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Capturing and storing carbon dioxide (CO,) emissions in properly selected deep geologic formations is
considered a promising solution for the reduction of CO, in the atmosphere. However, potential CO,
leakage from a storage geologic formation is a major concern. In this work, the impact of CO, on biofilm
formations is examined experimentally. In order to estimate the effect of CO, on biofilm formation, Pseu-
domonas putida biofilm was developed in a glass-etched pore network micromodel, where CO, injections

Keywords: were conducted. The transient growth of biofilm was monitored by taking high-resolution digital snap-
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. shots at various times. Biofilm and gas saturations of the micromodel were determined by binary image
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0, analysis of the various snapshots recorded. The observed biofilm breakdown due to CO; injection was
Micromodel discussed. It was shown that a CO; release affects only temporarily the P. putida biofilm. Also, biofilm age

Pore network is significant to biofilm breakdown, because denser biofilm (fully developed) near the inlet of the pore

Permeability

network is affected less by a CO; release.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Geological storage of carbon dioxide (CO,) in deep geologic
formations (e.g. depleted oil and gas reservoirs, deep aquifers)
is considered as a promising solution for reduction of CO, emis-
sions to the atmosphere, and elimination of the greenhouse effect
(IPCC, 2005). Nevertheless, fluid pressure will increase in storage
reservoirs in response to CO, injection under supercritical condi-
tions. This increase, combined with buoyancy, may resultin upward
migration of CO, through leakage pathways (Mitchell et al., 2009;
Humezetal.,2011). Leakage of CO, is a problem of great importance
because elevated CO, concentrations are expected to reduce the
aqueous solution pH, which may affect the minerology, chemical
composition, and microbial activity of potable groundwater (Zhang
etal.,2006; Zhengetal.,2009; Kharaka et al.,2009; Apps et al.,2010;
Humez et al., 2013; Carroll et al., 2014).

Although bacteria films have been observed as early as 1939 by
several researchers (ZoBell, 1939, 1943; Wattle, 1942; Butterfield
and Wattle, 1941; Cooke, 1959; Wood, 1967; Corpe, 1970; Matson

Abbreviations: BSD, biofilm saturation decrease; cfu, colonies forming units;
ddH,0, distilled deionized water; EPS, extracellular polymeric substances.
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and Characklis, 1976), the term “biofilm” was initially introduced in
theliterature only in 1975 by Macketal.(1975).Biofilm is a complex
three-dimensional structure of bacteria communities. When bacte-
ria are attached on a submerged surface, extracellular polymeric
substances (EPS) are produced during the progressive coloniza-
tion of the surface. Worthy to note is that biofilms grow practically
everywhere, including: forests, deserts, deep oceans, soils, plants,
and human body (Costerton et al., 1994). Several experimental and
numerical studies published in the literature have proposed var-
ious possible mechanisms of biofilm growth (Stewart and Kim,
2004; Kapellos et al., 2007; Kim et al., 2010). The growth of biofilms
within porous materials (e.g. soil, rocks, filters) results in perme-
ability reduction, which is known as “bioclogging” (Thullner et al.,
2002; Glatstein and Francisca, 2014).

Cell activity is strongly affected by dissolved CO, (Zhang et al.,
2006), because high CO, concentrations may result in cell inac-
tivation (Bertoloni et al., 2006), which is more pronounced with
increasing pressure and temperature (Oule et al., 2006). Note that
sudden changes in pH have arelatively small effect on biofilms (Kirk
etal., 2012). However, experiments in bioreactors have shown that
several Fe(Ill) and SO42~ reducing microorganisms are affected by
CO, (Kirk et al., 2013).

In some cases, such as in wetland wastewater treatment
(Langergraber et al., 2003; Nivala et al.,, 2012; Hua et al., 2014)
or dental hygiene (Wang et al., 2014; Al-Ahmad et al., 2014), the
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Nomenclature

Am cross-sectional area to flow (L?)

Dp pore depth (L)

k intrinsic permeability (L?)

