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1. ABSTRACT

. The influence of several natural and synthetic additives containing hydroxy and/or
carboxyl groups on the kinetics of crystal growth of hydroxyapatite (HAP) at sustained su-
persaturation has been investigated using the constant composition method. Addition of
low levels (0.25 to 5 parts per million) of fulvic acid, tannic acid, benzene hexacarboxylic L
acid, and poly(acrylic acid) to supersaturated calcium phosphate solutions has an inhibi- = ' oo
tory influence upon the rate of crystal growth of HAP. Salicyclic acid, under similar ex- . ]
perimental conditions, is an ineffective HAP growth inhibitor. Kinetic analysis suggests .. . . ... B
Langmuir-type adsorption of added ions on the HAP surfaces with a relatively high affin-

ity for the substrate in the concentration range investigated. , s

2. INTRODUCTION

The influence of inhibitors on the crystallization of hydroxyapatite (Cas(PO4)JOH,
HAP) has been extensively studied in relation to calcification in biological systems and
mineral scale formation in industrial water systems. HAP, 2 mineral prototype for teeth
and bones, is also encountered as a deposit on heat exchanger surfaces in industrial appli-. _
cations (cooling; boiler, pulp and paper) where alkaline pH dccelerates the conversion of .
initially precipitated amorphous calcium phosphate to HAP. Results of previous investiga-
tions using both seeded growth and spontaneous precipitation techniques have shown that
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* "DCPD crystal growth inHibitors Have'recently been reporte :
veal that additives containing both phosphono and carboxy.groups exhibit stronger inhibi-: -
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both pyrophosphate and brganophdéph;mates are effective ¢
calcium phosphate dihydrate (DCPD) (CaHPO,2H,0) and H

Several studies have been reported pertaining to the i

5.1-4 .

L%

fects of additives _cbntair‘xing.hydroxy, phosphionic, and ‘tarbo:

7.8

tory activity than those containing hydroxy and/or carboxy group

th inhibitors for di- ..

r S of di-, tri, and hexas .. .. [ . ...
carboxylic acids on the crystal growth of HAP. Nancollas et al.’ investigated the influence. - ' '
. of tricarboxylic acids on calcium phosphate precipitation using the seeded growth method. o

. . Comparison of the effect of citric acid, isocitric acid, and tr'carboxyijc acid suggests that. .. .. :

- the hydroxyl group in the molecular backbone plays a key fole ‘
. of these tricarb6xylate ions. A study on'the influence of benz
.+ zene tricarboxylic acid, glycolic-acid, malic acid, and mal¢
. hibitors.for-HAP reported that the: inhibitory power of these,
* the ionic charge (or the number of carboxyl and/or hydroxyl

e effectiveness of two . - .. |
&xacarboxylic acid, ben-. - -1 |-
s crystal growth in- -/
trongly depends on;
f the inhibifor® Ef: & -
¢-group as HAP-and " i~
ults of these studies;re-:: " 7o)

The-influence-of polymeric-inhibitors_(e.g., poly(acr;

and 4crylic acid-based copolymers) as crystal growth inhibit
has attracted the attention of several researchers. Smith an
calcium sulfate crystal growth is inhibited by poly(acryli

tal growth inhibitor for sparingly soluble salts (e.g., HAP,DCPD, BaSO,, CaF,), is in-
versely proportional to its molecular weight. In addition, ‘it has.-also been reported that

substituting the carboxyl group with bulky groups (for exaﬁplfe;';‘l.hydroxyl propylacrylate, -
tertiary butyl acrylamide, 2-acrylamido-2-methyl propane_;{sv'pl‘fpnic acid) results in in- .

creased inhibitory power of the copolymer in preventing the “precipitation of calcium

phosphates.'* A study of water-soluble polymers'’ reported phosphorylated polyvinyl alco- -
hol and sulfated polyvinylalcohol retarded transformation-‘pf_a_'zjri'brphous calcium phos- .
phate to hydroxyapatite. The adsorption of citrate (CA) and phosphocitrate (PC) ions by

HAP surfaces and their influence on con_stant—compps‘itipn_:gfqiggkth kinetics hdave been re-
ported. According to Williams et al.,'* PC was strongly adsorbed to HAP and inhibited

crystal growth and the two additives, PC and CA, behaved synergistically in their HAP .

crystal growth'inhibition. o '
" ‘Humic and fulvic acids, commonly found in the natura

study on the filtrationi of process waters containirg humic acid by membrane-based filtra-

tion procedures reported that humic acid forms a gel-like layer on the filter and blocks the .
pores of the filter. Recently, using a constant-composition method, Lacout et al.'® réported.

that. low levels of fulvic acid markedly inhibit DCPD crystaljl;'g'r» h.

