
Chitosan enhances calcium carbonate precipitation and solidification
mediated by bacteria

Thiloththama Hiranya Kumari Nawarathna a, Kazunori Nakashima b,⁎, Satoru Kawasaki b
a Division of Sustainable Resources Engineering, Graduate School of Engineering, Hokkaido University, Kita 13, Nishi 8, Kita-Ku, Sapporo 060-8628, Japan
b Division of Sustainable Resources Engineering, Faculty of Engineering, Hokkaido University, Kita 13, Nishi 8, Kita-Ku, Sapporo 060-8628, Japan

a b s t r a c ta r t i c l e i n f o

Article history:
Received 30 November 2018
Received in revised form 1 April 2019
Accepted 24 April 2019
Available online 25 April 2019

Formation of the biominerals in living organisms is mainly associated with organic macromolecules. These or-
ganic materials play an important role in the nucleation, growth, and morphology controls of the biominerals.
Current studymimics this concept of organicmatrix-mediated biomineralization byusingmicrobial induced car-
bonate precipitation (MICP) method in combination with the cationic polysaccharide chitosan. CaCO3 precipita-
tion was performed by the hydrolysis of urea by the ureolytic bacteria Pararhodobacter sp. SO1 in the presence of
CaCl2, with and without chitosan. The crystal polymorphism and morphology of oven-dried samples were ana-
lyzed by X-ray diffraction and scanning electron microscopy. The amount of precipitate obtained was higher in
the presence of chitosan. The precipitate included both of the CaCO3 and the chitosan hydrogel. Rhombohedral
crystals were dominant in the precipitate without chitosan and distorted crystal agglomerations were found
with chitosan. Sand solidification experimentswere conducted in the presence of chitosan under different exper-
imental conditions. By adding chitosan, more strongly cemented sand specimens could be obtained than those
from conventional method. All of these results confirm the positive effect of chitosan for the CaCO3 precipitation
and sand solidification.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Biomineralization is the formation of minerals in biological systems.
It is a combined approach to study of the biologically-formed materials
and processes that lead to the construction of hierarchically structured
composite materials [1]. Biominerals provide protection, structural sup-
port, and mechanical strength for the organisms. Calcium is the most
common biomineral available in nature and is the main constituent of
skeletal structures. The formation of biominerals is mainly associated
with the organic macromolecules, which control the habit, polymor-
phism, and morphology of the crystals [2,3]. In comparison with the
natural minerals, organic-inorganic hybrid materials have distinctive
optical properties and higher mechanical strength [3,4].

Nacre of theMollusca is one of the best examples available in nature
for biogenic mineral formation. In nacre, aragonitic CaCO3 is deposited
upon the organic matrix of silk- fibroin like protein and polysaccharide
chitin [5,6], providing an inorganic-organic hierarchical structure with
higher strength [2]. Chitin is a one of the most abundant natural bio-
polymer, which can be found in the exoskeleton of arthropods, marine

diatoms, and certain types of algae [7–10]. However, chitin has limited
number of field applications due to its huge insolubility and complica-
tions in processing. Hence, a number of byproducts are developed
from chitin, which can be used readily for field applications.

Chitosan is the most important derivative of chitin, which is ob-
tained by the deacetylation of chitin. It is a linear poly cationic biopoly-
mer and is positively charged in the acidic environment [9,11,12]. Its
biodegradability, biocompatibility, and low toxicitymake it appropriate
for a number of applications in medicine, agriculture, cosmetic, and
waste water engineering field [12–15]. However, very limited number
of research studies have been carried out earlier regarding the applica-
bility of chitosan in civil engineering.

Our interest is in the use of chitosan as an organic additive, to mimic
the organic matrix-mediated biomineralization, combiningwithmicro-
bial induced carbonate precipitation method (MICP). MICP is a biocata-
lytic CaCO3 production/precipitation system by the hydrolysis of urea
using urease as shown in the following Eqs. (1)–(3) [16–20]. Urease is
a multi-subunit, nickel containing enzyme that can be found in some
bacterial species and plants [21].