L pore network length (L)

Ly pore length (L)

Q total flow rate (L3 t~1)

Veo, volume of CO, leaked in units of [mL] (L3)

Wmn pore network width (L)

Wp pore width (L)

AP total pressure drop (Pa) (Mt=2L-1)

Ax separation distance between pressure transducers
(L)

" fluid viscosity (Pas) (Mt~1L-1)

existence of bacteria and biofilms are undesirable, there are several
engineering applications where biofilms are most useful. Biofilms
are often employed in enhanced oil recovery (Soudmand-asli et al.,
2007; Sen, 2008), in landfills as barriers, in biofilters, soil remedia-
tion and bioremediation (Seki et al., 1998; James et al., 2000), and
for CO, leakage reduction (Mitchell et al., 2009, 2010; Ebigbo et al.,
2010; Cunningham et al., 2011; Manceau et al., 2014; Phillips et al.,
2012; Sygouni et al., 2015).

The aim of this study was to use well-established non-invasive
visualization procedures (e.g. Jia et al., 1999; Corapcioglu and
Fedirchuk, 1999; Tsakiroglou et al., 2003; Chrysikopoulos and
Vogler, 2006; Werth et al., 2010; Thomas and Chrysikopoulos,
2010) to investigate the effect of gas CO, on Pseudomonas putida
biofilms. Visualization experiments of CO, injections in a glass-
etched micromodel containing P. putida biofilm were performed.
The effect of CO, on P. putida biofilms was investigated by tak-
ing and analyzing a series of high-resolution snapshots of the pore
network micromodel. During the flow-through experiments, pH
and bacteria concentration of the effluent were measured. Also,
biofilm growth and biofilm corruption after the CO, injection were
monitored. To the best of our knowledge, no previous study has
investigated the effect of gas CO, on P. putida biofilm within a
glass-etched pore network micromodel.

2. Methods and materials
2.1. Pore network and glass micromodel

The glass micromodel used in this study was constructed
using the photolithographic technique developed by McKellar and
Wardlaw (1982) with certain modifications initially proposed by
Payatakes and co-workers (Vizika and Payatakes, 1989; Avraam
et al, 1994; Avraam and Payatakes, 1995) and subsequently
implemented by numerous investigators (Tsakiroglou et al., 2003;
Chrysikopoulos et al., 2011; Robin et al., 2012). Briefly, a pore net-
work with length, L, =18 cm, and width, Wi, =11 cm, was carefully
designed and printed on a transparent sheet of acrylic film, to cre-
ate the photographic “mask” (see Fig. 1a). Two pieces of mirror
glass were placed in a 7.97 M NaOH solution bath for a 12h, to
expose the copper. The mirrors were placed in a dark room and the
copper surfaces were sprayed with positive photoresist (Cramolin,
Germany). After the positive photoresist was dried in an oven at
50°C for 15 min, the negative film of the network “mask” was care-
fully placed on top of the positive photoresist film, and the glass
essays were exposed to UV for 45 min, so that the visible positive
photoresist film was polymerized. The glass essays were placed in
a 0.16 M NaOH solution bath for approximately 1 min to dissolve
the non-polymerized positive photoresist film. Subsequently, the
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Fig. 1. (a) Image (mask) of the pore network micromodel, where the dark areas
correspond to micromodel voids. (b) The glass pore-network micromodel used in
this study.

glass essays were washed with H,O and placed in a HNO3 solu-
tion bath (200 mL HNO3 65% and 200 mL distilled deionized water
(ddH;0)) for just a few seconds to dissolve the copper surface
area unprotected by the positive photoresist film. Then, the glass
essay of the pore network, which should not be etched, was waxed
with warm paraffin. Subsequently, an HF solution (75 mL HF 90%
in 25 mL ddH,0) was poured onto the waxed glass essay for 5 min.
The glass essays were washed with H,O and the wax was removed
mechanically. Then the glass essays were placed in a HNO3 solution
(200 mL HNO3 in 230 mL ddH,0) until all of the remaining copper
was removed. Next, the various inlet and outlet ports were drilled.
Finally, the two etched glasses were sintered in a programmable
furnace to produce the desired glass micromodel used in this study
(see Fig. 1b).

The micromodel fabrication procedure employed in this work
does not necessarily yield a pore network with spatially uniform
pore depth D, [L?], pore width W, [L?], and pore length L, [L?].
It should be noted that this is not an important shortcoming for
the present study, because the mean values of the pore depth,
width, and length, Dp = 172 pm, Wj, = 1220 pm, L, = 5560 pum,
respectively, determined with procedures outlined by Tsakiroglou
etal.(2003), can effectively be used. All structural properties of the
micromodel used in this study are listed in Table 1.

