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a b s t r a c t

Disposal of NaCl-containing cuttings is a major environmental concern due to the high solubility of chlo-
rides. The present work aims at reducing the solubility of chloride by encapsulation in low permeability
matrix as well as lowering its solubility by trapping into low-solubility phases.

Both the studied materials were cuttings from an oil-based mud in oil drillings containing about 50%
of halite, and cuttings in water-based mud from gas drilling containing 90% of halite. A reduction in
the amount of dissolved salt from 41 to 19% according to normalized leaching tests was obtained by
addition of potassium ortho-phosphate in the mortar formula of oil-based cuttings, while the aluminium
dihydrogeno-phosphate is even more efficient for the stabilization of water-based cuttings with a NaCl
content of 90%.
rtho-phosphate
ement
ydrocalumite

Addition of ortho-phosphate leads to form a continuous and weakly soluble network in the cement
matrix, which reduces the release of salt. The formed mineralogical phases were apatite and hydrocalu-
mite. These phases encapsulate the salt grains within a network, thus lowering its interaction with water
or/and trap chloride into low-solubility phases.

The tested approaches allow to develop a confinement process of NaCl-containing waste of various
compositions that can be applied to wastes, whatever the salt content and the nature of the drilling fluids

(water or oil).

. Introduction

Drilling in saline geological formations turns out as a real envi-
onmental issue in areas where reject of alkaline chlorides cuttings
s prohibited since they are considered as a major source of pollu-
ion in situations such as onshore drilling and drilling in protected
reas. In marine areas, where the regulation applies the zero dis-
harge policy of harmful components, the only option is to bring
he cuttings back to shore for disposal. At present time, there
s no efficient stabilization technique for NaCl or KCl containing
uttings.

A mineralogical and geochemical approach has been followed
ere, aiming at in situ formation of geomimetic materials covering
he salt grains and/or trapping the chloride ions.

The most cost effective and reliable technique for immobiliza-

ion of large amounts of wastes is the inclusion in a hydraulic
inder based matrix, for example lime, pozzolanas, Portland or
lag cement. The interest of such an approach is to bind chlo-
ides in the concrete. Incidentally, the sodium and chloride ions

∗ Corresponding author. Tel.: +33 383 59 6358; fax: +33 383 59 6339.
E-mail address: lev.filippov@ensg.inpl-nancy.fr (L. Filippov).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.06.065
© 2009 Elsevier B.V. All rights reserved.

affect the phase transformation in the cement paste during cur-
ing and hardening, as revealed by studies on the interaction of
mortars with see water [1–3]. At high concentration, sodium chlo-
ride acts as a retarder and decreases the mechanical strength [4].
The addition of reagents with multivalent ions could improve the
stability of the precipitates. Phosphate ions are excellent candi-
dates for this purpose, since they can be introduced under the
form of available hydrogeno-phosphates stable under pH 4 that
will convert into apatitic materials when exposed to more alkaline
media.

Many works were already dedicated to the use of ortho-
phosphates in the field of the waste stabilization [5]. Associated
or not with cement, they are used to immobilize and store low and
intermediate-level radioactive wastes [6,7].

The effects of ortho-phosphate compounds reported in the lit-
erature are still a matter of controversy. On one hand, they are seen
to be retarders of cement hydration [8,9]. Thus, the setting time
can be strongly delayed whereas hardening can be greatly lowered

at least at early ages. On the other hand, ortho-phosphate anions
are described as setting accelerators and hardeners [10]. More-
over, according to Cau Dit Coumes and Courtois [11] and Bénard
et al. [9,12], the presence of ortho-phosphate at high concentration
(>25 g L−1) in the waste appears to be very favorable since most fea-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:lev.filippov@ensg.inpl-nancy.fr
dx.doi.org/10.1016/j.jhazmat.2009.06.065
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ures of the resulting mortar were improved. The most important
arameters for waste stabilization such as setting time and swelling
uring wet curing are decreased.