CO NH2ð Þ2 þH2O →
Urease

H2NCOO− þNHþ
4 ð1Þ

H2NCOO− þ H2O→HCO−
3 þNH3 ð2Þ
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Ca2þ þHCO−
3 þNH3→CaCO3 þNHþ

4 ð3Þ

Recently, MICP has attracted much attention as a challenging and
ecofriendly ground improvement method. Previous research has re-
vealed that MICP can increase the soil strength and stiffness with mini-
mum disturbance to the soil [22–24]. Introducing organicmaterials into
the MICP process would be more effective to improve the efficiency of
the process. We have to consider the number of factors before imple-
ment. Basically, the organic materials should not inhibit the bacterial
as well as enzyme activity. Also, effect of the organic matters on the
CaCO3 crystallization should be studied. Due to these difficulties very lit-
tle amount of research works have been carried out earlier under this
area. One research group has studied the polymer-modified MICP for
sand solidification by using polyvinyl alcohol (PVA). They obtained
higher strength and higher amount of CaCO3 by using polymer-
modified MICP than the conventional MICP. Moreover, they found that
cementation solution containing PVA produced framboidal shape
vaterite crystals while water-based MICP method provided rhombohe-
dral shape calcite crystals [25]. In our previous research, we found that
the cationic polypeptide poly-lysine has the ability to increase CaCO3

precipitation rate as well as strength of cemented sand specimen com-
pared to that of conventional MICP [26].

Instead of MICP, some of previous research works can be found
based on polymer-modified enzyme induced carbonate precipitation
(EICP). In EICP, extracted urease enzyme was used instead of microbial
whole-cell urease. Previous research works found that xanthan gum
and guar gum-modified EICP does not obstruct the CaCO3 precipitation
and obtained higher unconfined compressive strength (UCS) value than
that of without biopolymers [27]. Poly (acrylic acid) (PAA) have suc-
cessfully worked with EICP and performed well for soil stabilization.
By combing PAA with EICP stiffness and strength of the soil can be im-
proved significantly [28].

This work is addressing the use of chitosan to improve the efficiency
of MICP process. Chitosan is an inexpensive natural biopolymer. Hence,
the use of chitosan would help to produce more ecofriendly and green
materials. On the other hand, the effects of soluble organic macromole-
cules on CaCO3 crystallization have also been studied widely [29,30]
however, there are few reports on the use of insoluble organicmaterials
to control CaCO3 crystallization, mainly focusing on the formation of
CaCO3 thin film [9,14,31]. This study is the first investigation addressing
the effects of a cationic polysaccharide, chitosan, on CaCO3 crystalliza-
tion using MICP.

2. Materials and methods

2.1. Materials

2.1.1. Chemical reagents and organic materials
Polypeptone was purchased from Nihon Seiyaku Co. Ltd. (Tokyo,

Japan) and FePO4 was bought from Junsei Chemical Co. Ltd. (Tokyo,
Japan). Yeast extract and nutrient broth were obtained from BD Biosci-
ences Advanced Bioprocessing company, USA. Chitosan (degree of
deacetylation – 80%) was purchased from the Wako Pure Chemical In-
dustries Ltd. (Tokyo, Japan). All other organicmaterials and chemical re-
agents were purchased from the Wako Pure Chemical Industries Ltd.
(Tokyo, Japan).

2.1.2. Sand
Commercially available Mikawa sand was used for our experiments.

Mean diameter of sand is 0.87 mm and particle density is 2.66 g/cm3.
Coefficient of uniformity (Cu) and coefficient of curvature (Cc) of
Mikawa sand are 1.27 and 0.97. Sand can be classified as poorly graded
sand according to the unified soil classification system (USCS).

2.2. Preparation of bacterial cell culture

The ureolytic bacterium, Pararhodobacter sp. SO1, which is a gram-
negative bacterium with high urease activity [17,32], isolated from
beach sand in Sumuide, Nago, Okinawa [33], was used in this study.
The bacterial cells were pre-cultured in Zobell 2216E medium
(polypeptone 5.0 g/L, yeast extract 1.0 g/L, FePO4 0.1 g/L in artificial sea-
water, pH 7.6–7.8; 5 mL) by shaking at 30 °C and 160 rpm for 24 h. The
pre-culture (1 mL) was inoculated into fresh Zobell 2216E medium
(100 mL). The mixture was kept in the shaking incubator under the
same conditions as those used for the pre-culturing, for 48 h. The cells
were collected by centrifugation (10 °C, 6300×g, 5 min) of the bacterial
culture. The cells were resuspended in sterilized water to adjust the cell
concentration (OD600 = 1). The cell concentration was determined by
UV–visible spectroscopy (V-730, JASCO Corporation, Tokyo, Japan) as
an optical density value measured at 600 nm wave length (OD600).

