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a b s t r a c t

Gypsum plasterworks and decorative surfaces are easily degraded, especially when exposed to humidity,
and thus they require protection and/or consolidation. However, the conservation of historical gypsum-
based structural and decorative materials by conventional organic and inorganic consolidants shows lim-
ited efficacy. Here, a new method based on the bioconsolidation capacity of carbonatogenic bacteria
inhabiting the material was assayed on historical gypsum plasters and compared with conventional con-
solidation treatments (ethyl silicate; methylacrylate–ethylmethacrylate copolymer and polyvinyl buty-
ral). Conventional products do not reach in-depth consolidation, typically forming a thin impervious
surface layer which blocks pores. In contrast, the bacterial treatment produces vaterite (CaCO3) bioce-
ment, which does not block pores and produces a good level of consolidation, both at the surface and
in-depth, as shown by drilling resistance measurement system analyses. Transmission electron micros-
copy analyses show that bacterial vaterite cement formed via oriented aggregation of CaCO3 nanoparti-
cles (�20 nm in size), resulting in mesocrystals which incorporate bacterial biopolymers. Such a
biocomposite has superior mechanical properties, thus explaining the fact that drilling resistance of bio-
consolidated gypsum plasters is within the range of inorganic calcite materials of equivalent porosity,
despite the fact that the bacterial vaterite cement accounts for only a 0.02 solid volume fraction. Bacterial
bioconsolidation is proposed for the effective consolidation of this type of material. The potential appli-
cations of bacterial calcium carbonate consolidation of gypsum biomaterials used as bone graft substi-
tutes are discussed.

� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Gypsum-based mortars and plasters have been used since the
advent of pyrotechnology (from around 12000 BC) [1] in architec-
tural applications as joint mortars, to cover masonry or to support
paintings and decorations [2]. Gypsum was a rather common
building and decorative material in the Levant [1] and ancient
Egypt [3,4], as well as in the Mediterranean countries, especially
during the Middle Ages [2,5]. There are numerous examples of
medieval Islamic architecture where gypsum was cast and/or
carved as highly sophisticated decorative structures, such as the
mocarabes from the Alhambra in Granada, Spain (twelfth to fif-
teenth centuries) (Fig. 1A). Up to now, gypsum has been widely

used in plasterworks found in old and modern buildings world-
wide [6–8].

In addition to its applications as a building material, calcium
sulfate has been used as a ceramic bone graft substitute for more
than 100 years [9–11]. This biomaterial has been applied for bone
repair either as a self-setting paste or as preset solid bodies (blocks
or pellets) [10,12]. Its biomedical applications include treatment of
bone defects, endodontic surgery, guided tissue regeneration, sinus
augmentation and drug delivery [10]. Among the main advantages
of calcium sulfate as a biomaterial are its high biocompatibility, ra-
pid and complete resorption and remarkable osteoconductivity
[10]. However, its low strength and rapid resorption can be disad-
vantageous in some circumstances [10–12]. This has prompted its
use as a composite biomaterial in combination with inorganic (e.g.,
calcium phosphates, carbonates and/or silicates) and organic mate-
rials (e.g., carboxymethylcellulose, gelatin, hyaluronic acid, chito-
san and polyacrylic acid) [10–13].
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Gypsum-binder technology involves an initial thermal treat-
ment of gypsum (heating to �120–160 �C) to form the hemihy-
drate (the mineral bassanite, also called ‘‘plaster of Paris’’)
according to the reaction [7]:

CaSO4 � 2H2O$ CaSO4 � 0:5H2Oþ 1:5H2O ð1Þ

When the hemihydrate is mixed with water, the fresh mix sets
and rapidly hardens via the formation of an interconnected porous
structure of acicular and/or prismatic gypsum crystals that impart
strength to the plasterwork (i.e., Reaction (1) is reversible) [14].
Gypsum is thus suitable for many architectural and decorative
applications because, in addition to its fast setting, it possesses
high plasticity, good adhesion, ease of application and adequate
protective behavior. However, its softness (Mohs hardness of 2),
poor mechanical behavior (typical values for gypsum plaster with

�30–50% porosity are: �4–7.5GPa Young’s modulus, �7–18 MPa
uniaxial compressive strength, 63 MPa uniaxial tensile strength)
[14,15] and relatively high solubility (pKsp = 4.62) [16], favor its
degradation, especially when exposed to humidity (rain, condensa-
tion and/or rising damp) [5]. The implementation of conservation
strategies, typically including consolidation, is thus needed to limit
deterioration [8,17]. However, consolidation of artistic and histor-
ical gypsum plaster is a poorly explored and challenging issue.
Consolidation could be achieved through the application of organic
or inorganic consolidants commonly used in stone conservation
[18,19]. This is the case of acrylic, epoxy or (poly)vinyl polymers,
and their copolymers [4]. However, polymer protectives and con-
solidants are generally incompatible (physically and chemically)
with the inorganic substrate (i.e., stone or plaster) they are applied
to, and may result in exacerbated damage [20]. Alkoxysilanes have
also been applied for consolidation, especially on silicate sub-
strates such as sandstones [21]. The formation of amorphous silica
upon sol–gel transition offers some advantages as the end product
is inorganic and can act as a new cement. However, the formation
of superficial films and/or hard crusts [20], drying-induced crack-
ing of the silica gel [22,23] and poor bonding with non-silicate sub-
strates [16] may undermine the effectiveness of such a treatment.
Recently, nanolimes have been proposed as a consolidant for gyp-
sum stucco [24], yet little is known about its effectiveness. To these
shortcomings, one has to add economic, environmental, health and
safety issues that must be considered in determining the suitability
and compatibility of a given treatment [25].