Phosphates can also be used for stabilization of mixed wastes
uch as ashes, cementing pastes, salts at low temperature [5]. The
bility of phosphate ceramics to form at low temperature is of great
nterest, since volatile components such as chlorides, fluorides and
eavy metals present in waste cannot be brought up to the usually
igh temperatures required in classical stabilization and solidifi-
ation processes [13]. Nzihou et al. have developed a process of fly
sh stabilization consisting in a chemical treatment with phosphate
ollowed by a thermal treatment [14], leading to a pyromorphite-
ike compound. The evolution of rich in calcium and phosphates

ixtures lead to precipitate apatite-like minerals at medium and
levated pH as shown in concretes [15].

Chloride-binding ability is also related to the formation of
riedel’s salt [16,17]. One ambition of this work is to treat the chlo-
ide salt-containing cuttings with phosphates to limit or stop the
alt diffusion, based on the formation of insoluble species by reac-
ion of the mineral phases of the cuttings and of the cement with
hosphates. This approach can be regarded as an encapsulation
f the salt grains by a stable matrix, which traps one part of the
hlorides and decreases the elements mobility.

. Materials and methods

.1. Studied samples

Two types of salt cuttings were studied (Table 1). The first sam-
le, named “TFE”, originated from an offshore drilling campaign.
he drilling mud used here was based on a 95/5 water/oil emul-
ion. The recovered cuttings are separated on the field from the oil,
y thermal desorption and stored as a pasty solid.

The second material, named “GDF”, originating from an onshore
rilling program in southern France, was almost pure NaCl. The
ater content determined from the dry weight and taking into

ccount the salt content of the brine, was 23.3% (w/w).

.2. Additives

Several additives were tested: Portland cement (CEM I 42.5N),
uartz (0–1680, 0–140 or 140–1680 �m fractions), and hydrogeno-
hosphate salts KH2PO4, CaHPO4 and Al(H2PO4)3. For the sake of
implicity the latter will be called “potassium, calcium and alu-
inium phosphate” all along this paper. Addition of quartz aimed
t improving the cement setting and mainly occurs as an additive
hat acts as a mass diluting compound of the total salt content in the
pecimens, though, <5 �m quartz particles are subject to pozzolanic
eactions [35].

able 1
ineralogical composition of the studied cuttings.

ineral Formula Content (%)

TFE GDF

alite NaCl 60.7 89.8
arite BaSO4 25.9
alcite CaCO3 3.5
agnesite + dolomite MgCO3 + (Mg,Ca)(CO3)2 2.4

nhydrite CaSO4 3.4 2.5
llite/Mica Al2Si3AlO10(OH)2K 2.6 0.4
uartz SiO2 1.6 1.3
eldspars (K) Si3AlO8K 0.7 1.2
ematite Fe2O3 0.5

otal 98.9 97.6
Materials 171 (2009) 731–738

2.3. Preparation of specimens

Mixtures of various proportions of cuttings, quartz, phosphates
and cement were completed. Each addition of product was fol-
lowed by mechanical blending for 1–3 min. Finally, the water was
added at a ratio of water/cement 0.7–1.0 in order to obtain relatively
fluid slurry, easy to pour in cylindrical molds (3.5 cm × 7.0 cm). The
mortar specimens were aged for 1–70 days. The usual 28-day dura-
tion of setting before the leaching tests was considered for most
specimens. The exact composition of specimens is presented in the
section discussing the leaching tests results.

2.4. Leaching tests

The leaching tests were carried out according to the AFNOR
X 31–211 (1994) procedure [18]. The solidified specimens were
weighed and placed in hermetically closed, 2 L cylindrical polyethy-
lene bottles. Deionised water was added at a solid/liquid ratio of
1/10. Permanent magnetic stirring was ensured at a rotation speed
of 150 ± 30 rpm. To reach a free circulation of water around the spec-
imens, the latter were placed on a 2.5 cm height metallic support.