2.3. Precipitation of CaCO3 crystals

A solution of 1% chitosan was obtained by dissolving the chitosan
powder in 1% acetic acid solution. After complete dissolution, the chito-
san solution was neutralized at pH 6.8 by using 0.1 M NaOH solution.
Pararhodobacter sp. SO1 cells were added to a substrate solution con-
taining urea (0.3 mol/L) and CaCl2 (0.3 mol/L), in the presence or ab-
sence of chitosan. The reaction mixture (10 mL) was shaken at 30 °C
and 160 rpm for 24 h. The samples were centrifuged (24 °C, 14200 ×g,
10 min) to separate the CaCO3 precipitate from the supernatant. The
precipitates were dried in an oven at 90 °C for 24 h, and then the dry
weights of the precipitates were determined. Experiments were con-
ducted at various bacterial concentrations (OD600 = 0.01–0.1) in the
presence (0.03%) or absence of chitosan. The same reaction was con-
ducted at various chitosan concentrations (0–0.15%) with the bacterial
concentration of OD600 = 0.1. All experiments were done in triplicate
and mean value was plotted. Standard deviation was used to represent
the error bars.

2.4. Sand solidification in syringe

Sand solidification experiments were conducted using the method
previously described [32] with or without chitosan, to evaluate the ef-
fect of chitosan on sand solidification. Laboratory scale model experi-
ments were conducted using 35 mL syringe (mean diameter D50 =
2.5 cm and height 7 cm). Oven dried (110 °C, 48 h) Mikawa sand was
placed in to the syringe as three layers and each layer was subjected
to 20 hammer blows. Firstly, the bacteria suspension (16 mL, OD600

= 1) was injected into the syringe and kept 5–10 min to allow fixation
of the bacteria to sand particles. Subsequently, the cementation solution
(20 mL; 0.3 M urea, 0.3 M CaCl2, 0.02 M sodium hydrogen carbonate,
0.2 M ammonium chloride, and 3 g/L nutrient broth) was injected into
the syringe and the solution drained out from the outlet, leaving 2 mL
of the solution above the surface to maintain the sand in immersed
condition.

The experiments were conducted under various concentrations of
chitosan and various bacteria injection intervals as given in Table 1. In
one set, the bacteriawere injected only once on thefirst day and the chi-
tosan was injected on the 8th day. In another set, the bacteria were
injected twice, i.e., on the first day and again after 7 days, and the chito-
san was injected on the 11th day. After 14 days curing time, UCS of the
samples were determined with a needle penetration device (SH70,
Maruto Testing Machine Company, Tokyo, Japan). Calibration Eq. (4)
given by the manufacture was used to estimate the UCS value which
has been developed by considering 114natural rock samples and 50 im-
proved soils with cements. All experiments were done in triplicate and
mean value was plotted. Standard deviation was used to represent the
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error bars.

log yð Þ ¼ 0:978 log xð Þ þ 2:621 ð4Þ

x = Penetration gradient (N/mm)
y = Unconfined compressive strength

2.5. X-ray diffraction and scanning electron microscopy analyses

Morphology of the precipitated CaCO3 crystals was investigated by
using scanning electron microscopy (SEM; Miniscope TM3000, Hitachi,
Tokyo, Japan). X-ray diffraction (XRD; MiniFlex™, Rigaku Co., Ltd.,
Tokyo, Japan) analysis was conducted to identify the polymorphs of
the precipitated CaCO3.

3. Results and discussion

3.1. Effect of chitosan on CaCO3 precipitation

The amount of precipitate formed by ureolytic bacterial at different
bacteria concentrations in the presence or absence of chitosan is given
in Fig. 1. In both the conditions, the amount of precipitate increased
with the bacterial concentration. In MICP process, the CaCO3 formation
efficiencymainly depends on the urease activity of the relevant bacteria
and a higher urease activity is favorable for the formation of higher
amounts of CaCO3 [34]. The increase in urease activity of the
Pararhodobacter sp. SO1 with increasing cell concentration caused
rapid nucleation and growth of CaCO3 crystals, and produced larger
amounts of CaCO3 [19,26]. And also, maximum urease activity of the
Pararhodobacter sp. SO1 was found around pH 8 [19] and this pH
value is favorable for the CaCO3 crystallization [35,36].

