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Abstract. Microbial-induced CaC@precipitation (MICP)is 1 Introduction

an innovative technique that harnesses bacterial activity for

the modification of the physical properties of soils. Since

stimulation of MICP by urea hydrolysis in natural soils is Prokaryotes comprise the major part of the biomass in all
likely to be affected by interactions between ureolytic and Major soil types, with an estimated average of 202 cells
non-ureolytic bacteria, we designed an experiment to exP€r cn® of soil in the top 10m (Whitman et al., 1998). The
amine the interactions between ureolytic and non-ureolyticProducts of prokaryotes’ metabolic activity interact with the
bacteria and the effect of these interactions on MICP. Andifferent constituents of the soil and may thereby change the
artificial groundwater-based rich medium was inoculatedSOil properties. Bacterial processes may thus be harnessed
with two model species of bacteria, the ureolytic speciesfor modification of soil properties as a sustainable and en-
Sporosarcina pasteurind the non-ureolytic speci@acil- vironmentally responsible methodology for soil ameliora-
lus subtilis The control treatment was inoculated with a pure tion and for certain engineering applications (DeJong et al.,
culture ofS. pasteurii The following parameters were mon- 2011). One of the most promising biogeochemical treatments
itored during the course of the experiment: optical density,for soil is microbial-induced CaCgprecipitation (MICP),

pH, the evolution of ammonium, dissolved calcium and dis- Which effectively precipitates CaGOn the soil, thereby in-
solved inorganic carbon. The results showed that dissolve@'€asing its strength and stiffness and reducing water perme-
calcium was precipitated as Cag@ster in the mixed cul- ~ ability (DeJong et al., 2010; Harkes et al., 2010; Nemati and
ture than in the control, despite less favorable chemical conVoordouw, 2003; Whiffin et al., 2007). The possible applica-
ditions in the mixed culture, i.e., lower pH and lower §O tions of MICP are numerous and include, to name but a few,
concentration.B. subtilis exhibited a considerably higher 9eotechnical engineering (Burbank et al., 2011; DeJong et
growth rate tharB. pasteurii resulting in higher density of al., 2006), structural rehabilitation (De Muynck et al., 2008a,
bacterial cells in the mixed culture. We suggest that the presbP). architecture (Tiano et al., 1999) and environmental pro-
ence of the non-ureolytic bacterial speci@ssubtilis accel-  tection (Dupraz et al., 2009; Fujita et al., 2008).

erated the MICP process, via the supply of nucleation sites Most soil bacteria are capable of inducing CaCe-
in the form of non-ureolytic bacterial cells. cipitation through a variety of metabolic pathways, both au-

totrophic and heterotrophic (Boquet et al., 1973). The most
efficient biogeochemical pathway for MICP involves the mi-
crobial hydrolysis of urea, which is catalyzed by the mi-
crobial enzyme urease (urea amidohydrolase, EC 3.5.1.5)
(De Muynck et al., 2010a; Lloyd and Sheaffe 1973). The
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enzymatic hydrolysis of urea is approximately!4@imes  tion; and repressible, in which urease expression is inhibited
faster than the spontaneous reaction (Jabri et al., 1995). Ureda response to the presence of nitrogen-rich compounds, in-
hydrolyzing microorganisms, both eukaryotes and prokary-cluding high concentrations of urea (Mobley and Hausinger,
otes, are ubiquitous in natural soils, and urea hydrolysis is &989). Of these three, the constitutive regulation is the most
process common to soils worldwide (Bremner and Mulvaney,promising for a successful MICP process; however, the more
1978; Lloyd and Sheaffe, 1973; Mobley and Hausinger,common manner of regulation is the repressible expression
1989). Urea is initially hydrolyzed to carbamate and ammo-(Mobley and Hausinger, 1989).

nia (Reaction R1; Mobley and Hausinger, 1989). Carbamate Interactions within the microbial community affect the
is then spontaneously hydrolyzed to give carbonic acid andyeochemistry and the microbial ecology of their environ-
ammonia (Reaction R2), which themselves undergo hydrol-ment, and the presence of non-ureolytic bacteria in the
ysis according to Reactions (R3) and (R4), with equilibrium soil has been shown to affect the parameters controlling
constants of pK 6.3 and pk, 9.3, respectively. Accordingto CaCQ precipitation in different ways: heterotrophic bac-
these values, it is clear that there will be a net increase in soiterial metabolism, for example, has been shown to induce
pH. In the presence of dissolved calcium, this process couldCaCQ dissolution under aerobic conditions due to the min-
result in the precipitation of CaG{dReaction R5), provided eralization of organic carbon and the consumption of am-
that the medium is oversaturated with respect to CaCO monium (Bennett et al., 2000; Jacobson and Wu, 2009). In