The specimens and leaching solution were separated after
24 ± 0.5 h of leaching. After leaching, the samples were weighed and
the sodium concentration in the leachate was measured by atomic
absorption to recalculate the NaCl concentration. The use of sodium
concentration to estimate the NaCl solubilisation or stabilization is
based on the results reported in [3] using multinuclear magnetic
resonance spectroscopy for determining the chloride fixation in the
cement matrix and characterizing new phases appearing through
the interaction of chloride with CSH phases. The results clearly
state that sodium does not affect the hydration process, while chlo-
ride quickly disappears due to chemical reactions with the cement
components. In fact, 35Cl spectroscopy showed that only solid or
adsorbed chloride is observed and that chloride ions are absent
after drying [3].

The weight loss was m% = 100 (m0 − ml)/m0, were m0 and ml are
the sample weights before and after leaching.

The proportion of dissolved salt S (%) was calculated as the ratio
of the amount of dissolved salt to the total salt content in the solid-
ified cuttings, according to the following expression:

S = 100
(

Cl(0.01 · m0)
C0(1 − H) · Pcut

)

with Cl the concentration of salt (g/L) in the leaching solution, C0 the
salt content in the cuttings, H the water content of the sample, Pcut

the amount of cuttings (g) incorporated in the solidified specimen.
The coefficient 0.01 accounts for the correction of units of mea-

sure according to the solid/liquid ratio in the leaching tests. The
parameter S allows an estimation of the efficiency of the applied
treatment and provides an accurate comparison of the stabilization
results.

2.5. Analytical methods

In order to concentrate the secondary minerals for the purpose
of analysis, the salt of the cuttings was dissolved in deionised water,
during 1 h at a solid/liquid ratio of 1/10.

The crystalline phases were characterized by X-ray diffraction
using a Bruker D8 Advance diffractometer operating with the Co
K�1 radiation in reflection mode on disoriented powdered sam-

ples. Chemical analysis was performed using atomic absorption
on a PerkinElmer AAnalyst 800 device. The local elemental com-
position was characterized using a scanning electron microscope
Hitachi 2500 (unpolished broken proofs) and a CAMECA SX50 elec-
tron microprobe (kerosene polished section).
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Table 2
Composition of TFE cutting specimens and leaching results: the total solid mass (cutting + cement + quartz) = 108 g.

Sample Additives Curing time (days) Weight loss, m (%) Dissolved salt, S (%)

Quartz (%) Cement (%) Phosphatea (g/kg cuttings)

OK2 – 25 – 47 8.94 42.7
OK3 – 25 – 28 7.94 41.3
OK4 – 25 – 1 9.88 53.2
OK13 – 40 – 28 5.48 28.5
OK30 18.8 25 – 28 6.15 33.3
OK44 17.9 25 50.0 (K)a 20 3.08 19.0
O
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a K–KH2PO4.
b Ca–Ca(H2PO4)2.

. Results and discussion

.1. Characteristics of the studied samples

The constitutive phases were identified and quantified by com-
ining the results of X-ray diffraction, chemical analysis and
lectron microprobe. In both the cases, halite (NaCl) was the major
omponent of the studied cuttings, respectively around 60% for TFE
nd 90% for GDF (Table 1).

However, the samples differ in their minor minerals. In this
egard, the TFE sample contains essentially barite, and lower
mounts of calcite, anhydrite and quartz. Clays are also present in
he form of illite/mica, and probably of swelling clays as suggested
y weak scattering in the 12–13 Å domain of the X-ray diffrac-
ograms. The GDF sample contains anhydrite, carbonates and a
mall proportion of illite/mica as minor minerals.

.2. Leaching of the solidified specimens

The composition of the specimens and the results of the leach-
ng experiments are presented and discussed separately for the two
nitial cutting samples TFE and GDF. The efficiency of various treat-

ents is expressed as the percentage of dissolved salt according to
he total amount of salt in the solidified cuttings.

.2.1. TFE sample

For the specimens prepared without any phosphate addition the

mount of released salt strongly depends on the duration of cement
ydration (Table 2): a 1 day hydration results in 53.2% of salt release,
hereas 28 and 47 days curing reduce the release to about 42%.

he amount of added cement also influences the leaching results:

ig. 1. Influence of mortar composition (see Table 2) on the salt crystallization on the surf
f the salt concentration between interstitial and condensed water favors the migration o
igh proportion of cement (c) only reduces the pore sizes and favors the growing of fila
dded in the cement past (d).
28 4.18 24.1

comparing runs OK3 and OK13, adding 40% of cement instead of 25%
results in a strong decrease of the salt release from 41.3 to 28.5%.