Higher amount of precipitate could be obtained in the system with
chitosan than in thatwithout chitosan. The effect of chitosanwas clearer
at lower bacterial concentrations and significant effect was not

discovered at higher cell concentrations. The results are consistent
with our previous study using cationic polypeptide (poly-Lysine). At
higher cell concentrations, bacterial activitywould be a dominant factor
than the effect of the bio-polymer [26]. The precipitate with chitosan
was mainly composed of two components, precipitated CaCO3 and the
precipitated chitosan hydrogel. Chitosan is a cationic polysaccharide
with pKa of approximately 6.5 [11,37,38]. Hence, the amino groups of
the chitosan are positively charged in the acidic environment [9,11].
When increasing the pH above 6.5, chitosan tends to form its hydrogel
due to the deprotonation of the amino groups [12,38]. In the present re-
action mixture, ammonia was formed due to the hydrolysis of urea,
which leads to pH increase to approximately 7.1. This weak alkaline
condition is favorable for the chitosan to form its hydrogel by the hydro-
gen bonds and hydrophobic interaction between molecules [12,13].

Most of the acidic polypeptides inhibit CaCO3 nucleation and
growth [30,39], while basic polypeptides promote the growth and
nucleation of crystals [26,30]. Chitosan also promotes the CaCO3 nu-
cleation and growth. Interaction between the chitosan and calcite is
difficult to explain. However, it may not be only by electrostatic in-
teractions because chitosan is mostly electroneutral under weak al-
kaline condition.

Fig. 2 shows the morphologies of the crystals in the presence of chi-
tosan at various bacterial concentrations. In our previous work, we ex-
amined the effect of the bacterial cell concentration on the
morphology of the crystalswithout any organic additives [26]. Rhombo-
hedral calcite crystals were dominant in precipitate without the organic
additives and the size of the crystals reduced with the increase in the
cell concentration. In CaCO3 crystallization, bacterial cells themselves
act as a nucleation site for the CaCO3 crystals. Hence, a smaller number
of crystals were formed at lower bacteria concentration due to the lack
of sufficient nucleation sites. In contrast, a larger number of small crys-
tals were produced at higher bacterial concentrations since each cell
acts as a nucleation site. Even though chitosan speeds up the CaCO3 nu-
cleation and growth process, CaCO3 can nucleate and growth efficiently
without chitosan also.

At lower bacteria concentrations (OD600 = 0.01), good rhombohe-
dral crystals were precipitated with the chitosan hydrogel as shown in
the Fig. 2(a). However, the crystal shape deformed gradually with the
increase in the cell concentration. Finally, at higher bacterial cell con-
centrations (OD600 = 0.1), distorted-shaped larger crystals with poly
crystalline particles were formed as shown in Fig. 2(c). Moreover,
spherical crystals can be seen at higher cell concentrations.

Chitosan has a good ability to make complexes with certain metal
ions. The amino groups as well as the hydroxyl groups present in chito-
san are known to contribute to the metal adsorption through chelation
and sorption [40,41]. Ca2+ can absorb into the chitosan hydrogel by
hard acid-hard base reaction. According to the Lewis acid-base classifi-
cation, Ca2+ is classified as a hard acid and R-NH2 groups classified as
hard base [42]. Due to this acid-base interaction, Ca2+ ions are embed-
ded in to the chitosan hydrogel and provide nucleation sites for the
CaCO3 crystals to nucleate and grow [43].

At lower bacterial cell concentrations, lower amount of CO3
−2 was

produced due to the lower urease activity. Hence, well-developed
rhombohedral crystalswith individual chitosan hydrogelwere obtained
at lower cell concentration as shown in Fig. 2(a). The higher bacterial
cell concentrations produced higher amount of CaCO3 precipitate due
to higher urease activity. This led to the formation of distorted-shaped
larger crystals due to the agglomeration of individual crystals. However,
the polycrystalline particles which appeared on the crystal surface may
be due to the binding of the -OH and -NH2 functional groups of the chi-
tosan on to the surface of the crystals; they inhibited the growth of free
crystals and aggregated to form the polycrystalline particles [43]. Ac-
cording to theXRDpattern given in Fig. 3, the spherical particles present
in Fig. 2(c-1) can be classified as a vaterite. Similar shape of vaterite was
found by other studies, where CaCO3was formed by chemical precipita-
tion [44,45].