An alternative to standard chemical treatments is the use of the
carbonatogenic capacity of some bacteria to consolidate/protect
buildings and decorative inorganic materials [26–33]. It is an envi-
ronmentally friendly bioconsolidation strategy based on the capac-
ity of bacteria to induce the new formation of calcium carbonate
biocement within the porous system of materials [28]. Bacterially
induced mineralization occurs because bacteria can change the
chemistry of their environment as a result of their metabolic activ-
ity, and their cell structures and debris, as well as the exopolymeric
substances (EPS) they secrete, can act as nuclei for heterogeneous
CaCO3 crystallization [28,29,34]. In the last few decades, bacterial
biomineralization processes and their application for the conserva-
tion of ornamental stones have been studied by a number of
researchers (see reviews in Refs. [35,36]). Gonzalez-Muñoz et al.
[37] developed a new bioconsolidation method based on the selec-
tive activation of carbonatogenic microbiota inhabiting stone by
the application of a suitable nutritional solution. Both the airborne
bacteria as well as the stone-inhabiting carbonatogenic microor-
ganisms can be stimulated to grow and to induce the in situ forma-
tion of new calcium carbonate biocement, which effectively
consolidates decayed stones [29,30]. This last method possesses
the principal advantage that it does not require the application of
a bacterial culture, thereby circumventing any potential problem/
complexity associated with the culture and application of foreign
bacteria for calcium carbonate production.

Despite the numerous studies on bacterial carbonatogenesis,
little is known about gypsum plaster consolidation using bacterial
calcium carbonate precipitation. To our knowledge, only one paper
reports on the application of a commercial bacterial conservation
treatment (Bacillus cereus cultures) on laboratory-made gypsum
plaster samples [38]. However, the aim of such a study was to
unambiguously identify bacterial CaCO3 precipitates. No attempt
to evaluate the effectiveness of the treatment in terms of consoli-
dation efficacy was made. Up to now, the application of this new
consolidation strategy was focused on the conservation of carbon-
ate stones [29,30] and sandstones [39], as well as on the protection
and repair of concrete and cement structures [40]. Little is known
on the influence of a gypsum substrate on bacterial CaCO3 precip-
itation, on the effectiveness of the bacterial conservation treatment
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Fig. 1. Ancient gypsum plasterwork: (A) example of decorative gypsum plaster at
the Lionś Court in the Alhambra (Granada, Spain); (B) representative decorated
gypsum plaster recovered from the archaeological site ‘‘Alcázar de Guadalajara’’
(Guadalajara, Spain).
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itself or on the effectiveness of activating the autochthonous car-
bonatogenic bacteria present in historical gypsum plasters.

Here, we use this new conservation methodology to bioconsol-
idate archaeological gypsum plasters. We take into account that
the traditional preparation of gypsum plasters often required the
addition of lime, which positively contributes to the mechanical
properties to the material once gypsum and CaCO3 precipitate
[6]. The formation of bacterial carbonates is assumed to play a sim-
ilar cementing role as that associated with the traditional addition
of lime. Application of such a new conservation methodology on
gypsum plasters will involve both the consolidation of the weath-
ered material with a biocement compatible with the substrate and
the possibility of differencing the newly formed bacterial calcium
carbonate from the original calcite present in the treated material,
which is not trivial [38]. The main goal of the present study is to
compare the consolidation effectiveness of different conventional
consolidants and our newly developed method based on CaCO3

production in situ, via the activation of the carbonatogenic micro-
biota present in historical gypsum plasters. Special emphasis is
placed on evaluating the mechanical properties of the bacterial
biocement and its relationship with the mesostructure of newly
formed CaCO3 precipitates. Note that while many studies have fo-
cused on the evaluation of the mechanical properties of several
CaCO3 biominerals such as seashells [41–45] and their relation
with the biomineral micro- and nanostructure [43,46,47], little is
known regarding the mechanical properties and micro/nanostruc-
ture of bacterial CaCO3.

2. Materials and methods

Remains of historical gypsum plasters were collected from the
archeological site ‘‘Alcázar de Guadalajara’’ (thirteenth to fifteenth
centuries) in Guadalajara, Spain. The size of the selected pieces (15
samples) was �5 cm � 2 cm � 4 cm and some of them were carved
in decorative reliefs (Fig. 1B).

2.1. Treatment with conventional consolidants

Three sets of gypsum plaster pieces (three samples per set; a to-
tal of nine samples) were treated with the following conventional
consolidants: (i) commercially available tetraethoxysilane (TEOS),
commonly known as ethyl silicate (Bio Estel, from CTS) (as-re-
ceived ethyl silicate solution was further diluted to 50% v/v in eth-
anol); (ii) a copolymer of ethylmethacrylate and methylacrylate
monomers (PEMA/PMA) (Paraloid™ B-72, from Dow Chemical)
prepared as a 2.5% w/v toluene solution; and (iii) polyvinyl butyral
(PVB) (Mowital™ B60 HH, supplied by CTS) prepared as a 2.5% w/v
ethanol solution. The three consolidants were applied by brush on
the upper surface of each sample. Because the material was highly
weathered, as shown by its powdering and tendency to disinte-
grate (even under careful handling), the treatment involved seven
successive impregnations. Between each impregnation, plaster
samples were left interposed with Japanese paper at room temper-
ature for 24 h until they were completely dry. Following treatment
application, specimens were kept at room temperature for 7 days
prior to testing in order to ensure complete solvent evaporation.

2.2. Bioconsolidation methodology

Bacterial bioconsolidation was carried out as described in detail
in Ref. [32]. Briefly, pieces of gypsum plaster (four samples) were
treated with sterile M-3P nutritional solution (1 wt.% Bacto Casi-
tone (a pancreatic digest of casein), 1 wt.% Ca(CH3COO)2�4H2O,
0.2 wt.% K2CO3�½H2O in a 10 mM phosphate buffer, pH 8), accord-
ing to a patent by Gonzalez-Muñoz et al. [37]. The solution was

sprayed on the upper surface of the samples until saturation, twice
a day, 6 days in succession. Control samples (two blocks) were
treated with sterile distilled water.

