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This work investigates the mechanisms for the removal of calcium phosphate deposits from
stainless steel tubing in turbulent flows. Two types of deposits were analyzed: brushite (dicalcium
phosphate dihydrate, DCPD) and a mixture of DCPD/hydroxyapatite (HAP). Cleaning studies
were carried out at pHs ranging from 2.85 to 10. The data were analyzed by means of a
mathematical model that incorporates the effects of interfacial dissolution and mass transfer.
The results show that the HAP/DCPD cleaning rate is influenced both by the kinetics of the
interfacial dissolution and by mass transfer. Within the same range of experimental conditions,
the rate-limiting mechanism for DCPD removal was the abrasion of the solid by shear stresses.
In this case, the interfacial dissolution process plays the role of decreasing the structural integrity
of the deposit. These findings show that the removal mechanism of the HAP/DCPD mixture
differs significantly from the behavior of individual components.

Introduction

The precipitation of hardness salts results in the
formation of mineral deposits that are difficult to clean.
The composition of mineral scales varies depending on
the composition of hardness salts in solution. In general,
these scales may consist of carbonates, sulfates, phos-
phates, and silicates. The formation of calcium phos-
phate scales has become more predominant in some
applications because of (1) the replacement of toxic
chromate compounds with phosphate compounds to curb
corrosion and (2) the processing of recycled or untreated
water containing high phosphate concentrations.1,2

Typically, calcium phosphate deposits consist of a
mixture of different solid phases. In heat-exchanger
systems, the calcium phosphate scales are characteristic
of hydroxyapatite (HAP; Ca5(PO4)3OH).1 In cooling
towers, a precursor to HAP, amorphous calcium phos-
phate (ACP), initially forms. Similarly, the mineral
components of milk fouling deposits formed at high
temperatures (T > 130 °C) consist primarily of calcium
phosphate. The most common mineral components in
these milk fouling deposits appear to be HAP, brushite
or dicalcium phosphate dihydrate (DCPD; CaHPO4‚
2H2O), and octacalcium phosphates (OCP; Ca8H2(PO4)6‚
5H2O).3 Dental calculi have been characterized as
consisting of carbonated HAP, DCPD, OCP, and trical-
cium phosphate (TCP; Ca3(PO4)2).4

Because of the complexity of mineral deposits, un-

derstanding the cleaning characteristics of calcium
phosphate mixtures is of practical importance. This
research studies the removal of deposits consisting of
HAP and DCPD. Hydroxyapatite is traditionally studied
as a model calcium phosphate, because it is the most
thermodynamically stable form of calcium phosphate
under most conditions. The structure of HAP consists
of calcium and orthophosphate (PO4

3-) tetrahedra ar-
ranged in columns parallel to the hexagonal axis.5

While HAP has been studied extensively, DCPD has
received much less attention. Brushite is important in
the study of calcium phosphate deposit removal, because
it tends to precipitate and dissolve more readily than
anhydrous salts under most conditions.6 The precipita-
tion and solubilization properties are influenced by the
crystal structure. Brushite consists of parallel sheets of
CaHPO4 linked by water molecules.7 Hydrated ions are
readily incorporated into the hydrated crystal resulting
in crystal growth7 or, likely, dissolution.

In previous works, our group studied the removal of
calcium phosphate deposits from stainless steel pipes
under turbulent flow conditions using an on-line solid
scintillation technique. This technique involves the use
of 32P-labeled deposits in an experimental flow system
equipped with solid scintillation detection equipment.
Grant et al.8 prepared calcium phosphate deposits by
precipitation from solution and measured removal rates
under strongly acidic conditions (pHs below 3.5). On the
basis of measured Ca/P ratios, Grant et al. inferred that
the deposits were a mixture of DCPD and HAP but, in
principle, other calcium salts could have been present
in the precipitated solids. The effect of fluid flow on the
cleaning rates suggested that mass transfer plays a
significant role in the removal of calcium phosphate. In
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a recent work, we studied the removal of HAP/DCPD
deposits using solutions of the sequestering agent
sodium polyaspartate.9

