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Abstract

The mechanism of nitrilotris(methylenephosphonic aciggNFIMP)/calcite reaction was studied with a large number of batch experiments
where phosphonic acid was neutralized with 0 to 5 equivalents of NaOH per phosphonic acid and the concentration ranged from about
10 nmol/L to 1 mol/L. Itis proposed that the phosphonate/calcite reactions are characterized in three steps. At low phosphonate concentration
(<1 pmol/L NTMP concentration), the phosphonate/calcite reaction can be characterized as a Langmuir isotherm. At saturati@f only
of the calcite surface is covered with phosphonate; presumably treedeeddnks, step edges, or other imperfect sites. At higher phosphonate
concentrations, the attachment is characterized by calcium phosphonate crystal growth to a maximum of four to five surface layer thick, with
solid phase stoichiometry of GgHNTMP and a constant &bility product of 10-2411, After multiple layers of phosphonate are formed
on the calcite surface, the solution is no longeequilibrium with calcite. Further phosphonaggention is probably due to mixed calcium
phosphonate solid phase formation at lower ptd depleted solution phase Ca conditionseTproposed mechanism is consistent with
phosphate/calcite reaction and can be used to explain the fate of phosphonate in brines from oil producing wells and the results are compare:
with two oil wells.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction plied in oil wells via inhibitor squeezes, where phosphonate
solutions (0.5-20% whtvol) of various acidity are pumped
Aminoalkylphosphonates, e.g., nitrilotris(methylene- into a producing formation and allowed to react. A large
phosphonic acid) (NTMP), are widely used in a broad va- portion of phosphonate is retained in the formation. Even
riety of applications. Their ability to prevent precipitation though phosphonates are widely used in industries, their in-
of calcium and barium salts atilsstoichiometric concentra-  teraction with soil or formation rock is still poorly under-
tions (threshold inhibition) finds wide application in water stood. The objective of this paper is to quantify the inter-
treatment, water conditioning, cooling tower and oil and gas action of phosphonates with calcite and relate phosphonate
wells. These materials are algsed as corrosion inhibitors, retention and release from formation material.
in industrial cleaning, metal finishing, and agrochemical ap-  The chemical/physical properties of phosphonates bear

plications. _ . _ many similarities to those of orthophosphfag Therefore,
In matured oil and gas fields, approximately 10 bar- phosphate/calcite interaction chemistry may provide clues
rels of salt water is produced per barrel of fil. Pro-  to phosphonate/calcite interaction. In calcareous soil, the

duced brines tend to precipitatelcite and sulfate scale and  predominant sorption site for phosphate is calcite. At low
these aminoalkylphosphonates are the most commonly Use‘goncentrations, the adsorption of phosphate and phospho-
chemicals for scale inhibition. Phosphonate is typically ap- ate on calcite has been studied in defait15] Several
in situ atomic force microscope (AFM3-5,15]and X-ray
* Corresponding author. photoelectron spectroscof§] studies showed that phos-
E-mail address: atk@rice.edyA.T. Kan). phonate and phosphate are adsorbed to the growth sites (kink
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site, step edges, and terraces) and further growth of calcite 0
is therefore inhibited. At low phosphate concentrations, the 0-_|F! 2‘:,:/
phosphate adsorption isotherm is very strong and can be de- |
scribed by a Langmuir mod§¥]. In the presence of G4, ©

the adsorption of phosphate and phosphonate to vaterite, cal- /oﬁ

cite, barite, and goethite is much stronger than in the absence Ofp\ 5

of Ca&* [8-13] Suzuki et al.[10] proposed the adsorbed OH
species to be Q@PO4)§° at low phosphate concentration 14

and CaHP(?0 at higher concentrations. However, the ad- 1;:

sorption of the calcium phosphate ion pairs onto the calcite 8 - )
surface is not distinguishable from separate adsorption of PH i' L—
calcium and phosphate ions. Tomson et[&R] proposed o] //

that the primary driving force for phosphonate adsorption is 0 +—==

related to simple hydrophobic repulsion from solution of a 01 2 3 4 5 6
macroneutral molecule and nas is generally presumed, NaOH/NTMP

some spemﬁc phosphonate—surfgce mterap’uon. . Fig. 1. Chemical structure and acid/base potentiometric titration of ni-
At high phosphate concentrations sorption occurs in tWo ilotris(methylenephosphonic acid), NTMP.

steps, the fast chemisorption of phosphate to a limited num-

ber of specific surface sites followed by the spontaneous ) .

