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ABSTRACT: A number of series of poly(acrylic acids)
(PAA) of differing end-groups and molecular mass were
used to study the inhibition of calcium oxalate crystalliza-
tion. The effects of the end-group on crystal speciation
and morphology were significant and dramatic, with
hexyl-isobutyrate end groups giving preferential formation
of calcium oxalate dihydrate (COD) rather than the more
stable calcium oxalate monohydrate (COM), while both
more hydrophobic end-groups and less-hydrophobic end
groups led predominantly to formation of the least ther-
modynamically stable form of calcium oxalate, calcium ox-

alate trihydrate. Conversely, molecular mass had little
impact on calcium oxalate speciation or crystal morphol-
ogy. It is probable that the observed effects are related to
the rate of desorption of the PAA moiety from the crystal
(lite) surfaces and that the results point to a major role for
end-group as well as molecular mass in controlling de-
sorption rate. © 2009 Wiley Periodicals, Inc. J Appl Polym Sci
115: 2127-2135, 2010
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INTRODUCTION

The control of calcium oxalate crystallization is a sig-
nificant challenge in a number of different environ-
ments, including bleached wood pulp production’
and in vivo within the urinary tract.>™ Our interest
in calcium oxalate arises from the importance of cal-
cium oxalate in cane sugar milling, where calcium
oxalate monohydrate and dihydrate are major com-
ponents of recalcitrant scaling in sugar mill evapora-
tors.” ' The sources of calcium oxalate in sugar
mills are calcium hydroxide (added to the juice in
the clarification stage), and oxalic acid, which is
both originally present in the sugar cane and formed
in situ by oxidation of sucrose."!

Three hydrate forms of calcium oxalate are com-
monly encountered when the salt is precipitated
from aqueous solution: calcium oxalate monohydrate
(Whewellite, COM), dihydrate (Weddellite, COD),
and trihydrate (Caoxite, COT). In pure aqueous solu-
tion, calcium and oxalate ions typically precipitate to
give COM as the final product, via a COT intermedi-
ate. The speciation observed is highly dependent on
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experimental conditions—it is possible to obtained
predominantly any one of the three hydrates from a
feed of identical overall composition with changes in
mixing procedure alone.'” In general high initial
[Ca®*]/ [C,0%7] ratios, lower temperatures, and the
presence of carboxylic acid'® favor the formation of
COD and COM over COT."*

At 23°C, the temperature used in this work, esti-
mated K, values are 1.7 x 10~ for COM, 4.2 x
1072 for COD, and 5.4 x 10~° for COT, based on
trendlines for a large set of published data between
10°C and 50°C." These solubility products are for a
system containing only water, calcium ions, and oxa-
late ions. At high supersaturations, a greater fraction
of COD is reported to form,'* and the effect of
increasing univalent cation concentration is generally
to increase the solubility product.'

A great deal of work has been done using poly-
electrolyte additives to inhibit and control the pre-
cipitation of these salts, chiefly under the low tem-
perature conditions appropriate for the prevention
of calculi in the urinary tract.'®™ Although these
studies have investigated numerous polymers and
copolymers of both biological and synthetic origin,
the sugar industry is restricted by regulatory con-
straints to a small palette of poly(carboxylic acid)
additives, chiefly poly(acrylic acid) (PAA) and poly
(maleic acid). The molecular mass has been the
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Figure 1 Polymeric scale inhibitors prepared. EB, n = 1;
HB, n = 5; DB, n =7, HDB, n = 15.

only easily altered parameter for these species, and
there is abundant evidence that the most effective
calcium oxalate scale inhibition is found in the mo-
lecular mass range 2000-4000, the same molecular
mass range where maximum absorption of poly-
acrylate salts to calcium carbonate has been
observed.?*?!

In previous work, we have reported on the effect of
sucrose, silica, and calcium and magnesium ion con-
centrations on calcium oxalate formation,>!! and have
investigated the effect of polymeric additives on the in-
hibition of calcium oxalate crystallization under condi-
tions designed to simulate cane sugar mill process
streams.?* The results of Yu et al. (2005) showed that
the presence of silica, and to a certain extent, sucrose,
selectively stabilized COD or COT as opposed to
COM. The proportions of COD and COT, and the crys-
tal size and habit of COM were dependent on the con-
centrations of silica and sucrose. Yu et al. (2005) attrib-
uted the differences observed to differences in
adsorption capabilities of the various crystal phases of
calcium oxalate for silica and sucrose macromolecules.
Doherty (2006) found that magnesium ions significantly
enhance the solubility of calcium oxalate. The addition
of sucrose at up to 7% w/w was found to slightly
increase the apparent solubility product of calcium oxa-
late, but higher concentrations led to a significant
decrease in solubility product and the formation of less
regular COM crystals with a serrated morphology."