Urease contrast, the electronegativity of the bacterial cell surface en-

CO(NH32)2 +H>0 ——= NH3 + NH>,COOH (R1) courages complexation of dissolved metals (Schultze-Lam et
NH2COOH+ H20 < H,COs3 + NH3 (R2)  al., 1996), with the complexes possibly serving as nucleation
HoCO3 <> HY + HCOg (R3) z::)eifagnmmeral precipitation, thus accelerating Ca@@e-

NH3 + H20 < NH; + OH™ (R4) To date, most of the research on MICP has been confined
cat + HCO; + OH™ <> CaCQ; | +H,0 (R5) to ureolytic bacteria, with a focus on the catalysis of urea hy-

drolysis (Ferris et al., 2003), on the efficiency of calcite pro-

MICP is thus an intricate process that is delicately balancedduction (De Muynck et al., 2010b; van Paassen et al., 2010)
by four parameters: (1) dissolved inorganic carbon (DIC), (2)and on the modification of soil physical properties by model
pH, (3) abundance of nucleation sites, and (4) calcium conbacteria (Burbank et al., 2011; De Muynck et al., 2010b; De-
centration (De Muynck et al., 2010b). The first three parame-Jong et al., 2011; Whiffin et al., 2007). Although some stud-
ters are directly affected by urea-hydrolyzing (ureolytic) mi- ies of ureolytic MICP have been conducted using mixed bac-
crobial activity, as described in Reactions (R1) to (R4), andterial cultures in the lab (De Muynck et al., 2008a; Tobler et
by bacterial cell abundance (with the bacteria providing nu-al., 2011) and others have been conducted in situ by stimu-
cleation sites). lation of indigenous ureolytic bacteria (Burbank et al., 2011,

In soil amelioration, two major approaches are applied inFujita et al., 2008), little attention has been paid to the ef-
the implementation of MICP: (1) bioaugmentation, in which fect on the system of the non-ureolytic bacteria present in the
a specific ureolytic bacterial strain is added to the treatmenexperimental setting. In this study, the potentially conflict-
site together with urea, nutrients and calcium; and (2) bios-ing effects of ureolytic and non-ureolytic bacteria on CaCO
timulation, in which indigenous ureolytic bacteria are pro- precipitation were investigated in a simple, two-species batch
vided with a substrate designed to stimulate Ca@&cipi- experiment. An MICP system consisting of two model bac-
tation. In situ bioaugmentation is not always successful, beteria, the ureolytic specieSporosarcina pasteuriand the
cause it is based on the introduction to the soil of large quanfion-ureolytic specieBacillus subtilis was used to study the
tities of monoclonal bacterial cultures, whose survival andchemical and biological evolution of the Cagfrecipitation
proliferation are uncertain (as these bacteria are often exprocess in soil. This two-species model system was designed
posed to predation by eukaryotes and fail to compete withso as to reveal some of the possible interactions between bac-
the indigenous microorganisms; Van Veen et al., 1997). Bios+eria of two different guilds and their effect on MICP.
timulation, in contrast, encourages the growth of a particu-
lar guild of native soil microfauna through the manipulation
of specific growth conditions. However, a possible drawback2 Materials and methods
of this method is that the initial soil concentration of ure-
olytic bacteria might limit the rate of ureolytic MICP inthe 2.1 Bacteria and growth conditions
site to be treated (Tobler et al., 2011). Another consideration
affecting biostimulation is the cellular regulation over ure- Ureolytic bacteriuma pure culture oSporosarcina pasteurii
ase expression. Three manners of regulation are known: coftbSMZ 33) was grown with agitation (100 rpm) at 30
stitutive, in which urease is constantly expressed by the orin Nutrient Broth (NB; HiMedia") supplemented with 2 %
ganism; inducible, in which urease is expressed in response/v urea (333 mM) until it reached the exponential phase of
to the presence of urea over a certain threshold concentragrowth. The bacteria were then harvested by centrifugation
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(16,100 g, 6 min) and resuspended in a sterile CaQrecip- 2.4 Chemical analysis
itation medium (see below). This process was repeated twice . . .
to prepare the inoculum @. pasteurii The final concentra-  All samples were filtered through 0.22 pm filters (Mifféx

tion of S. pasteuriifor all treatments described below was upon sampling. Dissolved calcium and ammonium concen-
approximately 10 bacteria m2. trations were determined by ion exchange chromatography

Non-ureolytic bacteriumthe inoculum of the model gram- (Dionex 500; eluent: 20 mM methanesulfonic acid, flow rate:
positive bacteriumBacillus subtilis(DSMZ 6397), was pre- 1.0mLmir%; column type: cation separation — lonPac —
pared as described above. The final concentratidh stib- ~ CS12A, 4x 250 mm). The standard error of measurement
tilis in each of the mixed treatments was' Itacteriamtt.  Was 0.002 and 0.006 mM for €a and NHf, respectively.

