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Abstract

The mechanism of nitrilotris(methylenephosphonic acid) (H6NTMP)/calcite reaction was studied with a large number of batch experim
where phosphonic acid was neutralized with 0 to 5 equivalents of NaOH per phosphonic acid and the concentration ranged f
10 nmol/L to 1 mol/L. It is proposed that the phosphonate/calcite reactions are characterized in three steps. At low phosphonate con
(<1 µmol/L NTMP concentration), the phosphonate/calcite reaction can be characterized as a Langmuir isotherm. At saturation, o∼7%
of the calcite surface is covered with phosphonate; presumably these are the kinks, step edges, or other imperfect sites. At higher phosph
concentrations, the attachment is characterized by calcium phosphonate crystal growth to a maximum of four to five surface layer
solid phase stoichiometry of Ca2.5HNTMP and a constant solubility product of 10−24.11. After multiple layers of phosphonate are form
on the calcite surface, the solution is no longer at equilibrium with calcite. Further phosphonateretention is probably due to mixed calciu
phosphonate solid phase formation at lower pH and depleted solution phase Ca conditions. The proposed mechanism is consistent w
phosphate/calcite reaction and can be used to explain the fate of phosphonate in brines from oil producing wells and the results ar
with two oil wells.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Aminoalkylphosphonates, e.g., nitrilotris(methylen
phosphonic acid) (NTMP), are widely used in a broad
riety of applications. Their ability to prevent precipitatio
of calcium and barium salts at substoichiometric concentra
tions (threshold inhibition) finds wide application in wat
treatment, water conditioning, cooling tower and oil and
wells. These materials are alsoused as corrosion inhibitors
in industrial cleaning, metal finishing, and agrochemical
plications.

In matured oil and gas fields, approximately 10 b
rels of salt water is produced per barrel of oil[1]. Pro-
duced brines tend to precipitatecalcite and sulfate scale an
these aminoalkylphosphonates are the most commonly
chemicals for scale inhibition. Phosphonate is typically

* Corresponding author.
E-mail address: atk@rice.edu(A.T. Kan).
0021-9797/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcis.2004.08.054
plied in oil wells via inhibitor squeezes, where phosphon
solutions (0.5–20% wt/vol) of various acidity are pumpe
into a producing formation and allowed to react. A lar
portion of phosphonate is retained in the formation. E
though phosphonates are widely used in industries, the
teraction with soil or formation rock is still poorly unde
stood. The objective of this paper is to quantify the int
action of phosphonates with calcite and relate phospho
retention and release from formation material.

The chemical/physical properties of phosphonates
many similarities to those of orthophosphate[2]. Therefore,
phosphate/calcite interaction chemistry may provide c
to phosphonate/calcite interaction. In calcareous soil,
predominant sorption site for phosphate is calcite. At
concentrations, the adsorption of phosphate and phos
nate on calcite has been studied in detail[3–15]. Several
in situ atomic force microscope (AFM)[3–5,15]and X-ray
photoelectron spectroscopy[6] studies showed that pho
phonate and phosphate are adsorbed to the growth sites

http://www.elsevier.com/locate/jcis
mailto:atk@rice.edu
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site, step edges, and terraces) and further growth of ca
is therefore inhibited. At low phosphate concentrations,
phosphate adsorption isotherm is very strong and can b
scribed by a Langmuir model[7]. In the presence of Ca2+,
the adsorption of phosphate and phosphonate to vaterite
cite, barite, and goethite is much stronger than in the abs
of Ca2+ [8–13]. Suzuki et al.[10] proposed the adsorbe
species to be Ca3(PO4)

±0
2 at low phosphate concentratio

and CaHPO±0
4 at higher concentrations. However, the a

sorption of the calcium phosphate ion pairs onto the ca
surface is not distinguishable from separate adsorptio
calcium and phosphate ions. Tomson et al.[12] proposed
that the primary driving force for phosphonate adsorptio
related to simple hydrophobic repulsion from solution o
macroneutral molecule and not, as is generally presume
some specific phosphonate–surface interaction.

