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ABSTRACT: In situ X-ray diffraction (XRD) and environmental
scanning electron microscope (ESEM) crystallization experiments show
oriented growth of magnesium sulfate crystals on a diethylenetriamine-
penta-methylene phosphonic acid (DTPMP) template adsorbed onto
Iceland spar (calcite, CaCO;) cleavage surfaces. Epsomite
(MgSO,-7H,0) and hexahydrite (MgSO,-6H,0) crystallize (depending
on the ambient conditions) in the presence of DTPMP with
(Olo)epsomite//(10T4)calcite and (Tl1)hexahydrite//(10T4)calcite) whereas in
the absence of DTPMP they show no preferred orientation. On the other
hand, sodium sulfate (mirabilite, Na,SO,-10H,0) nucleates onto a Ca-
DTPMP precipitate with (001),,;.biiee// (1014) yiciee- In contrast, different
sodium sulfate phases crystallize and grow with no preferred crystallo-
graphic orientation in the absence of an organic additive. These results
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allow us to propose a model for the interaction calcite-DTPMP-Na and Mg sulfates based on the template-assisted nucleation
and oriented heterogeneous crystallization, mediated by a Ca-precipitate, of inorganic salts on calcitic substrates. This effect
results in a (measured) reduction in the critical supersaturation reached by these salts when crystallizing in confined geometries,
i.e, a pore, thus resulting in a reduction in crystallization pressure and damage to porous substrates such as building stones.
These results have implications in fields where in-pore crystallization of salts results in damage or plugging of the porous
network, e.g., cultural heritage conservation and in the oil industry, where phosphonates are used as crystallization inhibitors.

B INTRODUCTION

Organic substances are known to play a critical role in the
crystallization of inorganic phases." Even when present in very
low concentrations, they have a profound impact on crystal
shape, size, and polymorph selection of a range of minerals,
including carbonates, oxalates, phosphates and sulfates.”™® The
controlled crystallization of these phases is of industrial and
technological importance (e.g, scale control).>'® It is also
important in biomineralization'"'* and pathological mineraliza-
tion,">'* as well as in the design of novel biomimetic
materials."> Organic additives can promote or inhibit crystal
growth.'®"” The catalytic (promoter) effect of additives on
crystallization from supersaturated solutions is generally related
to two-dimensional (2D) and/or three-dimensional (3D)
heterogeneous nucleation.'® Crystallization inhibition is
commonly attributed to step blocking or growth site poisoning
by additive adsorption on crystal surfaces. Additive molecules
may adsorb on all crystal faces thus reducing the overall growth
rate to zero (nucleation inhibitors) or on specific faces (habit
modifiers) leading to a change in crystal morphology.'*°
Crystallization inhibitors have been employed in industry to
prevent salt scaling and pipe blocking,'®*"** to control
polymorphism and crystal size in the pharmaceutical industry,"
or to inhibit cement hydration*® and delay gypsum plaster
setting.24

- ACS Publications  © 2012 American Chemical Society

40

There is evidence that, in many cases, solid substrates
promote heterogeneous crystal nucleation.”® The inductive
effect of substrates on crystal nucleation and growth is generally
considered to be related to structural fit between the
overgrowth and the underlying matrix.”® A high structural fit
may result in epitaxy. When there is a structural mismatching
between substrate and overgrowth, the presence of organic
templates may help couple both structures.”® This has
important advantages, and epitaxial crystallization techniques
involving the use of self-organized substrates to regulate crystal
nucleation and growth are employed in the laboratory and in
industry to control size, habit and orientation of crystals.”*”>®
In nature, organic templates are known to direct the nucleation
and growth of inorganic phases during biomineraliza-
tion."”**”*} Knowledge gained from the study of biomineral-
ization has been applied for the template-directed “biomimetic”
production of a range of minerals with controlled morphology,
size and orientation (see review by Meldrum and Célfen'®).

Despite the widespread presence both in industry and in
nature of substrate-mediated crystallization processes, there are
numerous effects of the organized substrate on crystal
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nucleation and growth which are not yet fully understood,
including changes in the crystallizing phase and polymorph and
in the supersaturation reached at the onset of crystallization.
These aspects are of particular interest when crystallization
takes place in confined geometries. The growth of salt crystals
in a confined space (pore) is known to exert a pressure against
the pore wall which can exceed the rupture modulus of most
ornamental materials, often leading to their fracture and
crumbling.**** This is one of the main factors causing rock
decay in nature®**® and weathering of stone buildings and
other engineering structures.”” >* The crystallization pressure
exerted by a crystal when growing within a pore has been
related both to the degree of supersaturation in a solution and
to the properties of curved interfaces between the crystal and
the solution (i.e., properties of the material pore system).>>*°
New strategies to prevent salt damage to porous stone based on
the use of crystallization inhibitors have been proposed.* ~* In
solution, these compounds increase induction time and critical
supersaturation (i.e., the supersaturation reached at the onset of
crystallization), thus allowing transport of the saline solution to
the surface of the porous stone where salt crystallization
eventually precipitates as harmless eftlorescence. For this
purpose, phosphonates, phosphates and polyphosphates,
carboxylic acid derivatives, polyacrylates and ferrocyanides
have been tested (see Ruiz-Agudo et al.** and refs therein).
Most of the additives used widely to inhibit crystallization in
technological and industrial applications are polyelectrolytes
with a strong tendency to adsorb on a wide range of mineral
surfaces. For example, phosphonates are known to adsorb on
silica and clays, barite, cassiterite, aluminum oxides, iron oxides,
gypsum and calcite.**~* In fact, adsorption/precipitation of
Ca-phosphonate phases in carbonate reservoirs has been
proposed as a means for the slow release of phosphonate
ions to inhibit scale formation in porous media.*® Therefore, it
is expected that the effect of such organic molecules on salt
crystallization will change noticeably in the presence of an
inorganic support (i.e., a porous stone).

