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ABSTRACT: Misapplication of chemical water treatment inhibition technologies results in the formation of water-formed scale deposits
(notably, CaC@ and BaSQ) that interfere with proper system operation. These are removed by chemical additives through dissolution.
Herein, we report the efficient dissolution of Cag& pH 4 by 2-phosphonobutane-1,2,4-tricarboxylic acigRBITC). We also report the

identity of the Ca-containing dissolution product, characterized by single-crystal X-ray crystallography and a variety of spectroscopic
techniques, as [Ca@RBTC)(H:0),*2H,0],. It is the first metal-PBTC complex reported to date. In the structure of polymeric [Ga(H
PBTC)(H:0).:2H,0], Ca" is seven-coordinated, bound by two phosphonate oxygens, three carboxylate oxygens, and two water molecules.
[Ca(HsPBTC)(HO),:2H,0], was also prepared by designed synthesis by reacting varicis@arces and #PBTC. Studies of anticorrosion
properties of C&/H;PBTC?>~ combinations are also reported.

Organic phosphonates are used extensively in a plethora of
technological application’sin medical and pharmaceutical applica- o(11) O(1a) ‘
tions, organic phosphonates are used extensively as regulators of
calcium phosphate metabolidnand for treatment of calcium o(7)
deposition diseasédndustrial applications include chemical water O(3a) )
treatment, dispersion technologyand metallic corrosion contrél.
In industrial water systems, phosphonates and mixed phosphonates/ 0(10)
carboxylates are used as mineral scale inhibitof®o often,
sparingly soluble salts need to be removed by externally added
agents. Chemical dissolution of inorganic salts is important in
medicine®a dentistry8® archaeology?¢ industrial equipment cleaning,
and other technology are&sAlthough the dissolution process has
been studied for a number of sparingly soluble salts by a variety
of additives (EDTA and citrate most notably), information on the
nature of dissolution products at the molecular level still lags behind.

Reports only refer to the ability of added chelates to accelerate the
dissolution process of inorganic scales. In another application area,

metal ions such as €aand Zi#* have been used extensively as

anodic _inh_ibitors for me.ta!lic. CQrFOSion prOtECtiéﬂ'iterature. Figure 1. Fragment of the [Ca(yPBTC)(H0)-2H,O], coordination
reports indicate a synergistic inhibitory action of these metal ions polymer, showing the coordination environment of the seven-coordinated

and polyphosphonates. The observed synergy has been explainegz+ and the tetradentate chelation mode gPETC to four C&* centers.
on the basis of metalphosphonate inhibiting films on the metallic

surface'® Accurate description of these protective materials at the structure of [Ca(HPBTC)(H0).-2H,0].12 reveals a polymeric
molecular level is rather scaré&l®@ Among the various scale  material with HPBTC2™ acting as a tetradentate chelate, Figure 1.
inhibitors, 2-phosphonobutane-1,2,4-tricarboxylic acid (PBTC) has The C&" center is seven-coordinated in a capped octahedral
attracted considerable attention because of its well-documentedenvironment, bound by two phosphonate oxygens, three carboxylate
excellent properties, which have led to its extensive use in the field oxygens, and two water molecules. The phosphonate oxygens act
of chemical water treatment. as bridges between two neighboring?Caenters located 6.781 A

In this paper, we report the synthesis and crystal and molecular apart. The protonation state of the phosphonate and carboxylate
structures of the first metal salt of 2-phosphonobutane-1,2,4- groups in HPBTC~ warrants some discussion. X-ray crystal-

Ca(1

tricarboxylic acid, [Ca(HPBTC)(H,O),-2H,0],, the only structur- lography cannot give accurate H atom positions, so our arguments
ally characterized complex of PBTC and its identification as the are based on PO, C-0, and Ca-O bond distances. All PO
calcium-containing dissolution product of Cag@alcite) mineral bond lengths are essentially equivalent (1.521, 1.517, and 1.521

salt. We also report the effect ofsPBTC on corrosion of carbon A). In contrast, G-O bond lengths are well separated into “short”

steels in the presence of divalent cations, such &s &ad Zr#+.4 (1.208-1.230 A) and “long” (1.3051.310 A). The “long” G-O
Crystalline [Ca(HPBTC)(HO),-2H,0], is obtained by reacting ~ Ponds correspond to the oxygen atoms that are protonated, and thus,