The acid dissolution of calcium minerals is often
studied by means of batch dissolution experiments, in
which the dissolution rate of suspended solids in a
stirred reservoir is monitored as a function of time. In
a series of papers, Christoffersen and co-workers10-12

studied the acid dissolution of HAP in batch dissolution
experiments. They established that the dissolution
process at the interface between the solid and the liquid
imposed kinetic limitations. Thomann et al.13-16 also
conducted batch dissolution experiments with HAP,
reaching similar conclusions. Batch dissolution experi-
ments were also performed with DCPD.17-21 The solu-
bility of DCPD at moderate and high pHs is substan-
tially higher than other calcium minerals, and solutions
of practical relevance, such as cleaning solutions, tend
to be undersaturated with respect to DCPD. The dis-
solution of DCPD powder is controlled primarily by
volume diffusion at high degrees of undersaturation.18

Altering the degree of undersaturation affects the
dissolution mechanism. Decreasing the relative under-
saturation of the solution (and hence the driving force
for dissolution) resulted in an increase in the pH at
which the minimum dissolution rate occurred.21 At a
relatively low degree of undersaturation, the dissolution
rate is controlled by interfacial processes, such as the
rate of ion detachment and surface diffusion processes.20

Even though they provide information on dissolution
rates, batch dissolution experiments are not convenient
when mass transfer plays a role. For the typical case of
polydisperse, nonspherical solid particles suspended in
a fluid by constant stirring, whose shape and size
change with time, estimation of the mass-transfer
coefficient is difficult.

A technique commonly employed to examine the
relative importance of mass-transfer and interfacial
processes in dissolution is the rotating disk method.22-24

This technique involves the affixation of the solid of
interest on a disk. This disk is attached to a shaft that
is rotated at the desired speed. The well-defined hydro-
dynamics of the rotating disk method enables a quan-
titative determination of the mass-transfer rates.

A channel flow method, developed by Compton et al.,25

applies an electrochemical detection technique to mea-
sure the interfacial properties of a carbonate crystal
directly under well-characterized laminar flow condi-
tions. This technique involves the attachment of a
crystal to one wall of a rectangular duct. Then, as fluid
flows through the duct, an electrode positioned adjacent
to and downstream of the crystal takes measurements
that correspond to the flux (or concentration) distribu-
tion of the species at the crystal/solution interface. This
technique is particularly well suited for the study of
interfacial processes during mineral dissolution.

In this work, we use a solid scintillation technique to
study removal of DCPD and HAP/DCPD deposits from
stainless steel pipes under turbulent flow conditions.
The main objective is to determine the mechanisms by
which the deposits are removed at various pHs and fluid
velocities. By comparing pure DCPD deposits to HAP/
DCPD mixtures, we will establish how the deposit
composition affects the cleaning rate and removal
mechanism.

We postulate that, in general, deposit removal might
be controlled by one or more of three distinct pro-

cesses: (1) interfacial solubilization of the calcium
mineral; (2) mass transfer from the solid surface to the
bulk fluid; and (3) detachment of solids from the deposit
because of the action of shear forces. Establishing which
of the three mechanisms is the slow step under a given
set of conditions will depend on removal rate data at
various fluid velocities. In the next section, we sum-
marize the analysis presented by Grant et al.8 for the
case in which mass transfer is the rate-limiting step.

Transport-Limited Dissolution. The molar flux of
a solubilized chemical species from the solid/liquid
interface to the bulk liquid is given by

where Ci and Cb are the interfacial and bulk concentra-
tions of the dissolved species, respectively, and km is the
mass-transfer coefficient. For systems with well-defined
fluid flow, such as flow in cylindrical tubes, empirical
correlations have been developed to determine the value
of the mass-transfer coefficient.

To devise quantitative cleaning models that include
mass transfer, the concentration difference (Ci - Cb)
must be known. While the concentration of solubilized
material in the bulk solution, Cb, may be measured, the
interfacial concentration, Ci, is related to the interfacial
dissolution rate and the solubility. The solubility, Cs, is
determined by thermodynamic equilibria. A relatively
fast dissolution rate results in the instantaneous at-
tainment of equilibrium at the solid/liquid interface, i.e.,
Ci ) Cs. This approach was applied by Grant et al.8