Here we study the crystallization of sodium and magnesium
sulfates in the presence of an inorganic substrate (calcite),
directed by organic molecules (DTPMP, diethylenetriamine-
pentakis (methylphosphonic acid)). Mg- and Na-sulfates are
extensively found in both modern cement structures and in the
stone built heritage. There are numerous examples of the
weathering of rock outcrops and ornamental stone associated
with the presence of these salts (see review by Goudie and
Viles*). Both are extremely damaging and show different
crystallization patterns.*® These factors have made Mg- and Na-
sulfates the choice for building materials accelerated decay
testing.”>" The organophosphonate compound DTPMP is
known for its inhibitory effect on both the precipitation of
sodium and magnesium sulfate when the DTPMP molecules
are free in solution.*>* The aim of this paper is to combine
both macroscale (X-ray diffraction, XRD, and nuclear magnetic
resonance, NMR) and microscale (atomic force microscopy,
AFM; environmental scanning electron microscopy, ESEM) in
situ techniques for on-line monitoring of the crystallization of
sodium and magnesium sulfates on Iceland Spar (calcite,
CaCO,) single crystals and within limestone blocks in the
presence of DTPMP, in order to gain a better understanding of
the phosphonate-directed crystallization of inorganic salts onto
calcite. The gained knowledge may have direct application in a
wide range of fields where the presence of saline solutions and
organic molecules may result in template-assisted crystal
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growth within porous materials, including cultural heritage
conservation, scale formation in the oil and cement industry
and biomineralization.

B MATERIALS AND METHODS

(a). Salt Solutions, Additives and Calcitic Substrates. Na and

Mg sulfate saturated solutions were prepared using anhydrous solids
(Panreac, analytical grade) and deionized water. DTPMP (Fluka,
reagent grade) was added to the solutions in concentrations ranging
from 107" M to 10~ M. Solution pH was adjusted to 8 using NaOH
solution as needed depending on the additive concentration. The
ability of an organophosphonate molecule to be adsorbed on a crystal
surface depends on its ability to be attracted to the surface and bonded
to it. With increasing pH, the phosphonate groups of DTPMP will be
increasingly deprotonated and thus the ability of the molecule to
interact with the surface will increase. At pH 8, DTPMP is already
highly deprotonated (eight negative charges). This alkaline pH will
also prevent a massive dissolution of calcite. In order to increase the
degree of deprotonation, the pH should be significantly higher and
thus working at higher pH values was discarded. Two different calcitic
supports were used to study the crystallization of sulfates in the
presence of DTPMP: (i) freshly cleaved Iceland Spar single crystals
(ca. 2 X 3 X S mm sized) and (ii) blocks (3 X 3 X 25 cm sized) of a
porous biomicritic limestone (Santa Pudia quarries, Esctizar, Granada).
DTPMP adsorption experiments were performed using calcite
powders (Sigma-Aldrich, ACS reagent). This powder is essentially
pure calcite (as determined by X-ray diffraction and X-ray
fluorescence), and the BET specific surface area measured by nitrogen
adsorption (Micromeritics TriStar) was found to be 1.46 + 0.02
m*>g .
(b). DTPMP Uptake by Calcite Powder. The uptake of DTPMP
by calcite was investigated using calcite powder, following the method
described by Xyla et al.>* DTPMP solutions of variable concentration
were prepared from the corresponding stock solution of pure solid
reagent. Solutions were placed in screw-capped polyethylene vials, and
their pH was adjusted to 8 by the addition of very small amounts of
NaOH. Next, calcite powders were immersed in the solutions in
amounts enough to provide a total surface area of 0.2 m® The vials
were sealed and placed in a chamber thermostatted by circulating
water at 25.0 + 0.5 °C for 2 h. The organophosphorous content in the
supernatant was analyzed by digestion with potassium persulfate,
according to the method outlined by Grasshoff et. al.>** Magnesium
and sodium sulfate were used as background electrolyte in the
adsorption experiments, which were carried out at two different ionic
strengths (0.1 and 2).

