bioparticle Measurements from Image Analysis in Run 7

Time Average Ferret Standard Deviation | Number of Particles Number of Bare
fh] Diameter of the Ferret Measured Particles
[mm] Diameter {mm]
Bare 0.190096 0.035641 254 -
-74 1 0.191908 0.038699 299 110
-32.9 0.192964 0.033654 244 132
-228 0.198877 0.038803 209 123
-10.2 0.200184 0.03518 244 100
142 0.185442 0.039048 269 68
44 3 0.193075 0.03686 275 95
93.0 0.200565 0.04 260 51
165.2 0.200534 0.038504 261 72
305.7 0.197485 0.035546 225 78
403.0 0.205163 0.038201 181 30
4518 0.193278 0.040812 383 99




Table E-10 Data from Run 8

Time Xs Sp S EPS Biofilm Dry Weight
h] [mg/L] [mg/L] [mg/L] [g glucose/g sand] [9 /g sand]
-747 597 28 0.00107
-746 542 40 0.00096
-74.5 542 40 0.00116
-74.2 553.9 0.013
-26.3 594 4.2 0.00074
-19.5 614 56
-17.5 597 0.0066
-16.8 0.0077 0.017
-1.0 634 4.2
07 604 319
2.3 487 502
35 469 260.0
54 385 283.5
6.7 375 2799
9.3 347 3776
8.7 78 5248
18.8 72 543.7
242 66 568.5
292 37 571.4 728.9
323 27
491 16 4781 0.00125
492 9 500.9 0.00117
493 9 488.7 0.00128
117.0 514.6
138.6 7 4781
167.8 16 4752 0.00109
167.9 7 553.9 0.00091
168.0 0.035
237.0 9 491.3 0.00106
237.2 7 532.1 498.6 0.0114
237.3 0.0269

Table E-11 Bioparticle Measurements from [mage Analysis in Run 8

Time Average Ferret  [Standard Deviation off Number of Particles Number of Bare
[h} Diameter the Ferret Diameter Measured Particles
[mm] [mm]
bare 0.190086 0.039641 254
-310.2 0.200534 0.038504 261 72
-169.7 0.197485 0.035546 225 78
-72.3 0.205163 0.038201 181 30
-23.5 0.193278 0.040812 383 99
45.4 0.198983 0.042596 209 27
168.0 0.204405 0.037263 228 26
2426 0.191677 0.038479 165 29




Appendix F Dissolved Oxygen Calculations

The dissolved oxygen content of the fermentation broth was monitored during each of the dynamic runs,
however, the caiibration shifted during the runs and it was not possible to recalibrate without introducing
contamination The following calculations were performed to confirm that oxygen was not limiting
Oxygen supply:

The oxygen transfer rate (OTRY} is given as follows (Shuler and Kargi, 1992).

OTR = K,a(C" =(,) (F-1)
The overall gas-liquid mass transfer coefficient. K;a, was calculated using two correlations. The
correlation of Bello et al. (1985) was developed for airlift reactors The correlation of Nguyen-Tien et al.
(1985) was developed tor bubble columns containing glass beads and has been found to fit data for a
fluidized bed reactor containing biofilm-covered sand particies quite well (Ryhiner et al.. 1988) Note that
both correlations are based upon the dispersion volume (hence the nomenclature K;a;,) which in this case is
approximately equal to the liquid volurme The resuits are presented in Table F-1

Table F-1. Calculated Values for K, a Based upon Selected Correlations

K[_“ tor
Reference Correlation oxvgen Values of variables
()
Bello et ai. (1985) B Ay s Add =044
Kpa, =0.76(1+—=%)"u, (F-2) 313
Ar ey = U= 0.0093 nvs
Nguven-Tien et al p
(1985) K, u 0.397] S 067 es=0010
I r .. ‘—'—_ (/ (2.62‘
° 0.58 00 |
€ E; = 0.017
s
Ps - (2.63)
l- &G

The maximum rate of oxygen transfer would occur when (=0 Given that at 10°C. (" is 11 mg/L O
(Perry’s Chemical Engineers’ Handbook, 1984), the predicted maximum OTR is in the range of 340-660
mg/L-h using both correlations.