Table 1
Experimental conditions for sand solidification.

Chitosan Bacterial injection

S1 – Onceb

S2 0.15%a Onceb

S3 0.3%a Onceb

S4 – Twicec

S5 0.15%a Twicec

S6 0.3%a Twicec

a Initial concentration of the chitosan solution applied to the column in the solidifica-
tion test.

b Injection of bacterial culture only at the beginning of the solidification test.
c Injection of bacterial culture at the beginning and after 7 days of the solidification test.
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Fig. 1. Amounts of precipitate formed at various bacterial concentrations (OD600) with or
without the addition of chitosan. Error bars show the standard deviation of the values
from three independent experiments.
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Most of the CaCO3 crystals generated by the MICP are calcite with
the morphology of elongated, rhombohedral, polyhedron, trigonal
prism or rod-shaped crystals [26,46–48]. Generation of spherical
crystals is an exceptional case and mostly these spherical crystals
are vaterite. However, spherical vaterite crystals have been obtained
by some of previous studies by introducing the organicmaterials into
the MICP process. Incorporating sodium alginate into the MICP pro-
cess formed vaterite crystals and hexagonal, spherical and capsule-
shaped vaterite crystals have been obtained by varying the sodium
alginate concentration [49]. In addition, spherical vaterite crystals
have been obtained by PVA modified MICP [25]. Vaterite is metasta-
ble phase of the CaCO3 polymorphism and easily transformed to the
stable form such as calcite or aragonite. Supersaturation is the main
governing factor for the formation of vaterite crystals. At higher su-
persaturation most soluble and least stable form of polymorphism
form first [50,51]. Generally, when the viscosity of the reaction mix-
ture is higher, it promotes the enrichment of local ion concentration
and hence increase the supersaturation [52]. Thus, the viscosity of
the reaction mixture increased in the presence of chitosan, leading
to the supersaturation and the formation of vaterite crystals.

On the other hand, organicmaterials promote the formation and sta-
bilizing of vaterite crystals [30,53,54]. Organic materials interact with
the calcium and carbonate ions in the solution and reduce the concen-
tration of free ions in the bulk solution. Therefore, it reduces the nucle-
ation rate and promote the formation of vaterite crystals [51]. Similarly,
in the presence of chitosan, Ca2+ ions attached to the chitosan hydrogel
and reduced the available free ions in the solution which promote the
formation of metastable form of polymorphism. In addition, previous
researchworks found that strong interaction between the amide groups
of the organic material and veratite surface promote the long-term sta-
bilization of vaterite [55].

Selection of the appropriate calcium source is also very important in
MICP related research works. Mainly calcium source should not inhibit
the bacterial growth as well as it should not interfere with the enzyme
activities. Compared with the other calcium sources such as calcium
acetate, calciumnitrate, calciumoxalate, calcium chloride is themost ef-
fective reagent for calcium carbonate precipitation using microbial ac-
tivities. Previous studies found that CaCl2 increased the urease activity
of the Bacillus sp. CR2 more efficiently than other calcium sources. Fur-
thermore, CaCl2 gave higher amount of calcite precipitation [56]. In ad-
dition,more consolidated sand column can be obtained by adding CaCl2
compared with the other calcium sources [57]. By considering these re-
sults, CaCl2 was used as the calcium source for our experiments.

3.2. Effect of chitosan concentration

Fig. 4 shows the amounts of precipitate formed at different concen-
trations of chitosan. The amount of precipitate increased slightly with
the chitosan concentration. When increasing the chitosan concentra-
tion, the increase in the amount of precipitate mainly occurred due to
the increase in chitosan hydrogel rather than the CaCO3 precipitate. At
higher chitosan concentrations, more chitosan chains are present in
the solution, and the distance between the chains decreases, leading
to easy interaction between the chains and formed higher amounts of
precipitates through inter molecular hydrogen bonds [58]. The mor-
phology of the precipitated crystals are shown in Fig. 5. Both the polyhe-
dron and spherical crystals were obtained at lower chitosan
concentrations. The distorted-shaped spherical and polyhedron crystals

100 m

(a)

100 m

(b)

100 m

(c - 1)
(c - 2)

Fig. 2. SEM images of CaCO3 precipitates at various bacterial concentrationswith chitosan (0.03%): (a) OD600= 0.01, (b) OD600= 0.05, (c-1) OD600= 0.1, (c-2) spherical vaterite crystals.