(c). Nanoscale Observations of Saline Solution—DTPMP—
Calcite Interactions. In situ nanoscale observations of the {1014}
calcite surfaces during contact with saline solutions in the presence/
absence of DTPMP were performed using a fluid cell of a Digital
Instruments Nanoscope III Multimode AFM working in contact
mode. The scanning frequency was S Hz, and the areas scanned were
mostly 5 X 5 and 10 X 10 ym. AFM images were collected using Si;N,
tips (Veeco Instruments, tip model NP-S20) with spring constants
0.12 N/m and 0.58 N/m. Images were analyzed using the NanoScope
software (Version 5.12b48). Saturated magnesium and sodium sulfate
solutions with and without 30 mM DTPMP flowed continuously for
30 min at a rate of S0 mL-h™" from a syringe coupled to an O-ring-
sealed fluid cell containing the sample crystal. Before each experiment,
deionized water and standard growth solution (0.3 mM CaCl, and
Na,CO; giving a supersaturation index 0.81 calculated using
PHREEQC>®) were passed over the crystal to clean the cleaved
surface, as well as to adjust the AFM parameters as in Arvidson et al.>°

(d). In Situ XRD and ESEM Experiments on Calcite Single
Crystals. Calcite {1014} surfaces were used as substrates. Prior to
each experiment, rhombohedral fragments, ca. S X 3 X 2 mm in size,
were freshly cleaved with a knife blade from single crystals of optical
quality Iceland Spar. They were examined by optical microscopy to
ensure that cleavage surfaces were free from macroscopic steps and
small particles. Drops of saline solution were deposited and let to
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crystallize onto these surfaces. Supersaturation was achieved by
evaporation at constant temperature (16 & 1,20 & 1 or 25 + 1 °C)
and relative humidity (40 + S or 50 + 6%) within the chamber of a
Philips PW-1710 diffractometer equipped with an automatic slit. XRD
measurement parameters were CuKa radiation (4 = 1.5405 A), an
exploration range of 10—50° 26, steps of 0.028° 20, and a goniometer
speed of 0.01° 20 s™'. XRD patterns were collected at 4 min intervals,
while evaporation and the eventual crystallization of the salt were
taking place on the Iceland spar crystal. Analysis of the relative
intensity of the main Bragg peaks was performed using the XPowder
software package in order to identify which faces were preferentially
developed (with a preferred crystallographic orientation) in the
presence of the additive on the calcite substrate. Habit and size
distribution of sodium and magnesium sulfate crystals precipitated
from drops of saline solution deposited onto Iceland Spar crystals were
studied using a Philips Quanta 400 ESEM. In this case, supersaturation
was achieved by modifying the gas pressure (pH,0) inside the ESEM
chamber from 6.5 to 3.5 Torr, at a rate of 0.01 Torr's™", and keeping
constant the temperature (2 °C), following the methodology outlined
by Rodriguez-Navarro and Doehne.*

(e). Study of Salt Crystallization within a Porous Calcitic
Support. Macroscale crystallization tests were performed using
limestone prisms (3 X 3 X 25 cm) from Santa Pudia quarry (Granada,
Spain) (see Ruiz-Agudo et al.>> for details on this stone type), by
allowing saturated saline solution to flow through the stone, evaporate,
and crystallize. This test simulates conditions of capillary rise and salt
damage to the walls of historical buildings.”” Details of the
experimental set up are given in Rodriguez-Navarro et al* Salt
crystallization occurred following evaporation of the solution with and
without addition of 1 mM DTPMP. The evaporation rate was
monitored by on line weight measurements. Eventual efflorescence
development and damage to the stone support were monitored by
digital photographs. Changes in the stone pore system after salt
crystallization tests were studied using mercury intrusion porosimetry
(MIP) on a Micromeritics Autopore (details on sample preparation
and analysis are given in Ruiz-Agudo et al.>%).

Quantitative measurements of moisture distribution and salt
concentration during saline solution evaporation and crystallization
within limestone pores were performed with a high spatial resolution
using nuclear magnetic resonance (NMR). These measurements were
done using equipment especially designed for measurements on
porous materials (see Kopinga and Pel®” for details). This apparatus
uses a conventional iron-cored electromagnet, generating a field of 0.7
T. Samples for measurements have a cylindrical shape with a diameter
of 20 mm and a length of 45 mm, and are moved vertically through the
magnet with the help of a step motor. The samples are capillary
saturated with a 1 M Na,SO, solution, sealed on all sides (except for
the top) and dried at 20 °C and 5% relative humidity. It takes 2 h to
measure a moisture and ion profile. Home-built Anderson gradient
coils were employed, yielding magnetic field gradients in one spatial
direction of up to 0.3 T/m, resulting in a one-dimensional resolution
on the order of 1.0 mm for the material investigated. The apparatus is
designed in a way that quantitative measurements can be performed
(unlike standard magnetic resonance imaging, MR, which is generally
used in a qualitative way). This requires a specially designed Faraday
shield that is placed between the RF coil and the sample, to suppress
the effects of changes in dielectric permittivity by variations in
moisture content. By a computer-controlled switch the LC circuit of
the insert can be tuned to 33 MHz (hydrogen resonance frequency) or
to 8.9 MHz (for Na imaging). Because of experimental constraints,
only Na and H concentration in solution can be measured. Therefore,
evolution of salt concentration within the pores in the presence/
absence of 1 mM DTPMP could only be studied for sodium sulfate
crystallization (1 M solution).