crystal growth on the cluster of surface phosphate ions (het-(HC!) per mole of phosphonic acife2]. All other chem-
eronuclei)[8,16]. Calcium phosphate crystals, e.g., amor- icals used in this study areagent grade. Stock sc_:luuons
phous calcium phosphatid7], dicalcium phosphatd7] of phosphgnate%0.00l to 0.1 M) were prepared in 1 M

or octacalcium phosphafd6] and/or calcium—carbonate— NaCl solution. From 0 to 5 equivalents of NaOH per mole
phosphate surface complex@s), have been identified on ~ Phosphonate was also added to the stock solutions. A typ-
calcite surfaces. Several authors have proposed the phosic@l acid/base titration curve of NTMP is shownfig. 1
phate calcite reaction to be a surface precipitation of brushite There are five protons associated with the phosphonate lig-
that slowly transforms to the more stable octacalcium phos- 2nds. The phosphonate protons are completely dissociated
phate[19]. Stumm and Leckig20] postulate that the reac- when five e.quwalen'Fs of NaOH is a_dded tq the phosphonate
tion occurs in three steps: (1) chemisorption of phosphate to Stock solution; the sixth proton equivalent is on the very ba-
form amorphous calcium phosphate; (2) slow transformation SiC nitrogen (Ka = 10'>°) and does not dissociate at pH
of the amorphous calcium phosphate to hydroxyapatite; andvValues commonly encountered. _

(3) crystal growth of apatite. Hinedi et 421] observed that 14C-radiolabeled calcite was prepared in order to fa-
the sorbed phosphate is not in the form of hydroxyapatite Cilitate carbonate analyses with high precision. THC]

or amorphous calcium phosphates at less than 0.037 pmoFalcite was synthesized in the laboratory by slowly adding
PQ,/m? calcite level. An apatitic-like phase formed at a @ CaCh-2H20 (1.4 m) solution into &4C/*?C NaHCQ—

phosphorus sorption level of 0.15-1.67 umol4P@? cal- NapCOz solution with constant stirring. TheMC/%ZC
cite. At higher phosphate levels, both apatite and brushite NaHCQ;—N&COs solution contained equal molality of
were detected. NaHCGQO; and NaCO;s at a total carbonate concentration of

The precipitation of phosphonate with calcite at high 1.33 m and a specifi¢*C radioactivity of 0.49 mGimol
phosphonate concentration is much less well known. Ac- carbonate. During mixing, the solution pH was controlled at
cording to a recent study by Jonasson ef&jl.a calcium di- ~ PH 8.3 by titrating with a small volume of 5 m NaOH so-
ethylenetriaminepenta(methylene phosphonate) solid phaséution. The initial precipitate was then boiled and washed
was uniformly distributed on calcite surface at low phospho- With deionized water four times over three days to allow
nate concentrations. When phosphonate concentration is suffor Osward ripening. Finally the'fC] calcite was dried
ficiently high, an intimate mixture of submicrometer-sized under vacuum. The averag¥'C] calcite solid particle di-
crystals of calcite and calcium phosphonate precipitates isameter is~18 um. The crystallography ot{C] calcite has
observed6]. In this paper, the interaction of NTMP with  been confirmed with X-ray diffraction, where the X-ray dif-
calcite over a wide range of phosphonate concentration andfraction peaks were detected at af 23.28, 29.58, 36.02,
acidity has been studied. and 39.28 and at a wavelength of 1.5418 A. According to

Bragg equationj23], the & values corresponded to the in-

terplanar distancesi(spacing) of 3.02 A (100%), 2.49 A
2. Materialsand methods (13%), 2.29 A (12%), and 3.81 A (7.7%iQ. 2). The ref-

erenced calcitd spacing are 3.04 (100%), 2.29 (18%), 2.10

Phosphonate used in this study is a technical grade(18%), and 3.86 (12%) (JCPDS record 5-0584) and arago-
HsNTMP (Dequest 2000, Solutia Inc., 299 MWBig. 1). It nited spacing are 3.40 (100%), 1.98 (65%), 3.27 (52%), and
contains 50% phosphonate and 0.19 mol excess mineral acidt.212 (2%) (JCPDS record 5-04524]. Clearly, the XRD
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138 | listed in column 5. In Exp. VIII, reagent grade calcite was
20 used instead of'{'C] calcite. Other than the difference in
70 4 calcite solids, Exps. VI and VIII are similar in experimental
£ 60 - condition and therefore, allow the comparison of phospho-
= 50 A nate sorption to the two different calcite samples. Exp. VIII
40 - was also done to test the adsorption at much lower phos-
30 - phonate concentration range. For these low phosphonate ex-
20 - periments (TNTMRjit = 8.5 x 10744 x 10~3 mM), it is
10 U L A difficult to analyze the solution phase phosphonate concen-
0 . w - - tration; in these experiments, the solid phase phosphonate
2 2.5 3 3.5 4 4.5 concentrations yield better stoichiometries. First, a portion