At high phosphate concentrations sorption occurs in
steps, the fast chemisorption of phosphate to a limited n
ber of specific surface sites followed by the spontane
crystal growth on the cluster of surface phosphate ions (
eronuclei)[8,16]. Calcium phosphate crystals, e.g., am
phous calcium phosphate[17], dicalcium phosphate[7]
or octacalcium phosphate[16] and/or calcium–carbonate
phosphate surface complexes[18], have been identified o
calcite surfaces. Several authors have proposed the
phate calcite reaction to be a surface precipitation of brus
that slowly transforms to the more stable octacalcium ph
phate[19]. Stumm and Leckie[20] postulate that the reac
tion occurs in three steps: (1) chemisorption of phospha
form amorphous calcium phosphate; (2) slow transforma
of the amorphous calcium phosphate to hydroxyapatite;
(3) crystal growth of apatite. Hinedi et al.[21] observed tha
the sorbed phosphate is not in the form of hydroxyapa
or amorphous calcium phosphates at less than 0.037
PO4/m2 calcite level. An apatitic-like phase formed at
phosphorus sorption level of 0.15–1.67 µmol PO4/m2 cal-
cite. At higher phosphate levels, both apatite and brus
were detected.

The precipitation of phosphonate with calcite at h
phosphonate concentration is much less well known.
cording to a recent study by Jonasson et al.[6], a calcium di-
ethylenetriaminepenta(methylene phosphonate) solid p
was uniformly distributed on calcite surface at low phosp
nate concentrations. When phosphonate concentration i
ficiently high, an intimate mixture of submicrometer-siz
crystals of calcite and calcium phosphonate precipitate
observed[6]. In this paper, the interaction of NTMP wit
calcite over a wide range of phosphonate concentration
acidity has been studied.

2. Materials and methods

Phosphonate used in this study is a technical g
H6NTMP (Dequest 2000, Solutia Inc., 299 MW) (Fig. 1). It
contains 50% phosphonate and 0.19 mol excess minera
-

l-
e

-

l

e

-

d

Fig. 1. Chemical structure and acid/base potentiometric titration o
trilotris(methylenephosphonic acid), NTMP.

(HCl) per mole of phosphonic acid[22]. All other chem-
icals used in this study are reagent grade. Stock solutio
of phosphonate (∼0.001 to 0.1 M) were prepared in 1 M
NaCl solution. From 0 to 5 equivalents of NaOH per m
phosphonate was also added to the stock solutions. A
ical acid/base titration curve of NTMP is shown inFig. 1.
There are five protons associated with the phosphonate
ands. The phosphonate protons are completely dissoc
when five equivalents of NaOH is added to the phospho
stock solution; the sixth proton equivalent is on the very
sic nitrogen (pKa = 1012.3) and does not dissociate at p
values commonly encountered.

14C-radiolabeled calcite was prepared in order to
cilitate carbonate analyses with high precision. The [14C]
calcite was synthesized in the laboratory by slowly add
a CaCl2·2H2O (1.4 m) solution into a14C/12C NaHCO3–
Na2CO3 solution with constant stirring. The14C/12C
NaHCO3–Na2CO3 solution contained equal molality o
NaHCO3 and Na2CO3 at a total carbonate concentration
1.33 m and a specific14C radioactivity of 0.49 mCi/mol
carbonate. During mixing, the solution pH was controlled
pH 8.3 by titrating with a small volume of 5 m NaOH s
lution. The initial precipitate was then boiled and wash
with deionized water four times over three days to all
for Osward ripening. Finally the [14C] calcite was dried
under vacuum. The average [14C] calcite solid particle di-
ameter is∼18 µm. The crystallography of [14C] calcite has
been confirmed with X-ray diffraction, where the X-ray d
fraction peaks were detected at 2θ of 23.28, 29.58, 36.02
and 39.28 and at a wavelength of 1.5418 A. According
Bragg equation[23], the 2θ values corresponded to the i
terplanar distances (d spacing) of 3.02 A (100%), 2.49 A
(13%), 2.29 A (12%), and 3.81 A (7.7%) (Fig. 2). The ref-
erenced calcited spacing are 3.04 (100%), 2.29 (18%), 2.
(18%), and 3.86 (12%) (JCPDS record 5-0584) and ar
nited spacing are 3.40 (100%), 1.98 (65%), 3.27 (52%),
4.212 (2%) (JCPDS record 5-0453)[24]. Clearly, the XRD
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Fig. 2. X-ray diffractive pattern of the14C calcite prepared in the laborator

spectrum resembles calcite instead of aragonite. The S
picture also showed typical calcite hexagonal morphol
instead of the orthorhombic shape of aragonite (seeFig. 6
below). In addition, controlled solubility experiments ha
confirmed that the solid is calcite (seeTable 3).