B RESULTS AND DISCUSSION

(a). DTPMP Uptake by Calcite. Figure 1 shows the uptake
isotherms of DTPMP on calcite. DTPMP uptake data were
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Figure 1. Uptake isotherms of DTPMP on calcite: (a) background
electrolyte: 0.1 M MgSO,. Solid line: Langmuir—Freundlich
adsorption isotherm; dotted line: Langmuir adsorption isotherm. (b)
background electrolyte: 0.1 M Na,SO,. Experimental uptake data are
fitted to an exponential function (solid line).

fitted both to the traditional Langmuir egguation and to a more
general Langmuir—Freundlich isotherm:

3 quaxc"
41+ K" (1)

where I, is the adsorbed or uptaken amount of solute, K is
the ratio of adsorption (k,) to desorption (kg) rate constants,
dmax 1S the maximum amount of solute adsorbed, ¢ is solute
concentration, and n is a positive coeflicient, which indicates
the concentration dependence. This latter model yielded a
better fit to experimental results than the Langmuir isotherm
(Figure 1).

Adsorption results were independent of ionic strength both
when sodium and magnesium sulfate were used as background
electrolytes. DTPMP was found to strongly adsorb onto the
crystalline substrate. In the presence of MgSO,, the adsorption
isotherm was of type L2 (according to Giles et. al’”®
classification) and showed a plateau corresponding to ~$
umol of DTPMP per m” calcite (Figure 1a). This indicates
strong attractive forces between adsorbate and substrate, but
very weak forces between solute molecules themselves. In
contrast, when Na,SO, was the background electrolyte,
DTPMP uptake data could not be fitted either to the Langmuir
or to the general adsorption isotherm (eq 1). Experimental
DTPMP uptake data however showed a good fit to an
exponential function (Figure 1b). This is consistent with an
irreversible process involving the formation of a surface
precipitate, most probably a Ca-phosphonate. The growth of
Ca-DTPMP has been previously reported in the literature.®"%>
Kan et. al®® have shown that two types of Ca- DTPMP salts
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Figure 2. Sequential AFM images of a calcite cleavage surface subjected to sodium sulfate solution flow in the presence of 30 mM DTPMP. AFM
deflection images show the initial formation of rthombohedral dissolution pits (a, b) and the formation of a precipitate (Ca-phosphonate), which
progressively covers the whole surface as a passivation layer (b—f). The size of each AFM image is 5 X S ym.

t=0 min

t="13 min

Figure 3. Sequential AFM images of a calcite cleavage surface subjected to magnesium sulfate solution flow in the presence of 30 mM DTPMP. AFM
deflection images show the initial formation of abundant rombohedral dissolution pits (a—c) and their limited spreading over time (d—f). No (Mg-
or Ca-phosphonate) precipitate is formed. The size of each AFM image is S X S ym.

(one amorphous and one crystalline) may be formed. We
suggest that the precipitate is in this case crystalline as it
develops straight edges (seen in the AFM images) that are most
likely an indication of the crystalline nature of the new phase
formed. It has been shown that saline solutions tend to
promote calcite dissolution (salt effect), thus leading to an
increased release of Ca**.** DTPMP molecules in solution may
thus form Ca-phosphonate complexes. When sufficient super-
saturation with respect to Ca-phosphonate is reached, a
precipitate will form onto calcite surfaces. This explains the
observed exponential rise in the amount of DTPMP removed
from the solution. When Mg2+ ions are present in solution,
Mg**-phosphonate complexes will form preferentially, thereby
preventing or inhibiting precipitation of a Ca-phosphonate.
Mg**-phosphonate complexes are generally more stable and
soluble than Ca?*complexes. For instance, the stability
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constants of Ca>*-HEDP and Mg**-HEDP are 10°* and 10%7,
respectively (ionic strength 0.1),°° while the solubility of
phosphonate complexes with alkaline-earth metals increases in
the order Ca < Ba < Sr < Mg.*® Thus, in the presence of
magnesium no precipitate will form and phosphonate
molecules will adsorb (physisorption) onto calcite surfaces.
(b). In Situ AFM analyses. The initial steps of the
interaction between calcite and the sodium sulfate saturated
solutions (in the absence and in the presence of DTPMP) were
studied at the nanoscale using AFM. When no additive was
present, a layer-by-layer dissolution process, similar to that of
pure water, was observed and resulted in flatter calcite crystal
surfaces. Dissolution features (rhomboedral etch pits) formed
on calcite surfaces and rapidly spread and merged to remove a
whole CaCOj layer, followed by the next layer, and so on.
However, when DTPMP was added, after an initial period of
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dissolution, the precipitation of a thin (~6 nm) layer onto the
calcite cleavage plane was observed and it eventually covered
the whole surface (Figure 2). This phase was most probably a
Ca-phosphonate. This compound is highly insoluble and
remained unaltered after the scanning of the surface or the
injection of fresh saline solution in the fluid cell. Its formation
was fully consistent with our phosphonate adsorption experi-
ments. The precipitation of Ca-phosphonate has been
frequently reported in the literature, particularly in the oil
industry where phosphonates are used as scale inhibitors and
where precipitation squeeze treatments are widely used as a
means for their slow release. "%~

In situ AFM showed the formation of rough (pitted) surfaces
following dissolution of calcite by a saturated magnesium
sulfate solution.** When 30 mM DTPMP was added to the
solution, initial dissolution also occurred via the formation of
numerous small etch pits, which did not spread significantly
over time (Figure 3). In fact, a reduction in etch pit spreading
rate from 1.8 to 0.8 nm/s was detected in the presence of
DTPMP. Precipitation of new phases (ie, Ca- or Mg-
phosphonate) on the calcite crystal surface was not observed.
These observations suggest that adsorption of DTPMP
molecules blocks the spreading of etch pits and prevents the
formation of new ones. In other words, DPTMP acts as a
calcite dissolution inhibitor in this system thus confirming its
strong interaction with calcite surfaces as shown by our
adsorption experiments. Note that adsorption onto calcite of
several organic molecules such as polyacrylates and poly-
acrylonitrile have been reported to passivate this mineral,
thereby presenting a potentially effective method for the
protection of carbonate stone against acid attack.””