However, the addition of cement only reduces the kinetics of
salt dissolution, as revealed by the formation of salt crystals at the
surface of the leached specimens after storage under ambient atmo-
spheric conditions (Fig. 1a and b). A high proportion of cement
decreases the pores size, which would result in the formation of
salt filaments on the surface of the specimens (Fig. 1c), while the
shape of salt crystals is cubic for the low cement proportion. Indeed,
the salt of the cement matrix is in equilibrium with the saturated
solution during cement setting. If the structure of mortar is porous,
the gradient of the salt concentration between interstitial and con-
densed water favors the migration of salt towards the specimen
surface where it crystallizes. The porosity of the solidified cuttings
in the specimen is then of primary importance.

The addition of 25% of quartz (OK30) decreases the proportion
of dissolved salt from 41.3 to 33.9%.

The treatment of the cuttings with potassium phosphate
strongly decreases the amount of dissolved salt from 41.3 to 19.1%
(Table 2, samples OK44 and OK57). Moreover, crystallization of salt
on the surface of the specimens (Fig. 1d, OK44) was not observed.
Using calcium phosphate also reduced the remobilization of the salt
(S = 24.1%), but with a lower efficiency than the use of potassium
phosphate.

3.2.2. GDF sample

The GDF sample contains almost pure NaCl. Therefore, the salt

content in the specimens was higher than in the TFE specimens
for similar operating conditions. Therefore, the setting of mortar
required higher amounts of cement and quartz which confer a
structural skeleton to the whole, the addition of quartz was empiri-

ace of leached specimens after contact with atmosphere for 3 months. The gradient
f salt towards the specimen surface where it crystallizes (a and b). The addition of

ment-like halite crystals. Salt crystallization is not observed when phosphate was
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Table 3
Composition of GDF cutting specimens and leaching results: the total solid mass (cutting + cement + quartz) = 105 g: quartz size fraction 0–1680 �m.

Sample Additives Curing time (days)

Quartz (%) Cement (%) Phosphatea (g/kg cuttings) 28 70

m (%) S (%)% m (%) S (%)

G1b 37.5 24.8 7.42 52.5
G2c 37.5 24.8 – 7.19 48.1
G3 37.5 24.8 – 6.32 41.4 4.95 33.0
G8 25.5 35.0 – 6.08 33.7 3.82 28.9
G9 20.9 40.0 – 4.02 31.0 3.32 32.1
GP2 37.5 24.8 52.5 (K)a 5.09 27.8 3.10 20.9
GP18 31.7 30.0 52.5 (K)a 3.35 28.2 3.31 24.6
GP19 25.5 35.0 52.5 (K)a 2.43 25.9 3.15 21.7
GP11 37.5 24.8 50.0 (Al)a 3.12 14.8 2.48 14.7
GP12 37.5 24.8 30.0 (Al)a 3.49 23.9 2.65 19.2
GP13b 37.5 24.8 50.0 (Al)a 1.66 13.7 2.04 12.7
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a K, KH2PO4; Al, Al(H2PO4)3.
b Size fraction of quartz is 0–140 �m.
c Size fraction of quartz is 140–1680 �m.

ally adjusted through the normative rules, without measuring the
etting time. A special attention was also drawn to the curing time,
y comparing the dissolved salt proportion after 28 or 65–70 days.

Without phosphate addition, the salt release during the leaching
ests shows the same behaviour as for the TFE sample. The propor-
ion of dissolved salt S is high, ranging from 31 to 52.5% for a total
ement plus quartz proportion close to 60%. The values of weight
oss and dissolved salt decreased when the cement proportion in
he mortar increased from 25 to 40% (Table 3, samples G2, G3 and
9).