It could be argued that the presence of calcium and carbonate
ions in M-3P culture medium would eventually lead to the precip-
itation of calcium carbonate, without the need for bacterial pres-
ence/activity. However, our previous studies have shown no
calcium carbonate formation in M-3P in the absence of bacterial
activity. Rather, a poorly crystalline (nearly amorphous) calcium
phosphate (hydroxylapatite) phase formed, which produced no
consolidation effect [28].

In order to analyze the microbiota present in gypsum samples,
grains (�300 mg) were collected from three different spots (using
sterile tweezers) before and after biotreatment. These grains were
added to 1 ml sterile physiological solution (0.9 wt.% NaCl), gently
dispersed, and aliquots were taken to perform serial dilutions and
inoculations on different selective culture media to test acid pro-
ducing bacteria, nitrifying and sulfur-oxidizing bacteria, as well
as the possible presence of fungi [32].

To test the carbonatogenic capacity of the microbiota present
before and after the bioconsolidation treatment, plates of M-3P so-
lid culture medium were inoculated with aliquots from the above-
mentioned serial dilutions and incubated at 28 �C for 1 week. Petri
dishes were periodically examined for the presence of CaCO3 crys-
tals by optical microscopy for up to 25 days. Controls consisting of
uninoculated culture medium were incubated along with inocu-
lated samples.

2.3. Assessment of consolidation effects

Drilling resistance (DR) was measured by a drilling resistance
measurement system (DRMS; Sint Technology). The DRMS is a
new portable instrument designed to perform a precise ‘‘drilling
resistance’’ test through the continuous measurement of the force
necessary to drill a hole in the material under specific operating
conditions [48–51]. Recent results place this technology as the
most promising for the evaluation of consolidation performance,
particularly in relatively soft porous materials [48,50,52–54]. Dur-
ing testing, both rotational speed (x) and penetration rate (t) are
maintained constant. In this study, test conditions were as follows:
(i) 5 mm diameter Diaber drill bit (Sint Technology) with flat-
edged diamond-tip (a Macor� calibration standard of known DR
was drilled to ensure that no variation in DR associated with wear
of the drill bit tip took place during the course of the tests); (ii) t
set at 20 mm min–1; (iii) x set at 200 rpm (the selected low rota-
tional speed yielded best results in terms of reproducibility when
drilling a soft material such as gypsum). Under this conditions, d
defined as the cutting depth per revolution (d = 2pt/x) is equal
to 0.62 mm per revolution. Between three and seven drill tests
were carried out on each historical specimen before and after
treatment (11 samples tested). DR measurements were also per-
formed on geologic centimeter-sized (optical quality) gypsum
crystals (two samples) in order to obtain a reference value for a
zero-porosity gypsum material. We also tested the DR of marble
(calcitic Macael marble; 0.5–1% porosity) and porous limestone
(calcarenite; 25–28% porosity) in order to have reference values
for carbonate stones. DR results were normalized to drill bit diam-
eter: i.e., the final DR units were N mm–1 [51]. It should be noted
that DR results show a good linear correlation with mechanical
properties such as uniaxial compressive strength and biaxial flex-
ural strength, which includes the combined effect of compressive
and tensile strength [51]. As expected, DR shows an exponential
variation with Mohs hardness [51]. DR values have been shown
to increase linearly with d [55]. This enables comparison of pub-
lished DR values obtained using different t and x values.

3846 F. Jroundi et al. / Acta Biomaterialia 10 (2014) 3844–3854



Author's personal copy

The porosity and pore size distribution of gypsum plasters be-
fore and after treatment were determined by means of mercury
intrusion porosimetry (MIP) using a Micromeritics Autopore
5510 device. A total of 13 samples were analyzed by MIP. The tex-
ture and distribution of the different consolidants on and within
treated plaster samples were studied by scanning electron micros-
copy (SEM) using a Gemini SEM (Carl Zeiss SMT) equipped with a
field emission gun and coupled with energy dispersive X-ray spec-
trometry (EDS). Both the surface and cross-sections of each sample
were observed to evaluate the penetration depth of each treat-
ment. All specimens were carbon-coated prior to observation.

Color changes were evaluated by measuring the CIEL⁄a⁄b⁄ color
parameters of untreated and treated samples (five measurements
per sample) [56]. Measurements were done using a Minolta
Chroma Meter portable spectrophotometer equipped with a
xenon lamp (illuminant C) and diffuse reflectance geometry. Total
color variations were reported as DE = (DL⁄2 + Da⁄2 + Db⁄2)½, where
DL⁄, Da⁄ and Db⁄ are the difference between untreated and treated
stone of L⁄ (lightness: 0 being black and 100 being diffuse white),
a⁄ (negative values indicate green whilst positive values indicate
magenta) and b⁄ (negative values indicate blue and positive values
indicate yellow) values, respectively. Note that the human eye is
only able to detect chromatic changes for DE > 3 [56].