‘In our laboratory, several studies have been conducted

sulfonic) on' the. precipitation .of sparingly soluble salts us1

salts, we examined fulvic acid growth inhibition effectiveness on HAP crystals. This study

icid),_poly(maleic acid),
or-sparingly soluble salts -
exander’ have reported that ..
id); poly(methacrylic acid), .
and carboxycellulose. Amjad'®™"” has reported that the effectiVeness of a polymer as a crys-.

tural environment, are polymeric -

. molecules whose molecular weights range from several huridred to several thousand. They - -

" mostly contain carboxylic and phenolic acid functionalities, ‘and:can behave as negatively -
charged colloids or anionic polyelectrolytes in surface waters. Nystrom et al.!” in their -~ ..

. _ the effect of synthetic--.

polymers containing a variety of functional: groups (including y'(fi_fff)xyl, carboxyl, ester, .-

ing the constant composition.
(CC) technique. It has been found that the overall efficacy f_-.t'-h"é‘ ‘polymer as a crystal |

- growth inhibitor strongly depends on ionic charge, polymer omposition, and molecular

~ weight. Humic and fulvic acids commonly ‘present in many .;§u;fac¢“ ‘waters are known to N
affect the efficiency of industrial water systems (cooling, boilgr,l-dés'la'lination) and agricul- . - .
tural fertilization. To understand humic substance interactions with. various scale-forming . .
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also presents results on the ef"ect oftanmc acid-and salicylic acrd hie' crystal growth of -
. HAP at: constant, supersaruratlon For performance comparison rystal growth experi- -
ments were also carried out in the presence of low molecular welg t'poly(acryltc acrd)

' and benzene polycarboxyllc acrds

- 3 EXPERMENTAL

Solutrons were prepared usrnc7 reagent grade chemrcals w1th gionized, drst1lled""'- DTN
nic absorptton spee

y Fulv1c acid used
s.obtained from

- troscopy and phosphate solutiors were analyzed snectrophotometnc
“’in this study was charactenzed as described’ previously.'” Tannic acid
Fisher Scnentlf'c and was used. Without further pirification, Benzene hexacarboxylic acid:
“and benzene-1,3,5%tricarboxylic -acid “were- ‘obtained from Sigma.Chemical Company. - =

Poly(acrylic acid) was a commercial sample -from the BFGoodrich:Company (the use of

tad

--dorsement by the USGS).
" 7" HAP seed crystals were prepared and. characterlzed as descrrbed prevnously ' All ex- ,

’perlments were .conducted-at 37'%+°0.1 °C.in doubled- walled, water-Jacketed Pyrex cells. - -
(Figure 1). The crystal growth experiments ‘were made at constant supersaturation as’de-
scribed previously."-Hydrogen -ion activity measurements were made with a glass/Ag -

AgCl electrode pair equilibrated at 37 °C. The electrode pair was standardized before each’
experiment. In a typical crystal growth expériment, the stable supersaturated solution of -
calcium phosphate with a calcium to phosphate molar ratio of 1.67 was prepared by ad- -
justing the premixed subsaturated solution of .calcium phosphate to a pH of 7.40 by the
slow addition of 0.10 M potassium hydroxide. The supersaturated calcium phosphate solu-
tions were continuously stirred while nitrogen gas pres'tturated wrth water was bubbled
through the solution to exclude carbon dioxide.

After the pH adjustment and a waiting period of about 4\ mmutes the crystal-
lization was initiated by the addition of well- characterized HAP seed crystals To investi-
gate the effect of 1nh1b1tors stock solutions were diluted to the desired concentrations in ":
the working solutions. In all cases, the precipitation reaction started immediately- follow-
ing the mtroduetlon ofthe seed crystals in-the’ crystalllzatlon medtum Durm(7 HAP torma-‘ -

trade-names-in-this-report-is-for- 1dent1fcat10n purposes only and. does noLconsntute en-__.