The treatment of cuttings with potassium phosphate resulted in
better stabilization of the GDF cuttings, since the amount of dis-

olved salt dropped down to 26–28% for the same composition of
ortars (see G3 and GP2, G7 and GP18, G8 and G19 in Table 3). How-

ver, these results cannot be considered as satisfactory due to the
igh salt content of the leaching solution (32.8% maximum decrease

or G3 and GP2), though a relatively high amount of phosphate was
sed. It can be underlined that the effect of phosphate is propor-
ional to the amount introduced in the specimen formulation.

The action of aluminium phosphate was much more significant
han that of potassium phosphate. The proportion of dissolved salt
s divided by 2.7 for the coarser size fraction of quartz in the mortar
ormula (Table 3, G3 and CP11) or by 3.9 for the finer size frac-
ion (Table 2, G1 and GP13) with 50 g/kg of aluminium phosphate
pplied.

The efficiency of phosphates for the salt stabilization suggests
he formation of a mineralogical barrier limiting the salt diffusion

uring the cement setting and later, upon leaching of solidified
pecimens and during contact with ambient atmosphere. Such a
arrier results from the interaction between the salt, the phosphate
nd the cement components. Therefore, the duration of the cement
etting may influence the stabilization effectiveness. In order to

Fig. 2. SEM pictures of the OK44 specimen: (a) cement ma
check this hypothesis, two sets of the specimens from GDF cut-
tings were manufactured, one leached after 28 days of curing and
the other one after 70 days. The parameters m and S systematically
are lower for the phosphate treated samples after a 70 days cur-
ing compared to those after a 28 days (Table 3). The decrease was
strongest and reached 10% when potassium phosphate was used.
Aluminium phosphate generated lower decrease according to cur-
ing time, but showed the best effectiveness independently of the
curing time (Table 3, samples GP11, GP12, GP13).

For the non-treated GDF cuttings, the proportion of dissolved
salt randomly varies with curing time. The value of S decreases
for the specimens with a high content of cement (G8), while the
behaviour of the other samples of this series does not relate to their
compositions, showing generally a decrease of the weight loss and
dissolved salt proportion.

It must be noted that the size fraction of quartz 0–1680 �m
is very convenient for the present use, and that a finer fraction
(0–140 �m) did not improve the stabilization, which indicates that,
in this range of silica particle size variation, the production of sec-
ondary CSH through pozzolanic reactions is not effective.

3.3. Mineralogical transformations

3.3.1. Mineral composition of specimens
The above leaching tests clearly show the cumulative effect of

cement and phosphates on the stabilization of salt cuttings, and
suggest that one or more insoluble phases precipitate in the phos-

phate treated samples. SEM examination of the OK44 specimen
shows that after 3 months, the salt appears as an amorphous gel-
like phase rather than as cubic crystals (Figs. 2a and 3b). However,
the phosphate is still uniformly distributed in the cement phase,
without concentration at the salt–cement interface (Fig. 2b and c).

trix, (b) distribution of Na, and (c) distribution of P.
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ig. 3. Neoformed phases in the cement matrix with phosphate addition (sample O
f cement matrix.

SEM images (Fig. 3) clearly show connections between the
hases of the matrix, suggesting the presence of a continuous
etwork of neoformed phases. Detailed analysis of this network
eveals hexagonal platelets (Fig. 3a). The atomic composition of
hese platelets from EDS analysis corresponds to the chemical com-
osition Ca4.47Al2Cl2.19Si0.52O19.7 (Fig. 4), which is close to that of an
ydrated hydrocalumite Ca4Al2Cl2O7·12(H2O) [19]. If the presence
f Si is attributed to a contamination of the local EDS analysis by
ilicates, the calculation of the formula yields the composition of
riedel’s salt.

EDS analysis of the cement matrix at different spots do not allow
he calculation of the phase formula in such a complex media. How-
ver, the following remarks can be made: the systematic presence of
hosphorous (Fig. 3c, Fig. 5) suggests that the phosphate phases are

ormed in these conditions, though no evidence for such minerals
s brought by SEM observations. Various local EDS elemental anal-
ses shown the presence in cement matrix the amorphous phases
ontaining of phosphorus.