Table 1

Micromodel structural properties.
Property Symbol Value (units)
Micromodel length L 18.0 (cm)
Micromodel width Wmn 11.0 (cm)
Separation distance between Ax 14.5 (cm)

inlet and outlet ports

Mean pore width w, 1220 (um)
Mean pore depth D, 172 (pm)
Mean pore length L, 5560 (m)
Intrinsic permeability k 281.9 (Da)?

2 Da=darcy=10"12m2.
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Fig. 2. Schematic illustration of the experimental setup.

2.2. Experimental apparatus

The main experimental setup consisted of the following princi-
pal apparatus: (i) the micromodel, (ii) a syringe pump (Cole-Parmer
74900), (ii) a custom-made light table equipped with three vis-
ible light lamps (Philips TLD graphica Pro 18 W/95), (iv) a color
video camera with picture enhance controls (Sony HD 3-CCD, DXC-
390P) mounted on a custom-made flexible stand, and (v) a personal
computer equipped with a digital video recording (image grabber)
software (NORPIX). The arrangement of the experimental appara-
tus is illustrated schematically in Fig. 2.

The micromodel was placed on top of light table and fluids were
injected into the micromodel with the syringe pump. It should
be noted that, although there were 14 ports available in the con-
structed micromodel (see Fig. 1b), only ports 2 and 4 were used for
fluid inlets, whereas port 3 was used for CO, injection. The ports
11 and 13 were used as fluid outlets, whereas port 12 was used
as a fluid outlet only during CO, injection. The outflow from ports
11 and 13, and occasionally port 12 (during CO, injection) were
merged into a pH flow-through cell (EW-05662-48, Cole-Parmer)
for determination of the pH of the effluent with a pH-meter (Ino-
lab, WTW). Three way valves were installed before the inlet ports
and after the outlet ports in order to isolate the porous medium
when the syringes were refilled. Syringe filters of 0.45 p.m pore size
(Fitropur S 0.45, Sarstedt) were installed just before the inlet ports
in order to barrier the bacteria from the nutrient in the syringe
pump, because P. putida bacteria are motile with a tendency to
move toward the nutrient. All other ports (namely ports 1, 5-10,
14 shown in Fig. 1b) were tightly sealed with silicon caps. Also, a
precision regulator (RP1000-8-02-G49P, Bibus) was placed on the
CO, gas cylinder line in order to control precisely the gas flow into
the micromodel.

Before each experiment the glass network micromodel was
cleaned using chromo-sulphuric acid and subsequently, washed
out several times with ddH,O. Ethyl alcohol was injected into the
micromodel and it was placed overnight in an oven at 37 °C. Finally,
to remove ethyl alcohol, the micromodel was flushed several times
with nutrient at a flow rate of Q ~ 2 mL/min. After the bacteria injec-
tion, formation and growth of the biofilm was monitored by taking
snapshots and videos of the glass network micromodel at various
resolutions. Fluid samples were collected at the outlet of the porous
medium periodically to determine the concentration of the bacte-
ria. Furthermore, biofilm and fluid saturation levels within the glass

network micromodel were determined by performing image anal-
ysis of the recorded snapshots. MATLAB® was used to binarize the
images, re-color the void areas occupied with gas, and compare
them to the void areas occupied with biofilm.

2.3. Micromodel intrinsic permeability

For the estimation of the intrinsic permeability of the glass
micromodel, a low differential pressure transducer (Omega PX154)
equipped with a data acquisition system (OM-USB-1208FS and
TracerDAQ Pro software) was connected to ports 3 and 12 (see
Fig. 1a), in order to measure the pressure drop across the medium
for varying flow rates. Based on Darcy’s law, the intrinsic perme-
ability is defined as (Bear, 1972):

Ax / Q

"0 (a7) m
where Q [L3 t=1] is the total flow rate k [L?] is the intrinsic perme-
ability, Am = Wm x Dp [L?] is the cross-sectional area to flow, AP
[M/(t2L)] is the total pressure drop over a micromodel length Ax
[L], which is equal to the separation distance between the two pres-
sure transducers installed on the plastic tubes inserted into ports 3
and 12 using three way valves (Ax=14.5cm), and i [M/(tL)] is the
viscosity of the fluid. The value of the term AP/Q is determined by
constructing a plot of observed pressure drop versus flow rate, and
calculating the slope of the experimental data.