Batch adsorption experiments were run in closed bo
where calcite was added to an initially calcium free ph
phonate solutions at a solid to solution ratio of 0.02 g/ml.
The samples were mixed in a horizontal shaker bath
70◦C for 2 days. After the equilibrium time, the sampl
were centrifuged at 5000 rpm for 15 min and the sup
natant solutions were analyzed for total carbonate (TC3),
total calcium (TCa) and total phosphonate (TNTMPfinal)
concentrations. The solid phase phosphonate concentra
(TNTMPads) were calculated from the difference of initi
(TNTMPinit) and final (TNTMPfinal) solution phase phos
phonate concentrations. InTable 1are listed eight groups (I
VIII) of experimental conditions. Exp. I is the control grou
of experiments to measure the solubility of [14C] calcite in
1 M NaCl. Neither phosphonate nor NaOH was added
the sample bottles. For Exps. II–VIII, phosphonate solutio
neutralized with 0 to 5 equivalents of NaOH per phosp
nate, were used. In each experimental group, between 7
32 individual experiments were run at different phosphon
concentrations. InTable 1, the ranges of initial phospho-
nate concentrations (TNTMPinit) are listed in column 3, the
ranges of NaOH concentrations are listed in column 4,
the equivalents of net base (Na+–Cl−) per phosphonate ar
s

d

listed in column 5. In Exp. VIII, reagent grade calcite w
used instead of [14C] calcite. Other than the difference
calcite solids, Exps. VI and VIII are similar in experimen
condition and therefore, allow the comparison of phosp
nate sorption to the two different calcite samples. Exp. V
was also done to test the adsorption at much lower p
phonate concentration range. For these low phosphonat
periments (TNTMPinit = 8.5 × 10−4–4 × 10−3 mM), it is
difficult to analyze the solution phase phosphonate con
tration; in these experiments, the solid phase phospho
concentrations yield better stoichiometries. First, a por
of the calcite solid was separated by centrifugation with
Ultrafree-MC centrifugal filter (Millipore). The solid wa
then dissolved in acid and analyzed for the phosphonate
tent. The solution phase phosphonate concentrations
then calculated from the difference between TNTMPinit and
solid phase concentrations.

Most calcium and phosphonate concentrations were
alyzed by ICP. HACH colorimetric method was used
analyze low phosphonate concentrations. The total car
ate in solution was measuredby scintillation counting. The
solution pH was measured by a Ross combination pH e
trode. X-ray diffraction (XRD) spectra was taken using
Siemens platform-model general area detector diffractio
system (GADDS). The BET surface area for the reag
grade calcite is 0.45 m2/g. The surface area of the14C-
labeled calcite is estimated to be 0.75 m2/g. Scanning elec
tron microscopic analysis with energy dispersive detec
were done on the Au-coated [14C] calcite and selected soli
samples of experiment VIII using a high resolution (2 n
thermal field emission electron microscope equipped w
an EDAX X-ray system for elemental analysis (FEI XL-
environmental scanning electron microscope).

Data interpretation

The authors have published conditional stability c
stants for NTMP at 0–3 M ionic strength and 25–90◦C [22].
Analogous to calcium phosphate, three calcium NT
solid phases of different stoichiometries, namely, (1) ac
Ca1.25H3.5NTMP [25], (2) amorphous Ca2.5HNTMP, and
(3) crystalline Ca2.5HNTMP [22], and several other meta
phosphonate salts have been identified by the authors
Table 1
List of the experimental parameters ofnine phosphonate/calcite experiments

Exp. group
No.

Number of
experiments

Calcite TNTMPinit (mM) NaOH (mM) (Na+ − Cl−)/TNTMPinit
(mol/mol)

I 8 14C labeled 0 0 0
II 8 14C labeled 0.013–12.5 0.0 −0.19
III 7 14C labeled 0.013–12.7 0.013–12.8 1.00
IV 8 14C labeled 0.013–25.3 0.025–49.2 1.95
V 9 14C labeled 0.013–25.3 0.038–75.7 2.99
VI 9 14C labeled 0.012–25.3 0.049–100.9 3.98
VII 9 14C labeled 0.013–25.1 0.065–125.3 4.99
VIII 32 12C (reagent gr.) 8.54× 10−4–1019 2.25× 10−3–4101 4.00
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Table 2
Conditional stability constants and solubility products (at 1 M I and 70◦C)

Cation Equilibrium LogK Ref.

H+ H+ + NTMP6− 12.3 [23]
H+ + HNTMP5− 6.73
H+ + H2NTMP4− 5.58
H+ + H3NTMP3− 4.44
H+ + H4NTMP2− 1.80
H+ + H5NTMP− 0.30

Ca2+ Ca2+ + HNTMP5− 2.82
Ca2+ + CaHNTMP3− 1.69
Ca2+ + Ca2HNTMP− 0.56
Ca2+ + H2NTMP4− 2.25
Ca2+ + CaH2NTMP2− 1.13
Ca2+ + H3NTMP3− 1.69
Ca2+ + CaH3NTMP− 0.56
Ca2+ + H4NTMP2− 1.13
Ca2+ + H5NTMP− 0.56

H+ H+ + OH− 12.55
H+ + CO−

3 9.13
H+ + HCO−

3 5.94

Solid phase Equilibrium pKsp Ref.