The extraction of Cl− from NaCl upon formation of hydroca-
umite would explain the aspect change of the salt phase in the
ement matrix, since partial dissolution results in rounded, molten
hape (Figs. 2a and 3b).

Finally, sulphur was detected on the specimens, but surprisingly

ot correlated with barium, although the initial cutting samples
ontained barite. Thus formation of ettringite can be suggested
rom SEM and EDS results with its characteristic sticky morphology
Fig. 3c).

ig. 4. SEM-EDS spectrum and elemental analyses of hexagonal platelets observed
n the cement matrix of specimen OK44 with potassium phosphate (see Fig. 3a).
he reconstituted formula of this phase corresponds to the chemical composition
a4Al2Cl2O6(H2O)12 which is close to that of hydrocalumite.
: (a) platelets of hydrocalumite, (b) amorphous aspect of NaCl, and (c) main aspect

3.3.2. Formation of hydrocalumite
The presence of hydrocalumite is confirmed by the characteristic

XRD peaks (Fig. 6) of �-hydrocalumite at 7.78, 3.88 and 3.76 Å (sheet
35–105, JCPDS file, 1985).

Chloride trapping in hydrocalumite in the ordinary Portland
cement matrix has been reported by several authors [20–22].
Indeed, at the high pH of the pore solution, the dominant aluminium
species is aluminate, and hydrocalumite precipitates according to
the following reaction, that requires protons [23,24]:

2Ca(OH)2 + Al(OH)4
− + Cl− + 2H+ + H2O

→ Ca2Al(OH)6Cl·3H2O (1)

It can be surprising that hydrocalumite was detected here by
XRD, since previous studies have shown that it can only be iden-
tified by this technique when it forms from CaCl2 [17], or inferred
from DTA/TG measurements [25]. The point is that the major XRD
peak of hydrocalumite at 7.81 Å can be mistaken for the major peak
of a C3A hydrate at 8.0 Å. Thus, the identification of Friedel’s salt
in this study was stated if the triplet of this phase (7.78, 3.88 and
3.76 Å) were clearly identified on the diffractograms. Indeed, in the
present work, hydrocalumite was not detected on specimens that
were not treated with phosphates (Fig. 8a). Only specimens treated

with phosphates showed the typical XRD peak of hydrocalumite at
7.82 Å. This observation supports the assumption that the forma-
tion of hydrocalumite and the transformation of added phosphate
are mechanistically correlated.

Fig. 5. SEM-EDS spectrum and elemental analyses pointed in the cement matrix of
specimen OK44 with potassium phosphate (see Fig. 3c). The analysis of the cement
matrix at different spots does not allow the calculation of the phase formula. The
observations reveal the existence of various amorphous phases containing phospho-
rus and Ca.
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Fig. 6. Hydrocalumite and apatite identification from

.3.3. Formation of hydroxyapatite
Phosphorous is almost evenly distributed over the cement

atrix as shown by SEM-EDS (Fig. 3c, Fig. 5). Although no indi-
idualized phosphate bearing particles were observed on the
icrographs, hydroxyapatite was identified on the X-ray diffrac-

ograms by its characteristic peaks at 2.77–2.78 Å and by the
houlders at 2.84 Å and at 2.73 Å (Fig. 6), beneath the very intense
eaks of halite at 2.82 Å, barite at 2.70 Å and calcite at 3.03 Å. Apatite
eaks appeared only after at least 3 months ageing (P44) or even
year as for the specimen OK44 in the Fig. 7. The chlorapatite
as well identified from the peak at 2.78 Å and at 2.73 Å without

verlapping by the barite peaks.
The intensity of the peak at 2.83 Å for barite is higher of that

or 2.73 Å. The report of the intensities is reversed on the diffrac-
ograms sample OK44 (Fig. 7): the increase of the intensity of peak
t 2.73 Å confirms the hydroxyapatite crystallization and reveals
he phosphate compounds transformation and apatite crystalliza-
ion as a function of specimen ageing. Moreover, the disappearing of
he peak of halite at 2.82 Å on the diffractograms of specimen OK44
Fig. 7) may indicate the profound transformation of halite struc-
ure in the mortar and agrees with aspect changes of NaCl crystals
bserved on the Figs. 2a and 3b.