d(A) of the calcite solid was separated by centrifugation with an
Ultrafree-MC centrifugal filter (Millipore). The solid was
then dissolved in acid and analyzed for the phosphonate con-
tent. The solution phase phosphonate concentrations were
spectrum resembles calcite instead of aragonite. The SEMthen calculated from the difference between TNTMRNd
picture also showed typical calcite hexagonal morphology solid phase concentrations.

Fig. 2. X-ray diffractive pattern of th¥*C calcite prepared in the laboratory.

instead of the orthorhombic shape of aragonite (Sige 6 Most calcium and phosphonate concentrations were an-
below). In addition, controlled solubility experiments have alyzed by ICP. HACH colorimetric method was used to
confirmed that the solid is calcite (s&€able 3. analyze low phosphonate concentrations. The total carbon-

Batch adsorption experiments were run in closed bottles ate in solution was measurég scintillation counting. The
where calcite was added to an initially calcium free phos- solution pH was measured by a Ross combination pH elec-
phonate solutions at a solid to solution ratio of 0.Q2nd trode. X-ray diffraction (XRD) spectra was taken using a
The samples were mixed in a horizontal shaker bath at Siemens platform-model gersrarea detector diffraction
70°C for 2 days. After the equilibrium time, the samples system (GADDS). The BET surface area for the reagent
were centrifuged at 5000 rpm for 15 min and the super- grade calcite is 0.45 fig. The surface area of th¢C-
natant solutions were analyzed for total carbonate (O labeled calcite is estimated to be 0.73/g. Scanning elec-
total calcium (TCa) and total phosphonate (TNTAE tron microscopic analysis with energy dispersive detection
concentrations. The solid phase phosphonate concentrationere done on the Au-coatetC] calcite and selected solid
(TNTMPaqg9 were calculated from the difference of initial Samples of experiment VIII using a high resolution (2 nm)
(TNTMPjit) and final (TNTMRiha) solution phase phos- thermal field emission electron microscope equipped with
phonate concentrations. Tiable lare listed eight groups (-  an EDAX X-ray system for elemental analysis (FEI XL-30
VIII) of experimental conditns. Exp. | is the control group ~ environmental scanning electron microscope).
of experiments to measure the solubility t¢] calcite in
1 M NaCl. Neither phosphonate nor NaOH was added to Data interpretation
the sample bottles. For Exps. II-VIII, phosphonate solutions,
neutralized with 0 to 5 equivalents of NaOH per phospho-  The authors have published conditional stability con-
nate, were used. In each experimental group, between 7 andtants for NTMP at 0—3 M ionic strength and 25°@)[22].

32 individual experiments were run at different phosphonate Analogous to calcium phosphate, three calcium NTMP
concentrations. Immable 1, the ranges ofnitial phospho- solid phases of different stoichiometries, namely, (1) acidic
nate concentrations (TNTMR) are listed in column 3, the  Cay 25H3 sNTMP [25], (2) amorphous CasHNTMP, and
ranges of NaOH concentrations are listed in column 4, and (3) crystalline CasHNTMP [22], and several other metal
the equivalents of net base (NaCl~) per phosphonate are  phosphonate salts have been identified by the authors’ re-

Table 1

List of the experimental parametersrohe phosphonate/calcite experiments

Exp. group Number of Calcite TNTMRit (MM) NaOH (mM) (Na" — CI7)/TNTMPjit
No. experiments (mol/mol)
| 8 14¢ labeled 0 0 0