Doherty et al. (2004) reported on the effect of the
end-group functionality and molecular mass of PAA
in inhibition of crystallization of calcium oxalate in
synthetic sugar juices.”” These PAA were prepared
using radical polymerization with conventional thiol
chain transfer agents in order to control molecular
mass and end-group functionality, and the effective-
ness of the additives in reducing crystallization was
found to improve with the hydrophilicity of the
end-groups. The goal of the present work is to vali-
date and extend these observations by preparing
polymers of narrow polydispersity and controlled
end-group composition using controlled radical po-
lymerization. The narrow polydispersities obtainable
by controlled radical polymerization methods such
as Atom Transfer Radical Polymerisation (ATRP)
will clarify the effects of molecular mass on inhibi-
tion efficiency, while the ease with which ATRP ini-
tiators may be modified provides a facile means of
incorporating a variety of end-group functionalities.
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PAA scale inhibitors were therefore prepared in
the molecular mass range 1200-16,000, with a variety
of end-groups derived from the ATRP initiator,
and tested for their ability to inhibit calcium oxalate
precipitation and affect calcium oxalate crystal
morphology.

EXPERIMENTAL

The synthesis and characterization of the PAA scale
inhibitors used via ATRP of tert-butyl acrylate (BA)
has been described in an accompanying publica-
tion.”> PAA terminated with ethyl isobutyrate (EB),
n-hexyl isobutyrate (HB), cyclohexyl isobutyrate
(CB), n-decyl isobutyrate (DB), and n-hexadecyl iso-
butyrate (HDB) were prepared (Fig. 1). The molecu-
lar mass of these polymers was determined using
"H-NMR (through quantification of the 'H signal
from end-groups and polymer backbone to give a
number average molecular mass, My) and by size
exclusion chromatography (SEC) of poly(BA) precur-
sors. The estimated molecular mass averages and
polydispersities for all PAA studied are summarized
in Table L

The number average molecular masses determined
by "H-NMR and SEC were in broad agreement with
the values predicted from the monomer:initiator
ratios used in the ATRP synthesis.

EXPERIMENTAL MEASUREMENTS

Filtered distilled water (204 mL, 0.45 pm cellulose
acetate membrane) was placed in a 400 mL reaction
vessel and stirred magnetically. Ten mL of a 1000
ppm solution of Ca*" (as CaCl,) was added and the
solution was allowed to equilibrate for 1 min, after
which 10 mL of a 1570 ppm solution of C,O2~ (as

TABLE I
Molecular Masses of PAA Determined
by "H-NMR and SEC

PAA My (‘H-NMR) My (SEC) My (SEC) PDI
EB 1 1669 1598 2091 1.3
EB 2 5065 4548 6029 1.3
EB 3 7180 5242 6625 1.3
HB 1 1981 1864 2177 1.2
HB 2 4224 2879 3396 1.2
HB 3 6723 3307 3856 1.2
CB1 1852 1714 2136 1.3
CB2 3518 2367 2867 1.2
CB 3 6210 3399 4092 1.2
DB 1 2422 2392 3072 1.3
DB 2 4472 3064 3816 1.3
DB 3 6203 2717 4074 1.5
HDB 1 1687 n/d n/d n/d
HDB 2 4135 n/d n/d n/d
HDB 3 9391 n/d n/d n/d

PDI = Polydispersity Index.
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Figure 2 Representative calcium oxalate crystal morphol-
ogies. (a) COM from Control, 80 min. (b) COD from Series
1, HB1, 120 min. (¢) COT from Control, 30 s. (d) Plate-like
COT from Series 2, CB2, 80 min. Length of the scale bars
is 5 pm in all micrographs.

NayC,0,4) was added. Twenty-five mL of 54 ppm
polymer solution was added to the reaction vessel
either at the same time as the CaCl, solution (Series
1) or 30 s after the addition of Nay,C,0O, solution (Se-
ries 2). This procedure gave final molar concentra-
tions of 1.0 mM Ca*" and 0.71 mM C,03~ and 0.54
ppm PAA. The concentrations of polymer, calcium,
and oxalate ions used for this study were in the
same proportion as typically encountered in a sugar
factory where defecation is the method of juice clari-
fication.”> A limited series of experiments following
the Series 1 procedure were also carried out at 90°C.