Consider the dissolution of a deposit from the inner
wall of a pipe in turbulent flow. The differential mass
of the deposit, dM, remaining on a portion dz of the pipe
surface obeys the following mass balance:

where dS is the surface area of the deposit, D is the
diameter of the fluid cross section (which, for a thin
deposit, is approximately equal to the internal pipe
diameter), and Mw is the average molecular weight of
the film. In Grant et al.’s experiments, Cb ≈ 0 due to
the high volume of cleaning solution relative to the
initial mass of the deposit and the low solubility of
calcium phosphate. The mass-transfer coefficient, km,
can be represented by an empirical correlation of the
form

where Sh is the Sherwood number, the Reynolds and
Schmidt numbers are defined by Re ) FvzD/µ, Sc )
µ/FDA, vz is the average fluid velocity, µ and F are the
viscosity and the density of the bulk fluid, respectively,
DA is the diffusivity of the dissolving species in water,
and a, b, and c are constants that depend on the flow
regime. For turbulent flow in pipes, a ) 0.023, b ) 0.83,
and c ) 1/3.26

After substitution of km in eq 2 and integration along
the total length of the pipe covered by deposit, L, the
following expression for the removal rate is obtained:

J ) km(Ci - Cb) (1)

∂(dM)
∂t

) -JMw dS ) -km(Ci - Cb)MwπD dz (2)

Sh )
kmD
DA

) aRebScc (3)

- dM
dt

) πDLMwCi
[aDb-1Fb-1Scc-1]

µb-1
vz

b (4)
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If the interfacial solubilization process is fast relative
to mass transfer, then Ci ) Cs, and eq 4 indicates that
the removal rate, -dM/dt, would be directly proportional
to the average velocity to the 0.83rd power. On the other
hand, the dependence of the removal rate on pH in this
case would be determined be the changes in solubility
with pH. For low pHs (below 3.5) and using a deposit
that consisted of a precipitated calcium phosphate,
Grant et al.8 found a velocity exponent of 0.70. Because
this value is close to the 0.83 exponent predicted by the
transport-limited model, they concluded that mass
transfer was the slow step under the conditions studied.

The application of predictive mass-transfer models
relies on a knowledge of the solubility of the deposit at
the interface. In the following section, we will discuss
the solubility of the calcium minerals used in this work.

Calcium Phosphate Solubility. Gregory et al.27 and
McDowell et al.28 studied the solubility equilibria for
systems containing Ca(OH)2-H3PO4-H2O for DCPD
and HAP, respectively. The equilibrium reactions are
shown in Table 1. This system of equations consists of
solubilization reactions, the formation of ion pairs, water
equilibria, phosphate equilibria, and calcium hydrolysis.
Note that neglecting the ion pairs, CaHPO4

0 and CaH2-
PO4

+, results in the determination of apparent solubility
products that vary with the equilibrium pH.27 However,
the concentrations of these ion pairs are usually insig-
nificant, i.e., less than 10-20% of the total calcium or
orthophosphate in solution.6 Above pH 7 or 8, the
concentration of the ion pair CaPO4

- may be signifi-
cant.6

The equilibrium reactions (Table 1) may be solved to
determine the ion activities of all species resulting from
the solubilization process by applying the necessary
constraints. Possible constraints are mass balances,
congruent dissolution, saturation conditions at the
crystal surface, and electroneutrality. Application of the
electroneutrality constraint in some systems was found
to adversely affect the solution of the equilibrium
equations.20 This result was attributed to a redundancy
of the electroneutrality equation with the saturation
conditions. Alternately, the condition of electroneutrality
is necessary to calculate the pH6 and hence should not
be included if the pH is known.

For a given pH, the following constraints may be
applied to DCPD and HAP:

Note that molar activities are represented by species
in parentheses and concentrations are denoted by
brackets. The activity, aj, and concentration, Cj, of
species j are related by

where γj is the activity coefficient of species j. The
activity coefficient was calculated by the Davies expres-
sion29

where A is a temperature-dependent constant given a
value of 0.52 and at 37.5 °C,27 zj is the charge of species
j, and I is the total ionic strength of the solution. The
following equation was used to calculate the ionic
strength:

The solution to the solubility equilibria (Table 1) and
constraints (eqs 5-8 as appropriate) yield the solubility
isotherms for HAP and DCPD shown in Figure 1.7

Theory

In this section, we will develop a theory to describe
the removal rates of calcium phosphate deposits under
turbulent flow conditions considering possible kinetic
limitations due to interfacial dissolution and mass
transfer. We will then discuss how mechanical removal
of solids due to shear affects the derivation. The purpose
of the presentation of the theory is to establish a basis
for analyzing the experimental data.