(c). Sodium Sulfate Crystallization in the Presence of
DTPMP. ESEM images showed that evaporation of pure
solution drops deposited onto calcite surfaces led to randomly
oriented precipitation of Na,SO,nH,0 (n equal to 7 or 10)
crystals (Figure 4a). The formation of hydrated sodium sulfate
phases was confirmed by their dehydration following an
increase in T of the Peltier stage or a reduction in pH,O. In
the presence of 0.01 M DTPMP two contrasting behaviors
were observed. In a set of experiments where pH,O was
reduced at a relatively slow rate, Na,SO,-nH,O crystals formed
on calcite surfaces. These crystals precipitated in a compact,
well-arranged distribution and were attached to the calcite
(1014) planes along a well-defined crystallographic plane
(Figure 4b). In a second set of experiments where pH,O was
reduced at a relatively fast rate (inducing a fast precipitation
event) direct precipitation of thenardite (Na,SO,) with
rounded, anhedral morphologies occurred (Figure 4c). The
phase formed was identified as thenardite because no
dehydration occurred when the temperature was increased or
pH,O was reduced in the ESEM chamber. Thenardite crystals
aligned parallel to (i) growth steps on calcite {1014} surfaces
and, (ii) a direction which forms ~73° angle with growth steps.
This is close to the angle between [441] direction and its
equivalent [481] (75°). The [441] direction corresponds to
one of the periodic bond chains (PBCs) of the {1014} calcite
surface.”® Direct thenardite crystallization from solution at T <
32.4 °C (i.e., within its metastability field) has been observed
during rapid drying (low RH) and has been associated with
kinetic effects.

The phase formed in the absence of DTPMP during the in
situ XRD experiments was identified as the metastable
heptahydrate phase (Na,SO,-7H,0). This phase rapidly
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Figure 4. ESEM photomicrographs of sodium sulfate formed on
calcite: (a) sodium sulfate hydrate crystals formed in the absence of
DTPMP; (b) mirabilite crystals formed in the presence of DTPMP
(slow evaporation experiment) with (001) planes parallel to calcite
cleavage plane; (c) thenardite crystals formed in the presence of
DTPMP aligned along [441] -

dehydrated into thenardite (Figure Sa). When DTPMP was
present, mirabilite crystals precipitated with (001)biie//
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Figure 5. XRD patterns of sodium sulfate crystallization on calcite: (a) in the absence and (b) in the presence of DTPMP. Scan time: 8 min.

(1014) as indicated by the occurrence of an intense
002,.biiie Bragg peak (Figure Sb). Using the MSI Cerius®
software, the morphology of mirabilite crystals was simulated
by reducing the growth rate of (001) planes (calculated using
BFDH algorithm). The morphology thus obtained was very
similar to that observed in situ in the ESEM experiments
(Figure 6a,b). The combined results of the XRD analysis and
the morphology simulation show that the hydrated phase
formed in the presence of DTPMP in the in situ ESEM
experiments is, in fact, mirabilite with (001) faces aligned
parallel to (1014) calcite planes. Subsequently, mirabilite

calcite
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crystals dehydrated giving rise to randomly oriented thenardite
crystals. This is shown by the XRD pattern in which thenardite
Bragg peaks intensities correspond to those of a randomly
oriented powder sample (JPDFC 37-1465).

Overall, these results show that oriented crystallization of
sodium sulfate occurs in the presence of DTPMP, an effect that
is not observed in the absence of the additive. This could be
due to 2D-heterogeneous nucleation of mirabilite onto the
substrate mediated by a thin layer of a Ca-phosphonate
precipitate on {1014} calcite surfaces. In the case of mirabilite,
crystals grew onto this organic precipitate with {001} .itce

dx.doi.org/10.1021/cg300744x | Cryst. Growth Des. 2013, 13, 40—51
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(011)

(100) (00D

011)

Figure 6. Mirabilite crystals with their (001) planes aligned on Iceland
spar (a) and their morphology simulated using the BFDH algorithm
(b). Projection of the mirabilite structure along [001] showing the
distribution of water molecules in the (001) plane (c) (three unit cells
are shown).

parallel to {1014} calcite, as shown by XRD. {001}, .viiee are
the planes of highest water molecule density in mirabilite
(Figure 6c), so they offer the highest number of possibilities for
H-bonding with deprotonated functional groups of DTPMP.
This mechanism seems to control the interaction between
DTPMP and this sodium sulfate hydrate phase. Because in this
case heterogeneous nucleation is favored, the solution
concentration reached at the onset of crystallization is not
enough to reach the solubility curve of sodium sulfate
heptahydrate,** thus preventing its crystallization (see below).
Conversely, in the absence of DTPMP no preferential
orientation of sodium sulfate hydrate crystals on (1014) calcite
was observed in the ESEM experiments, while XRD results
showed that the phase formed was the heptahydrate. These
results indicate that no crystallization promotion was associated
with the presence of the pure calcite substrate, thus allowing
the solution to reach a higher concentration and enabling the
precipitation of randomly oriented sodium sulfate heptahydrate
crystals. When oriented thenardite was formed, the interaction
with the additive may have taken place through electrostatic
binding of PO;*~ groups in the additive adsorbed/precipitated
onto calcite and Na" cations on Na,SO,, faces. Comparing the
Na—Na distances in different thenardite faces and the O—O
distances in the additive molecules (Table 1), a general high
structural fit exists between the additive and the sodium cations