CaCl2H,0 and PBTC in a 1:1 molar ratid.It can also be prepared ~ noncoordinated. On the other hand, the “short=@ bonds

in high yields from CaO or Ca(Ok)and PBTC in an aqueous correspond to.the oxygen atoms that are part of the carbpnyl group

suspension. Although CaO and Ca(@Have limited solubility in and are coordinated to the €acenter. There are several literature

water, they dissolve readily as they react with PBTC. The crystal €xamples of metal phosphonate structures that have monodepro-
tonated, metal-coordinated, phosphonate gréuffsa.10a.14.16,17,27,28
- ~_Careful examination of these structures revealscamsistent
Ch;;iostv&hﬁgé g?rrespondence should be addressed. E-mail: demadis@ observation: the PO bpnds, P=0, or P-O(-M), of the phosphoryl
T University of Crete. group are of approximately equal length and shorter than the
* University of Puerto Rico at Rio Piedras. P—O(H) bond of the protonated oxygen atom. The above is also

# Present address: Department of Chemistry, University of Michigan. true for noncoordinated phosphonates. On the basis of these
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Uncomplexed HPBTC shows three intense bands in the IR
spectrum due to the(C=0) asymmetric stretch (1750, 1717, and
1636 cml) and thev(P=0) asymmetric stretch at 1075 cf
[Ca(HsPBTC)(H:0).:2H,0], shows an intensg(C=0) asymmetric
stretch (1570 cmt) and av(P=0) asymmetric stretch (1080 cr).

It is noteworthy that the/(C=0) stretch is profoundly shifted to
lower frequency due to the weakening of the=G bond due to

hydrogen bonding. A group of bands in 51610 cn1? region are

assigned to CaO stetching vibration&

Several mixed metalphosphonate/carboxylate complexes have
been reported in the literature. Some contain one or more ami-
nomethylene-phosphonate grodpShese contai a N atom that
can also coordinate to the metal center, thus forming stable five-
membered rings via their aminomethylene-phosphonate moieties.
Others contain one phosphonate and one carboxylate groups, such
as~O0C(CH),PO2.17 To our knowledge there are no structures
reported of metal complexes that contain tricarboxylate/phosphonate
ligands.

A dissolution experiment was set!§po study the effect of PBTC
on the dissolution rates of CaGQralcite). Dissolution of CaC9
in the absence of additives proceeds only to 4.2% after 5 days. It
was found that PBTC greatly accelerates dissolution rates of gaCO
achieving quantitative dissolution within 9.5 min. 1,2,3,4-Butane-
Figure 2. Single-crystal morphology of [Ca@RBTC)(HO),:2H.0], tetracarboxylic acid (BTC) is structurally similar to PBTC in that
(upper). The crystal size is 40 110 microns. View of two zigzag chains it possesses four COOH groups instead of threeCOOH and
over five unit cells formed by Cagpolyhedra (green) and RO tetrahedra one —PQG;H, groups for PBTC. This structural variation has a
(magenta) that run paraliel to theaxis (lower). profound impact on its dissolution performance. BTC requires 30

arguments, we propose that the structure of [GR@TC)(H,O).: min for CaCQ dissolution, &~300% increase in dissolution time.
2H,0], is best described as having a doubly deprotonated phos- EDTA requires approximately the same time as PBTC to dissolve
phonate with all three carboxylate groups protonated. The latter C2CQ:. Citric acid achieved CaC{issolution in 8.0 min. At the
are coordinated to the €acenter through their carbonyl moieties.  €nd of the CaCe@dissolution experiment by PBTC the working

It should be pointed out that all three phosphonate O-atoms areSlution is set aside for partial solvent evaporation, followed by
involved in —P—0--*HO—C(=0) hydrogen bonding to three  Crystal formation of [Ca(5PBTC)(HO),-2H,Q]. This product was

carboxylate moieties. identified by FT-IR spectroscopy. Differences observed in CaCO
This is consistent with the long GO(=C) distances of Ca-  dissolution rates cannot be explained solely on the basis of variations
(1)-0(1) 2.470(2) and Ca(BO(5) 2.448(2) A. Such CaO= in pKy's between the different acidé Both PBTC and EDTA show