0

10000

20000

30000

40000

50000

60000

70000

10 20 30 40 50 60 70 80

In
te

n
s
it
y

2 theta (Deg) 

C

V
C

C

CC
CC

V
V V V V
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can be seen at the intermediate chitosan concentrations. At higher chi-
tosan concentrations, the larger size polyhedron-type crystals and indi-
vidual chitosan hydrogel were obtained. The formation of the larger size
distorted-shape crystals with the increase in the chitosan concentration
may be due to the adsorption of the functional groups of the chitosan
onto the crystals surface [43].

According to theXRD results shown in the Fig. 3, the precipitatewith
chitosan produced both the calcite and vaterite crystals. These XRD re-
sults are similar to that for the condition in Fig. 5(b) (OD600 = 0.1 and
chitosan concentration 0.03%). Hence, the spherical crystals in Fig. 5
(a) and Fig. 5(b) most probably could be vaterite. Vaterite is the least
stable form of CaCO3 with the highest solubility, so it precipitates first
and then transforms in to stable calcite, following the solution
mediated-transformation [59]. Hence, the morphology change with
the increase in the chitosan concentration can be due to the conversion
of the metastable phase of the crystals into a more stable form. Initially,
both the vaterite and calcite phases precipitated simultaneously due to
high solid content and limited diffusivity [60]. Then, the metastable
phase started to dissolve and re-precipitated upon the stable calcite
crystals as shown in Fig. 5(b). The dissolution of the vaterite starts
when the supersaturation drops below the value of its solubility [60].
It appears that higher chitosan concentrations accelerate the conversion
of the metastable phase into a stable phase.

Similarly, different polymorphisms andmorphologies have been ob-
tained by chemical precipitation of CaCl2 and sodium carbonate
(Na2CO3) under different experimental conditions. Parakhonskiy et al.
[61] successfully obtained the isotropic (spherical and cubic) and aniso-
tropic (elliptical and star-like) crystals by varying the salt concentration
and slow down the process by adding ethylene glycol. And also, vaterite
crystals have been obtained by introducing poly-L-glutamic acid (pGlu)
and poly-L-aspartic acid (pAsp) in to the reaction mixture while mostly
cubic calcite crystals were obtained without organic materials. [29,62]

3.3. Sand solidification in syringe

Six sets of experiment (S1–S6) were performed with/without chito-
san addition and with various bacterial injection intervals and various
chitosan concentrations. The injection of the chitosan simultaneously
with the bacteria gave negative results in the solidification and it ap-
pears that chitosan is toxic for the bacteria. Hence, we used different
time schedules for the injection of bacteria and chitosan.

The estimated UCS values for the solidified samples are shown in
Fig. 6. According to the measured UCS values, all of the sand specimens
have strength in the range of 1–3MPa. Hence, all specimens can be clas-
sified as strongly cemented according to the classification system pro-
posed by Shafii and Clough [63]. In this classification system, the
cemented soils with UCS value between 1 and 3 MPa are classified as

strongly cemented soil and a UCS value N3 are classified as soft rocks.
For all the specimens, a higher strength could be achieved by the rein-
jection of bacteria after 7 days compared to the single injection. In the
case of reinjection of bacteria 96% of strength increment was achieved
for the top of the sample by adding chitosan.Without chitosan strength
increment was around 76%. In previous studies found that amount of
CaCO3 precipitated is directly related to the measured UCS value
[23,24,64]. Reinjection of bacteria helped to maintain higher urea hy-
drolysis rate throughout the experimental period, which led to higher
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Fig. 5. SEM images of CaCO3 precipitated by bacteria (OD600 = 0.1) at different chitosan
concentrations: (a) 0.003%, (b) 0.03% and (c) 0.15%.
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CaCO3 precipitation and better cementation between the sand particles
[26].