-
o . 0
- . .- thermostated :
' mpuleon;lat .. . <t calcium phosphate
— < || solution
pH-tneter : dosimat -

Figure 1. Constant composition experimental apparatus.




,--Tab]e 1. Substances evaluated for inhibitiof o
' crystal growth onto HAP seed crystils
constant supersaturatton

. Inhibitor

Fulvic acid
Tannic acid
. Salicylic acid s
" - Benzene Hexacarboxylxc Acnd
" Benzene-1, 3, 5- Tncarboxyltc acid
- Poly (Acryhc acrd) -

on protons areg released m the so]utlon thus offermg 2 very sérsitive means of momtor-'

' mg its. crysta]hzatron process. This i Increase in hydrogen ion activity accompanying crys- <

" tallization, was sensed by the pH électrode,. which trigg n_automatic_titrator__
. potentiostat (Brmkmann Instruments, Westbury, NY) to add" ti
] chlorlde potassium phosphate potassium hydroxide, and mhl )
" tion. ratios of the titrants corresponded to the storchrometry of:t
' 'chlorlde was added to calcium phosphate supersaturated solut
_ ionic strength. Periodically, ahquots of the reaction mixtures we
ter, Millipore Corporation, MA) and the. filtrate analyzed for cal ,
to verify the constancy (within 1%) of the concentrations. Crystalhzatron rates were deter- .

.+ .mined from the rates of addition of mixed titrants and corrected for surface area changes.'®
~ Table 1'lists the additives studied in this investigation. : )

filtered (0.22 micromie-

| '_ 4. RESULTS AND DISCUSSION

The solutron supersaturatron was computed by accountmg for the mass balance

equatxons for total calcium and phosphate and electroneutrality conditions by successive

o ’approxrmatlons for ionic strength using the method described previously.'® The- drrvmg
.. force for the crystallization of HAP is. the change in bebs :
" from the supersaturated solution to equilibrium:

AG=-(RT/n) In (IP/K,) (D
v.where IP is the ionic actwlty product, K the value of IP at"'{;:q
 are the ideal gas constant, absolute temperature, and the number f ions in'the unit for- '
mula of the calcium phosphate phases (for HAP n = 9), respectively. The AG values ob- .

. . stabllrty of the experimental solutions compared to solutions i in;

" negative AG values represent solutions supersaturated with resp‘ _
. der consideration. Table 2 summarizes the experimental condrtlons -used and the results of N
typlcal crystal growth experiments made in the presence and ab “of inhibitors. '

L centratlons of FA, it is possible to.describe the concentratlon--perfonnance relationship. |
" for FA (Frgure 2) HAP growth rate decreases with mcreasmg fulwc acid concentration.

solutions of calcium "
The molar concentraz. - = |
'HAP phase. Potassium: .-

ns to maintain constarit o

ium and phosphate ions’. ‘

energy (AG) for'going .

1br1um andR T andn._'l_\..'".

tained using Equation 1.for various calcium phosphate phasés indicate the thermodynamlc L '_
ermodynamic. equilib- .. o ,
. Tium with that partrcular phase. Positive AG values represent: \itide; aturated solutions and. .- *7 - "
to the solid phase un-* -

. By conducting a series of crystal growth experiments. in the ,re'sence of varying con-
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Tahle 2, Crystalhzauon of HAP on HAP seed cryst !
. tht. prescnce oflnhlbltors A -

Rate oFHAP ;

o : Inhibitor'conc., - crystal g gréwih.x.:
. Exp Inhibitor ppm 10" mole min” m*
none 0.0 I
cmome . .. 0047
" none - 0.0
: U FA : 025 ~ -
FA .. 0.30
FA . 1 0.50
FA. . 070
FA © 100
. FA L 1.25
¢ - TA - .50
» TA - 10 .
TA 2.0 e
TA T
TA 40
REE sA o kO
33,7 ’ oSA - 750
34. - " BHCA . 0.50.
35 - BTCA C.Loo
36. ) BTCA 5.00
37. ' PAA 10.25
38. 0 7 T PAA 033 - - 6l
3. - PAA . 0.50 35
40, - PAA 0.60 1.2
41, PAA ©L00 0.7
*Initial conditions : T, (total solution calcium concentration) =130
mil, Ty, (total soluuon phosphate concentration) = 0.300 m\l pH
7.40.37°C