C(OH) coordination mode is rafé13 Fully deprotonated, metal- ~ comparable CaCgxissolution efficiencies and are doubly depro-
coordinated phosphonate groups in the presence of protonatedonated at the pH regions of the dissolution experiment. BTC and
carboxylate groups have been recently observed in the structure ofcitric acid, on the other hand, are monodeprotonated but exhibit
SM[(OsPCHy),NH-CH,CeH,-COOHJH,024 The phosphonate group ~ dramatically different dissolution rates, with citric acid being 3.75
and the carboxylate group oxygen atoms at the 2 position form a times faster than BTC.
six-membered chelate with the Eacenter. Dissolution of inorganic scale deposits has been reported
As mentioned above, the phosphonate group is doubly depro- before$2° Those studies focus on dissolution rates and crystal
tonated. The—O—P—0O— moiety bridges two Cd centers. On surface modification effects, but no effort was made for the
the basis of the similar GaO(phosphonate) bond distances of characterization of the metal-containing dissolution products. The
2.378(2) and 2.385(2) A the negative charge is delocalized over initial step in M* (M = Ca, Sr, Ba) salt dissolution is surface
the entire 3-P—O moiety. CaOuqer distances, Ca(BHO(11) complexation of the negatively charged polydentate ligand through
2.352(3) and Ca(BHO(10) 2.445(3) A, are consistent with those its carboxylate or phosphonate moieties onto the positively charged
reported in the literaturé@4aThere are numerous hydrogen bonding M?2" lattice ions. In fact, it is not unreasonable to assume that PBTC
interactions in the structure of CafPBTC)(H0),-2H.0. Twelve approaches a CaG@rystal surface through itsPO;H™ moiety.
out of 13 oxygens in the structure (except O(3)) participate in an This is based on the structural similarities between the lattic¢ CO
intricate network of hydrogen bondsThe shortest @-O interac- and the—PO;2" anions. The same concept is invoked to justify
tions are Qurboxyiat§2)***O(8)pnosphonaie= 2.518 A and Qurboxylaté4): and explain the effect of PBTC and other phosphonates as crystal
+*O(9phosphonate= 2.510 Aand QurboxylatéB)***O(7 )phosphonate= 2.652 growth inhibitors of sparingly soluble salts such as Ca@@d
A. BaSQ.2! Last, it should also be noted that orthophosphate (B0
Interstitial water molecules are clustered close toahglane. has a strong inhibiting effect on Ca@Q@rystal growt?? The
They are hydrogen-bonded to Ca-coordinated water molecules andapparent differences in dissolution efficiencies between ineffective
carboxylate O-atoms, phosphate O-atoms, as well as to each otheBTC and efficient citric acid, EDTA and PBTC can also be linked
with O---O distances from 2.711 to 2.852 A. The bridgir@O; to the stability of the Ca-containing dissolution products, which
tetrahedra and the Ca@olyhedra are arranged in a zigzag chain may be a driving force for the dissolution process. There are no
configuration that runs parallel to theaxis. This is depicted in ~ known Ca complexes of BTC, but formation of seven-membered
Figure 2 (lower) together with the morphology of the [Cg®BTC)- rings between Ca and two neighboring carboxylate groups can be
(H20)*2H,0], single crystals Figure 2 (upper). The molecular envisioned. In the known structures of Ca-citrate (Ca(citrate)
structure of free EPBTC (crystallized as the monohydrates-H ~ 3Hz20)?® and Ca-EDTA [Ca(CaEDTAYH,O],* there are several
PBTCH.,0) shows both optical isomeR and S according to the five- and six-membered rings that exhibit higher stability than
Cahn-Ingold—Prelog sequence. BotR and S stereoisomers are ~ seven-membered rings.
also included in the structure of [CafPBTC)(H,O),*2H,0], in a A corrosion experiment was setd13°to investigate the nature
regular pattern. Each chain shown in Figure 2 (lower) contains only of the protective material acting as a corrosion barrier. On the basis
one PBTC stereoisomer. of visual observations, a combination of €and HPBTC in a
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Figure 3. Phenomenology of the anticorrosive effect of Ca-PBTC films
on carbon steel. The upper specimen is the “control” (A), no inhibitor
present. Surface “cleanliness” in the lower specimen Byl mM C&*/
PBTC equimolar combination is demonstrated, but overall metal loss is
enhanced (see text).