Table 1. Na—Na Distances (A) in Different (hkl) Planes of
Thenardite and O—O Distances in PO; > Groups of
DTPMP**

(hkl) thenardite DTPMP®~

(010) 3.167 3.179
3.712 5.815
5.719

(111) 5719 5815
6.815 6.843
9.815 9.754

(011) 4200
5.863 5.812
5.901 5.815
9.815 9.754

“Only O—O distances with a mismatch <1% are shown.
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present in thernardite (010), (111) and (011) faces. The
observed alignment of thenardite crystals parallel to PBCs on
(10T4) calcite planes suggests that additive molecules are
adsorbed/precipitated along step edges in these directions. It is
suggested that the thin layer of Ca-phosphonate observed with
AFM most probably formed epitaxially onto (1014) calcite,
thereby acting as a “crystallographic bridge” between the
substrate and thenardite crystals.

(d). Magnesium Sulfate Crystallization in the Pres-
ence of DTPMP. Similar results regarding the oriented
precipitation of crystalline phases in the presence of the
organic compound were found for magnesium sulfate. In this
case, details of the crystallization onto calcite single crystals
could not be directly observed in the ESEM, as precipitates
formed sub-micrometer crystalline aggregates, thus precluding
the identification of individual crystals.’ In situ XRD
experiments were carried out at two different ambient
conditions. At relatively high temperature and low relative
humidity (25 °C and 40% RH), the direct precipitation of
hexahydrite onto {1014} surfaces of cleaved Iceland spar
crystals was observed, both in the absence (Figure 7a) and in
the presence of the additive (Figure 7b). Hexahydrite crystals
oriented with {411} planes parallel to the calcite cleavage plane
when DTPMP was present. This is shown by the relative
increase in the intensity of the corresponding Bragg peak. At a
lower temperature and higher relative humidity (16 °C and
50% HR), direct precipitation of epsomite was observed, both
in the absence (Figure 7c) and in the presence of the additive
(Figure 7d). In the first case, the XRD pattern was quite similar
to that of a randomly oriented epsomite powder, which
suggests that there is no preferential alignment of
MgSO,-7H,0 crystals on (1014) ... When epsomite crystal-
lized in the presence of DTPMP, an important increase in the
relative intensity of the 020.p.mi. Bragg peak was observed.
This indicates that MgSO,7H,O crystals precipitated onto
Iceland spar crystals with their (010) planes parallel to {1014}
calcite surfaces. All in all, these results suggest that adsorbed
DTPMP molecules direct both hexahydrite and epsomite
oriented crystallization. Apparently, the interaction between the
additive and hydrated magnesium sulfates is not highly specific
and must take place through the formation of hydrogen bonds
between functional groups in the additive adsorbed onto calcite
and structural water molecules in the magnesium sulfate
crystals. In the case of hexahydrite, (411) planes show a high
density of water molecules. This is also valid for (010) epsomite
planes.>® This makes these planes ideal for additive-salt crystal
interaction.

(e). Model for Salt—Organic Additive—Calcite Inter-
action. These results allow us to propose a model for the
interaction between DTPMP and the salts tested which
explains the differential effect of such an additive on sodium
and magnesium sulfate crystallization in the absence and in the
presence of a calcitic support. It is well-known that
polyelectrolytes and several organic molecules are able to act
both as crystallization inhibitors when they are in solution and
as promoters when they are adsorbed on a substrate.'® This is
the case for DTPMP, which acts as an epsomite and mirabilite
crystallization inhibitor when it is free in solution due to its
structural affinity with both phases.**** In constrast, when a
calcitic support is present, DTPMP is uptaken by calcite
surfaces (with or without the formation of a Ca-phosphonate
precipitate), leading to changes in the interaction and structural
match between the substrate and the nucleating salt. Because of
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Figure 7. XRD patterns of magnesium sulfate crystallization on calcite cleavage faces: (a) crystallization of hexahydrite at 25 °C and 40% RH in the
absence and (b) in the presence of DTPMP. Note that high intensity 41 Liexabydrite Bragg peak in the presence of DTPMP; (c) epsomite crystallization
at 16 °C and 50% HR in the absence; and (d) in the presence of DTPMP. Note the high intensity of the 020, p5omice Bragg peak of epsomite formed

in the presence of DTPMP.

the high capacity for establishing H-bonding between
deprotonated DTPMP molecules and structural water in both
epsomite/hexahydrite and mirabilite, it is expected that the
uptake of DTPMP by the substrate (calcite) and its bond to the
nucleating phase (Na or Mg sulfate) will significantly reduce
the crystal—substrate interfacial free energy (7.,) and make the
interfacial free energy equal between the nucleating phase and
the solution (y,;) and the substrate and the solution (yy). A
similar effect will also account for the heterogeneous oriented
nucleation of thenardite, although in this case binding will not
occur via H-bonding, but rather through direct interaction
between deprotonated phosphonate groups and Na* ions in the
anhydrous sodium sulfate salt. Effectively, the adsorbed organic
molecules lead to a stronger interaction and a better structural
fit between calcite and Na and Mg sulfates.”" This model is very
similar to the widely accepted model used to explain
heterogeneous oriented nucleation of mineral phases assisted
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1,72
7L72 and

by organic molecules in biomineralization processes
template-directed biomimetic mineral precipitation.”