k=-—

2.4. Bacteria and biofilm

P. putida was used for the development of biofilm, which was
cultured and collected at the laboratory following the procedures
outlined by Vasiliadou and Chrysikopoulos (2011). Briefly, P. putida
was cultured in 10 mL of nutrient broth (Laury Pepto Bios Broth
35.6¢g/L, Biolife Italiana Srl, with typical composition of tryp-
tone (C4H11NO3-HCl): 20g/L, lactose (C12H22011): 5g/L, sodium
chloride (NaCl): 5g/L, sodium-lauryl-sulfate (Ci3H36-NaSOy,):
0.1 g/L, dipotassium-hydrogen-phosphate (K;HPO,4): 2.75 g/L, and
potassium-dihydrogen-phosphate (KH,POg4): 2.75g/L) for 20h at
30°Cin an orbital shaker (Innova 43, New Brunswick Scientific, NJ)
at 140rpm. A culture volume of 5mL was transferred in 250 mL
of the nutrient broth and it was re-cultured for 20h at 30°C and
140 rpm. Finally, bacteria were collected by centrifugation for 8 min
at 10,000 rpm (SL40R, Thermo Scientific), washed out several times



V. Sygouni et al. / International Journal of Greenhouse Gas Control 46 (2016) 240-247 243

with ddH,0 and subsequently, washed out once more with sterile
saline before they were stored in sterile saline at 4 °C. Prior to injec-
tion of the culture into the pore network, P. putida cells were diluted
in nutrient broth to the desired concentration of approximately 107
to 108 cfu/mL. The pH of the injection culture was pH=7.1.

The concentration of P. putida in the effluent of the glass net-
work micromodel was measured using the spread plate technique
by inoculating 0.1 mL of aliquots in Petri dishes containing sterile
Agar (Lab-Agar™ PS 133, with typical composition of pancreatic
digest of gelatin: 20.0g//L, magnesium chloride (MgCl,): 1.4g/L,
potassium sulfate (K;SO4): 1.0 g/L, cetrimide (C;7H3gBrN): 0.3 g/L,
and agar: 13.6g/L). Colonies were measured after incubation of
Petri dishes in an incubator chamber (GCA Corporation/Precision
Scientific Group, IL) at 37 °C for 48 h (see Fig. 3).

Two sets of experiments were conducted at room temperature
(~25°C). For the first experiment, bacteria with initial concen-
tration of 4 x 108 cfu/mL were injected in the thoroughly cleaned
micromodel. Approximately, 3 h later, the injection of nutrient
broth at a constant flow rate of Q=0.00366 mL/min was initiated.
It should be noted that the 3-h delay period was necessary in order
for the bacteria to attach onto the glass surface.

3. Experimental results and discussion

Fig. 4a presents three pore level snapshots at various times,
whereas Fig. 4b presents three network level snapshots at various

(a) Pore level

Fig. 3. A Petri dish with P. putida colonies over fluorescent lighting.

times. The observed bubbles are CO, gas produced due to organic
matter consumption by P. putida cells. Note that after approxi-
mately four days of nutrient injection in the pore network micro-
model, biofilm growth is becoming clearly visible (see Fig. 4a and b).

Biofilm development was first noticed near the inlet ports 2
and 4, where the nutrients are introduced into the micromodel.
This is the reason that denser and thicker biofilm was developed
near the inlet rather than the outlet of the pore network. Thicker

(b) Network level

\,'

<

0595959 %9.9:9

Fig. 4. Snapshots of biofilm formation and biochemically produced CO, taken before the injection of CO, at various times at the: (a) pore level and (b) network level.
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Table 2
Volume of CO, used for each injection step.

Injection step Time (h) Injected CO, (mL)
1 4313 15.0

2 574.9 3.0

3 600.4 0.045

4 667.7 0.1

5 691.8 0.068

6 739.8 0.03

and denser biofilm was developed near the micromodel inlet area,
because this area was accessed first by the nutrients. When no sig-
nificant changes were observed on biofilm’s structure (after 430 h
of experimental time), six successive relatively short time-period
injections of gaseous CO, were performed using constant flow
rate. Also, the chosen CO; injection time-periods were arbitrary,
but progressively smaller, because the biofilm volume within the
micromodel was progressively reduced. The preselected times of
injection, together with the corresponding volumes of CO, injected
are listed in Table 2.