1:1 molar ratio (under identical conditions used to prepare crystalline
[Ca(HPBTC)(H0),:2H,QO] appearsto offer excellent corrosion
protection for carbon steel (Figure 3). However, based on mass
loss measuremerb8the corrosion rate for the “control” sample

is 0.16 mm/year, whereas for the “Ca-PBTC” protected sample 1.17
mm/year, a~10-fold increase in corrosion rate. Therefore, PBTC
essentially enhances the dissolution of “bare” metal, presumably
forming soluble Fe-PBTC complexes. In contrast to aminometh-
ylene-tris-phosphonate (AMP2 PBTC does not form stable
metal-phosphonate protective films. This is consistent with the
low complex formation constant for Ca-PBTC, 474,

Herein we report the synthesis and crystal structure of the
coordination polymer [Ca($*BTC)(H0),-2H,Q],, the Ca-contain-
ing dissolution product of CaC{by PBTC. Although citric acid
was a slightly better CaCQdissolver, it shows no applicable
inhibition properties toward calcium-containing scale depg§its.
PBTC, on the other hand and depending on the targeted application,
exhibits multifunctional properties because it is both an effective
CaCQ dissolver and CaCginhibitor.424¢29An attempt to study
the anticorrosion properties of PBTC in the presence ¢f" €A
showed that the C&PBTC combination is ineffective in corrosion
protection; although it maintains metal surfaces free of Fe-oxides,
it leads to substantial metal loss.

Phosphonocarboxylates are attractive compounds for a number
of areas including fundamental research and industrial applications.
They can be used as ligands for the construction of metaanic
hybrid$! because of their versatility, multiple deprotonation
processes, and ability to coordinate to metal cations and clidsters.

Acknowledgment. The authors acknowledge the General
Secretariat of Science and Technology and the Department of
Chemistry, University of Crete, for financial support and Solutia-
Europe for a sample of PBTC.

Supporting Information Available: Various views of the structure,
far and mid FT-IR spectra, an XRD powder pattern, SEM images of single
crystals, crystallographic details (bond distances and angles), and the cif
file of the title compound. Copies of crystallographic data may be obtained
free of charge from CCDC, ref. no. 258096.

References

(1) (a) Mallouk, T. E.; Kim, H. N.; Oliver, P. J.; Keller, S. W. In
Comprehensgie Supramolecular ChemistnAlberti, G., Bein, T.,
Eds.; Pergamon: New York, 1996; Vol. 7, p 189. (b) Clearfield, A.;
Sharma, C. V. K.; Zhang, BChem. Mater.2001, 13, 3099. (c)
Maeda, K. Microporous Mesoporous Mater2004 73, 47. (d)
Clearfield, A.Curr. Opin. Solid State Mater. Sc2002 6, 495.

(2) (a) Demadis, K. D.; Sallis, J. D.; Raptis, R. G.; BaranJPAm.
Chem. Soc2001, 123 10129 (b) Sun, Y.; Reuben, P.; Wenger, L.;
Sallis, J. D. Demadis, K. D.; Cheung, H.&ont. Biosci.2005 10,
803 (c) Sun, Y.; Reuben, P.; Wenger, L.; Sallis, J. D. Demadis, K.
D.; Cheung, H. SArthr. Rheum2004 50, S334.

Communications

(3) (a) Bijvoet, O. L. M; Fleisch, H. A.; Canfield, R. E.; Russell, R. G.
G. Bisphosphonates on BoneElsevier: Amsterdam, 1995. (b)
Fleisch, H.Bisphosphonates in Bone Disease: From the Laboratory
to the Patient Parthenon Publishing Group Inc.: New York, 1995.
(d) Penard, A.-L.; Rossignol, F.; Nagaraja, H. S.; Pagnoux, C.;
Chartier, T.J. Eur. Ceram. Soc2005 25, 1109.

(4) (a) Demadis, K. D.; Katarachia, S. Bhosphorus Sulfur Silico2004
179 627. (b) Demadis, K. D.; Lykoudis, Bioinorg. Chem. Appl.
2005 3, 135. (c) Demadis, K. D. Ifompact Heat Exchangers and
Enhancement Technology for the Process Industi&mh, R. K,
Ed.; Begell House Inc.: New York, 2003; p 483.