CaCO3 Ca+ + CO2−
3 6.96 [30]

Ca2.5HNTMPam 2.5Ca2+ + H+ + Phn6− 21.31 [23]
Ca2.5HNTMPlow solubility 2.5Ca2+ + H+ + Phn6− 23.46 [23]
Ca2.5HNTMPcr 2.5Ca2+ + H+ + Phn6− 24.11 This study
Ca5(PO4)3OH 5Ca2+ + 3PO3−

4 + OH− 48.79 [31]

search group[2,22,25–29]. He et al.[30] published a se
of conditional stability constants for carbonate and calciu
carbonate salt. The conditional solubility product of hydrox-
yapatite (Ca5(PO4)3OH) was calculated from the therm
dynamic solubility product of hydroxyapatite[31] and the
Pitzer activity coefficients for Ca2+ and PO3−

4 [32]. These
equilibrium constants at 70◦C and 1 M ionic strength wer
listed in Table 2. The following charge balance and ma
balance equations were used to calculate the solution
[Ca2+], [CO2−

3 ], and [NTMP6−] concentrations; the follow
ing four equations were solved iteratively by a Newto
Raphson procedure:

[Na+] − [Cl−] = 6[NTMP6−]
,

+
6�

i=1

(6−i)/2�

j=0

(6− i − 2j)[Caj HiNTMP6−i−2j ] + [OH−]

(1)− [H+] − 2[Ca2+],

(2)

TNTMP= [NTMP6−] +
6�

i=1

(6−i)/2�

j=0

[Caj HiNTMP6−i−2j ],

(3)TCa= [Ca2+] +
6�

i=1

(6−i)/2�

j=1

j [CajHiNTMP6−i−2j ],

(4)TCO3 = [H2CO3] + �
HCO−

3

� + �
CO2−

3

�
,

where [ ] refer to molar concentrations. Note that pH v
ues calculated by these equations are generally in exce
agreement with measured pH as shown in Kan et al.[33,34].
The negative logarithmic Ca2.5HNTMP and CaCO3 ion
products (pIP) were then calculated and compared with
reported solubility products of calcium carbonate and
three calcium phosphonate salts,

(5)pIPcalcite= − log
�[Ca2+]�CO2−

3

��
,

(6)pIPCa2.5HNTMP = − log
�[Ca2+]2.5{H+}[NTMP6−]�,

where {H+} is the hydrogen ion activity, {H+} = 10−pH.

3. Results and discussion

In Table 3are listed the equilibrium solution compos
tions of Exps. I–VIII, pH, pIP for calcite and Ca2.5HNTMP.
Note that the solution matrix contained 1 M NaCl in
experiments. Therefore, small changes in solution com
sition, due to precipitation/dissolution reactions, change
overall ionic strength only a few percentage. Such sm
changes in ionic strength have a negligible effect on s
tion phase ion activity[2,22,27]. In Fig. 3 are plotted the
phosphonate solid phase concentrations vs solution p
concentrations of Exps. II–VIII. The adsorption of phosp
nate to the reagent grade calcite (Exp. VIII) is very sim
to that of the [14C] calcite (Exp. VI). The data inFig. 3
Table 3
List of the range of eight groups of phosphonate/calcite experimental results

Exp.
group
No.

Total carbonate
concentration
(TCO3)
(mM)

Total calcium
concentration
(TCa)
(mM)

Total NTMP
concentration
(TNTMPfinal)
(mM)

pHa pIPcalcite pIPCa2.5HNTMP

I 0.55–5.69 0.48–0.55 0.0 8.96–8.98 7.06–6.86 –
II 0.50–23.1 0.47–7.21 0.054–3.45 8.82–4.84 7.06–9.27 26.3–23.2
III 0 .53–22.9 0.47–5.23 0.0024–3.94 8.88–5.65 7.04–7.98 26.4–22.3
IV 0.53–23.1 0.52–4.59 0.0030–9.27 9.02–6.46 6.92–7.26 26.2–22.1
V 0.52–19.7 0.54–4.07 0.0018–12.1 9.09–8.53 6.88–5.63 26.4–22.5
VI 0.51–29.5 0.32–0.73 0.0014–11.7 9.05–9.10 6.92–5.90 26.5–24.4
VII 0 .55–5.69 0.50–1.89 0.0027–19.4 8.98–10.87 6.94–6.08 26.3–23.6
VIII – 0 .60–68.3 2.21× 10−5–901 9.41–6.29b 28.2–21.9