Series 1 was intended to observe the effect of the
additives on both growth and nucleation of crystals,
while Series 2 was intended to isolate the effect of the
additives on the growth of crystal nuclei already pres-
ent. The tests were allowed to run for 2 h at 22 £+ 1°C
and 6 mL aliquots were taken at 2, 40, 80 and 120 min.
These aliquots were filtered though a 0.45 pm cellulose
acetate membrane and the crystals analysed by Scan-
ning Electron Microscopy (SEM) and X-ray powder
diffraction (XRD). The proportions of the calcium oxa-
late phases in the precipitate were estimated from the
intensity ratios of the major XRD lines.'> SEM images
were obtained from gold-coated samples using a JSM-
5800 SEM situated at the Electron Microscope Unit,
University of New England and XRD was carried out
using a PANalytical, ‘X’ Pert PRO at the X-Ray Analy-
sis Facility, Queensland University of Technology.

RESULTS
Typical crystal polymorph morphologies

X-ray powder diffraction of the precipitated calcium
oxalates in the presence and absence of PAA were

carried out to identify the three main calcium oxa-
late phases.'?

Figure 2 shows representative SEM micrographs
of the main calcium oxalate crystal morphologies
obtained in this study. The observed morphologies
are consistent with the reported boat/coffin mor-
phology of COM,*** the bipyramidal morphology
of COD,* and plate-like morphology of COT."

Another COD morphology, observed in the pres-
ence of most of the polymer additives, was small
elongated COD crystals. This morphology has been
reported previously, with the COD polymorph con-
firmed by Zhang et al.*® The morphology changes as
shown in Figure 3 (crystal sizes not to scale).

Crystal morphologies in the absence of PAA

In control experiments, the formation of all three
polymorphs could be observed after 30 s of crystalli-
zation with COT clearly dominant. Both COD and
boat COM were evident, but with crystals small and
poorly formed. After 2 min, COT crystals had typi-
cally grown into large plates and the boat COM and
COD crystals also grew considerably and became
more clearly formed. In samples taken at 40 min, the
COT had largely disappeared, apparently redis-
solved and recrystallized to give a large amount of
COM with a clear boat morphology. A small amount
of COD was also present. At long times, the control
experiments showed well-formed crystals of COM
and COD and stellates arising from heterogeneous
nucleation (Fig. 4) and was confirmed to be primar-
ily COM by XRD.

These results are consistent with Ostwald’s Rule
of Stages,”” which suggests that in most cases the
first crystal polymorph to form will be the one
which requires the least structural change on

{101}

{100}

Figure 3 Elongation of COD by PAA. Figure modified
from Zhang et al., Chem Mater., 2002, 14, 245026
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Figure 4 Crystal morphologies in the absence of PAA.
COD and COM crystals formed in the absence of polymer
after 120 min, 52.8 pm across image.

proceeding from solution or melt, rather than the
polymorph of greatest thermodynamic stability.
They are also consistent with previous experimental
observations of calcium oxalate hydrates.”*”

Crystal morphologies in the presence of PAA

Table II presents a description of the phase, mor-
phology, and crystal sizes of calcium oxalate crystals
obtained in the presence of PAA at 23°C. Unlike the
crystallization carried out in the absence of polymer,
none of the crystallizations carried out in the pres-
ence of PAA gave rise a predominant COM phase.
The crystals appearing in the micrographs could be
characterized as a hierarchy of crystal populations,
consisting of mainly COD and COT phases. In
experiments carried out at 90°C, all crystals
observed were well-formed COM for all PAA, con-
sistent with a more rapid transition to the thermody-
namically favourable product.

The crystal distributions have been divided into
three populations, viz., A, which is predominantly
COT; B, consisting of COD crystals; and C, consist-
ing of a mixture of ill-formed COT and small crys-
tals of elongated COD.