I 8 14¢ labeled 0013-125 0.0 —-0.19

Il 7 14¢ labeled 0013-127 0.013-128 1.00

\Y 8 14C labeled (013-253 0.025-492 195

\Y 9 14¢ labeled 0013-253 0.038-757 2.99

VI 9 14C labeled (012-253 0.049-1009 398
Vil 9 14C labeled 013-251 0.065-1253 499
VIl 32 12¢ (reagent gr.) B4 x 1074-1019 225 x 1073-4101 400
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Table 2
Conditional stability constants and solubility products (at 1 M | and@p
Cation Equilibrium Logk Ref.
Ht Ht + NTMPS- 123 [23]
Ht + HNTMP®- 6.73
Ht + Ho,NTMPA- 558
Ht + HaNTMP3- 4.44
Ht + HyNTMPZ- 1.80
HT 4+ HgNTMP~ 0.30
cat C&t + HNTMP®- 2.82
Cét + CaHNTMP- 1.69
Ca&t + CapHNTMP~ 0.56
Cat + HoNTMPA- 2.25
Cat + CaHpNTMPZ~ 1.13
Ca&t + HaNTMP3- 1.69
C&t + CaHgNTMP~ 0.56
Ca&t + HyNTMPZ~ 1.13
Ca&t + HsNTMP~ 0.56
Ht HT + OH~ 1255
H* 4+ CO; 9.13
HT +HCO; 5.94
Solid phase Equilibrium Fsp Ref.
CaCQy cat +CO3~ 6.96 [30]
Cap sHNTMPam 2.5C&T +HT +Phif~ 2131 [23]
Cap sHNTMPioy solubility  2.5C&* +H* +PhiP~ 2346 [23]
Cap sHNTMPgr 25C&T +HT +Phrf~ 2411 This study
Cas(PQy)30H 5C&t +3PC; +OH™ 4879 [31]

search groug2,22,25-29] He et al.[30] published a set
of conditional stability constas for carbonate and calcium
carbonate salt. The conditidrsnlubility product of hydrox-
yapatite (Cg(PQOy)30H) was calculated from the thermo-
dynamic solubility poduct of hydroxyapatit¢31] and the
Pitzer activity coefficients for Ga and ch— [32]. These
equilibrium constants at 7AQC and 1 M ionic strength were
listed in Table 2 The following charge balance and mass
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6 (6-i)/2
+ (6—i — 2j)[CajH;NTMP®~=2/] 4 [OH"]
i=1 j=0
—[HT] - 2[Cad™], (1)
6 (6—i)/2
TNTMP = [NTMP®~ ] + [CajH;NTMPS—=2/],
i=1 j=0
2
6 (6-i)/2
TCa=[C&T] + jICaH;NTMPS=1=2/] (3)
i=1 j=1
TCOsz = [H2CO3] + HCO; + CO% (4)

where [ ] refer to molar concentrations. Note that pH val-
ues calculated by these equations are generally in excellent
agreement with measured pH as shown in Kan ¢8a|34]

The negative logarithmic GaHNTMP and CaC@ ion
products (pIP) were then calculated and compared with the
reported solubility products of calcium carbonate and the
three calcium phosphonate salts,

PIPaicie= —log [C&F] CO5~ 5)
PIPCazshnTvp = — 109 [CETI*2(HTHNTMP® ], (6)
where {H"} is the hydrogen ion activity, {H} = 107PH.

3. Resultsand discussion

In Table 3are listed the equilibrium solution composi-
tions of Exps. I-VIII, pH, pIP for calcite and GagHNTMP.
Note that the solution matrix contained 1 M NaCl in all
experiments. Therefore, small changes in solution compo-
sition, due to precipitation/dissolution reactions, change the
overall ionic strength only a few percentage. Such small

balance equations were used to calculate the solution pH,changes in ionic strength have a negligible effect on solu-

[Ca?*], [CO5 ], and [NTMP*~] concentrations; the follow-
ing four equations were solved iteratively by a Newton—
Raphson procedure:

[Na"]—[CI"] = 6[NTMP®]

Table 3
List of the range of eight groups of phosphteiaalcite experimental results

tion phase ion activity2,22,27] In Fig. 3 are plotted the
phosphonate solid phase concentrations vs solution phase
concentrations of Exps. 1I-VIIl. The adsorption of phospho-
nate to the reagent grade calcite (Exp. VIII) is very similar
to that of the $*C] calcite (Exp. VI). The data irFig. 3

Exp. Total carbonate Total calcium Total NTMP pH?2 pIPcalcite pIPca2 sHNTMP
group concentration concentration concentration
No. (TCOg) (TCa) (TNTMP¥inal)

(mM) (mM) (mM)
| 0.55-569 048-055 00 8.96—898 7.06-686 -
1l 0.50-231 047-721 0054-345 882-484 7.06-927 263-232
1] 0.53-229 0.47-523 00024-394 888-565 7.04-798 264-223
[\ 0.53-231 0.52-459 00030-927 9.02-646 6.92-726 262-221
\% 0.52-197 0.54-407 00018-121 9.09-853 6.88-563 264-225
VI 0.51-295 0.32-Q73 00014-117 9.05-910 6.92-590 265-244
Vil 0.55-569 050-189 00027-1% 8.98-1087 6.94-608 263-236
VIl - 0.60-683 221 x 107°-901 941-629° 282-219

& Calculated from Eqg1)—(4).
b Measured pH.
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Fig. 3. Plots of solid vs solution phase phosphoraiacentrations for Exps. II-VIIl where the plghonate solutions were neutralized with NaOH at a
NaOH/Phosphonate molar ratio of 0-5 Na/NTMP.