a Calculated from Eqs.(1)–(4).
b Measured pH.
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Fig. 3. Plots of solid vs solution phase phosphonateconcentrations for Exps. II–VIII where the phosphonate solutions were neutralized with NaOH a
NaOH/Phosphonate molar ratio of 0–5 Na/NTMP.
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clearly deviate from typical adsorption isotherms, but simila
isotherms have been reported for the adsorption of p
phate to calcite[19]. The data inFig. 3 can be divided into
three regions. In region 1 (TNTMPads< 0.6 µmol/m2), the
solid phase concentration increased by less than one
of magnitude while the phosphonate concentration incre
by over three orders of magnitude. It is proposed that str
phosphonate adsorption occurred in region 1 (see bel
In region 2, the solid phase concentration varied betw
0.6 and 26 µmol/m2 while NTMP solution concentration
remained relatively constant (0.1–0.2 mmol/L). In this re-
gion, precipitation appeared to govern the solid reaction
region 3, the isotherms follow a more normal shape w
increasing amount of phosphonates reacting with the
face as the amount in solution increased. Three solid s
ples from Exp. VIII (labeled as A, B, C) were analyzed
SEM/EDAX surface analyses (seeFig. 6and discussion be
low). Detailed analyses of these three regions of data
discussed below.

It is proposed that the attachment of low concentrati
of phosphonate to calcite is by a Langmuir type adso
tion, similar to the adsorption of phosphate to calcite.
Exps. II–VII, all data in region 1 of the isotherm appear
to reach the plateau level. At 1 M ionic strength, the el
trostatic interaction between surface sites should be n
gible and the use of the Langmuir isotherm is justifiab
Only when the phosphonate concentrations were low
(as in Exp. VIII) could the shape of the adsorption cu
be evaluated. InFig. 4 is plotted the solid phase phosph
nate concentrations vs the solution phase concentratio
the data of Exp. VIII in region 1. The data appear to follo
a Langmuir isotherm at TNTMPfinal < 0.007 mM, as shown
in Fig. 4. The adsorption data can be fitted with a Langm
r

f

Fig. 4. Plot of the adsorption isotherm of phosphonate to calcite
TNTMPfinal = 0–0.12 mM. The data are from Exp. VIII. The inserted p
is the adsorption isotherm at TNTMPfinal = 0–0.0008 mM and the Lang
muir isotherm fit to the data.

isotherm,

q(µmol/m2) = 0.22(µmol of NTMP/m2)

1+ 2.14× 105C

× 2.14× 105(mL/m2)C(µmol/mL),

(7)r = 0.82,

where units have been selected to facilitate comparison
The Langmuir capacity is 0.22±0.02 µmol of NTMP/m2.

The Langmuir adsorption slope is 2.14 × 105 ± 1.40 ×
105 ml/m2. The low correlation coefficient and large sta
dard deviation of the adsorption slope is partly due to
paucity of low concentration data (TNTMPfinal < 0.0001
mM). However, these data are consistent with literat
adsorption data for ethylenediamine-N,N,N ′,N ′-tetrakis-
(methylenephosphonicacid) with calcite[35] and for NTMP
with goethite[36] (seeTable 4). For the purpose of com
parison, the concentration units inTable 4 are in terms
of phosphorus concentrations. Furthermore, the adsorp
maximum is very similar in magnitude to the adsorption
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e and
Table 4
Comparison of the Langmuir adsorption plateau of phosphate/calcite, phosphonate/calcite, andphosphonate/goethite reactions at the adsorptionregime

Adsorbent
(SSA)

Adsorbate Ca
concentration
(mM)

pH Range of solution
phasea concentration at
plateau (µmol P/L)

Solid phasea

concentration at plateau
(µmol P/m2)

Ref.