Population A

The largest population observed in most prepara-
tions was of ribbon-like structures, 3-8 pm wide, of-
ten curved and variable in length from slightly lon-
ger than their width to 30-40 pm (Fig. 5). XRD
results suggest that this phase was COT, and con-
sistent with Ostwald’s rule of stages this phase
forms rapidly. In most cases, the size and morphol-
ogy of these crystals did not change significantly
over the course of the precipitation.
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Population B

This population consists primarily of particles of Dy,
symmetry that are clearly COD (Fig. 6). These typi-
cally grew over time and became more distinct, but
in some cases gave rise to extensive surface nuclea-
tions leading to stellate structures. The crystals in
this population were in almost all cases considerably
smaller than the first population, typical dimensions
being 3 pm x 3 pum.

Population C

This is the smallest population, which was not pres-
ent in all crystallizations and was the most variable
in composition and over time. At longer crystalliza-
tion times especially, small crystals like lengths of
ribbon were observed, which had ragged edges
instead of the well-defined edges seen in the large
ribbons of COT (Fig. 7). These were typically of
dimensions 1 ym x 2 pm, and may provisionally be
identified as a deformed COM morphology. ‘Little
spindles” were observed which may be the short rib-
bon-like crystals seen from the side.

Also primarily at long times, small crystals of
COD were observed in many experiments. These
crystals were frequently elongated (Fig. 8). These
were frequently accompanied by small stellates, typ-
ically of order 1 micron square and attributed to het-
erogeneous nucleation.

Confirmation of the morphology assignments was
done by powder XRD of the Series 1 preparations
with the intermediate-length PAA inhibitors
(Table III, Fig. 9). These results also show that the
plate and ribbon-like morphologies dominating at
long times for most preparations in the presence of
PAA are primarily COT, rather than the COM which
is the primary product in the absence of PAA.

The effect of different PAAs on the crystal mor-
phology and the speciation may be summarized as
follows:

* COT is the main phase. In the control experi-

ment without polymer, COM is the main prod-

uct. However, the HB samples contains COD as
the predominant phase.

Different proportions of COD. Most samples

have much more of the initially-formed COT

population A than of the population B of
smaller crystals dominated by COD. However,

the hexyl end-group (i.e.,, HB) gives rise to a

population dominated by COD.

* COD crystal development. In some prepara-
tions these began rounded and became sharp
over time, while in others they remained
rounded at all times. The observation of
COD formation is consistent with previously
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TABLE II
Effect of PAA End-Groups on Calcium Oxalate Crystal Morphologies

Series 1

PAA A-type population COT B-type population COD C-type population Mixture of COD

and COM

EB 2000  Regular, 5-10 pm wide. Initially rounded, becoming well At 120 min, much elongated COD at
defined at 120 min. Some stellates. 1x 2 aspect ratio and stellates.

EB 4000  3—4 um wide at 2 min, Few present. Initially moderately well- ~ Variable and poorly formed. No

4-6 um wide at 120 min. formed, never well-defined. elongated COD visible.
EB 6000  Well-formed, 2-4 um wide. Few present. Rounded at all times. Very few present.
HB 2000 Negligible at all times. Initially poorly formed, well defined at At 120 min, much elongated COD at
120 min. Numerous, with significant 2 x 3 aspect ratio and stellates.
heterogeneous nucleation.
HB 4000 Short, well-formed, 8-9 pm wide, Many, still indistinct even at end. Small population of small COD.
few in number.

HB 6000 Highly irregular in length and Initially poorly formed, distinct at end. At 120 min, primarily COD, with
width. Much more numerous elongated aspect ratio close to 1x1.
than in HB 2000 and HB 4000.

CB 2000 Mostly short, 5-6 um wide. Few. Initially rounded. Well-defined Some elongated COD at 120 min, as-
Some longer curved ones, late, variable in size. pect ratio 3 x 2.
numerous aggregates.

CB 4000  Variable with respect to width, Initially poorly formed, distinct at end. Some stellates, much elongated COD
mostly short. Some twinning. after 50 min, variable in size of as-

pect ratio about 1 x 2.

CB 6000  Fairly narrow. Variable in length. Very few. Initially poorly-formed, dis- A few short fat elongated CODs (as-
tinct at end. pect ratio 1x1 or less).

DB 2000 3-4 pm wide, variable length. Moderately numerous, amorphous A few elongated COD, aspect ratio
early, sharp at end 3x 2.

DB 4000  Fairly regular, 5-7 pm wide. Initially poorly-formed, distinct at end. Many distinctive elongated COM, of-
Some elongated. ten clustered, aspect ratio 1 x 5.

DB 6000  Short and irregular. 3-4 pm wide at Moderate numbers, become more dis-  Few visible.