Langmuir isotherm

clearly deviate from typical adsption isotherms, but similar 0.30
isotherms have been reported for the adsorption of phos- g 0.25 - . .
phate to calcit¢19]. The data irFig. 3 can be divided into Sa o020 = *
three regions. In region 1 (TNTMRgs< 0.6 pmoym?), the § % p— .‘
solid phase concentration increased by less than one order £E
) ) oo - 2 0.10 4
of magnitude while the phosphonate concentration increased =
by over three orders of magnitude. It is proposed that strong % 0051

phosphonate adsorption occurred in region 1 (see below). 0.00 +——— R RE
In region 2, the solid phase concentration varied between G0 000s D00 o008 DONS

0.6 and 26 pmgim? while NTMP solution concentrations Selution Fliase GoNG, (HnolmE]

remained relatively constant (0.1-0.2 mifigl In this re- Fig. 4. Plot of the adsorption isotherm of phosphonate to calcite at
gion, precipitation appeared to govern the solid reaction. In TNTMPgj,q = 0-0.12 mM. The data are from Exp. VIII. The inserted plot
region 3, the isotherms follow a more normal shape with is the adsorption isotherm at TNTM = 0-0.0008 mM and the Lang-
increasing amount of phosphonates reacting with the sur-™u'"isetherm fitto the data.

face as the amount in solution increased. Three solid sam-.

ples from Exp. VIII (labeled as A, B, C) were analyzed by isotherm,

SEM/EDAX surface analyses (s€g. 6and discussion be- 4 (umolym?) = 0.22(umol of NTMP/m?)
low). Detailed analyses of these three regions of data are 14214 10°C
discussed below. x 2.14 x 10°(mL/m?)C (umol/mL),
It is proposed that the attachment of low concentrations F =082 @)

of phosphonate to calcite is by a Langmuir type adsorp-
tion, similar to the adsorption of phosphate to calcite. For
Exps. 1I-VII, all data in region 1 of the isotherm appeared
to reach the plateau level. At 1 M ionic strength, the elec-
trpstatic Interaction between surfgcg sites ShC.JUI.d b?. negli'dard deviation of the adsorption slope is partly due to the
gible and the use of the Langmuir isotherm is justifiable. paucity of low concentration data (TNTM# < 0.0001
Only when the phosphonate concentrations were loweredy\iy However, these data are consistent with literature
(as in Exp. VIII) could the shape of the adsorption curve adsorption data for ethylenediaming,N’, N'-tetrakis-

be evaluated. IfFig. 4 is plotted the solid phase phospho-  (methylenephosphonic acid) with calcj8s] and for NTMP
nate concentrations vs the solution phase concentrations ofyith goethite[36] (seeTable 4. For the purpose of com-
the data of Exp. VIII in region 1. The data appear to follow parison, the concentration units iFable 4 are in terms

a Langmuir isotherm at TNTM{fa < 0.007 mM, as shown  of phosphorus concentrations. Furthermore, the adsorption
in Fig. 4. The adsorption data can be fitted with a Langmuir maximum is very similar in magnitude to the adsorption of

where units have been selected to facilitate comparisons.
The Langmuir capacity is.22+0.02 umol of NTMP/m?.

The Langmuir adsorption slope is12 x 10° + 1.40 x

10° ml/m?. The low correlation coefficient and large stan-
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Table 4
Comparison of the Langmuir adsorption jglati of phosphate/calcite, phosphonate/calcite pdphonate/goethite reactions at the adsorpégime
Adsorbent Adsorbate Ca pH Range of solution Solid phas@ Ref.
(SSA) concentration phasé concentration at  concentration at plateau

(mM) plateau (umol L) (umol P/mz)
Calcite Orthophosphate 1 g 1.59-25 ® [19]
(0.517/g)
Calcite Orthophosphate .® 9.0 6-10 124 [38]
(0.37 n?/g)
Calcite Orthophosphate .0 7.39 16.7 015 [21]
(22n7/g)
Calcite Ethylenediamine¥, N,N’,N'-tetrakis ~land 5 0 4-400 5 [36]
(0.14 m?/g) (methylenephosphonic acid)
Calcite NTMP 06 9.0 3-20.4 066 This study
(0.45 n?/g)
Goethite NTMP 1 2 15-36 33 [13]
(47.6 n?/q)

& For comparison purpose, the units are micromoles of phosphorusnitevolume or per surface area. NTMP has three phosphorus per mole and
ethylenediamineV, N, N’, N’-tetrakis(methylenephosphorgcid) has four phosphorus per mole.