2.4. Analysis of bacterial calcium carbonate

Mineralogy and crystallite size/strain of bacterial calcium car-
bonate(s) were determined by X-ray diffraction (XRD) on an X’Pert
system (PANalytical, The Netherlands) with Ni filter. Measurement
parameters: CuKa radiation k = 1.5406 Å, 45 kV, 40 mA, exploration
range from 4� to 70� 2h, steps of 0.001� 2h and goniometer speed of
0.01� 2h s�1. Powders were deposited in zero-background Si sam-
ple holders. Mineral phases were identified by comparison with
JCPDS (Joint Committee on Powder Diffraction Standards) powder
spectra. Crystallinity or crystallite size Dhkl (i.e., coherent X-ray
scattering domains) of bacterial CaCO3 was calculated using the
Warren modification of the Scherrer equation [57]:

Dhkl ¼
kk

bhkl cos h
ð2Þ

where k is the crystallite-shape factor (�0.9), k is the X-ray wave-
length, bhkl is the X-ray diffraction broadening (i.e., hkl Bragg peak
full width at half maximum: FWHM, in radians) and h is the Bragg
angle. Peak broadening is also affected by lattice strain e, which is
given by [58]:

e ¼ bhkl

4 tan h
ð3Þ

Assuming that the particle size and strain contributions to peak
broadening are independent, a combination of Eqs. (2) and (3)
gives the Williamson–Hall equation [59]:

bhkl cos h ¼ kk
Dhkl
þ 4e tan h ð4Þ

From the linear fit to the data (plot of 4 tan h vs. bhkl cos h), Dhkl

is determined from the y-intercept, and e from the slope of the fit.
Peak broadening analysis was performed using the XPowder 1.2
software package, which enables background subtraction, Ka2

stripping and instrumental broadening correction [60]. Peak profile
fitting was performed using Gaussian, Lorentzian and pseudo-Voi-
gt functions. Best fits were systematically observed when using a
Lorentzian function. After fitting, Williamson–Hall plots were per-
formed to obtain mean crystallite size and strain (lattice
distortion).

Thermogravimetric (TG) and differential scanning calorimetry
(DSC) analyses of untreated and bacterially treated gypsum

plasters were performed to quantify both the amount of gypsum
and carbonate phases originally present in the plasters, as well as
the amount of newly formed bacterial CaCO3 and organic by-prod-
ucts of bacterial activity. Powder samples with a mass of �50 mg
were analyzed on a METTLER-TOLEDO TGA/DSC1 under the follow-
ing experimental conditions: 50 ml min–1 air flow, 25–950 �C heat-
ing interval and 20 �C min–1 heating rate.

Analysis of the morphology, size and nanostructure of bacterial
carbonates was performed by means of transmission electron
microscopy (TEM) using a Philips CM20, operated at 200 kV. Prior
to analysis, bacterial precipitates were dispersed in ethanol and
deposited on carbon/Formvar� film coated copper grids. TEM
observations were performed using a 40 lm objective aperture. Se-
lected area electron diffraction (SAED) patterns were collected
using a 10 lm aperture, which allowed collection of diffraction
data from a circular area �0.2 lm in diameter. In order to unam-
biguously identify the zone-axis of bacterial carbonate SAED pat-
terns, modeling of SAED patterns was performed using the
WebEMAPS software (developed by the Material Research Labora-
tory, Department of Materials Science and Engineering, University
of Illinois at Urbana-Champaign, available at: http://emaps.mr-
l.uiuc.edu/).

3. Results

DR curves of gypsum plasters before and after treatments appli-
cation are shown in Fig. 2. (Note that DRMS curves systematically
showed an increase in DR from zero to the average value of the
material within the first 0–1 mm, as reported elsewhere
[48,50,52–54].) The studied plasters were relatively soft materials,
as shown by the low average DR force (0.24–0.82 N mm–1) of un-
treated specimens. This value was well below the 3.8 N mm–1 DR
value of geologic gypsum crystals. The low DR values of unconsol-
idated archaeological gypsum plasters are due to their high poros-
ity (29–48%). Note that mechanical properties such as Young’s
modulus, compressive strength and tensile strength, as well as
drilling resistance, of a range of porous brittle materials, including
gypsum plasters, show an exponential decay with increasing
porosity according to the equation [54,61]:

S ¼ S0e�fP ð5Þ

where S and S0 are the strengths at porosity P and zero, respectively,
and f is an empirical constant.

A good exponential fit according to Eq. (5) (correlation coeffi-
cient of 0.959) was observed when plotting experimental DR val-
ues vs. gypsum plaster porosity, P (Fig. 3). The experimental
fitting equation was:

DR ¼ 4:04e�0:05P ð6Þ

Plaster pieces treated with PEMA/PMA showed a clear increase
in DR (up to �2.4 N mm–1) until a depth of �3 mm. However, be-
low this hardened surface layer, DR decreased to a low value of
�0.8 N mm–1, similar to that of the untreated material (with
29.1% porosity). Samples treated with PVB showed a DR pattern
similar to that of the previous treatment. In this latter case, how-
ever, the increase in DR was limited to a depth of �2 mm. Below
this strengthened surface layer, DR decreased to a residual value
of �0.6 N mm–1, corresponding to that of the untreated material
(porosity of 38.3%). Samples treated with TEOS showed DR values
of �0.8 N mm–1 throughout the whole profile of the treated frag-
ment. Considering that the average porosity of this sample was
33.8%, the experimental DR value is in good agreement with that
calculated using Eq. (6) (0.74 N mm–1), and matches the DR value
of an unconsolidated plaster of similar porosity. The best consoli-
dation effects in terms of DR were observed following treatment
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with M-3P culture medium (bioconsolidation treatment) (Fig. 3).
As shown in Fig. 2A, an average drilling resistance of 1.7 N mm–1

was reached throughout the whole profile of the treated fragment.
This value is higher by a factor of two than the DR value
(0.87 N mm–1) corresponding to an unconsolidated gypsum plaster
with the porosity of this sample (31.5%). In gypsum plasters with
the highest porosity of 48% and with average DR of 0.24 N mm–1,
the bacterial treatment decreased the porosity to 41% and in-
creased DR up to 1.38 N mm–1 (Fig. 2B). The calculated DR (accord-
ing to Eq. (6)) for such a latter porosity is 0.52 N mm–1, a value
significantly lower (by factor of �3) than the experimental one.
Note, however, that in this latter case the strengthening effect
was not homogeneously distributed with depth: i.e., it extended
to a depth of �6 mm and the maximum consolidation was reached
at a depth of 1.5 mm.