2 min, 5-6 pm wide at 80 min. tinct with time but still largely indis-
tinct at 80 min.
HDB 2000 Irregular in width and length. Very few COD, at 40 min and after. Not observed.
2—4 pm wide.

Series 2

PAA A-type population COT B-type population COD C-type population Mixture of COD

and COM

EB 2000  Highly variable. Initially rounded, become well-defined =~ Many ribbon and spindle structures
at 120 min. Some stellates. at 2 min. Much reduced with some

stellates at 120 min.

EB 4000 Narrow (2—4 um), variable, often Rounded at all times. Numerous stel- Ragged shapes and some stellates.

aggregated. lates, little change with time.

EB 6000  Highly variable. Few present. Rounded at all times. Many spindles/ribbons, very regular.

about 0.6 x 1.2 pm.

HB 2000  Short, poorly formed, 6-7 pm wide.  Initially indistinct, moderately defined = At 120 min, mix of ribbon structures,
later, with some elongated. spindles, stellates, and some elon-

gated COD, aspect ratio 1 x 5. A
few ribbon structures at 2 min.

HB 4000 Narrower (4-5 pm) and more Initially poorly-formed, distinct at end. At 120 min, mixture of ribbons and

numerous than S1 population. stellates. Ribbon structures at 2
min.

HB 6000 Highly irregular in length and width. Few. Initially rounded. Some large and Mostly ribbons. Some very small

Much more numerous than in HB well-defined late, others rounded. elongated COD at 120 min, about 1
2000. x 2-3 aspect ratio.
CB 2000 Mostly short, 5-6 pm wide. Initially poorly-formed, distinct at end. Many spindles and ribbon structures
Some longer curved ones, numerous  Much twinning and stellates. at all times.
aggregates.
CB 4000 Narrower and more regular than Se- Few. Initially well-defined, some Elongated COD, aspect ratio about 1
ries 1. slightly elongated. x 3

DB 2000 Highly variable. Numerous, mostly rounded at all times. Numerous ribbons.

DB 4000 Irregular, variable width. Few, rounded at all times. Numerous ribbons and spindles.

DB 6000 As DB 6000 S1, more small irregular Moderate numbers, indistinct at all Many ragged ribbon structures.

structures.

times, stellates.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Calcium oxalate population A. (a) Series 1, EB1,
120 min, 88 um across image, showing dominant ribbon-
like COT morphology. (b) Series 1, DB3, 40 min, 88 um
across image, showing dominant ribbon-like COT
morphology.

observed effects of synthetic and biological
polycarboxylic acids.'*** COD crystals were
typically poorly developed in the early stages of
the experiment, with rounded vertices, but were
observed to have sharper vertices in the later
stages of the experiments.

* Elongated COD habit in population C. The
degree of elongation of COD appeared to be
fairly constant within each sample. The forma-
tion of elongated COD morphology was evident
in experiments with the additives EB1, DB2,
HB1, HB3, and the CB series.

In general, there was relatively little difference in
morphology of crystal formed in Series 1 and Series
2, suggesting the morphologies and crystal sizes
were not defined primarily by the nucleation
process.

Series 1

In general, most Series 1 experiments gave COT as
the main final product, rather than the COM

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Calcium oxalate population B. (a) Series 1, EB1,
120 min, 33 pum across image, showing well-formed COD
crystals. (b) Series 1, DB3, 40 min, 33 um across image,
showing rounded COD crystals.

observed in the control. XRD results are consistent
with a small proportion of COM in crystals prepared
with some of the additives, but none of the Series 1
samples were dominated by COM to the same
extent as the control sample. A larger proportion of
COD was also observed in many of the Series 1
experiments than the control experiments, an obser-
vation consistent with previously observed effects of
synthetic and biological polycarboxylic acids.'®**

Figure 7 Calcium oxalate population C. Series 2, DB3.
2 min, 11 pm across image, showing ragged-ended forms
of COM.
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Figure 8 Calcium oxalate population C. Series 1, EB1, 120
min, 11 pm across image, showing elongated COD crystals
and stellates.

COD crystals were typically poorly developed in the
early stages of the experiment, with rounded verti-
ces, but were observed to have sharper vertices in
the later stages of the experiments. As the experi-
ments were continued, the elongated COD crystal
morphology also became evident in experiments
with additives EB1, DB2, HB1, HB3, and the CB
series.