28

1 J 2 ‘ 3 —+—1I, 0 Na/NTMP spond to the solubility products of two previously identified
o | —a—1II, 1 Na/NTMP calcium NTMP salts. As would be expected, the solution
2 261 | a—IV. 2 Na/NTMP in region 1 has a high plP at low phosphonate concentra-
g 5 %V, 3 Na/NTMP tions. When the phosphonate congentra}tlon increased, the
& plPca, sHnTMP reduced continuously in region 1, as the phos-
] 24 +-- —x— VI, 4 Na/NTMP : . . . . . L.
§ TS phonate in solution is approaidg a solubility limit. In re-
23] | \ =Y, S HENTIE gion 2, the pIR4 inTMP is randomly distributed around
sl | \ X —+—VIil, 4 Na/NTMP a constant plP= 24.11. Interestingly, the 4.5th root of
W — —— 2131 this pIP is equal to 5.34. The 9th root of the solubil-
2101 1‘0 10’00 - ity product of hydroxyapatite is 5.42, which is remarkably

similar to the 4.5th root of plPy, ;intmp. Assuming that
the number of reactive sites equals 8.3 wmul, approxi-
Fig. 5. Plot of the negative logarithm of €gHNTMP ion products mately 4-5 molecular layer of phosphonate is formed at this
(pIPca, sHNTMP) Vs solid phase phosphonate concentrations of Exps. constant CasHNTMP ion product of about 24.11. In re-
II=VIIT (0-5 Na/NTMP). gion 3, the plR4, HnTMP fOr the more acidic phosphonate
experiments (0—3 Na/NTMP) gradually decreases, while
orthophosphate to calcif9,21,37] In Table 4are listed the ~ Phosphonate in the 4-5 Na/NTMP experiments continue to
literature reported Langmuir adsorption maximum and that Precipitate up to about 1000 pnjo® wherein the solu-
observed in this study. Also listed in column 5Table 4is tion phase plBy sHnTMP remains nearly constant at 24.11.
the wide range of solution phase phosphorus concentrationsAt >1000 umofm? concentration, the pIP of Exp. VIII
that this adsorption maximum was observed. The adsorption(4 Na&/NTMP) eventually decreases toward the amorphous
maximum is very similar for all the calcite datBaple 4 col- calcium phosphonate sdiility product (21.31).
umn 6, average of top four rows is6 0.4 umol of P/m? In Fig. 6are shown the SEM pictures of (a) a puté&q]
vs 0.66 pmol of Pm? from this study). Assuming a surface calcite, (b—d) three selected solid samples from Exp. VIII
area of 20 & per Ca atom on the rhombohedral cleavage (data points A-C oFig. 3), and (e) a pure GagHNTMP
face of calcium carbonate, the number of calcium per unit solid phase prepared by Frostmi@0] using the procedure
area would be equivalent to 8.3 prpof? [21]. At the ad- outlined in Frostman et aJ22]. The three solid samples are
sorption plateau, approximately 7.2% of the surface sites taken from regions 1-3 of Exp. VIII. As shown Fig. 6a,
are covered by phosphorus molecules of either phospho-the [14C] calcite morphology is characteristic as calcite, not
nate or phosphate. Presumably this is the number of kinks,aragoniteFigs. 6b and 6are calcite samples from Exp. VI
step edges, or other imperfect sites that is available for sorp-with low (region 1, A) to medium (region 2, B) range of
tion[39]. The literature reported adsorption maximumi is five phosphonate adsorbed. The morphology of the solid phases
times larger for goethite than for calcite. is not noticeably different from that of pure calcite. EDAX
In Fig. 5is plotted the plRg HnTMP VS the phospho-  analyses of the solid phasedrigs. 6b and 6showed a Ca/P
nate solid phase concentration for the data of Exps. [I-VIII. ratio of ~11, indicating a trace level of phosphorus on the
Also plotted inFig. 5 are three constant pIP lines at 24.11, surface of the calcite. However, the EDAX analysis at such
23.46, and 21.31 pIPs. The 23.46 and 21.31 lines corre-low P intensity is not quantitatively reliable, due to the low