(f). Effect of DTPMP on Salt Crystallization within
Limestone Pores. A significant reduction in salt-induced
crystallization damage (if compared with additive-free control
solutions) was observed when sodium sulfate crystallized within
the porous stone in the presence of DTPMP (Figure 8a).
However, the formation of efflorescence was not observed as
expected, according to the results of crystallization tests in
nonconfined systems.>> MIP analysis of stone samples showed
that pores were filled with salts after crystallization tests in the
presence of DTPMP (data not shown). These results are
consistent with the observed promotion effect of such an
adsorbed additive on sodium sulfate crystallization. The same
effect (damage reduction and pore filling with salt) was
observed in the case of magnesium sulfate crystallizing in the
presence of DTPMP (Figure 8b). The null effect of the additive
as a crystallization inhibitor within porous supports is due to
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Figure 8. Sequence of images of macroscopic sodium sulfate (a) and
magnesium sulfate (b) crystallization tests using limestone slabs: (al)
limestone slab at the beginning of sodium sulfate crystallization test,
(a2) limestone slab after 14 days of evaporation of a pure Na,SO,
solution, (a3) limestone slab after 14 days of evaporation of Na,SO,
solution doped with 0.001 M DTPMP (pH 8); (b1) limestone slab at
the beginning of magnesium sulfate crystallization test, (b2) limestone
slab after 74 days of evaporation of a pure MgSO, solution, (b3)
limestone slab after 74 days of evaporation of MgSO, solution doped
with 0.001 M DTPMP (pH 8).

the strong tendency of phosphonates to absorb/precipitate on
calcite surfaces. As shown above, DTPMP adsorption on calcite
prompts a stronger interaction and a better structural match
between calcite surfaces and crystallizing sulfates. This should
be reflected in the supersaturation reached within stone pores
at the onset of crystallization. Actual supersaturation values
within the porous stone subjected to evaporative crystallization
of sodium sulfate were determined by NMR. Comparison of
moisture profiles within stone slabs indicates that water
transport/evaporation rate is reduced, if compared with
water, due to the influence of the dissolved salt. However, no
influence of the additive on the drying rate was detected
(Figure 9a,c). It seems that advection dominates the drying
process, as the highest salt concentrations are reached on or
just below the stone surface.

In the absence of DTPMP, the concentration at the top of
the sample rose just above 3.8 m (Figure 9b). This implies a
supersaturation, f of 3.58 (f = IAP/k, where IAP is the ion
activity product and k, is the solubility product; values
calculated according to Steiger and Asmussen*® with respect
to Na,SO, 10 H,O or a f value of 1.37 with respect to
Na,5S0,-7H,0 (the solution will be undersaturated with respect
to thenardite). In the presence of DTPMP, the highest
concentration was reached at a location several millimeters
below the stone surface. The concentration at this point was ~2
m (Figure 9d), which means a value of § ~ 1.66 with respect to
mirabilite (the solution will be undersaturated with respect to
sodium sulfate heptahydrate or thenardite). Therefore, the
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presence of the additive leads to a significant reduction in the
supersaturation reached at the onset of crystallization. This is a
consequence of the above-mentioned changes in interfacial free
energies (Vey Yap 7s)y Which result in a reduction in the
nucleation barrier and, therefore, in an increase in the
nucleation rate.*' The crystallization of sulfates is promoted,
thus taking place in a compact and oriented manner (as
observed in ESEM and XRD in situ experiments), at a lower
supersaturation (as determined by NMR measurements). The
crystallization pressure exerted by a salt when it grows in a
porous material depends on the supersaturation, pore structure
of the support, and the surface energy difference between the
crystal and the pore wall.>>”* A crystal normally repels mineral
surfaces due to differences in interfacial free energy which
originate the so-called disjoining forces (electrostatic and
hydration forces).”>’® The adsorption of DTPMP results in a
reduction in the repulsive forces between the growing crystal
and the calcitic surfaces (y,; & y4) and therefore lowers the
supersaturation (driving force) needed for crystallization to
occur. When the supersaturation is reduced, the crystallization
pressure is lowered according to the relation between
supersaturation and crystallization pressure originally proposed
by Correns,”’

RT
AP = ——1
P= n(p) @

where R is the gas constant, T is the absolute temperature, and
V., is the molar volume of the salt crystal. Maximum Na molal
concentration values determined by means of NMR enabled
the calculation of the critical supersaturation and the actual
maximum crystallization pressure that can be exerted by
mirabilite crystallizing within the porous limestone using the
equation proposed by Steiger and equation proposed by Steiger
and Asmussen:

/4
= 3RT 2 oty Dy D

Yeo a

.