The kinetics of the interfacial dissolution process will
be modeled as a chemical reaction. To simplify the
formulation of the theory, we will consider the dissolu-

Table 1. Equilibrium Reactions Accounted for in the Ca(OH)2-H3PO4-H2O System at 37 °C7

equilibrium reaction equilibrium constant

calcium salt solubility
CaHPO4 ) Ca2+ + HPO4

2- kdcpd ) (Ca2+)(HPO4
2-) ) 2.37 × 10-7 mol2/L2

Ca5(PO4)3OH ) 5Ca2+ + 3 PO4
3- + OH- khap ) (Ca2+)5(PO4

3-)3(OH-) ) 2.35 × 10-59 mol9/L9

phosphate equilibria
H3PO4 ) H+ + H2PO4

- k1 ) (H+)(H2PO4
-)/(H3PO4) ) 6.18 × 10-3 mol/L

H2PO4
- ) H+ + HPO4

2- k2 ) (H+)(HPO4
2-)/(H2PO4

-) ) 6.59 × 10-8 mol/L
HPO4

2- ) H+ + PO4
3- k3 ) (H+)(PO4

-)/(HPO4
2-) ) 4.29 × 10-13 mol/L

ion-pair formation
Ca2+ + HPO4

2- ) CaHPO4
0 kx ) (CaHPO4

0)/(Ca2+)(HPO4
2-) ) 681 L/mol

Ca2+ + H2PO4
- ) CaH2PO4

+ ky ) (CaH2PO4
+)/(Ca2+)(HPO4

-) ) 31.9 L/mol
Ca2+ + OH- ) CaOH+ k4 ) (CaOH+)/(Ca2+)(OH-) ) 32.4 L/mol
Ca2+ ) 2OH- ) Ca(OH)2 k5 ) (Ca(OH)2)/(Ca2+)(OH-)2 ) 4.68 × 10-6 L/mol
Ca2+ + PO4

3- ) CaPO4 k6 ) (CaPO4
-)/(Ca2+)(PO4

3-) ) 2.9 × 106 L/mol
water equilibria

H2O ) H+ + OH- kw ) (H+)(OH-) ) 2.485 × 10-14 mol2/L2

Ca balance: [Ca] ) [Ca2+] + [CaHPO4
0] +

[CaH2PO4
+] + [CaOH+] + [Ca(OH+)2] (5)

P balance: [P] ) [H3PO4] + [H2PO4
-] +

[HPO4
2-] + [PO4

3-] (6)

Congruent dissolution of DCPD:
[Ca]/[P] ) 1.000 (7)

Congruent dissolution of HAP: [Ca]/[P] ) 1.667 (8)

aj ) γjCj (9)

-log γj ) Azj
2 xI

1 + xI
- 0.3I (10)

I ) 1
2∑[Cj]zj

2 (11)
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tion of a deposit consisting only of DCPD. Later, the
analysis will be generalized to address deposits com-
posed of a HAP/DCPD mixture. Additionally, we will
initially consider interfacial and mass-transfer processes
only, neglecting the possible removal of the deposit by
detachment of solids due to shear forces.

The dissolution of DCPD involves reactions at the
solid/liquid interface and liquid-phase equilibrium pro-
cesses. While the exact dissolution mechanism is un-
known, the interfacial kinetics may be represented by
assuming that the slow step is the solubilization of the
calcium salt into the liquid phase. We will assume that
the acid/base reactions and the ion-pair reactions (Table
1) achieve equilibrium instantaneously and that the
interfacial dissolution mechanism is controlled by the
rate of DCPD solubilization. The interfacial solubiliza-
tion of DCPD in water is expressed as the following
reversible reaction:

If this reaction follows an elementary rate law, the
dissolution flux of DCPD is given by

The forward and reverse rate constants are represented
by k1′ and k-1, respectively.

Because the exact dissolution reactions are not known
and the relevance of different reactions might change
with changes in the conditions (e.g., pH), we will
consider eq 13 as a general mathematical statement
representing the net reaction that leads to the dissolu-
tion of the mineral. Depending on the elementary
reactions that make up the dissolution mechanism, the
rate constants in eq 13 are then allowed to vary with
changes in the dissolution conditions. To illustrate this
point, consider a mechanism in which proton attack
induces the dissolution of the mineral,

The kinetics of this reaction can still be represented by
eq 13, but this will lead to a forward rate constant, k1′,
that is directly proportional to the concentration of
protons.