Calcite Orthophosphate 1 7.4 1.59–25 0.5 [19]
(0.5 m2/g)
Calcite Orthophosphate 0.6 9.0 6–10 1.24 [38]
(0.37 m2/g)
Calcite Orthophosphate 0.7 7.39 16.7 0.15 [21]
(22 m2/g)
Calcite
(0.14 m2/g)

Ethylenediamine-N,N,N ′,N ′-tetrakis
(methylenephosphonic acid)

1 and 5 9.0 4–400 0.45 [36]

Calcite NTMP 0.6 9.0 3–20.4 0.66 This study
(0.45 m2/g)
Goethite NTMP 1 7.2 15–36 3.33 [13]
(47.6 m2/g)

a For comparison purpose, the units are micromoles of phosphorus perunit volume or per surface area. NTMP has three phosphorus per mol
ethylenediamine-N,N,N ′,N ′-tetrakis(methylenephosphonicacid) has four phosphorus per mole.
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Fig. 5. Plot of the negative logarithm of Ca2.5HNTMP ion products
(pIPCa2.5HNTMP) vs solid phase phosphonate concentrations of E
II–VIII (0–5 Na/NTMP).

orthophosphate to calcite[19,21,37]. In Table 4are listed the
literature reported Langmuir adsorption maximum and
observed in this study. Also listed in column 5 ofTable 4is
the wide range of solution phase phosphorus concentra
that this adsorption maximum was observed. The adsorp
maximum is very similar for all the calcite data (Table 4, col-
umn 6, average of top four rows is 0.6 ± 0.4 µmol of P/m2

vs 0.66 µmol of P/m2 from this study). Assuming a surfac
area of 20 Å2 per Ca atom on the rhombohedral cleava
face of calcium carbonate, the number of calcium per
area would be equivalent to 8.3 µmol/m2 [21]. At the ad-
sorption plateau, approximately 7.2% of the surface s
are covered by phosphorus molecules of either phos
nate or phosphate. Presumably this is the number of k
step edges, or other imperfect sites that is available for s
tion [39]. The literature reported adsorption maximum is fi
times larger for goethite than for calcite.

In Fig. 5 is plotted the pIPCa2.5HNTMP vs the phospho
nate solid phase concentration for the data of Exps. II–V
Also plotted inFig. 5 are three constant pIP lines at 24.1
23.46, and 21.31 pIPs. The 23.46 and 21.31 lines co
s

-
,

spond to the solubility products of two previously identifi
calcium NTMP salts. As would be expected, the solut
in region 1 has a high pIP at low phosphonate concen
tions. When the phosphonate concentration increased
pIPCa2.5HNTMP reduced continuously in region 1, as the ph
phonate in solution is approaching a solubility limit. In re-
gion 2, the pIPCa2.5HNTMP is randomly distributed aroun
a constant pIP= 24.11. Interestingly, the 4.5th root
this pIP is equal to 5.34. The 9th root of the solub
ity product of hydroxyapatite is 5.42, which is remarka
similar to the 4.5th root of pIPCa2.5HNTMP. Assuming that
the number of reactive sites equals 8.3 µmol/m2, approxi-
mately 4–5 molecular layer of phosphonate is formed at
constant Ca2.5HNTMP ion product of about 24.11. In re
gion 3, the pIPCa2.5HNTMP for the more acidic phosphona
experiments (0–3 Na/NTMP) gradually decreases, w
phosphonate in the 4–5 Na/NTMP experiments continu
precipitate up to about 1000 µmol/m2 wherein the solu
tion phase pIPCa2.5HNTMP remains nearly constant at 24.1
At >1000 µmol/m2 concentration, the pIP of Exp. VII
(4 Na/NTMP) eventually decreases toward the amorph
calcium phosphonate solubility product (21.31).

In Fig. 6are shown the SEM pictures of (a) a pure [14C]
calcite, (b–d) three selected solid samples from Exp.
(data points A–C ofFig. 3), and (e) a pure Ca2.5HNTMP
solid phase prepared by Frostman[40] using the procedur
outlined in Frostman et al.[22]. The three solid samples a
taken from regions 1–3 of Exp. VIII. As shown inFig. 6a,
the [14C] calcite morphology is characteristic as calcite,
aragonite.Figs. 6b and 6care calcite samples from Exp. VI
with low (region 1, A) to medium (region 2, B) range
phosphonate adsorbed. The morphology of the solid ph
is not noticeably different from that of pure calcite. EDA
analyses of the solid phases inFigs. 6b and 6cshowed a Ca/P
ratio of ∼11, indicating a trace level of phosphorus on
surface of the calcite. However, the EDAX analysis at s
low P intensity is not quantitatively reliable, due to the l
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as