B. subtilisis often used as a biotic control for MICP exper- The pH was measured upon sampling with a pH meter with a
iments, as it does not induce Cag@recipitation (Mitchell ~ measurement error of 0.01. For DIC measurements, filtered
and Ferris, 2006; Stocks-Fischer et al., 1999), and accordin§amples were injected into glass vials containingP&,

to our preliminary experiments it does not affect dissolvedWhich had previously been flushed with helium for 10 min to

calcium concentrations in our experimental setting. prevent equilibration with atmospheric @OThe DIC con-
tent was then determined using an IRMS (isotope ratio mass
2.2 CaCQ; precipitation media spectrometer) Delta Plus XP (Thermo Scientific, NY, USA),

utilizing Gas Bench Il. Ten solutions of NaHGQconcentra-

The CaCQ precipitation media were based on an artificial tions ranging from 3.91 to 7.15mM) were used for calibra-
groundwater solution (AGW) representing the compositiontion. The standard error of the measurements was 0.01 mM.
of Israel’s coastal aquifer (Sivan et al., 2005) as follows:
MgCl2(1 mM), MgSQy (1 mM), NaHCG (2.56 mM), NaCl 2.5 Biological analysis
(14.35 mM), CaCGl (2.43mM) and KCI (0.32mM); total
ionic strength: 31.5mM. Two different precipitation media Bacterial growth was determined in terms of optical density
were prepared: (1) a full-strength medium, NBU, in which (OD) by measuring absorbance at a wavelength of 600 nm.
AGW was supplemented with 7mM urea and 13¢INB Colony-forming units (CFU) of the two species were counted
and which provided. subtiliswith all the required nutri-  on two different growth media: NB agar (Himefijpand NB
ents but limited the growth 08. pasteuriidue to the low agar supplemented with 20gL urea (333 mM). Sincs.
urea concentration (Jahns et al., 1988); and (2) a one-thirdPasteuriicannot grow on NB agar in the absence of urea
strength medium, /B NBU, which contained AGW supple- ©r high concentrations of ammonium salts (Bornside and
mented with 7 mM urea and 4.34 gL NB which limited the ~ Kallio, 1956), CFU counts on NB agar plates represent the
growth ofB. subtilisdue to lower nutrient availability. concentration oB. subtilis whereas CFU counts on NB-urea

To prevent premature CaG@recipitation, the pH of the ~agar plates represent the total bacterial concentration in the
AGW was adjusted to 6.5 using 1 N HCI prior to the addition mixed cultures (treatment NBps angiBINBps). Thus, com-
of urea and NB. Upon the addition of NB to the medium, paring the CFU values between the two plate types enabled

the pH increased to approximately 7.4 due to the chemicaks to differentiate between the bacterial species in the mixed
properties of the NB itself. All media were filter-sterilized culture. CFUs were counted following the inoculation of the

through 0.2 um sterile filters (Nalge®e media, at the 17th hour and at the 40th hour of the experi-
ment.

2.3 CaCQ; precipitation treatments
2.6 Zeta potential measurements

To examine the effect of non-ureolytic bacteria on MICP, we

inoculated NBU medium and/8 NBU medium with both ~ For measuring the zeta potential, monoclonal cultures.of
bacterial species, with the treatments being designated NBp@asteuriiand B. subtiliswere grown and harvested as de-
and 1/3 NBps, respectively. The biological control treat- Scribed in Sect. 2.1. Each bacterial culture was then resus-
ment comprised NBU medium inoculated only wihpas- ~ pended in an AGW-based medium, supplemented with 7 mM
teurii, designated NBp treatment. Each treatment was preof urea, whose pH was then adjusted to one of three different
pared in duplicate; the initial volume of each replicate wasVvalues: 7.40, 7.90 and 8.40, with 3N NaOH. Each treatment
200 mL. All treatments were incubated without shaking in Was prepared in triplicate. Zeta potential was measured using
corked 250 mL Erlenmeyer flasks at ambient temperaturedhe 90Plus particle size analyzer by Brookhaven Instruments
for 10 days. During the course of the experiment, a|iqu0ts(H0|tSVi||e, NY). Each measurement was repeated five times;
from each treatment were taken for analysis at predeterminethe standard error of measurement was 0.52 mV.