SEM photomicrographs of the untreated plaster surface showed
tangled gypsum crystals with acicular and/or bulky habit, thus pro-
ducing rather rough surface features (Fig. 4A). Crystals tended to
show corrosion features indicative of chemical weathering (disso-
lution) (Fig. 4B). After the biotreatment with M-3P, the surface
appearance drastically changed due to the formation of an homo-
geneous coating of newly precipitated micrometer-sized

spherulites of vaterite (see XRD results below), in contact with
mineralized bacterial cells and bacterial EPS (Fig. 4C). These fea-
tures were also observed in cross-sections, indicating a good pen-
etration of the bioconsolidation treatment and a homogeneous
distribution of the bacterial carbonate cement throughout the pore
system of the treated plaster. Both surface and cross-section
images also showed that the M-3P treatment did not block the
pores. A completely different texture was observed following treat-
ment with PEMA/PMA (Fig. 4D), PVB (Fig. 4E) and TEOS (Fig. 4F).
The SEM images show that in all these cases consolidant deposition
was limited to the formation of a surface film, which blocked the
pores. Pervasive cracks were observed in the surface film formed
after treatment with ethyl silicate (Fig. 4F).

Fig. 5 shows the porosity and pore size distribution (determined
using MIP) of a gypsum plaster before and after bacterial treat-
ment. No significant shift in pore size was observed after treatment
(i.e., changes were within error), although a porosity reduction
(ranging from 5% to 15%) was detected. Such a porosity reduction
is consistent with the deposition of bacterial CaCO3 cement plus
the organic by-products of bacterial activity (EPS). Due to the fact
that conventional consolidants formed a surface film, no detectable
changes in porosity and pore size distribution of treated plaster
were observed. Note that samples used for standard MIP analysis
are �1 cm3. As a consequence, the observed thin surface coating
(a few micrometers thick) formed after treatment with conven-
tional consolidants does not contribute to a detectable porosity
reduction.

Table 1 shows the results of color measurements before and
after the treatment of gypsum plasters. Untreated plasters showed
a medium–high L⁄ parameter (between 65 and 75) and a light yel-
lowish color (i.e. b⁄ values were positive and ranged between 9 and
13, while a⁄ values ranged between 2 and 5). After treatment, no
significant changes in L⁄, a⁄ and b⁄ values were observed. In almost
all cases, total color change values (DE) were �5 or slightly above
(in the case of PEMA/PMA- and TEOS-treated plasters) and were
slightly higher than those of the control plasters (treated with
sterile distilled water), which show an average DE value of 0.9.
In summary, color measurements confirm that the treatments do
not significantly alter the appearance of the gypsum plaster, thus
complying with current conservation guidelines which indicate
that a DE value 65 is acceptable [62].

Fig. 6 shows XRD patterns of untreated and M-3P treated gyp-
sum plaster specimens. The untreated gypsum plasters used in this
study consisted of gypsum (CaSO4�2H2O), with minor amounts of
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shown (j). Values represent the average of three to five drilling tests.

3848 F. Jroundi et al. / Acta Biomaterialia 10 (2014) 3844–3854



Author's personal copy

quartz (SiO2) and calcite (CaCO3) (note that the main 104Calcite

Bragg peak at 3.034 Å is masked by the strong �141Gypsum peak at
3.053 Å). As expected, no mineralogical changes were detected fol-
lowing application of the three conventional consolidants. The bio-
treated specimens showed the presence of vaterite in addition to
the previous phases (gypsum, quartz and calcite). Vaterite is a
metastable polymorph of calcium carbonate, commonly produced
during bacterial carbonatogenesis [34]. Williamson–Hall plots cal-
culated using the 112 and 224 harmonic Bragg reflections showed
that bacterial vaterite crystallite size was 21 nm, with a low lattice
strain contribution of 0.05% (Fig. 7). The average crystallite size cal-
culated using all vaterite Bragg reflections was 23 ± 1 nm with a
strain of 0.09 ± 0.03% (inset in Fig. 7), values consistent with the
above results.

TG analyses of unconsolidated plasters showed a significant
weight loss in the temperature range 95–250 �C, and a minimal
but continuous weight loss in the temperature range 250–450 �C
(Fig. 8). In addition, the DSC trace showed an endothermal (split)
band at 120–220 �C, followed by a smaller endothermal broad
band at 280–380 �C (Fig. 8). These are standard features of the
thermal decomposition of gypsum [63] and confirm that gypsum
is the main phase (81–93 wt.%) of unconsolidated plaster. The
presence of CaCO3 (calcite, according to XRD) was shown by the

Fig. 4. SEM photomicrographs of untreated and treated gypsum plasters: (A) untreated control; (B) detail of gypsum crystals showing corrosion features. Samples treated
with: (C) M-3P, showing bacterial vaterite surrounded by EPS, and bacterial cells (bc; inset); (D) PEMA/PMA; (E); PVB; and (F) TEOS.
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weight loss due to decarbonation in the temperature range 600–
780 �C and the associated endothermal peak in the DSC trace
(Fig. 8). The average amount of calcite in the untreated plaster ran-
ged from 4 to 12 wt.%. TG analyses showed that the bacterial con-
solidation treatment increased the CaCO3 content. The amount of
bacterial carbonate (vaterite) was 1.5–2 wt.%. The corresponding
solid volume fraction of bacterial vaterite was �0.02

(vaterite density 2.65 g cm–3) [34]. The presence of organics
(�1.1–3.5 wt.%) was detected by TG/DSC, as shown by the weight
loss in the temperature range 250–450 �C and the associated exo-
thermal band in the DSC trace (Fig. 8). Assuming a density of
1.3 g cm–3 for the organics [64], it can be estimated that the organ-
ics formed following the bioconsolidation treatment (bacterial cell
debries and EPS) account for a solid volume fraction of up to 0.07.
The sum of vaterite and organics volume fractions is equal to 0.09,
a value in good agreement (within error) with the solid volume
fraction (0.11) calculated from the porosity difference (MIP results)
between bacterially treated and untreated gypsum plasters.