Fig. 6. Scanning electron micrographs of gold plated samples of (a) a pure14C calcite, (b–d) three solid phases from Exp. VIII, and (e) a pure Ca2.5HNTMP
crystalline phase prepared by Frostman. The experimental conditions of Exp. VIII are shown inTable 1. The samples of (b)–(d) are taken from Exp. VIII
shown inFig. 3, with labels A, B, and C.
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phosphorus signal and spectrum interference from the
coating. The SEM picture of the solid sample from regio
(Fig. 6d) showed both calcite particles and particles that h
a distinctively different morphology than calcite (thin pla
ted structure). The morphology of the thin platted structur
similar to that of a pure Ca2.5HNTMP crystalline solid phas
prepared by Frostman using ultrafiltration technique[39]
(Fig. 6e). EDAX analysis of the pure Ca2.5HNTMP crys-
talline solid phase is not available, but EDAX analysis
this thin platted solid phase inFig. 6d yields a Ca/P ra
tio of ∼1.15, which is slightly higher that expected for th
Ca2.5HNTMP stoichiometry (Ca/P= 0.83). The higher Ca/P
ratio may be due to interference from calcite or due to
semiquantitative nature of the EDAX analysis.

In Fig. 7 is plotted the pIPCalcite vs solid phase phos
phonate concentrations of Exps. II–VII and the horizon
dotted line is at constant pIP= 6.96, the conditional sol
ubility product of calcite. In region 1, the solution is a
Fig. 7. Plot of the negative logarithm of calcite ion products (pIPCalcite) vs
solid phase phosphonate concentrationsof Exps. II–VII (0–5 Na/NTMP).
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parently in equilibrium with calcite, as would be expect
In region 2, the solution became supersaturated with calci
as more phosphonate precipitated. In region 3, the solu
of the acidic phosphonate experiments (0–2 Na/NTMP)
came undersaturated with respect to calcite, indicating
calcite surface is no longer exposed to the aqueous p
This is reasonable since the amount of phosphonate pre
tated in region 2 could form more than four layers of unifo
coverage on the calcite surface.In region 3, the solutions o
these acidic phosphonate experiments were depleted o
and the solutions were at lower pH, a condition that wo
allow the formation of the more acidic calcium phosph
nate phases. A similar phenomenon is known with calc
phosphate. For example, brushite is the more stable
phase than hydroxyapatite at pH 4.3, while hydroxyapa
is the least soluble phase at neutral pH[40]. More detailed
research is needed to further understand the interrela
of calcite dissolution and phosphonate precipitation at h
concentrations and low pH.

The Ca to phosphonate solid phase stoichiometry of
new solid phase observed in region 2 can be determine
the mass ratio of the calcium and phosphonate that d
peared from the solution phase. The amount of calcium
disappeared from solution is related to the difference in t
carbonate (TCO3) and total calcium (TCa) concentration
The amount of phosphonate that disappeared from solu
is related to the difference in the initial (TNTMPinit) and fi-
nal phosphonate (TNTMPfinal) concentrations:

solid phase Ca/Phn ratio

(8)= [TCO3] − [TCa]
[TNTMPinit] − [TNTMPfinal] .

In Table 5is listed a selected set of data from Exps. I
VII to calculate the solid phase stoichiometry. Note t
([TCO3] − [TCa]) is very small at low [TNTMPinit] and
similarly, ([TNTMPinit] − [TNTMPfinal]) is very small at
high [TNTMPinit]. Therefore, the calculated solid phase s
ichiometry will be in error at either low or high [TNTMPinit]
condition. Only data that showed more than 20% differe
.
-

a

s

-

in [TCO3] and [TCa] and in [TNTMPinit] and [TNTMPfinal]
were included inTable 5. Also listed inTable 5are the solu-
tion composition, pH and calcium phosphonate ion produ
Note that these data shared a constant calcium phosph
pIP of 24.11± 0.22. The solid phase stoichiometry is a
sumed to be Ca2.5HNTMP, while the measured solid pha
Ca/NTMP ratio is 2.31±0.42.

Field application

In Table 6are listed the brine, production, and inhibit
squeeze conditions of two Texas oil wells, namely, N
Smith well in San Patricio, TX and O’Daniel well in Galv
ston, TX. A total of 182 and 380 bbl of NTMP (1.55%
were pump into these two oil wells, respectively. An ad
tional 800 and 390 barrels of the formation brine were t
pumped into the wells to push the slug of inhibitor fluid f
ther into the formation. After 48 h, the production of oil a
gas and associated brine resumed. The inhibitor return
centrations in the produced brines were monitored for
and 350 days of production at a brine production rate
2300 and 4000 bbl per day, respectively. The downhole
temperatures were 160 and 285◦F, respectively. The down
hole brine pH was estimated from brine production data
a scale prediction algorithm based on Pitzer theory of ele
trolytes and the latest version of Pitzer coefficients[41]. The
program uses a rigorous approach to handle the cons
tion of all brine components, e.g., CO2, to predict downhole
pH and mineral scaling index. Once the downhole pH
determined, the produced water Ca2.5HNTMP pIP can be
calculated from Eq.(6) where the Ca2+ and NTMP6− con-
centrations are calculated from the mass balance and c
balance equations from downhole pH, Ca and phospho
concentration in the brine and the conditional stability c
stants at temperature of downhole condition of the well
ionic strength of the brine. InFig. 8 is plotted the produce
water Ca2.5HNTMP pIP vs the volume of brine produ
tion for these two wells. The dashed line is the cons
pKsp of 24.11. For both sets of inhibitor return data, t
Table 5
Solid phase stoichiometry and solubility product of the new Ca2.5HNTMP solid phase with pKsp= 24.11