(5) Penard, A.-L.; Rossignol, F.; Nagaraja, H. S.; Pagnoux, C.; Chartier,
T. Eur. J. Ceram. Soc2005 25, 1109.

(6) (a) Demadis, K. D.; Mantzaridis, C.; Raptis, R. G.; Mezei|rtarg.
Chem.2005 44, 4469. (b) Andijani, |.; Turgoose, Pesalination
1999 123 223. (d) Kouznetsov, Yu. Prot. Met 2001, 37, 434.

(7) (a) Dyer, S. J.; Anderson, C. E.; Graham, G. M.Pet. Sci. Eng.
2004 43, 259. (b) Pina, C. M.; Putnis, C. V.; Becker, U.; Biswas,
S.; Carroll, E. C.; Bosbach, D.; Putnis, Burf. Sci.2004 553 61.

(8) (a) Tang, R.; Nancollas, G. H.; Orme, C. A, Am. ChemSoc.2001,

123 5437. (b) Atanassova, S.; Neykov, K.; Gutzow,JI. Cryst.
Growth 200Q 212 233. (c) Kanellopoulou, D. G.; Koutsoukos, P.
G. Langmuir 2003 19, 5691. (d) Frenier, W. WTechnology for
Chemical Cleaning of Industrial Equipme™ACE Press: Houston,
TX, 2001. (e) Dunn, K.; Yen, T. FEnviron. Sci. Technol1999 33,
2821. (e) Wang, K.-S.; Resch, R.; Dunn, K.; Shuler, P.; Tang, Y.;
Koel, B. E.; Yen, T. FLangmuir200Q 16, 649.

(9) (a) Welsh, I. D.; Sherwood, P. M. A hem. Mater1992 4, 133.

(b) Gunasekaran, G.; Natarajan, R.; PalaniswamyCdtros. Sci.
2001 43, 1615.

(10) (a) Demadis, K. D.; Katarachia, S. D.; Koutmos, korg. Chem.
Commun.2005 8, 254. (b) Nakayama, NCorros. Sci.200Q 42,
1897. (c) Rajendran, S.; Apparao, B. V.; Palaniswamy, N.; Periasamy,
V.; Karthikeyan, G.Corros. Sci.2001, 43, 1345.

(11) A quantity of PBTC (5.0 mL of a 50% w/v PBTC acid solution in

water, corresponding to 12.52 mmol of PBTC) was added to 25 mL

of deionized water under constant stirring. Solution pH was constantly

monitored and was found to be 0.7 after PBTC addition. Then, 12.52

mmol of Ca(OH}) (0.702 g) or CaO (0.927 g) or Caf2H,0 (1.84

g) was added gradually in small quantities. Final solution pH depends

on the C&" source used. For example, in the case of CagQi)

CaO after their addition was complete the final pH was 4.1. When

CaCb-2H,0 was used, the pH was lower, but it was adjusted to 4.2

by the addition of dilute NaOH solution. Upon standing of the sample

for ~3 days, single crystals of [Ca(PBTC}8),-2H,0] appeared.

They were isolated by filtration and air dried. Yield: 2.71 g (57%).

Elemental analysis: Calcd for Cady70:3P (Ca(PBTC)(HO),

2H,0) MW 380.08, Ca 10.52, C 22.10, H 4.47, N 0.0. Found Ca

11.10, C 21.85, H 4.22, N 0.0. Details on spectroscopic characteriza-

tion are given in Supporting Information.

X-ray diffraction data were collected on a SMART 1K CCD

diffractometer at 298(2) K with Mo K (1 = 0.71073 A) on a Ca-

PBTC crystal (rectangular plate, 0.320.06 x 0.01 mm). Crystals

are monoclinic, space grol2,/n, with a= 7.260(1) A,b = 10.352-

(2) A, c = 18.692(3) A3 = 94.087(3}, V = 1401.3(1) R, andz

= 4, dearca (9/cn®) 1.802, total reflections 7683, refined reflections

(Inet > 201ned) 1522, number of parameters 2R+ 0.0434 (0.0926,

all data),Ry = 0.0729 (0.0832, all data), GOF 0.902.

(13) (a) Kato, Y.; Toledo, L. M.; Rebek, J., I. Am. ChemSoc.1996
118 8575. (b) Swarnabala, G.; Rajasekharan, MInarg. Chem.
1998 37, 1483. (c) Platers, M. J.; Howie, R. A.; Roberts, AChem.
Commun.1997, 893.