TEM-SAED analyses showed that bacterial vaterite typically
formed spherulitic aggregates a few micrometers in size (Fig. 9A).
Higher magnification images showed that each spherulite was
made up of an aggregate of rod-shaped vaterite crystals �20 nm
thick and 100–200 nm long (Fig. 9B and E). The aggregate dif-
fracted as a single crystal, with Debye spots slightly ellipsoidal
due to a small missorientation among nanoparticles (angular
spreading <5�) (Fig. 9C). The SAED pattern in Fig. 9C corresponded
to the vaterite [001] zone axis, as confirmed by SAED simulation
using the WebEMAPS software (Fig. 9D). The vaterite structure re-
ported by Wang and Becker [65] was considered for SAED simula-
tion. Fig. 9E shows a detail of the vaterite nanounits making up the
bacterial CaCO3 structure. The rod-shaped vaterite nanocrystals
were typically elongated along [001]. These observations show
that vaterite structures are made up of an oriented aggregate of
nanocrystals. Within nanocrystals, low electron-absorbing areas
were observed. Energy dispersive X-ray spectroscopy (EDS)
microanalysis showed the presence of S and P in these low-
electron-absorbing areas. This is consistent with the incorporation
of organics between vaterite nanounits: i.e., S and P are present in
bacterial EPS and other byproducts of bacterial activity which get
incorporated into the CaCO3 structure [34].

Table 1
Spectrophotometric color measurements of gypsum plasters before and after bioconservation and conventional treatments.a

Sample/treatment Before treatment After treatment DE

L� a⁄ b⁄ L� a⁄ b⁄

Controlb 75.0 ± 4.4 3.4 ± 0.8 13.4 ± 1.9 75.4 ± 5.5 3.2 ± 0.7 12.6 ± 2.2 0.9 ± 0.5
M-3P 65.1 ± 11.7 5.1 ± 2.6 12.9 ± 2.5 63.4 ± 16.8 7.6 ± 3.2 16.2 ± 2.3 4.5 ± 2.6
PVB 65.1 ± 8.7 4.9 ± 1.3 12.9 ± 1.4 60.2 ± 5.9 5.9 ± 1.4 15.8 ± 1.8 5.8 ± 4.6
PEMA/PMA 76.6 ± 5.3 2.5 ± 0.4 9.6 ± 0.8 76.1 ± 1.5 3.7 ± 0.7 14.6 ± 1.2 5.2 ± 1.8
TEOS 67.1 ± 9.1 4.8 ± 1.8 13.1 ± 1.6 62.9 ± 7.7 6.3 ± 1.5 17.8 ± 1.5 6.5 ± 4.3

a Average values of 5 measurements per sample are presented.
b Treated with sterile distilled water.
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Fig. 7. Williamson–Hall plot for bacterial vaterite calculated considering broaden-
ing of two order Bragg reflections (i.e., 112 and 224). Inset shows average Dhkl value
calculated considering all vaterite Bragg reflections.
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Microbial growth and carbonatogenic activity tests showed that
95% of the microbiota inhabiting the plaster and activated by the
application of M-3P culture medium was carbonatogenic bacteria.
No nitrifying bacteria, sulfur oxidizers or fungi were detected after
the biotreatment. The total number of bacteria (culturable in M-3P
medium) present before and after completion of the bioconsolida-
tion treatment was not altered (�5.2 � 104 ufc g–1) and 10% of
these bacteria were able to produce acids in a glucose-containing
medium. The latter clearly demonstrates that the glucose-free
medium (M-3P) used here is more suitable than the glucose-con-
taining medium used by others [26].

4. Discussion

Our results show that, in general, treated gypsum plasters are
strengthened by both conventional and biomineralization consoli-
dation treatments. However, conventional products show impor-
tant limitations. Although TEOS is considered by some as the
most promising consolidant for porous materials because of its
good penetration [52], on gypsum plasters its efficacy is limited
by the formation of a highly cracked surface coating of amorphous
silica (SEM results), which produces negligible consolidation
(DRMS results). Such a cracking is associated with drying stresses
generated during solvent evaporation [22]. Drying-induced crack
development is a mayor handicap of alkoxysilane consolidants
[21]. In addition, the poor consolidation effectiveness of TEOS is
widely known for non-silicate stones such as limestones and is
associated with the low chemical affinity between calcite and silica
formed after hydrolysis and condensation of alkoxysilanes [21]. A
poor bonding is also expected between silica and gypsum due to

their structural and chemical dissimilarities. As an additional det-
rimental effect, this treatment produces the highest change in col-
or (yellowing; DE = 6.54). In summary, this treatment shows very
little efficacy when applied for the consolidation of archaeological
gypsum plasters. The consolidation effect of PEMA/PMA is limited
to a depth of �3 mm. According to SEM analysis, this consolidant
leads to the formation of an impervious polymer film on the sur-
face of the samples, which blocks the pores. The same detrimental
effect has been observed when using PEMA/PMA to consolidate
other porous materials such as old ceramic tiles [66]. Treatment
with PEMA/PMA leads to a relative increase in strength, but nega-
tively modifies the water permeability [66]. The effects of PVB
application are very similar to those of PEMA/PMA: it forms an
impervious surface film and only consolidates the surface down
to a depth of a few mm. Overall, these results were not unexpected,
since it is known that when applied for stone consolidation, all
these treatments typically increase strength, but they are only able
to impregnate a thin outer layer [52]. In summary, the limited pen-
etration, formation of superficial (impervious) films, lack of appro-
priate bonding with gypsum crystals and cracking (in the case of
ethyl silicate) limit the effectiveness of these conventional treat-
ments for archaeological gypsum plaster consolidation.