Snapshots of the pore network, “before” and “after” each CO,
injection, were recorded and presented in Fig. 5. Careful compar-
ison of “before” and “after” snapshots reveals that there is some
biofilm breakdown, and significant formation of CO, gas bubbles
during each of the six injection steps. The effluent P. putida concen-
tration was measured during each CO, injection period, whereas
the effluent pH values were measured before and after each CO,
injection. The experimental data are graphically illustrated in Fig. 6.
As shown in Fig. 6, shortly after each CO, injection the pH of the
effluent was decreased. This is an expected result, because when
CO,, is dissolved in the nutrient broth within the pores of the micro-
model, it reacts with water to form carbonic acid (H,CO3), which
rapidly looses protons and dissociates to bicarbonate (HCO3;~) and
hydrogen ions (H*), and in turn HCO3~ dissociates to carbonate
(CO32-) and H* (Stumm and Morgan, 1981):

COyg) ¢ COxaq) (2)
COyaq) & H20 & HyCO; (3)
H,CO3 & HCO3™ +H* (4)
HCO3~ & C03%~ +H* (5)

Significant carbonate activity (Eq. (5)) is unlikely to occur at the
present experimental conditions (room temperature and pH <8.3).
The liberated protons or increase in H* concentration caused
by each CO, short time-period injection leads to the observed
pH=—logo[H"] decrease. Note that this pH reduction is only tem-
porary because after each CO, injection the previously reduced pH
increases again as soon as the supply of nutrients continues, and
the CO, saturation of the pore network decreases.

The CO, concentration in the pore network decreases due to
partial pressure reduction caused from fluid displacement by the
nutrient flow, and by buffering reactions that also consumed CO,.
Fig. 6 indicates that the effluent P. putida concentration decreased
by approximately five orders of magnitude shortly after the sec-
ond CO,; injection into the micromodel. This is mainly attributed
to biofilm detachment, and possible stress of the bacterial cells
by the injected CO,. Note that CO, partial pressure increases have
been reported in the literature to reduce bacterial growth (Motegi
et al., 2013). The detached biofilm was subsequently displaced out
from the micromodel by the interstitial flow. Note that the first
two volumes of CO, injected into the micromodel were largest
(see Table 2). Therefore, there was not enough time for the biofilm
to sufficiently regrow within the pore network prior to the third
injection step. Consequently, the effluent P. putida concentration
after the third injection step was drastically reduced. However,

Injection step

Fig. 5. Snapshots of the pore network taken before and after each of the six CO,
injection steps. The inserted circles highlight the biofilm breakdown during injection
step 2, and the squares the significant formation of gas bubbles during injection
step 4.

after the abrupt reduction in biofilm mass, the biofilm progressively
regrew and in turn the effluent P. putida concentrations progres-
sively increased (see Fig. 6).

Analyzing the numerous high-resolution, digital snapshots of
the micromodel, collected at various times during the experiment
(including the snapshots shownin Fig. 5), the corresponding biofilm
and gas saturations of the pore network were determined and pre-
sented graphically in Fig. 7. Clearly, it is evident from Fig. 7 that
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Fig. 6. Effluent P. putida concentration and pH versus time. The solid squares rep-
resent the effluent P. putida concentration during each CO, injection period and the
solid circles represent the effluent pH shortly after each CO, injection.

shortly after each CO, injection, gas saturation of the pore net-
work increased, whereas biofilm saturation of the pore network
decreased. The observed decrease in biofilm saturation of the pore
network shortly after each CO, injection was attributed to biofilm
detachment and removal out from the micromodel. However, as
shownin Fig. 7a, after the end of each CO, injection, the biofilm was
regrown. Also, after completion of the injection steps, the biofilm
was progressively regrown, and the biofilm saturation of the pore
network steadily increased to its initial level. Figs. 6 and 7 show
that, due to the strong buffering capacity of the nutrient, only a
small pH decrease occurs during the CO, injection. Also, during
the CO, injection, most of the nutrient occupying the small pore
volume of the micromodel (~2.5 mL) was displaced. Consequently,
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Fig. 7. Pore network saturation with: (a) biofilm and (b) gas versus time. The solid
circles and solid squares represent the biofilm saturation of the pore network before
and after the CO, injection, respectively. The numbers indicate the CO, injection
step.

Fig. 8. A snapshot of the pore network near the inlet port 2, a few hours after the
first CO, injection. Denser biofilm near the inlet port is not significantly affected by
CO; injection.

the injected CO, gas displaced biofilm by the influence of shear
forces, and that the small pH changes of the residual nutrient did
not contribute to the observed biofilm destruction.