Using eq 6 and the phosphate equilibria shown in
Table 1, it can be shown that

where R is only a function of pH and the ionic strength.
Based on an assumption that the ion-pair concentra-
tions (shown in eq 5) are negligible, eq 7 is rewritten as

Combining eqs 13, 15, and 16, the following expression
is obtained for the flux:

where KEq ) kdcpd/(RγCa2+γHPO4
2-) and where the defini-

tion kdcpd ) k1′/k-1 is applied.
At equilibrium, [Ca2+]i ) [Ca2+]s and the flux, J,

approaches zero. With substitution of the equilibrium
constraints into eq 17, KEq ) [Ca2+]s

2. Therefore, the
equation is rewritten as

Equation 18 describes the flux of calcium from the
crystal surface by solubilization of calcium phosphate.

Under pseudosteady state, the flux of calcium re-
leased by solubilization of calcium phosphate at the
solid/liquid interface is equal to the flux of calcium
transported from the solid/liquid interface to the bulk
solution. As stated previously, the driving force for mass
transfer is the concentration gradient (eq 2). Expressing
eq 2 in terms of the calcium ion concentration, we obtain

Because cleaning processes are carried out in large
quantities of dilute solutions, [Ca2+]b ≈ 0.

Limiting Conditions for Removal by Calcium
Phosphate Dissolution. The derivations incorporate
both the effects of a reversible interfacial solubilization
process and the effect of mass transfer on the removal
rate. If one mechanism is rate controlling, eqs 18 and
19 may be simplified. Consider the case in which the
rate of mass transfer is very fast (km f ∞) so that the
interfacial solubilization process is rate-limiting. In this
case, all dissolved calcium is instantaneously trans-
ported to the bulk solution, i.e., [Ca2+]i ) 0. Equation
18 reduces to

Equation 20 shows that the flux is velocity independent.
By contrast, if the interfacial process is fast, the flux

is mass-transfer-controlled. As noted previously, mass-
transfer-limited mechanisms are based on the assump-
tion that attainment of equilibrium at the solid/liquid
interface is instantaneous, i.e., [Ca2+]i ) [Ca2+]s. Thus,
when eq 4 is rewritten in terms of Ca2+

Figure 1. Solubility isotherms for calcium phosphate at 37 °C.7,8

CaHPO4‚H2O(s) h Ca2+ + HPO4
2- + H2O (12)

J ) k1′ - k-1[Ca2+]i[HPO4
2-]iγCa2+γHPO4

2- (13)

CaHPO4‚H2O(s) + H+ h

Ca2+ + H2PO4
- + H2O (14)

[HPO4
2-] ) R[P] (15)

[Ca2+] ) [P] (16)

J ) k1′(1 -
[Ca2+]i

2

KEq
) (17)

J ) k1′(1 - ([Ca2+]i

[Ca2+]s
)2) (18)

J ) km([Ca2+]i - [Ca2+]b) (19)

J ) k1′ (20)

J ) km[Ca2+]s ) aDb-1Fb-1Scc-1

µb-1
[Ca2+]svz

b (21)
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For mass-transfer-limited removal into turbulent streams
flowing through pipes, the flux is proportional to vz

0.83.
In summary, the velocity dependence provides a

strong indication of the removal mechanisms. If we
formulate a velocity dependence for the flux as

for dissolution processes controlled by the kinetics of the
interfacial process, â ) 0. If the process is controlled by
the rate of mass transfer, then the velocity dependence
of the flux is given by â ) b ) 0.83. If both mechanisms
contribute significantly to the removal rate, then an
intermediate velocity dependence should be attained,
i.e., 0 < â < 0.83.

An analysis similar to that presented above can be
developed for HAP dissolution. Even though the inter-
facial dissolution mechanism will be undoubtedly dif-
ferent, the limiting cases will be subject to the same
velocity dependence, so that a behavior represented by
eq 22 should be obtained.

For a mixture HAP/DCPD, the behavior is potentially
more complicated because of the different levels of
solubility. However, in the turbulent flow experiments
conducted in this work, the calcium concentration of the
bulk liquid is approximately zero. This means that the
dissolved calcium will be carried away by the liquid flow.
On this basis, we postulate that the dissolution of the
mixture can be envisioned as the dissolution of a surface
that is partly composed of HAP and DCPD. In other
words, we will consider dissolution as being independent
for each mineral. The dissolution flux for the mixture,
JHD, can then be expressed as

where JH and JD are the dissolution fluxes of HAP and
DCPD, respectively, and h is the fraction of the surface
occupied by HAP. Substituting eq 22 for each component
yields

In the limiting case of fast mass transfer, âH ) âD ) 0,
and for fast interfacial dissolution, âH ) âD ) b ) 0.83,
so that the dissolution flux of the mixture will follow a
trend given by

where 0 < âHD < 0.83.
We have shown that an analysis of the effect of the

average velocity on dissolution rates can establish the
relative importance of interfacial dissolution kinetics
and mass transfer. Next, we extend the theory to deposit
removal due to shear forces.