Oxygen demand:

The biofilm thicknesses in this work were very thin. Model simulations in Sections 53 2.2 and 53.2.3

showed that the phenol concentration profiles in the biofilms are quite flat. It would be expected that the




oxygen concentration profiles within the biofilm are also flat, hence. in this analysis diffusion effects
within the biofilm will be neglected
The oxygen uptake rate (OUR) is given as follows (Shuler and Kargi. 1992)

\'
- l‘f’ 17 (F-3)
) v o,

OUR =4, X

e

where ¢, is the specific rate of oxygen consumption [mg O./g DW cells*h]. .Y, is the total concentration of
biomass (given as X, X,-.\})[mg DW cells/L}, u is the specific growth rate [h"'). and ¥y, is the oxygen
vield coetficient [g DW cells/g Oy]. The values of the specific oxvgen rate of oxygen consumption and the
oxvgen vield coefficient are not available in the literature tor P. putidu Q5 at 10°C

Two approaches were taken. The first portion of Equation F-3 was used in the first approach
(corresponding to OUR - | in Table F-2) The value of 0 8 mg O»/mg DW-h. determined by Hill (1974)
for a mesophilic culture of P. putida (ATCC 17484) at 30°C, was used for the specific rate of oxygen
consumption. Because the specific growth rates at 10°C are much lower than at 30°C, it is quite possible
that the specific rate of oxygen consumption is also much lower The second approach (corresponding to
OUR - 2 in Table F-2) involved the use of the second portion of Equation F-3 The steady-state value for u
was approximated as the dilution rate for each experiment; this assumption was reasonable because the
contribution of the biofiim biomass to the total biomass concentration was relatively small. The value of
0 77 mg DW cells/mg O; determined by Worden and Donaldson (1987) for a mixed culture of mesophilic

phenol degraders, was used for the oxygen yield coefficient.

Table F-2. Calculated Oxvgen Uptake Rates During the Runs Used in the Simulations.

Run | Initial/final | .Y, (mz/L) | X, (mg/L) | X, (mg/L) OUR -1 OUR -2
steady state [mg O./L-h] [mg O,/L-h]

| mnitial 135 17 152 121 78
washout - - - - -

2 initial 115 18 133 107 78

final 168 19 187 149 89

3 intial 112 9 121 97 39

final 143 9 152 122 11.7

7 initial 154 20 174 139 85

final 589 38 627 502 256

8 initial 581 35 616 493 299
washout - - - - -

(V)
—
("3 ]



The results obtained from the two approaches in Table F-2 are different by more than an order of
magnitude The results from the first approach based upon a parameter determined at 30°C indicate that
there may have been an oxygen limitation during the shock load in Run 7 and during the initial steady-state
operating period in Run 8 However, the results from the second approach which incorporate the specific
growth rates estimated for each experiment suggest that even during the high cell concentrations observed
during Runs 7 and 8 (and relatively high organic loadings), that oxygen was not limiting. The results from
the second approach are likely to better reflect what was happening during the experiments This can only

be confirmed by determining the oxygen vield coefficient of P. punida ()3 at 10°C



Appendix G. Calculation of Temperature Effects
An assumption ot the dynamic model was that the temperature of the biofilm and the bulk fluid were the
same The following calculations were performed to check if the assumption was reasonable
The problem was solved by using the general solution for a step change in surface temperature for
a hollow sphere and solving for the inner boundary of the biofilm_ It was assumed that the biofilm had
similar properties to water (Characklis, 1981) and that flow conditions were stagnant (worst case scenario)
The parameter values used were:
r,= 105 um
r- = 150 pm (assuming a biofilm thickness of 45 pm)
Rrrn=07
k=061 W/mK (Characklis, 1981)
prr= 1000 kg/m’
c,=4.19J/eK
F, =k popl £ 77) = 64720 5
7=10°C
The solution is given as:
(7-17)
Ts -1,)

2 < (=" . (-n'z°F,)
=l+— sin(nall)e ™~ " G-1
R LT, sintnaRIe &0

=l
The times (/) for the inner boundary of the biofilm to adjust from an initial temperature (7,,) of 10°C to step
increases in the biofilm surface temperature (75) to 15. 20 and 30°C are 0.1, 0.2 and 0.2 s respectively

Since the order of magnitude of the response is a fraction of a second, the biofilm and the bulk fluid can be

assumed to be the same temperature for the purposes of the model.
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