The observed increase in gas saturation of the pore network
shortly after each CO, injection is intuitive, and strictly propor-
tional to the volume of CO, injected. Note that the largest volume
of CO, was injected during the first injection step (see Table 2),
which is in perfect agreement with the results presented in Fig. 7b.
It is worthy to note that the inlet ports of the network, where the
biofilm is denser with stronger structure, CO, injection was rela-
tively less destructive (see Fig. 8). This observation suggests that
biofilm age can play a significant role to biofilm breakdown dur-
ing CO, leakage. In Fig. 9 the observed biofilm saturation decrease
is plotted against the volume of CO; injected (or leaked), and the
following empirical correlation can be proposed:

BSD = 0.66 + 1.94Vco, — 0.054(Vco, ) (7)

where BSD [%] is the biofilm saturation decrease, and Vo, is the vol-
ume of CO, leaked in units of [mL]. Clearly, as expected, the smaller
the volume of CO, released the smaller the biofilm destruction.
For the second experiment the initial concentration of the bacte-
ria injected into the pore network was equal to 6 x 107 cfu/ml. The
biofilm was slowly grown within the pores of the micromodel.
At the 44th day of the experiment, no obvious changes on the
biofilm’s structure were noticable, the intrinsic permeability

Biofilm saturation decrease (%)

y=0.66+1.94x-0.054x"

0.01 0.1 1 10 100
Injected CO, (mL)

Fig. 9. Decrease of pore network biofilm saturation versus volume of CO; injected.
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Fig. 10. Snapshots of the pore network: (a) before the CO, injection (here
k=0.67Da), and (b) one day after the end of the CO, injection (here k=0.89 Da).
Note that only a few CO, gas bubbles are visible just one day past the CO; injection.

of the micromodel was determined to be k=0.67Da (where
Da=darcy=10"12m?2) (see Fig. 10a), which corresponds to 99.8%
reduction in the intrinsic permeability of the clean pore network
micromodel (k=281.9 Da). Then, CO, was injected into port 3 of the
micromodel for approximately 1 h, at a flow rate of Q=0.15 L/min,
which contributed to abrupt detachment and displacement of a
relatively large quantity of the biofilm. Worthy to note is that a por-
tion of the injected CO, “short-circuited” the micromodel, creating
distinct fingering between injection port 3 and the extraction port
12. Note that the injected CO, fingers break down to small bubbles
due to local instabilities. This phenomenon is called “snap-off” and
takes place when a wetting fluid displaces a non-wetting, depend-
ing on the ratio of the diameters of pore to throat and the fluid
system wettability (Li and Wardlaw, 1986). It should be noted that
there is always a thin film of nutrients and bacteria between the CO,
gas and the glass surface, because the pore surfaces are not wetted
by CO, gas (water-wet surfaces). The intrinsic permeability one day
after the completion of the CO, injection, when no gas remained
trapped in the micromodel, was also determined and it was found to
be k=0.89 Da (see Fig. 10b). Therefore, the CO, injection increased
the diminished, due to biofilm growth (bioclogging), intrinsic
permeability of the pore network micromodel by 32.8%. Only a
few CO, gas bubbles are visible in Fig. 10b, suggesting that most of
the CO, that remained within the micromodel during the injection
period was displaced out from the micromodel by the interstitial
flow and dissolved in the aqueous phase within just one day.

4. Conclusions

The experiments conducted in the glass-etched pore-network
micromodel suggested that small quantities of CO, have rela-
tively small effect on the P. putida biofilm. It was shown that

CO, injections temporarily reduce the solution pH. Also, it was
shown that CO, injections disrupt and partially breakdown the P.
putida biofilm. However, this is only a temporary effect, because
the biofilm was not destroyed completely and biofilm regrowth in
the pore-network micromodel started immediately after each CO,
injection step. Also, it was shown that biofilm age plays a signifi-
cant role, because denser (fully developed) biofilm near the inlet
of the micromodel was more resistant to breakdown during CO,
injection. Finally, it was shown that a sudden CO, injection con-
siderably enhanced the intrinsic permeability of the micromodel
with P. putida biofilm, which soon returned to the level prior to
the CO, injection. Therefore, a potential CO, leakage from a stor-
age geologic formation is expected to impact only temporarily P.
putida biofilm structures within potable water aquifers. The results
of this study cannot be generalized for every biofilm type, because
other biofilms (e.g. Nitrosomonas) are known to be influenced by
pH reduction. Certainly, this work has improved our understand-
ing of the impact of sudden and temporary CO release on P. putida
biofilm, but the question of what would be the long-term effects of
continuous CO, release on biofilm growth remains unanswered.
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