intervals.
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3 Results 25 100
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The results of our experiments are summarized in Fig. 1. ~ % M ® Lot
Each point of the measured €3 NHZ{, pH and OD rep- £t °:,, S e o 7
resents the average of the treatment duplicates. The standag, 1% 3 “ I EE
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The reduction in dissolved calcium concentration observec ~ ° ¥ Tmem CT ey
in this experiment may be attributed to the precipitation of 88
CaCQ. The fastest depletion of dissolved Tawas ob- ¢ ecEs Eo@ d .
served for the mixed culture NBps treatment, with 2.40mM _"° L 84 qe®? S5 o °
of Ca&+ being consumed during the first 80 h of the experi- £ ., ' D;Zv
ment (Fig. 1a), which is equivalent to nearly 100% CaCO 2 e R
precipitation (Fig. 1b). For the control NBp treatment, cal- § ’ ;Dj S &
cium depletion was slower and was completed after 123h + & AR
The C&* depletion rate for the /B NBps coculture treat- & °
ment was similar to that for the control treatment NBp, i.e., °T "
100 % CaCQ precipitation in 123 h. T Them T Tmem
0.2
e
3.2 NHj concentration 12 . L
oo 4 T + _ ° 090 o
The increase in ammonium concentration (Fig. 1c) may bes s OQ% S0 : ém L, ? d}
attributed mostly to urea hydrolysis (according to a stoi-g . &° S e o0
chiometry of 2: 1; refer to Reactions R1 and R2) but also  , 3" < ﬁ** oo
partly to mineralization of NB. The final concentrations of ? 0% gy o il
ammonium for the control NBp and coculture NBps treat- | P I o NBp_
ments were identical (18.43 mM), whereas in th@ NBps o s 100 15 200 25 o 2 @ o o 1m0
treatment the final ammonium concentration was consider- Time () Time ()
ably lower, i.e., 14.64 mM. Fig. 1. Changes over time in dissolved calcium concentraan
percentage of calcium depleted and precipitated as GdB)Dam-
3.3 pH monium(c); pH (d); dissolved inorganic carbon (DIGg), and OD

o ) ) o ~at600 nm(f); for treatments NBp({), NBps () and %3 NBps ).
Variations in pH over time are presented in Fig. 1d. Initial Note the different timescales in panéty and(f).

pH values for all treatments were approximately 7.4, proba-

bly due to the pH of the NB that was added after the pH had

been adjusted to 6.5. For the control NBp treatment, pH val-NBps treatment than for the control NBp treatment. For the
ues increased rapidly within the first 100 h of the experiment1/3 NBps treatment, DIC concentrations resembled those of
(approximately by pH 1) to a plateau of about pH 8.40. How- the NBp treatment (Fig. 1e).

ever, for the coculture NBps treatment, a different trend was

observed: pH values increased during the first 10 h of the ex3.5 Culture growth patterns

periment, reaching a value of 7.74, followed by a decline to a

minimum value of 7.39 after 28 h. Thereafter, pH values in- Different bacterial growth patterns were observed for the dif-
creased again until the 125th hour, finally oscillating aroundferent treatments (Fig. 1f). For the coculture NBps treatment,
a value of 8.40. For the/B NBps coculture treatment, pH the exponential growth phase commenced on or before the
values increased during the first 18 h of the experiment to al 7th hour of the experiment, whereas for the control NBp
value of 8.06, followed by a slight decrease to a value of 7.98ireatment, the exponential growth phase commenced on or
at the 28th hour and then by an increase until the 123rd hourfter the 40th hour of the experiment. The increase in OD for
finally oscillating around a value of 8.50. For all treatments treatment 13 NBps can be divided into two stages: the first

the final pH values after 123 h were about 8.50. began around the 17th hour of the experiment, as did the OD
increase in the full-strength NBps treatment, and the second
3.4 DIC concentration stage started around the 40th hour, as did the OD increase in