(14) Bauer, S.; Bein, T.; Stock, N. Solid State Chen2006 179, 145.

(15) Details are given in Supporting Information.

(16) (a) Song, J.-L.; Mao, J.-G.; Sun, Y.-Q.; Zeng, H.-Y. Kremer, R. K.;
Clearfield, A.J. Solid State Chen2004 177, 633. (b) Stock, N.
Solid State Sci2002 4, 1089. (c) Gutschke, S. O. H.; Price, D. J.;
Powell, A. K.; Wood, P. TAngew. Chem., Int. Ed. Endl999 38,
1088. (d) Fan, Y.; Li, G.; Shi, Z.; Zhang, D.; Xu, J.; Song, T.; Feng,
S.J. Solid State Chen2004 177, 4346.

(17) (a) Hix, G. B.; Wragg, D. S.; Wright, P. A.; Morris, R. B. Chem.
Soc. Dalton Trans1998 3359. (b) Slepokura, K.; Lis, TActa
Crystallogr.2003 C59 m76. (c) Stock, N.; Frey, S. A.; Stucky, G.
D.; Cheetham, A. KJ. Chem. Soc., Dalton Tran200Q 4292. (d)
Yang, B.-P.; Mao, J.-G.; Sun, Y.-Q.; Zhao, H.-H.; Clearfield Bur.

J. Inorg. Chem2003 4211.

(18) CaCQ dissolution protocol. Calcite was a commercial sample
(Mississippi Lime Co., Alton, IL, BET surface area 10.6/g). PBTC
(5.0 mL of a 50% w/v solution in water, corresponding to 12.52

(12



Communications

mmol) was added to deionized water up to a volume of 50 mL, under
constant stirring. To that solution, 0.626 g (6.26 mmol) of CgCO
was added. The solution pH was adjusted to 3.1 by the addition of
NaOH. Instantly, release of G@as was noted, and the solid CaZO
dissolved completely within 9.5 min, yielding a clear colorless
solution of pH 4.2. The reaction container was left open standing
for 10 days while partial water evaporation occurred. At that time, a
crystalline precipitate appeared, which was isolated by filtration. FT-
IR analysis shows that this was identical to [Ca(PBTG#}d-2H,0]

Crystal Growth & Design, Vol. 6, No. 5, 2006.067

specimen was immersed in a control solution (no inhibitor) or in a
test solution with the same composition as described in ref 11, at
pH = 4.0 and the progress of corrosion was monitored by visual
inspection for 3 days. Then the specimens were removed from
solution, surface samples were taken for spectroscopic studies and
corrosion products were cleaned by a standard méthodetermine
corrosion rates from mass loss. It should be noted that these conditions
were purposely exaggerated compared to those found in actual field
applications.

prepared as above. The same experiment was repeated, except that(26) NACE Standard TM0169-95 (Item No. 21200), National Association

no PBTC was added to the dissolution mixture. Dissolution of CaCO
was observed only at 4.2% over the course of 5 days. Dissolution
experiments were also run with EDTA (12.52 mmol) that dissolved
the same amount of CaG@0.626, 6.26 mmol) in 10.0 min. Citric
acid (12.52 mmol) dissolved CaG@.626, 6.26 mmol) in 8.0 min.
When BTC (1,2,3,4-butanetetracarboxylic acid) was used as a £aCO
dissolver dissolution was complete after 30 min, at which time
precipitation of a noncrystalline C8BTC complex occurred. We
have not fully characterized this material.

(19) pKavalues: PBTC, 1.7{PQsH"™), 3.43 (first—COOH), 4.45 (second
—COOH), 5.97 (third=COOH), 8.13 -PO:?"); citric acid (—COOH
groups only), 3.13, 4.76, 6.40; BTC: 3.43, 4.58, 5.85, 7.16; EDTA,
1.99, 2.67, 6.16, 10.26Ka values are taken from Dean, J.lkange’s
Handbook of Chemistyyi5th ed.; McGraw-Hill: New York, 1999;
8.36 (for citric acid), 8.33 (for BTC), 8.46 (for EDTA). TheKgs
for PBTC are taken from Salvado, V.; Escoda, M. L.; de la Torre, F.
Polyhedron1999 18, 3275.