Solid Phase NTMP Conc. (pmol/m2)
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Fig. 6. Scanning electron microgrias of gold plated samples of (a) a paf calcite, (b—d) three solid phases from Exp. VI, and () a puregE&TMP
crystalline phase prepared by Frostman. The experimental conditions of Exp. VIl are sh@alierl The samples of (b)—(d) are taken from Exp. VIII as
shown inFig. 3 with labels A, B, and C.

phosphorus signal and spectrum interference from the gold
coating. The SEM picture of the solid sample from region 3 10

(Fig. 6d) showed both calcite particles and particles that have g 1

a distinctively different morphology than calcite (thin plat- o —e+—1I, 0 Na/NTMP

tgd ;tructure). The morphology of the thin p_Iatted §tructure is gl —a—1II, 1 Na/NTMP
similar to that of a pure Q%HNTMP crysta}lllne SO|Id. phase & g A1V, 2 Na/NTMP
prepared by Frostman using ultrafiltration technid@e] =

(Fig. 6e). EDAX analysis of the pure GaHNTMP crys- 5 ' —% MR NaNTMP

talline solid phase is not available, but EDAX analysis of & 77 -| —*—VI, 4 Na/NTMP
this thin platted solid phase iRig. 6d yields a Ca/P ra- 8.5 1 —o—VII, 5 Na/NTMP
tio of ~1.15, which is slightly higher that expected for the 6 -

Ca sHNTMP stoichiometry (Ca/P- 0.83). The higher Ca/P 55 |

ratio may be due to interference from calcite or due to the 5 ;

semiquantitative nature of the EDAX analysis. 0.1 10 1000
In Fig. 7 is plotted the plRaicite VS solid phase phos-
phonate concentrations of Exps. II-VII and the horizontal
dotted line is at constant pi2 6.96, the conditional sol-  Fig. 7. piot of the negative logarithm of calcite ion products (R v
ubility product of calcite. In region 1, the solution is ap- solid phase phosphonate concentratioh&xps. II-VII (0-5 Na/NTMP).

Solid Phase NTMP Conc. (umol/m2)
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parently in equilibrium with calcite, as would be expected. in [TCOgs] and [TCa] and in [TNTMR,;it] and [TNTMPBinal]

In region 2, the solution becasupersaturated with calcite  were included infable 5 Also listed inTable 5are the solu-

as more phosphonate precipitated. In region 3, the solutiontion composition, pH and calcium phosphonate ion products.

of the acidic phosphonate experiments (0—2 Na/NTMP) be- Note that these data shared a constant calcium phosphonate

came undersaturated with respect to calcite, indicating thatplP of 2411+ 0.22. The solid phase stoichiometry is as-

calcite surface is no longer exposed to the aqueous phasesumed to be CasHNTMP, while the measured solid phase

This is reasonable since the amount of phosphonate precipi-Ca/NTMP ratio is 2.3H-0.42.

tated in region 2 could form more than four layers of uniform

coverage on the calcite surfade.region 3, the solutions of  Field application

these acidic phosphonate experiments were depleted of Ca

and the solutions were at lower pH, a condition that would  In Table 6are listed the brine, production, and inhibitor

allow the formation of the more acidic calcium phospho- squeeze conditions of two Texas oil wells, namely, N.R.

nate phases. A similar phenomenon is known with calcium Smith well in San Patricio, TX and O’Daniel well in Galve-

phosphate. For example, brushite is the more stable solidston, TX. A total of 182 and 380 bbl of NTMP (1.55%)

phase than hydroxyapatite at pH 4.3, while hydroxyapatite were pump into these two oil wells, respectively. An addi-

is the least soluble phase at neutral jgi8]. More detailed tional 800 and 390 barrels of the formation brine were then

research is needed to further understand the interrelationpumped into the wells to push the slug of inhibitor fluid far-

of calcite dissolution and phosphonate precipitation at high ther into the formation. After 48 h, the production of oil and

concentrations and low pH. gas and associated brine resumed. The inhibitor return con-
The Ca to phosphonate solid phase stoichiometry of the centrations in the produced brines were monitored for 560

new solid phase observed in region 2 can be determined byand 350 days of production at a brine production rate of

the mass ratio of the calcium and phosphonate that disap-2300 and 4000 bbl per day, respectively. The downhole well

peared from the solution phase. The amount of calcium thattemperatures were 160 and 285 respectively. The down-

disappeared from solution is related to the difference in total hole brine pH was estimated from brine production data via

carbonate (TCg) and total calcium (TCa) concentrations. a scale prediction algorithmalsed on Pitzer theory of elec-