the control NBp treatment. In terms of CFUs, the count of
During the first 80 h of the experiment, total DIC concentra- B. subtilisin the coculture NBps and/B NBps treatments
tions were higher (by 2.6 mM, on average) for the cocultureincreased by two orders of magnitude within the first 17 h
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T | T ’ 11 ‘ 11 ‘ T | The acidity constants Kand K, were obtained from Stumm
and Morgan (1996), and hydrogen concentration was deter-
50 100 150 200 250 mined from pH measurements. For all calculations, it was as-
Time: (hr) sumed that equilibrium between carbonate species was main-
Fig. 2. Calculated changes over time in €0 concentration for ~ t@ined in the medium and that no equilibration with atmo-
treatments NBp{)), NBps () and /3 NBps (). spheric CQ took place (Dupraz et al., 2009).
The calculation showed that @O concentrations for the
control NBp treatment (0.10 mM) were considerably higher
of the experiment. In the NBp treatment inoculated véth  than those for the coculture NBps treatment (0.03 mM) dur-
pasteurii alone, the CFU count increased by one order ofing the initial 68 h of the experiment (Fig. 2). However, by the
magnitude by that time. By the 40th hour of the experiment,120th hour of the experiment, GO concentrations had be-
CFU counts oB. subtilisin the 1/3 NBps treatment had not come similar for the two treatments, i.e., 0.15 and 0.14 mM,
changed significantly, while those in the NBps treatment in-respectively. C@~ concentrations for the/8 NBps treat-
creased by another order of magnitude, thus confirming thénent resembled those for the NBps treatment up to the 56th

02 — ° NBp mass balance a " NBps mass balance b
- alc DI alc
— + 12 2 ::/Ieas DCI:C 12 2 ;\:/Ie‘asD;fC
] L]
P . .
0'16i O + & Ee QSOQQ e Ee ..;Sooo 8 s
o (] o ®
| o O a 8 8 59&
_ ®
S 012 — T = s
E 0 o ‘ .
< - + 0 o
8 0.08 { <& 0 50 mT?me ( h1r5)0 200 250 0 50 19r?me ( h1r§0 200 250
B IP Fig. 3. Calculated Q) and measuredsf values of DIC for treat-
004 — 4 _|:|_+<><> + 1/3NBps ments NBp(a) and NBpg(b).
| <& NBps
1 @E& O NB
p
wm <
° T
0

OD measurements. hour of the experiment. From then on, the ?O:oncentra—
tion increased to reach values similar to those for the NBp
3.6 Zeta potential treatment.

The zeta potentials of both bacterial species decreased with.2 Carbon mass balance

an increase in pHS. pasteuriizeta potentials ranged from

—19.51 mV at pH7.40 to-23.10mV at pH8.40B. sub- 1o assess the contribution of the oxidation of organic carbon

tilis zeta potential ranged frorr22.28 mV at pH7.40 to  tg the accumulation of DIC, we calculated the amount of to-

—24.18mV at pH 8.40. tal inorganic carbon that originated from urea hydrolysis in
the control and mixed-culture (NBp and NBps) treatments
and compared the results with those obtained by direct mea-

4 Data analysis surement of DIC. The correlation between the calculated and
_ . measured DIC concentrations indicates that urea hydrolysis
4.1 Calculated CG;~ concentration is indeed the main source of DIC production, with differ-

ences between calculated and measured DIC concentrations
Carbonate ion concentration [§0 was calculated fromthe  peing attributed to the mineralization of the NB. The sto-
measured DIC concentrations using the following equationgchiometry of the reactions described in Reactions (R1) to
(Stumm and Morgan 1996): (R4) yields the following relationship for the concentrations
of urea-derived carbon and ammonium:
[cog—] —Cr-az, (R6)

+
. . . . [Curea = [NHg ]. (R8)
where G is the total inorganic carbon concentration, or DIC,
and the mole fractionyo, is calculated as follows:
The stoichiometry of the CaCG{precipitation reaction (Re-
([H+]2 [H1] 1)‘1 (R7) action R5) along with direct measurements of dissolved
o = .

K1K> + Ko calcium concentrations allowed us to find the amount of

www.biogeosciences.net/11/2561/2014/ Biogeosciences, 11, Z8&B-2014
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precipitated carbon: of ammonium concentration, indicating bacterial activity,

along with correlation between OD and CFU increase, in-
[Cprecipitated = [CaCQ] = A[Ca2 ] (R9) dicate that both species remained viable during the first
= [C nﬁial] - [CBEJF] : 80 h of the experiment.

) o Bacterial growth in the NBps treatment, containing both
Since precipitation of CaC{xemoves carbonate from solu- pacterial species, was faster than that observed in the NBp
tion, the amount of precipitated Cag@ust be subtracted reatment, containing onl§. pasteurii with the difference
from the total inorganic carbon produced to give the net i”'presumably representing the growthBf subtilis (Fig. 1f).