(20) (a) Fredd, C. N.; Fogler, H. &hem. Eng. Scil998 53, 3863. (b)
Ozmetin, C.; Kocakerim, M. M.; Yapicli, S.; Yartasi, kd. Eng.
Chem. Res1996 35, 2355. (c) Alkan, M.; Dogan, M.; Namli, H.
Ind. Eng. Chem. Re2004 43, 1591.

(21) (a) Didymus, J. M.; Oliver, P.; Mann, S.; DeVries, A. L.; Hauschka,
P. V.; Westbroek, PJ. Chem. Soc., Faraday Trank993 89, 2891.

(b) Black, S. N.; Bromley, L. A.; Cottier, D.; Davey, R. J.; Dobbs,
B.; Rout, J. EJ. Chem. Soc., Faraday Tran%991, 87, 3409. (c)
Gill, J. S.; Varsanik, R. GJ. Cryst. Growth1986 76, 57.

(22) (a) de Leeuw, N. HJ. Phys. Chem. B2002 106, 5241. (b) Pang,
P.; Deslandes, Y.; Raymond, S.; Pleizier, G.; Englezofd.Eng.
Chem. Res2001, 40, 2445. (c) Sabbides, T. G.; Koutsoukos, P. G.
J. Cryst. Growth1996 165, 268. (d) Burton, E. A.; Walter, L. M.
Geochim. Cosmochim. Actd9Q 54, 797.

(23) Sheldrick, B Acta Crystallogr.1974 B30, 2056.

(24) Barnett, B. L.; Uchtman, V. Alnorg. Chem.1979 18, 2674.

(25) Corrosion inhibition protocolCorrosion specimens (carbon steel
C1010) were prepared according to established protdédiach

of Corrosion Engineers, Houston TX.

(27) Knepper, T. PTrends Anal. Chen2003 22, 708.

(28) There are no known studies of BTC as a scale inhibitor. Citric acid
and EDTA influence indiction times of CaG@ormation but have
not found practical applications in the field. See (a) Wada, N.;
Yamashita, K.; Umegaki, T. Colloid Interface Scil999 212, 357.

(b) Westin, K.-J.; Rasmuson,.AC. J. Colloid Interface Sci2005
282 370. (c) Westin, K.-J.; Rasmuson, £. J. Colloid Interface
Sci. 2005 282 359.

(29) PBTC has been used as an effective alumina dispersant in the direct
coagulation casting proce¥s.

(30) Corrosion protection experiments carried out with2ZRBTC
synergistic combinations show corrosion protection that is worse than
the control (0.46 mm/year) but better tharP@®BTC combinations.
Compare the higher complex formation constant for Zn-PBTC (8.3)
to that of Ca-PBTC (4.437

(31) (a) Penicaud, V.; Massiot, D.; Gelbard, G.; Odobel, F.; BujoliJ B.

Mol. Struct.1998 470, 31. (b) Serre, C.; Ferey,.Gnorg. Chem.
1999 38, 5370. (c) Distler, A.; Lohse, D. L.; Sevov, S. €.Chem.
Soc., Dalton Trans1999 1805. (d) Poojary, D. M.; Zhang, B.;
Clearfield, A J. Am. ChemSoc.1997 119, 12550. (e) Alberti, G.;
Marcia-Mascaros, S.; Vivani,.R. Am. Chem. So&998 120, 9291.
(f) Stock, N.; Rauscher, M.; Bein, 1. Solid State Chen2004 177,
642. (g) Stock, N.; Stoll, A.; Bein, TMicroporous Mesoporous
Mater. 2004 69, 65.

(32) (a) Clearfield, ACurr. Opin. Solid State Mater. Sc1996 1, 268.
(b) Clearfield, A.Curr. Opin. Solid State Mater. S2002 6, 495.
(c) Clearfield, A.Prog. Inorg. Chem1998 47, 371. (c) Cao, G.;
Hong, H.-G.; Mallouk, T. E.AAcc. Chem. Resl992 25, 420. (d)
Demadis, K. D.; Baran, Rl. Solid State Chen2004 177, 4768. (e)
Burkholder, E.; Golub, V.; O’ Connor, C. J.; ZubietaJdorg. Chem.
2004 43, 7014.

CG050620H