In polymers HB1 and HB2, a clear majority of the
crystals formed were COD rather than COT. These
experiments were associated with an early onset of
significant crystal growth as measured by conductiv-
ity, but a long crystallization time suggesting much
slower crystal growth in these systems.*

There is considerable experimental evidence sug-
gesting that optimal efficiency of inhibition by poly-
acrylic acid scale inhibitors is given by polymers of
intermediate molecular mass, 2000-4000.2>%°  Our
researches on the calcium oxalate system suggest that
the position of this optimum shifts to longer molecular

mass as the size of the end-group increases, and this
correlates well with the polymers giving the greatest
amount of elongated COD in Series 1.

Series 2

In general, there was relatively little difference in
morphology of crystals formed in Series 2 from Se-
ries 1, suggesting the observed morphologies were
not determined by nucleation. All tests in Series 2
formed COT as the major morphology. All tests also
formed COD which had rounded vertices after
2 min of crystallization and sharp vertices after
120 min. Where the {100} face on the COD could be
clearly delineated, it was larger in this series than in
Series 1. Boat COM crystals also formed in all tests
and were of the same approximate size (1.5 pm x
0.8 pm x 0.7 pm) as crystals found in the control af-
ter 30 s of crystallization.

In HB1, CB1, and CB2, the elongated COD mor-
phology was observed after long times and in HB4
COD rather than COT was the predominant mor-
phology at long times.

DISCUSSION

The primary calcium oxalate species obtained under
most circumstances was COT, rather than the COM
obtained in the absence of polymer. With the HB
polymers, however, COD was the predominant
phase, suggesting that end-groups play a crucial role
in the action of PAA as crystallization modifiers.

If polymeric crystallization inhibitors are acting
primarily by adsorption to growing crystal surfaces,
then a molecular mass dependence on effectiveness
is expected, as small chains will desorb rapidly and
large chains will not relax sufficiently to cover the
surface within the required timeframe and leave

TABLE III
Effect of PAA End-Groups on the Distribution of Calcium Oxalate Phases, Series 1

Peak area, COT

Peak area, COM

Peak area, COD

Experiment d =663 A) (d =590 A) d =618 A) %COT %COM %COD
Control 120 min 0 4200 1015 0 81 19
EB2 2 min 5233 0 0 100 0 0
EB2 120 min 13,080 0 0 100 0 0
HB2 2 min 0 0 1144 0 0 100
HB2 40 min 1523 0 2467 38 0 62
HB2 80 min 1284 0 1615 38 0 62
HB2 120 min 1126 0 1159 49 0 51
CB2 2 min 3134 0 0 100 0 0
CB2 120 min 4452 0 2788 62 0 38
DB2 2 min 2461 0 0 100 0 0
DB2 2 min 36,392 1153 0 97 3 0
DB2 120 min 5120 2544 0 100 0 0
HDB2 2 min 23,753 1021 0 9% 4 0
HDB2 120 min 28851 1391 0 95 5 0

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 XRD Diffractograms of precipitated calcium ox-
alate. (a) Series 1, HDB2, 2 min, primarily COT, (b) Series
1, HB2, 40 min, primarily COD, (c) 90°C, CB1, 120 min,
primarily COM.

dangling loops and coils on the crystal surface.”’**

This optimum mass of the polymer typically lies
between 2000 and 4000 g/mol.*! Inclusion of an
end-group that does not contain functionalities,
which can interact significantly with the crystal
might be expected to encourage desorption, shifting
the point of maximum effectiveness to greater poly-
mer molecular mass. Hence, if surface adsorption
was the primary mechanism of action of the inhibi-
tors, the effect of HB terminated PAA might naively
be expected to be intermediate between the effects of
EB and DB terminated PAA. Instead, dramatic varia-

Journal of Applied Polymer Science DOI 10.1002/app
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tions in behavior were observed, with HB1 and HB2
tests leading to formation of the less stable COD
over the more stable COM (The free energy of for-
mation of COM and H,0q, = -1751 kJ/mol™ and of
COD = -1744 kJ/mol*"), while both EB and DB ter-
minated polymers led to stabilization of the kineti-
cally favored COT and its retention as the majority
species after times at which it is entirely replaced by
COM in the absence of PAA. In general, the COD
crystals formed in the presence of HB and CB termi-
nated PAA were more sharply defined than COD
crystals formed in the presence of other PAA.