The transformation of phosphate at strongly alkaline pH is
ell documented in pure systems. Ortho-phosphate reacts with
a2+ ions to form hydroxyapatite (HAP) Ca5(PO4)4(OH) via a num-
er of possible intermediate metastable phases such as tricalcium
hosphate (TCP) Ca3(PO4)2, dicalcium phosphate dihydrate DCPD,
ctacalcium phosphate (OCP) Ca8H2(PO4)6·5H2O [26,27]. It was
lready shown that hydrolysis of hydrated dicalcium phosphate
aHPO4·2H2O and ageing of these crystals at 25 ◦C for 3 months

eads to OCP [28,29], considered as a precursor of HAP [26]. These
bservations support the assumption that in conditions similar to
hose of this work, neoformed phosphate phases such as OCP can

eadily precipitate in the cement paste after mixing when phos-
hate ions are added. The SEM-EDS allow to conclude that such
ssumption on the existence of amorphous phases can be justi-
ed with observations and measures on the specimens treated with
hosphate (see Fig. 3c, Fig. 5). Indeed, the wide region of 2� from 3 to

Fig. 7. XRD diffractograms of specimen OK44 aged for 1 year.
diffractograms of specimen OK44 aged for 3 months.

20 in diffractogram of Fig. 6 confirms the evidence of a high propor-
tion of poor crystallized or/and amorphous phases which disappear
in the diffractograms of the same specimen analyzed after 1 year
ageing (Fig. 7).

Then, after the transition from OCP to HAP at low temperature
occurs through a metastable amorphous calcium phosphate phase
(ACP) which is less soluble than the medium is more basic and rich
in Ca2+ [30], and which was probably observed in the present study
among the many amorphous species revealed by SEM, because its
formation is strongly favored in these conditions (Figs. 3c and 5).

Therefore HAP is likely to form under the present conditions,
according to the following pathway:

DCPD → OCP

OCP + 2Ca2+ → HAP + 3H2O + 4H+ (2)

The same mechanism of OCP to HAP transformation was sug-
gested in recent work by Bénard et al. [9] considering a decrease in
volume fraction of the solid phase by a factor 1.4, as calculated from
the measured densities of the phosphate compounds, and based on
the thermodynamic calculations of Boskey and Posner [31].

The Na+ and K+ ions would not have any influence on the crys-
tallization of HAP. According to Brown and Chow one would obtain
a mixture of HAP and OCP as a function of the Ca/P molar ratio [30].

3.4. Mechanism of chloride trapping in neoformed phases

The most important conclusion from above discussion consists
in relation between hydrocalumite and apatite formation in the
solidified specimen aged for certain period.

The reaction (2) results in an acidification of the pore solu-
tion with the increase in the proportion of Ca(OH)2(aq), which is
required for the reaction (1) to produce hydrocalumite.

The relation between crystallization of HC and that of HAP is
confirmed by the disappearing of XRD reflections of portlandite in
the diffractograms of the specimen G3, accompanied by a subse-
quent increase of the intensity of hydrocalumite peaks on the XRD
pattern of specimens GP11 from GDF cuttings containing phosphate
(Fig. 8).

The addition of aluminium phosphate in the cement paste allows
the most efficient stabilization of salt as shown by the results of
leaching tests on the specimens GP11–GP13 (Table 3). The available
aluminium favors the formation of Fridel’s salt as was shown for
the stabilization of aluminium refining wastes [19] and for the sta-
bilization of salt-containing wastes in the Portland cement matrix
[32].
Summarizing, chloride binding from NaCl in hydrocalumite can
be explained by the following reaction:

2NaCl(aq) + Ca3Al2O6·6H2O(s) + Ca(OH)2(aq) + 6H2O

→ Ca4Al2(OH)12Cl2·6H2O(s) + 2NaOH(aq) (3)
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Fig. 8. XRD diffractograms showing portlandite (P) to hydrocalumite (HC) transition in mortar with addition of Al phosphate in the specimens from GDF cuttings: (a) specimen
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3 with no phosphate; (b) specimen GP11 with phosphate of Al.