Another remarkable point is the decrease in the strength of the so-
lidified sand specimen, from the top to the bottom. It is mainly because
of the accumulation of the bacteria at the top of the sample, which leads
to higher urease activity near the inlets. This causes the higher precipi-
tation and higher cementation near the top of the specimen and a grad-
ual decrease in the strength along the length of the sample. The lack of
oxygen at the bottom of the sand column could possibly inhibit the bac-
teria activity, because Pararhodobacter sp. SO1 are aerobic bacteria and
oxygen concentration of the surrounding environment plays a vital
role in the bacterial activity [17].

The most important finding of this research is the positive effect of
the chitosan on sand solidification. By introducing chitosan, well
cemented sand specimens could be obtained and the effect is clearer
at higher chitosan concentrations. By introducing chitosan, UCS of the
top of the sample increased by 38% comparedwith the casewithout chi-
tosan. To achieve better cementation during the sand solidification, the
pore spaces between the sand particles should be filled sufficiently by
effective bridge between the sand particles [65]. This point-to-point
inter-particle contact is very important to achieve higher strength
[16]. As mentioned before, chitosan formed its hydrogel under the alka-
line conditions. This hydrogel helped to form better bridge between the
sand particles. The higher chitosan concentrations led to form thicker
hydrogels, which improved the formation of bridge; hence, a better ce-
mentation and higher strength could be achieved. Another point to note
is, when using chitosan for sand solidification it is better to select a best
time to introduce chitosan into the sand column. Introduction of chi-
tosan at the beginning of the experiment did not give good results
due to the early formation of chitosan hydrogel. This blocked the
penetration of the cementation solution. Hence, better cementation
could not be achieved due to the lack of precipitated CaCO3. Similar
to in the bridge formation, the amount of precipitated CaCO3 was
also important to achieve better mechanical strength [23,66]. In the
experiment with bacterial injection twice, the injection of the chito-
san on the 11th day was successful and the injection of the chitosan
during the 8th day was productive for the specimens with single
dose of bacterial injection.

According to the SEM images shown in Fig. 7(a), without the addi-
tion of chitosan, the cementation mainly occurred at the contact point.
This is mainly due to the lower adsorption of bacteria onto the sand sur-
face. In the specimen of with chitosan, the entire sand surface was cov-
eredwith CaCO3 crystals as shown in the Fig. 7(b). Chitosan itself acts as
a template for CaCO3 crystals to nucleatewhich led to the distribution of

the CaCO3 throughout the sand surface and provided a better cementa-
tion than the conventional one. In addition, the formation of the chito-
san hydrogel provides extra support to make better bridge between
the sand particles as shown in the Fig. 7(b-2). It helps efficient precipi-
tation of CaCO3 by preventing heterogeneous precipitation. Hence
higher strength could be achieved by adding chitosan than the conven-
tional MICP.

4. Conclusions

The effects of the cationic polysaccharide chitosan on CaCO3 crystal-
lization and sand solidificationwas analyzed by using theMICPmethod.
It was found that chitosan has a positive effect on CaCO3 crystallization
and sand solidification. Higher amounts of the precipitate could be ob-
tained upon chitosan addition than without adding chitosan. Chitosan
also precipitated as its hydrogel with the CaCO3 crystals. XRD results
confirmed that precipitate with chitosan has both the calcite and
vaterite crystals, while the specimen without chitosan produced only
calcite crystals. Increase of the supersaturation in a reaction mixture
by adding chitosan leads to the formation of vaterite instead of calcite,
which is the most common type of polymorphism in MICP. At lower
bacterial concentrations, the precipitate consisted of good rhombohe-
dral crystals and individual chitosan hydrogel. However, higher chito-
san concentrations, distorted the crystal shape, and crystal
agglomerates were produced. Chitosan act as a template for the CaCO3

crystals to nucleate due to adsorption of the Ca2+ ions onto the chitosan
hydrogel. In contrast, in the case of without chitosan bacteria cells
themselves act as nucleation site for CaCO3 crystals to nucleate and
growth. Even though without chitosan also CaCO3 can nucleate and
grow efficiently but process could be accelerated effectively by adding
chitosan. The higher chitosan concentrations accelerate the conversion
of metastable phase of vaterite into the stable phase of calcite. In addi-
tion, the chitosan hydrogel assisted in the formation of better bridge be-
tween the sand particles. Hence, by adding chitosan better cementation
and strength could be achieved than the conventional method. Finally,
chitosan can be used to produce good organic-inorganic hybrid green
materials, which can be used in a number of civil engineering
applications.
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