Exp.
group
No.

([Na−] − [Cl−])
concentration
(mM)

Initial NTMP
concentration
([TNTMPinit ])
(mM)

Carbonate
concentration
([TCO3])
(mM)

Ca
concentration
([TCa])
(mM)

Final NTMP
concentration
([TNTMPfinal])
(mM)

Solid phase
NTMP
concentration
(µmol/m2)

pIPa

Ca2.5HNTMP
pHb Solidc

phase
Ca/NTMP
ratio

III 0 .495 0.495 1.856 1.268 0.110 26.4 23.82 8.69 1.53
IV 0.975 0.500 1.887 0.987 0.122 26.4 24.01 8.51 2.38
V 1.495 0.500 1.681 0.674 0.117 26.2 24.38 8.68 2.63
VI 1.966 0.494 1.171 0.561 0.213 19.3 24.34 9.06 2.17
VII 6 .592 1.321 1.619 0.501 0.875 30.6 24.13 9.33 2.51
VII 12.665 2.538 2.755 0.569 1.715 56.5 23.99 9.39 2.66

Average: 24.11 2.31
Standard dev.: 0.22 0.42

a Calculated from Eqs.(5), (6).
b Calculated from Eqs.(1)–(4).
c Calculated from Eq.(8).
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Table 6
Brine, production, and inhibitor squeeze condition for two Texas oil wells

Well name N.R. Smith O’Daniel No. 2

Location San Patricio Co., TX Galveston Co., T
Na+ (mg/L) 19,069 16,100
Mg2+ (mg/L) 146 204
Ca2+ (mg/L) 480 760
Ba2+ (mg/L) 19 52
Fe2+ (mg/L) 8 0
Cl− (mg/L) 30,000 24,500
SO2−

4 (mg/L) 14 38
Alkalinity (mg/L) 1171 560
TDS (mg/L) 50,899 43,624
Density (STP) 1.03 1.03
CO2 gas (%, STP) 1.55 1.00
pH (STP) 7.55 7.45
Gas/day (SCF× 103) 80 1000
Oil/day (STB) 39 25
Water/day (STB) 2300 4000
Downhole temperature (◦F) 160 285
Wellhead temperature (◦F) 130 240
Downhole pressure (psia) 1900 9000
Wellhead pressure (psia) 100 300

pH (downhole) 6.55 6.01

Squeeze procedure

NTMP concentration (%) 1.55 1.55
NTMP volume (bbl) 182 380
Overflush (bbl) 800 390

Fig. 8. Plot of the negative logarithm of Ca2.5HNTMP ion products
(pIPCa2.5HNTMP) vs the volumes of brine production from two Texas
and gas wells. pIPCa2.5HNTMP was calculated from Eq.(5) according to the
downhole pH, calcium and phosphonate concentrations in the produce
ter at downhole temperatureand brine ionic strength.

Ca2.5HNTMP pIP quickly reachesa plateau value within
10,000 (O’Daniel) to 20,000 (Smith) barrels of brine prod
tion, which is equal to 2.5–8.7 days of production. Beyo
this initial period of production, the plateau level avera
Ca2.5HNTMP pIP are 24.22± 0.18 for the O’Daniel well
and 24.10±0.18 for the Smith well for the remaining one
two years of production. The average pIPs are nearly id
tical to the proposed calcium phosphonate solid phase s
bility products observed in this study. Therefore, these fi
observations support the hypothesis that phosphonate r
 -

tion in the oil bearing formation is predominantly controll
by the formation of this very insoluble calcium phosphon
salt on calcite surface. The proposed mechanism of phos
nate/calcite interaction is consistent with previous studie
orthophosphate/calcite reaction. The same reaction me
nism is expected to govern the fate of phosphonate in
tact with calcareous soil and sediment and therefore, can b
important to the long term fate of phosphonates in the e
ronment.
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