KCl = 7.00 mM. Titrant 1: (_JCI =8, 00 mM, Titrant 2 2: : KH,PO; = e SO
mM + KOH = 991 mM. AG (kJ mol” )_ HAP, - 52.6: OCP, - 10.7 . DCPD

+4.02

‘.Interestmuly, a fulvu, acnd concentrﬂtlon as low as 0.25 ppm’ swmhcantlv reduces the .
_crystal growth rate of HAP. The rate data in Figure 2 also show that increasing the FA con-. '
: ,centratxon from 0.25 to | ppm results in a swmﬁcant decrease in. crrowth rate, respectlvely -
. Tt is. worth noting that a further increase in the mhlbltor concentranon to L. 73 ppm de-
'.creased the growth, rate by about 30%. _
. "In view of the above results indicating that fu vic acid e‘(hlblts strong 1nh1b1tory ac--
:tw1ty for HAP crystal g growth, addmonal experlments were performed thh TA (Table 2).

: HAP grown-as a function of time during several of these expenmems (qure 3). For'éx-
"gmnlp in tha nrecance of 1 nnm TA the rate m“ T—IAP growth rate is reduced by 38%: and’

'_'The :marked inhibition of HAP crystalllzatxon by TA is clearly seer in the plots of moles of "
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”ﬁ"t""_']'ec,glar weight poy(acrylic acid). The results of these experin
n »iy‘,/ble_ 2. Amounts of HAP formed in solutions of constant supe
. files for varying concentrations of poly(acrylic acid), PAA, &

v-“::\dicate’s that BHCA (highly anionic compound) exhibits superior
. "SA,TA, and FA. Growth rates obtained i the presence of 1-p
“:for PAA, BHCA, FA, and TA are <<1, 2.9, 6.8, and 10.4 (10% m
It is worth noting that; tinder. similar experimental condition
- inhibitory activity (Table 2). Based on this inhibition data (Table
", ~ing in terms of inhibitor efficacy is: - o

PAA>BHCA >FA > TA >> BTCA, SA = contro ditive).

ata shown in Figure 4 indicates that PAA is an effective HAP growth inhibitor. Figure 5~ = IB
hows the competitive inhibition data for SA, TA, FA, and BHCA at 0.5 ppm. The data'in-.
erformance compared. to-
inhibitor concentration .
' m?), respectively.,
id not exhibitany .-
igure 6), therank-

The.kinetic_data.cIéarfly-sug,gestS»thaLovera—l lHonic-charg -‘e’a:dditive"p‘lays-“_jk‘ey

) _.rovle in influencing the growth rate. This is consistent with prey

. ‘phoretic mobility to the BaSO, particles.” Similar observations;
" netic studies involving the effect of polycarboxylic acids :
- dicalcium phosphate dihydrate?' and calcium carbonate.22 N

B Polymeric and non-polymeric inhibitors play an importantrole in several industrial
and biological processes where precipitation of sparingly. solubl}éj:sa[ts must be prevented.-
- To explain the influence of inhibitors on the crystal growth and dissolution of sparingly-
‘soluble salts, various mechanisms have been proposed, inc;ludiii_g: a) inhibitor absorption
ori the crystal surface, either generally or at the active sites, b) i'thibitor formation of sta-

the . crystallization. of -

Under the experimental conditions employed in the present study, however, the decrease’
~'in rate of crystallizatiori must be attributed to surface adsorption rather than to an increase -
-in ionic strength of the supersaturated solution in the presence of inhibitor. Inhibitors con-

percentage of calcium complexed, even at the hig'hes't inhibitor concentration, accoun’ts_ffcjr
less-than 4% of total calcium concentration in solution (M. Reddy, unpublished results)..
. Previous investigations of the influence of both polymeric and non-polymeric in-

hibitors have shown that the reduction in the rates of crystal growth and dissolution. of *.

-~ sparingly soluble salts by inhibitory anions follow a Langmuir adsorption model. If the ad- -
sorbed inhibitor at concentration [B];covg:rs a fraction (A) of the total available surface,

_then the rate of adsorption may be expressed as k, [B](1-A) and thg rate of desorption as k2 -

A, where k, and k, are the corresponding rate constants. At equilibfium, then:

@

R/(R-R)=1+(k,/k, ) [B]

where R and R, are the growth rate constants in the ébsence and pr b;:‘eﬁcé:.of inhibitors,'vr',eﬁ- »
spectively. According to Equation 2, a plot of R / (R_ - R) agaﬁiﬁfsﬂt,[B]" should give a

straight line. Such plots for fulvic acid and tannic acid are shown iﬁ"Figu;‘e 7. The datain .