crease in DIC (Reaction R10): The two stages of OD increase in thg31INBps treatment
[N H+] may be explained as an initial increas@®irsubtiliscell num-
[C]= L4l A[CEH]. R10 bers followed by an increase 8 pasteuricell numbers. The
2

growth ofB. subtilisin this treatment was limited — vis-a-vis
Figure 3a and b present calculated and measured DIC cornhe full-strength treatment — by the relatively low concentra-
centrations in the single-species NBp and coculture NBpsion of NB, i.e., 4.34g L1 vs. 13g L1 (Fig. 1f). These con-
treatments. For the NBp treatment (Fig. 3a), there was goodlusions are corroborated by the CFU counts. Thus, fi3e 1
correlation between measured and calculated DIC valuesNBps treatment represents the superposition of the growth of
The root mean square of residuals (rmsr) was 0.9 mM forthe two bacterial species. We therefore deduce that there was
measurements ranging from 2.6 to 9.5mM, yielding an es-no competition for resources betwe®rpasteuriandB. sub-
timate error of 13 %. For the coculture NBps treatment, thetilis in the one-third strength medium and that there was no
correlation between the measured and calculated DIC consignificant interference between the two species. In addition,
centrations was weaker (Fig. 3b), with an rmsr of 1.7 mM the low nutrient concentration in this treatment had a greater
for measurements ranging from 2.6 mM to 9.8 mM, yielding effect onB. subtilisthan onS. pasteurii as shown by bac-

an estimate error of 26 %. It should be noted that during theterial growth, pH and DIC measurements. This conclusion
first 40 h of the experiment, the highest difference betweenstands in agreement with the findings of previous studies that
measured and calculated carbon values was obtained for th®. pasteuriican hydrolyze urea in the absence of an organic
NBps treatment (Fig. 3b) and this difference paralleled bothcarbon source, although the number of viable cells is likely
the exponential growth d8. subtilisand the decrease in pH to decrease significantly under these conditions (Dupraz et
(refer to Fig. 1f and d, respectively). al., 2009; Ferris et al., 2003).

The response of non-ureolytic bacteria to an enrichment of
the microbial population by adding an organic carbon source
could prove to be significant to the propagation of MICP in
situ. In this study we showed that the presence of the non-
ureolytic bacteriumB. subtilis had no effect on the precip-

5 Discussion

We observed that the precipitation of Cag®as enhanced
in a coculture of ureolytic and non-ureolytic bacteria (NBps ="~ i : ,
treatment, Fig. 1a and b). To gain a comprehensive underitation process when the concentration of NB (|._e., organic
standing of the process, we monitored the following parame-£&roon source) was low (3 NBps treatment), but increased
ters: dissolved calcium concentration, DIC and carbonate iori€ rate of CaCe@precipitation when the NB concentration
concentration and pH, which are the principal chemical pa-¥@s high (NBps treatment). Since most studies of MICP in
rameters that control the level of saturation with respect tghatural soils have used sm_ple organic carbon sources, e.g.,
CaCQ, thus affecting CaC@precipitation process. Other molasses, at low concentrations (Fujita et al., 2008; Burbank
parameters, such as ammonium concentration and optic&lt - 2011; Tobler etal., 2011), the results for t/i8 WBps

density, were determined as a measure of bacterial grotheatment are particularly relevant to the scaling up of MICP.

and activity during the experiment. 5.2 Urea hydrolysis and ammonium concentration

5.1 Growth conditions and bacterial growth The final ammonium concentration for all the treatments ex-

The urea concentration used in our experiments was consicce€ded a value of 14mM (Fig. 1c), the maximal concen-
erably lower than the optimal concentration required for thelration of ammonium that could have originated from urea
proliferation ofS. pasteuriii.e., 200 mM (Jahns et al., 198g), nydrolysis. We propose that the surplus ammonium derives
thus limiting the growth of this species. Similar urea concen-Tom the mineralization of the NB. Therefore, it is pos-

tration was applied in the work of Ferris et al. (2003), who sible that the differences in ammonium accumulation be-

showed that urea hydrolysis could occur at a concentratiofWeen the treatments could have resulted from differences
as low as 6 mM. in the bacterial growth rate rather than differences in the

In this experiment, due to its relatively long duration Uréa hydrolysis rate.
(10 days), it is likely that both bacterial species under-
went sporulation to some extent. However, measurements

Biogeosciences, 11, 2562569 2014 www.biogeosciences.net/11/2561/2014/



D. Gat et al.: Accelerated microbial-induced CaCQ precipitation 2567

5.3 \Variation in pH Table 1. Comparison of chemical and biological conditions be-
tween coculture (NBps) and control (NBp) during the first 80 h of

Urea hydrolysis is expected to lead to an increase in the pHhe experiment.