The amount of phosphonate that disappeared from solutiontrolytes and the latest version of Pitzer coefficigdty. The

is related to the difference in the initial (TNTNR) and fi- program uses a rigorous approach to handle the conserva-

nal phosphonate (TNTMRa) concentrations: tion of all brine components, e.g., GQo predict downhole

pH and mineral scaling index. Once the downhole pH is

solid phase Ca/Phn ratio determined, the produced water GGRINTMP plIP can be

— [TCOs] —[TCA _ (8) calculated from Eq(6) where the C&" and NTMP~ con-
[TNTMPinit] — [TNTMPfinall centrations are calculated from the mass balance and charge
In Table 5is listed a selected set of data from Exps. lll- balance equations from downhole pH, Ca and phosphonate

VII to calculate the solid phase stoichiometry. Note that concentration in the brine and the conditional stability con-
([TCO3] — [TCa]) is very small at low [TNTMR;:] and stants at temperature of downhole condition of the well and
similarly, ([TNTMPinit{] — [TNTMPsing]) is very small at ionic strength of the brine. IRig. 8is plotted the produced
high [TNTMP,it]. Therefore, the calculated solid phase sto- water CasHNTMP plP vs the volume of brine produc-
ichiometry will be in error at either low or high [TNTMR] tion for these two wells. The dashed line is the constant
condition. Only data that showed more than 20% difference pKsp of 24.11. For both sets of inhibitor return data, the

Table 5
Solid phase stoichiometry and solubility product of the new §lNTMP solid phase with fsp=24.11
EXp. ([Na"]—=[CI"]) Initial NTMP  Carbonate Ca Final NTMP Solid phase  pIP? pHP  Solid®
group  concentration concentration ~ concentration concentration concentration =~ NTMP Ca sHNTMP phase
No. (mM) ([TNTMPjnit])  ([TCOg3]) ([Tca)) ([TNTMPsinall)  concentration Ca/NTMP
(mM) (mM) (mM) (mM) (Hmol/m?) ratio
1] 0.495 Q495 1856 1268 Q110 264 2382 869 153
v 0.975 Q500 1887 Q987 Q122 264 2401 851 238
\% 1.495 Q500 1681 Q674 Q117 262 2438 868 263
\ 1.966 0494 1171 0561 0213 193 2434 906 217
VI 6.592 1321 1619 0501 Q875 306 2413 933 251
VI 12.665 2538 2755 0569 1715 565 2399 939 266
Average: 2411 231
Standard dev.: Qa2 042

@ Calculated from Eq5), (6).
b calculated from Eqg1)—(4).
¢ Calculated from Eg(8).
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Table 6 tion in the oil bearing formation is predominantly controlled
Brine, production, and inhibitor sgeze condition for two Texas oil wells by the formation of this very insoluble calcium phosphonate
Well name N.R. Smith O'Daniel No. 2 salt on calcite surface. The proposed mechanism of phospho-
Location San Patricio Co., TX  Galveston Co., TX  hate/calcite interaction is consistent with previous studies of
Nat (mg/L) 19,069 16,100 orthophosphate/calcite reaction. The same reaction mecha-
Mgz: (mg/L) 146 204 nism is expected to govern the fate of phosphonate in con-
g:; , (my/ t) ‘l‘go 57)‘230 tact with calcareous soil an@giment and therefore, can be
F2t ((ggjl_)) 8 0 important to the long term fate of phosphonates in the envi-
I~ (mg/L) 30,000 24,500 ronment.
SO~ (mg/L) 14 38
Alkalinity (mg/L) 1171 560
TDS (mg/L) 50,899 43,624 Acknowledaments
Density (STP) 1.03 1.03 9
CO, gas (%, STP) 1.55 1.00
pH (STP) 7.55 7.45 The financial support of the Center for Biological and
Gas/day (SCF 10%) 80 1000 Environmental Nanotémology, the U.S. EPA Hazardous
\(/)vlgtde?dgT(i)TB) 3293 o0 Zf‘o o0 Substance Research Center/South & Southwest Region, and
Downhole temperatur€€) 160 285 Rice University Brme Chemistry Consgrhum of companies
Wellhead temperatur€) 130 240 Aramco, B.J.—Unichem, Baker—Petrolite, Champion Tech-
Downhole pressure (psia) 1900 9000 nologies, Inc., Chevron—Texackmc., ConocoPhillips, Inc.,
Wellhead pressure (psia) 100 300 Marathon Oil, Nalco, Occidental Oil and Gas, is greatly ap-
pH (downhole) 6.55 6.01 preciated.
Squeeze procedure
NTMP concentration (%) 1.55 1.55
NTMP volume (bbl) 182 380 References
Overflush (bbl) 800 390
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