In contrast, the bacterial bioconsolidation treatment shows the
highest consolidation effectiveness. This type of treatment has pre-
viously been demonstrated to be effective for the consolidation of
porous limestone, having the main advantage (if compared with
previous bacterial consolidation treatments) of not introducing
any exogenous microorganism into the stone [29–33]. A significant
strengthening of gypsum plasters was achieved following treat-
ment with M-3P (DR results). In most cases (i.e., samples with
porosity ranging from 29 to 38%), the whole profile of the samples

Fig. 9. TEM photomicrographs of bacterial vaterite: (A) general view of bacterial vaterite spherulites forming micrometer sized aggregates; (B) detail of a vaterite structure
showing its internal mesostructure; (C) [001] zone axis SAED pattern of vaterite structure in (B). Note that the nanostructure diffracts as a single crystal. Extra spots
correspond to an area with a slightly different orientation. (D) Vaterite [001] zone axis pattern simulated using WebEMAPS software; (E) high magnification image of vaterite
nanounits making up the structure in (B); (F) shows the EDS spectrum of the central area in (E).
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was consolidated. M-3P penetration/consolidation depth could be
assessed to be as great as 2 cm, taking into account that the pieces
used in this study were 2 cm thick. This is due to the fact that bac-
terial cells can colonize not only the surface of porous materials,
but also deeper areas. Such a remarkable penetration depth may
be associated with two phenomena: (a) irrespective of their posi-
tion in a depth profile, bacteria inhabiting the gypsum plaster are
activated as soon as the nutritional solution reaches their location;
and (b) activated bacteria are transported in suspension (in the cul-
ture medium) through the stone porous system [39]. Note that
motility and growth of bacteria (under static conditions) have been
found to result in transport rates of up to 0.4 cm h�1 in nutrient-
saturated sand and sandstone [67]. The latter effect is facilitated
by the mean pore size (�2–4 lm diameter) of the gypsum plasters.
Although the strengthening was also substantial in samples with
the highest porosity (48%), it was, however. limited to a thick sur-
face slab of �6 mm. This is most probably due to the fast drying of
this highly porous substrate which could have favored accumula-
tion (back migration) of the nutritive solution and bacterial activity
within this near-surface zone.

Although there is a porosity reduction of 5–15%, SEM observa-
tions show that no plugging or blocking of pores takes place during
the biocementation and no increase in the bacterial activity or
change in the microbiota inhabiting the stone are observed after
completion of the biotreatment. Apparently, the culture medium
composition, in particular the lack of glucose which could lead to
unwanted development of acid-producing bacteria, is a key factor
in the success of this treatment. It is crucial because determining
the compatibility and success of a given treatment must take into
account economic, environmental and human safety issues, as well
as the lack of other detrimental side-effects [25]. Unlike conven-
tional consolidants, which often result in the formation of incom-
patible and often harmful surface films [20], bacterial
carbonatogenesis provides a high level of consolidation with no
negative environmental or health impacts because it is an environ-
mentally friendly method which produces a compatible CaCO3 bio-
cement following the activation of non-pathogenic carbonate
producing bacteria. This cement attaches gypsum grains, making
the plasters more resistant to mechanical stress, simulated here
by the drilling forces [54].

The observed strengthening is associated with the formation of
bacterial vaterite biocement. Vaterite typically forms when bacte-
rial carbonatogenesis occurs on substrates that do not share a com-
positional or structural similarity with the most stable CaCO3

polymorph, which is calcite. This is the case of silicate substrates
(glass and sandstones) where bacterial vaterite typically forms,
while on calcitic substrates, bacterial calcite grows in crystallo-
graphic continuity (epitaxy) [39]. A similar effect may help to ex-
plain the formation of vaterite on gypsum, which can be
considered both compositionally and crystallographically different
from calcite. Note however, that growth of calcite on gypsum with
the following (epitaxial) orientation relationship [001]gypsum//
[001]calcite has been reported [68]. Thus, the above-mentioned
substrate effect could have been at work here, resulting in bacterial
calcite production. However, in this particular case, the presence of
sulfate ions associated with the partial dissolution of gypsum fol-
lowing M-3P treatment application appears to have favored the ki-
netic stabilization of vaterite, preventing its transformation into
more stable calcite (according to the Ostwald’s rule of stages)
[69]. Most important, the incorporation of organic byproducts of
bacterial activity into vaterite structures also appears to have fa-
vored the kinetic stabilization of this metastable phase [34]. It
could be argued that the formation of metastable vaterite (instead
of stable calcite) on the studied gypsum plasters is a handicap to
reach the maximum consolidation potential of the treatment.
However, DRMS results show that a significant strength gain is

achieved. In fact, bacterially consolidated gypsum samples display
DR values of the same magnitude as those of limestones and lime
mortars of equivalent porosity (Fig. 10). This is unexpected as gyp-
sum strength is systematically (much) lower than that of lime-
stones [51–53,70–72] or lime mortars [73] of equivalent porosity,
and the amount of CaCO3 introduced by the bacterial treatment
is low: �2% of the solid volume of the plaster. Below we will show
that the mesostructural features of bacterial vaterite help to ex-
plain this conundrum.