This reaction shows an alkalinisation of the pore solution, which
ecreases the solubility of Ca(OH)2 slowing down the whole pro-
ess. This process is counteracted by the release of protons upon
ormation of hydroxyapatite. Thus, the mechanism proposed for
aCl stabilization consists in chloride trapping in the HC supported
y the formation of HAP when phosphates were added. Due to the
act that the formed protons will be consumed in the limit of avail-
bility of calcium hydroxide and will not affect the pH: they only
avors an increase of the proportion of Ca2+. Thus, the protons lib-
ration during OCP to HAP transformation accelerates the kinetics
f reaction 3.

Another way to favor reaction (3) could be the transformation of
he added aluminium phosphate into calcium aluminate by reac-
ion with portlandite. This was confirmed in the test with GDF
amples when the Al phosphate addition is more efficient for chlo-
ide trapping in the solidified specimens.

Nevertheless, a global mechanism of destabilization appears to
e pH-dependent: Friedel’s salt dissolves at 20 ◦C generating a pH
alue of 12. Among the factors, which can decrease the pH of the
oncrete pore solution, are carbonation and pozzolanic materials
dditions that consumes the excess of portlandite [33]. In this sense,
uryavanshi and Swamy noted that carbonation of Portland con-
rete resulted in dissolution of Friedel’s salt [34]. Goni and Guerrero
eview’s stated that the solubility of Friedel’s salt increased in Port-
and cements blended with silica fume, as the alkalinity of the pore
olution dropped strongly as free chloride increased, due to the
ozzolanic reaction of silica fume with calcium hydroxide [33]. In

act, the Friedel’s salt stay stable in the limit of consumption of
ortlandite.

We observe that the ageing and exposure of specimen OK44 to
tmosphere favor the destabilization of hydrocalumite as show the
iffractograms presented in Fig. 7 with accentuation of hydroxyap-
tite and chlorapatite reflections. In fact the intensity of peak at
.83 Å in comparison to the intensity of peak at 2.73 Å shows a
onsiderable increase in the proportion of well crystallized hydrox-
apatite.

The availability of chloride in the pore solution allows the for-
ation of chlorapatite and hydroxyapatite, which were supposed,
ere, to be formed in the solidified cutting specimens. The new-
ormed phases, during cement setting and ageing of the mortar, trap
hlorides in the stable compounds and explain the effectiveness of
aCl stabilization in the cement matrix where the phosphates are
sed as additives.
4. Conclusions

Cumulative effect of cement and phosphates allows an efficient
trapping of chloride in a cement matrix due to the development
of stable and insoluble phases at the salt–cement boundary. A
reduction in the amount of dissolved salt from 41 to 19% during
normalized leaching tests was obtained by addition of potassium
phosphate in the mortar formula of oily-based cuttings, while
the aluminium phosphate is more efficient for the stabilization of
water-based cuttings with a salt content of 90%.

The study of the specimens obtained from salt cutting revealed
an evolution of the mineralogical composition during maturation.
The two most interesting aspects are on one hand the good dis-
persion of phosphate on the surface of the salt grains and on the
other hand the formation of Fridel’s salt and hydroxyapatite under
the conditions of pH and Ca content brought by cement. Thus, dop-
ing cement matrix with phosphates constitutes a promising way of
stabilization if the time of curing is rather long. At short times, the
filling of intergranular spaces by aluminium or potassium phos-
phate and cement slows down the dissolution of salt; at longer
times the low-solubility apatite phases gradually develop.

Hydrocalumite was detected on the diffractograms after 28 days
of solidification, while apatite appeared only in the specimens
cured at least 3 months (from Oil based cuttings) or even 1 year
(from Water based cuttings). In the latter case, hydroxyapatite and
chlorapatite was well identified from XRD spectrum.

The development of apatite phases from amorphous phos-
phate phases accompanied by the acidification of pore solution
may be supposed as a major factor for chloride binding in the
cement due to creation of favorable conditions for hydrocalumite
crystallization.
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