of the medium due to the production of ammonium (Re-

action R4), as was indeed found in the single-species NBp  Parameter NBp NBps

treatment (Fig. 1d). However, the coculture NBps treatment [ 02,]

displayed a non-characteristic decrease in pH between the 3

10th and 28th hours of the experiment. This decrease was

correlated in time with the exponential growth phaseBof

subtilis and may therefore be attributed to increased respi-

ration, leading to enrichment in GOthus acidifying the

medium. DIC measurements showed an increase in the con-

centration of inorganic carbon, corroborating this conclusiontreatments (Fig. 2), due to the lower pH in the coculture NBps

(Fig. 1e). A similar phenomenon was also described by To-treatment.

bler et al. (2011) for the induction of urea hydrolysis in a

mixed culture of indigenous soil bacteria. Accelerated pre-5.5 CaCQ; precipitation

cipitation of CaCQ in the coculture NBps treatment might

also have contributed to the decrease in pH, but there waghe maximal rate of CaC{precipitation was found in the

no correlation over time between changes in pH and GaCO coculture NBps treatment (Fig. 1b). Cag@recipitation re-

precipitation rate. quires supersaturation, as indicated by a saturation index
A decrease in pH similar to the one observed in the co-(Sl= {C& "} x {CO5~}/Ksp) higher than 1. Since the rate of

culture NBps treatment — though to a lesser extent — wagrecipitation is affected by the availability of nucleation sites

noted for /3 NBps treatment, further corroborating our ob- and by the SI, the addition of foreign solids that catalyze the

servation that this treatment supported a superposition of th@ucleation process, or the increase of the Sl of the medium

growth of the two bacterial species. Despite the decrease itvith respect to CaC®could increase the precipitation rate

pH observed in both treatments containBigsubtilis the pH ~ (Stumm, 1992). The determination of SI requires a knowl-

remained slightly basic, thereby enabling the continuing pre-edge of the activities of G& and CC%‘, and it is therefore

0.005-0.132mM  0.005-0.087 mM

40 h lag phase 17 h lag phase
CaCQ 100% in 123 h 100% in 80h
precipitation rate

cipitation of CaCQ. necessary to know the ionic strength=D.5 x X;¢; x Zl?)
of the precipitation medium. High ionic strength results in a
5.4 DICand CO%‘ concentrations lower ion activity and therefore lower Sl, and vice versa. In

our experiment, due to the use of a chemically undefined NB,

DIC concentrations in our experiments were affected bywe could not determine the ionic strength of the precipitation
three processes: (1) hydrolysis of urea to produce bicarmedia. When examining the measured concentrations of the
bonate, (2) bacterial respiration and mineralization of themajor constituents in this experiment (i.e., Lﬁj{:azﬁ pH
NB by ureolytic and non-ureolytic bacteria to produce dis- and the carbonate species), we thus assumed that the ionic
solved CQ, and (3) precipitation of CaC4) which led to  strength for the coculture NBps treatment was similar to that
a reduction in DIC concentration. In order to enable us tofor the control NBp treatment, and, therefore, we relied on
differentiate between the two sources of inorganic carbonCa* and CC%‘ concentrations as indicators of the SI.
we compared calculated and measured DIC concentrations. An examination of Table 1 shows a faster precipitation rate
Since ammonification of amino acids in the growth medium for the coculture NBps treatment than for the NBp (control)
resulted in slightly higher ammonium concentrations thantreatment, despite the higher @Oconcentration in the NBp
would have been expected from urea hydrolysis, our calcuireatment. It is therefore necessary to consider other factors
lated values of urea-derived carbon are likely to represent athat might have accelerated Cagfrecipitation in the pres-
overestimation of the DIC that originated from urea hydroly- ence of non-ureolytic bacteria. Previous studies have shown
sis and therefore the differences between calculated and me#hat precipitated CaC§£encapsulateS. pasteuricells (Cas-
sured DIC values presented here are probably slightly undertanier et al., 1999; Stocks-Fischer et al., 1999; Mitchell and
estimated. Ferris, 2006; Dupraz et al., 2009; Cuthbert et al., 2012);

According to our results, more inorganic carbon was pro-it is assumed that the electronegativity of the bacterial cell
duced in the coculture NBps treatment than in the other twowall favors the adsorption of cations, such as calcium ions,
treatments (Fig. 1e). The larger amount of inorganic carborthus facilitating the CaC@precipitation process on the cell
found in this treatment cannot be attributed to the hydrolysiswall (Schultze-Lam et al., 1996). In our experiment, the
of urea (Fig. 3b) and must thus be attributed to the metabolimon-ureolytic bacteriunB. subtilis exhibited a significantly
activity of the non-ureolytic bacteria. Despite the higher con-higher growth rate (Fig. 1f), resulting in a higher concen-
centration of DIC in this treatment, the calculated:?p(hon- tration of bacterial cells in the precipitation medium. The
centration was lower than that for the NBp anBINBps similarity between the zeta potentials 8f pasteuriiand