Further consideration of the probable effect of a
hydrophobic end-group on polymer absorption sug-
gests that as the size of the end-group increases, as
well as impacting negatively on adsorption to a
charged surface it will be more and more unfavorable
for it to exist in the aqueous phase, and it would be
expected to remain in an environment where there is
a high concentration of polymer and it may self-asso-
ciate with other hydrophobes. This suggests that the
HB and CB end-groups associated with more defined
COD morphology, a shorter aspect ratio in the elon-
gated COD and a greater proportion of COD are
those which most encourage desorption of the poly-
mer from calcium oxalate micro-crystallites.

Zhang et al.*® attributed the elongated COD mor-
phology to the adsorption of polymer to the {100}
faces of the COD crystal, causing the face to grow
slowly and increase in size. Thus weaker adsorption
would be expected to lead to a less elongated COD
morphology.

The differences in speciation must be related to
preferential adsorption of PAA to one polymorph.
However, it is not immediately clear which poly-
morph is preferred from the observations. Inhibition
of COM relative to COT and COD formation may be
related either to stabilization of the initially formed
COT species, or inhibition of the growth of COM.
Initial polymer adsorption onto COT surfaces may
retard their conversion to more thermodynamically
stable forms of calcium oxalate by stabilizing the ion
spacing at the surface; thus, it would be natural for
more COD to be observed with those polymers
which bind more weakly to calcium oxalate in gen-
eral, allowing more growth of COD nuclei. It has
been reported that urinary tract proteins—material
perhaps not very analogous to PAA, but also likely
to be anionic polyelectrolytes in vivo—show weaker
adhesion to COD than COM.*

Structurally, COM and COT are more similar to
each other than they are to COD,” and if PAA is
binding to COT it would be expected to bind prefer-
entially to COM surfaces as they form and retarding
their growth relative to COD. This is consistent with
the investigations of Jung et al. which demonstrated
that PAA is very effective in retarding growth on
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the {121} and {021} faces of COM and slows growth
on the {100} faces more effectively than the {010}
faces, a combination which would be expected to
lead to a broken-ribbon-like morphology as seen in
crystal population C. Mechanistically this is related
to the distribution and spacing of the ions on the
different surfaces: {010} faces present chiefly oxalate
ions, while a dense pattern of calcium ions is pre-
sented at {100} faces.>* Adsorption of PAA to COM
nuclei appears to be rapid and irreversible, from the
failure of the boat COM to grow significantly in the
presence of polymer. Differential degrees of absorp-
tion to COD interfaces could then explain the greater
reduction in crystal growth rate seen with HB-termi-
nated PAA and the preferential generation of COD
in these systems.

Huang et al. have carried out experiments with cal-
cium carbonate and poly(acrylic acid) analogous to
these at 30°C and pH = 8.5 using significantly larger
amounts of PAA, with one series where the PAA
was initially present and another where it was added
after nucleation, and only observed inhibition of crys-
tallization and changes in preferred polymorph in the
former case.”® This suggests the PAA is consumed in
the nucleation process in the formation of calcium
carbonate under these conditions, in contrast to the
results reported here. This may be connected with
the higher [Ca®'] : [anion] ratio employed in this
work, which would tend to favor desorption, or it
may reflect an intrinsic difference between the cal-
cium carbonate and calcium oxalate surfaces.

CONCLUSION

Significant differences in calcium oxalate speciation
and crystal morphology were observed in systems
that varied only in the molecular mass and end-
group functionality of the PAA scale inhibitor used.
The dependence of the changes in the crystals
formed on the end-group functionality was more
pronounced than the molecular mass dependence,
with mid-sized hydrophobic end-groups giving a
larger proportion of COD, more clearly-formed COD
crystals, and a population of small elongated COD
crystals which was less elongated than analogous
crystals formed with both more hydrophobic and
less hydrophobic end-groups. These features can be
explained by postulating that the adsorption and de-
sorption of the PAA from calcium oxalate surfaces
in this system is dominated by the nature of the
end-group, rather than its molecular mass. A plausi-
ble molecular mechanism for this would be the asso-
ciation of hydrophobes to form dynamic supermo-
lecular structures retarding desorption, not primarily
in the bulk phase where PAA concentration is low,
but at the crystal surfaces where the concentration of
polymer is high.

The authors gratefully acknowledge the assistance of Patrick
Littlefield of the University of New England in the collection
of the SEM images.
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