Figure 7 suggest that crystal growth of HAP is completely inhibitéd,!i.e., ~ 1 at a concen-
tration of 1.3 and 3.9 ppm for FA and TA, respectively, which rnay._;'!_jfe compared with 0.65
ppm obtained for PAA. Table 3 summarizes the concentrations needed for complete inhi-

_ . _ bservations that 'the:
~ .best inhibitors for BaSO, precipitation were those that imparted: the“most negative electro-
e been reported in ki-

~ ble solution complexes with caleium, thus reducing solution supersaturation, and c) super-
saturation decrease due to increased solubility resulting from increased ionic strength.

" centration is orders of magnitude smaller than a concentration tHat would give rise to"si'g-',,' B
nificant. changes in ionic strength or to simple c'alcium~inhibitof;:¢omplt;ﬁx formation. The - -
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Influence oleumi.c. Compounds on the Crystal G‘rowth of Hydroxyapatite

“  Table3. Comparative growth rate data on inhibitor performance as’ mdlcated
by the inhibitor concentration needed to reduce the growth.by . 50% m the
absence of inhibitor for HAP, DCPD and calcite: - ‘

Inhibitor conc, ppm

System 'FA ©OTA PAA. Ref.

“HAP G . 13 . 39 065 thisstudy. 20
DCPD 052 - 083 0.021;  submitted forpublicati
Calcite 0.45 1A ~ subminted:for publication

all these systems the order of mhlbltor effectlveness 8 the same, Le.,] ,
. The inverse of the slope of the straight line (Figure 7) is "a measure “of the sorptron
" “affinity constant” of the inhibitor for HAP and may be useful for comparing the effect of
-various inhibitors. Because molecular weights of fulvic and tannic acrds are not available

89 .

for-comparing-the-performance-of-various-inhibitors,.an. aertrary crlterlon was selected to
determine the concentration of inhibitor that'results in 50% reductron in growth rate- (R, s

- Table 4 lists the concentration of a variety of inhibitors for HAP system taken from thrs re- .

port and other published investigations.

Comparison of R, 5 for various carboxyl- and/or hydroxy- contammcr 1dd1t1ves reveals '

that the most effective inhibitor among these additives is poly(acrylic acid) and the'additive

which exhibits the least effectiveness is glycolic acid. This ranking of performance suggests .

that the inhibitory power strongly depends upon the ionic charge of the additive. '
‘Among the phosphorus-containing additives, the best performance is observed for

" HEDP and PBTC. Phytic acid showed the poorest performance (by a factor of 50 less ef-
fective than HEDP).

Regarding the influence of metal ions, zinc ions are ten times more effective in in- .A

hibiting HAP crystal growth than magnesium: ions. It is interesting to note that the inhibi- .
tory power of zinc is comparable to phosphonates which are con51dered to be the best

inhibitors for HAP.

Table 4. Inhxbxtor concentration that reduces HAP crrowth rate onto HAP seed crystals
at constant supersaturanon to one half the inhibitor-free value (1 e. Ry, 5) o

Inhibitor Conc..

Inhibitor " Acronym ppm - Ref.

. Fulvic acid FA 1.3 ~ this study

* Tannic acid TA - 39 * - this study

. Mellitic acid MA oLy o6
Citric acid . CA B A DS
Glycolic acid GLA . 38, T T
Poly(acrylic acid) © - PAA o 0.65. . - this study
Pyrophosphate . PYP... C008 L L 4

_ Phytic acid . PA : 58 ¢ . 23
Nitrilotri(methylene phosphonic acid) NTMP 0.4 : 4
1-Hydroxyethylidine-1,1- diphosphonic acid HEDP 0.12 ) 4
2-phosphonobutane-1 ,2,4~tricarboxylic acid PBTC 0.11 - A
Hydroxyphosphono acetic acid HPA 022 7
 Magnesium Mg 13 - . 24

. Zinc Zn 013 =~ .. 25
Glucose GL 59 . T 26

PSR, .
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