www.biogeosciences.net/11/2561/2014/ Biogeosciences, 11, Z8&B-2014
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B. subtilissuggests that the electric charges surrounding theBurbank, M. B., Weaver, T. J., Green, T. L., Williams, B. C., and
cell envelopes of the two species of bacteria are similar. We Crawford, R. L.: Precipitation of Calcite by Indigenous Microor-
therefore suggest that the non-ureolytic bacteria provided ad- 9anisms to Strengthen Liquefiable Soils, Geomicrobiol. J., 28,
ditional nucleation sites, thus accelerating Ca@@ecipita- 301-312, 2011. _

tion. Our findings are in keeping with the study of Mitchell Castanier, S., Le Métayer-Levrel, G., and Perthuisot, J. P.: Ca-
and Ferris (2006) on the role &. pasteuriicells as nucle- carbonates precipitation and limestone genesis—the microbio-
ation sites for the precipitation of Ca@Qwhich showed that geologist point of view, Sediment. Geol., 126, 9-23, 1999.

h fb ial cells in th S di . Cuthbert, M. O., Riley, M. S., Handley-Sidhu, S., Renshaw, J. C.,
the presence of bacterial cells In the precipitation medium in- Tobler, D. J., Phoenix, V. R., and Mackay, R.: Controls on the

creased the CaC{xrystal size and the precipitation rate. rate of ureolysis and the morphology of carbonate precipitated
by S. Pasteurii biofilms and limits due to bacterial encapsulation,
Ecol. Eng., 41, 32-40, 2012.
6 Conclusions DeJong, J. T., Fritzges, M. B., and Nusslein, K.: Microbially in-
duced cementation to control sand response to undrained shear,
The results of our coculture experiment provide insight into  J. Geotech. Geoenviron. Eng., 132, 1381-1392, 2006.
the complexity of interactions between different bacteria dur-DeJong, J. T., Mortensen, B. M., Martinez, B. C., and Nelson, D. C.:
ing ureolytic MICP. We demonstrated that, in our experi- Bio-mediated soil improvement, Ecol. Eng., 36, 197-210, 2010.
mental setting, the non-ureolytic bacterial species exhibited?eJong, J. T., Soga, K., Banwart, S. A, Whalley, W. R., Ginn, T. R.,
a considerably higher growth rate, which resulted in higher Nelson, D. C., Mortensen, B. M., Martinez, B. C., and Barkouki,
bacterial density. This relatively higher growth led to a de- T.: Soil engineering in vivo: hqrness_mg naturgl blo_geochemlcal
crease in pH of the precipitation medium, which resulted in systems for sustainable, multi-functional engineering solutions,
lower carbonate ion concentration despite higher total DIC J. Roy. Soc. Inter., 8, 1-15, 2011.

) N hel h f vt e Muynck, W., Cox, K., Belie, N. D., and Verstraete, W.: Bacte-
concentrations. Nonetheless, the presence of Non-Ureolytic yiy carhonate precipitation as an alternative surface treatment for

bacteria promoted a higher rate of Cago@ecipitation. We concrete, Constr. Build. Mater., 22, 875-885. 2008a.

thus suggest that the non-ureolytic bacterii@msubtilis fa- ~ pe Muynck, W., Debrouwer, D., De Belie, N., and Verstraete, W.:
cilitated CaCQ precipitation in our experimental setting by  Bacterial carbonate precipitation improves the durability of ce-
providing additional nucleation sites. The similarity in zeta  mentitious materials, Cem. Concr. Res., 38, 1005-1014, 2008b.
potentials of the two bacterial species supports this concluDe Muynck, W., De Belie, N., and Verstraete, W.: Microbial carbon-
sion. We conclude that the presence of non-ureolytic bacteria ate precipitation in construction materials: A review, Ecol. Eng.,
can have a significant effect on ureolytic MICP and that the 36, 118-136, 2010a. _

scaling up of ureolytic MICP must take into consideration P€ Muynck, W., Verbeken, K., De Belie, N., and Verstraete, W.: In-
possible interactions between ureolytic bacteria and indige- fluence of urea and calcium dosage on the effectiveness of bacte-

. . . . rially induced carbonate precipitation on limestone, Ecol. Eng.,
nous non-ureolytic bacteria and their effect on the precipita- 36,99-111, 2010b.
tion process.

Dupraz, S., Parmentier, M., Ménez, B., and Guyot, F.: Experimental
and numerical modeling of bacterially induced pH increase and
calcite precipitation in saline aquifers, Chem. Geol., 265, 44-53,
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