Crystallite size measurements and TEM-SAED analyses show
that the newly formed bacterial vaterite displays a mesocrystalline
structure formed by oriented rod-shaped nanocrystals �20 nm
thick and 100–200 nm long. The nanocrystals are assembled in
an oriented manner (with their c-axis parallel) and gaps between
these building units are filled with organics (mainly EPS). These
are general features of bacterial vaterite, as we have reported ear-
lier [34]. Bacterial vaterite precipitates are thus mesocrystals, i.e.
crystals composed of mutually oriented nanoparticle mineral units
embedded within an organic matrix [74]. These mesostructural
features of bacterial vaterite are also shared by several CaCO3

biominerals, including aragonite in mollusk shell nacreous
[42,75,76] and crossed-lamellar layers [76], as well as calcite in
mollusk prismatic layer [44] and echinoderms spicles [77,78].
The organic–inorganic hybrid (mortar and brick) structure, as well
as the nanostructured features (i.e., mesocrystal structure) of
biominerals, has been claimed to be responsible for their amazing
and unique combination of stiffness, hardness and extremely high
toughness (work of fracture), which can reach values orders of
magnitude higher than those of their inorganic counterparts
[41,46,76]. For instance, the unusual mechanical properties of mol-
lusk nacre are related to the combination of stiffness imparted by
the CaCO3 mineral component, which absorbs the externally ap-
plied loads, and the toughness, prevention of crack spreading and
capacity for recovery after deformation imparted by the organic
layer [79]. The high strength and toughness of CaCO3 biominerals
have also been associated with the presence of inorganic nanounits
[46], because materials become insensitive to flaws at the nano-
scale [80]. For materials such as calcite and aragonite (and
vaterite), whose Young moduli are �100 GPa [81], a critical length
scale of �30 nm is calculated, below which the fracture strength of
a flawed prism-shaped crystal is identical to that of a perfect crys-
tal [80]. This size is close to the �20 nm average size of bacterial
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Fig. 10. DR vs. porosity of carbonate stones (filled circles) and lime plasters (empty
circles) of different porosity, compared to gypsum plasters, both unconsolidated
(4) and consolidated by bacterial vaterite (j). Solid lines show best fits to Eq. (5).
Data for carbonate stones are from: this study; Ref. [52]; Ref. [71]; Ref.
[72]. Data for lime plaster are from: s Ref. [73]. Values have been normalized to
d = 0.65 using the reported linear relationship between DR and d [55].
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vaterite nanounits determined here by means of XRD and TEM. All
in all, bacterial vaterite in consolidated gypsum plasters impart a
very high mechanical strength and toughness due its mesostruc-
tured inorganic–organic nature. Note that vaterite biominerals
can reach a high elastic modulus (e.g., up to 57 GPa, Ref. [82]),
being as high as those of calcite and aragonite biominerals [45].

In addition to its strengthening effect, the bacterial treatment
might also be effective to increase the resistance of gypsum plas-
ters against chemical weathering (dissolution). It has been shown
that organics present in bacterial calcium carbonate cement
(including EPS) contribute to the reduction of the dissolution rate
of bioconsolidated limestones [28]. Apparently, bacterial biofilms
(EPS) strongly inhibit the dissolution of calcite crystals [83]. In
the case of bacterially consolidated gypsum plasters, we have ob-
served that gypsum crystals are covered by EPS and bacterial vate-
rite cement containing organics. Such organics may protect
gypsum in a similar way as they do in the case of calcite, thereby
reducing its dissolution rate. Further tests will be performed to
evaluate this protective effect.

Bacterial mineralization of calcium carbonate may find interest-
ing biomaterial applications. The poor mechanical behavior of pre-
set gypsum bone graft substitutes [10] could be improved by the
formation of bacterial CaCO3 cement. In this particular case, inocu-
lation of the culture medium with carbonatogenic bacteria, such as
Myxococcus xanthus [28] or Brevundimonas diminuta [39], should be
performed to ensure maximum bacterial biocementation. The fact
that such a consolidation treatment results in the formation of
vaterite, which includes organic by-products of bacterial activity,
and EPS coatings, may pose an additional advantage: these organ-
ics will likely reduce the dissolution rate of gypsum, facilitating its
slow resorption. Bacterial consolidation of gypsum may thus help
to overcome the main limitations of this biomaterial and expand
its biomedical applications. Extensive in vitro and in vivo tests
should be performed to evaluate the biocompatibility and perfor-
mance of bacterially consolidated gypsum biomaterials.

Finally, it should be underlined that DRMS may find applica-
tions in the evaluation of the mechanical properties of biomateri-
als. As a main advantage, DRMS will enable the evaluation of the
mechanical properties of biomaterials along depth profiles, an
important endpoint not properly addressed by most standard
mechanical testing systems.

5. Conclusion

Although consolidants have been extensively used for over a
century in cultural heritage conservation, their selection is still lar-
gely based on empirical considerations without proper determina-
tion of the consolidant effectiveness and compatibility with the
material it is applied to. In the case of the studied archaeological
gypsum plasters, conventional consolidation treatments using an
alkoxysilane (TEOS) and organic polymers and copolymers
(PEMA/PMA and PVB) at best consolidate only a few millimeters
near the surface. Better results are obtained using a bioconsolida-
tion treatment based on the application of M-3P culture medium
to activate the carbonatogenic microbiota present in the plasters.
These bacteria produce newly formed calcium carbonate bioce-
ment. This biocement is formed by vaterite, which in turn is made
up of oriented inorganic nanounits embedded in an organic matrix.
The brick and mortar mesostructure of bacterial vaterite cement
provides a high mechanical resistance. On the other hand, the
depth of consolidation achieved by this biotreatment, which does
not alter the appearance of the treated material, is noteworthy
(up to 2 cm). Our results show that the bacterial biotreatment
would be applicable for in situ consolidation of archeological gyp-
sum plasters. Finally, we would like to point out that such a

bacterial bioconsolidation treatment may help strengthen and re-
duce the resorption rate of gypsum biomaterials.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 1, 2, 5, 6 and 8
are difficult to interpret in black and white. The full colour images
can be found in the on-line version, at http://dx.doi.org/10.1016/
j.actbio.2014.03.007.
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