AP

m my w,0

©)
where my, ¥, and a,,, refer to the molality, the mean activity
coeficient and the water activity of the respective saturated
solutions, v, takes a value of 10 for mirabilite, and V, of
mirabilite is 219.8 cm® mol™". Equation 3 yields AP values of
14.1 and 5.6 MPa in the case of mirabilite crystallization in the
absence and in the presence of DTPMP (at 20 °C). These
results show that a significant reduction in crystallization
pressure is associated with the presence of DTPMP on calcite
surfaces. According to Hamilton et al,’® the effective
crystallization stress associated with salt crystallization in a
porous material is, to a first approximation, ¢ AP where ¢ is the
volume fraction of mirabilite in the bulk material. Considering
that the pore fraction of the tested limestone is ~0.3 (from
MIP results), the maximum volume fraction of mirabilite would
be 0.3. Thus, the effective stresses are 4.23 and 1.68 MPa in the
case of mirabilite crystallization in the absence and in the
presence of DTPMP. The tensile strength of the tested
limestone is 1.8 + 0.5 MPa.”” Salt damage occurs when the
effective stress due to generation of salt crystallization pressure
in a porous material is higher than the tensile stress.”™ It
follows that the reduction in crystallization pressure associated
with the presence of DTPMP explains the reduction in damage
to the porous stone support observed in our macroscale salt
crystallization tests. Although our XRD results show that
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Figure 9. Moisture (s, arbitrary units) (a and d) and salt concentration (b and d) time evolution vs probe length (i.e., depth within a stone block)
during drying of limestone samples laden with 1 M Na,SO, (a, b) and 1 M Na,SO, + 0.001 M DTPMP (¢, d). Profiles were measured every two

hours by NMR.

sodium sulfate heptahydrate can form directly on calcite single
crystals in the absence of DTPMP, its direct crystallization
limestone cannot account for the damage observed during
crystallization tests.®" If we assume heptahydrate precipitation,
the supersaturation reached at the onset of crystallization
determined by NMR will lead to a AP value of 1.29 MPa, and
an effective stress of only 0.38 MPa. Such a very low effective
stress does not explain the significant damage observed
following macroscale sodium sulfate crystallization within the
limestone blocks in the absence of DTPMP (Figure 8a).
Differences in evaporation dynamics/kinetics and possible
metastable—stable phase transitions in a porous material®!
may explain the differences observed when comparing
crystallization in a porous stone with crystallization on an
unconstrained calcite single crystal surface.

The damage reduction experienced by the limestone blocks
subjected to magnesium sulfate crystallization in the presence
of DTPMP can be explained by a similar mechanism as that
proposed for the case of sodium sulfate. Unfortunately, the
technical limitations of NMR precluded the evaluation of the
Mg concentration at the onset of crystallization, so we could
not calculate the critical supersaturation and associated
crystallization pressure of magnesium sulfate salts formed in
the pores of the limestone.
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B CONCLUSIONS

The crystallization of sodium and magnesium sulfates on calcite
supports in the presence of DTPMP is explained by a model
based on the formation of an organophosphonate template
which directs sulfate crystallization. Randomly deposited
crystals of a hydrated sodium sulfate phase (Na,SO,-7H,0)
were observed in ESEM and XRD crystallization experiments
performed in the absence of phosphonate. Oriented and
compact mirabilite and thenardite crystals precipitate onto
{1014} calcite surfaces in the presence of DTPMP during in
situ crystallization experiments. ESEM and XRD results show
that (001) mirabilite faces align parallel to cleavage planes of
Iceland Spar crystals. In the case of magnesium sulfate,
hexahydrite or epsomite (depending on the ambient con-
ditions) crystallizes randomly when growth takes place from
pure solution and with faces oriented parallel to (1014) calcite
planes in the presence of DTPMP. Adsorbed DTPMP
molecules, which form a template on calcite surfaces, can
suppress the crystallographic mismatch between sulfate crystals
and the calcitic substrate, and promote the formation of
oriented sulfate crystal assemblies. The formation of such an
organic template contributes to the heterogeneous nucleation
of mirabilite (Na,SO,-10H,0) within a porous limestone at a
low supersaturation (if compared with the crystallization in the
absence of additive), as shown by NMR measurements. Similar
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results are expected for magnesium sulfate, although in this case
supersaturation measurements could not be performed due to
experimental constraints of our NMR equipment. The observed
crystallization promotion effect significantly reduces crystal-
lization pressure exerted by these salts when growing within a
porous calcitic substrate (limestone), thereby reducing salt
damage as observed in macroscale salt weathering tests. It is
therefore suggested that crystallization promoters such as
DTPMP may help minimize damage to porous carbonate
stones due to salt crystallization, which is one of the main
hazards for historic architecture and statuary. Because
adsorbed/precipitated phosphonate passivates the surface of
calcite, application of this type of additive may also reduce
chemical weathering of carbonate stones. However, the
possibility that damage due to other mechanisms such as the
thermal expansion mismatch between the stone and the salt
filling the pores cannot be ruled out and should be checked in
future studies. These results also suggest that the extensive use
of phosphonates as crystallization inhibitors to prevent pore
plugging due to Ca and Ba sulfate crystallization in oil fields
could in fact enhance such a problem in carbonate reservoir
rocks due to template-assisted sulfate precipitation.
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