Limiting Conditions for Calcium Phosphate
Removal by Shear Stresses. The rate-controlling
mechanism for calcium phosphate removal may also be
the mechanical removal of undissolved solids. Under
turbulent flow conditions, the shear stress exerted on
calcium phosphate by the fluid is given by

where τw is the shear stress exerted at the solid/liquid
interface and f is the Darcy friction factor. For rough

surfaces and sufficiently high Reynolds numbers, the
friction factor is independent of the average velocity. In
the case of a pipe covered by a calcium deposit, the
surface is rougher than a typical commercial pipe, as
shown by SEM micrographs presented by Littlejohn et
al.9 for HAP/DCPD mixtures. These deposits are com-
posed of agglomerated HAP and DCPD crystals.

To remove the calcium phosphate, the turbulent shear
forces exerted by the fluid must exceed the force per unit
area that the agglomerated crystals can withstand
intact, τc. The criterion for deposit removal by the shear
forces exerted on the deposit by fluid flow can be written
as

Thus, when mechanical removal by shear forces domi-
nates, the removal rate is likely to be directly propor-
tional to vz

2. Thus, the role of shear-based removal may
also be assessed by an examination of the velocity
dependence of the removal rate.

Experimental Section

A detailed description of the experimental setup and
procedures is available elsewhere.9 The apparatus is
designed to measure the rate of removal of a solid
deposit from the inner surface of a stainless steel pipe
under turbulent flow conditions. The calcium phosphate
deposits used in this study consisted of either pure
DCPD or an HAP/DCPD mixture. The mixture con-
tained a 1:1 weight ratio of HAP and DCPD.

Procedure for Cleaning Experiments. Crystalline
aqueous suspensions of HAP (25% solids) and DCPD
(25% solids) were obtained from the Sigma Chemical
Co. The calcium phosphate deposits were generated
from calcium phosphate slurries. DCPD and HAP/DCPD
stock slurries were prepared by mixing 8 g of DCPD
suspension or 4 g of HAP suspension and 4 g of DCPD
suspension, respectively, with 12 g of deionized water.
Each of the stock slurries was radio-labeled by the
addition of 0.01 mL of 32P-labeled DCPD (approximately
1.5 mg). For each experiment, a volume of 0.5 mL of
radio-labeled slurry was injected into the stainless steel
test cell, which was a section of pipe with an internal
diameter of 1 cm and a length of 4.5 cm. The test cell
was then capped and rotated under an infrared heat
lamp for 8 h at 95 °C to form a deposit. The temperature
was measured from the outside of the cell during deposit
preparation. The dry weight of the calcium phosphate
deposit is approximately 57 mg.

The test cell was then clamped into the experimental
flow system. To noninvasively measure the removal rate
of the 32P-labeled deposit, a CaF2 solid scintillation
detector was placed against the outside of the test cell.9
The detector measured the â emissions from the 32P-
labeled deposit on the inner surface of the test cell
through a thin stainless steel “window” in the test cell.
The data were transmitted by the data acquisition
system to a computer every 10 s in units of â-particle
counts. These counts represented the amount of radio-
labeled deposit remaining on the inner surface of
stainless steel tubing as a function of time.

Cleaning solution was pumped through the pipe at
fluid velocities ranging from 0.8 to 2.4 m/s within the
test cell. These fluid velocities correspond to fully
developed turbulent flow in the pipes for Re ranging
from 9000 to 27 000. The pH was adjusted and main-

J ) κvz
â (22)

JHD ) hJH + (1 - h)JD (23)

JHD ) hκHvz
âH + (1 - h)κDvz

âD (24)

JHD ) κHDvz
âHD (25)

τw ) 1
8

Fvz
2f (26)

τw g τc (27)
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tained within (0.05 pH units by the addition of 0.1 M
sulfuric acid or 0.1 M sodium hydroxide throughout the
experiment. The counts of the deposit and the pH of the
solution were recorded throughout the course of the
experiment. Experiments were carried out at room
temperature (25 ( 3 °C).

To determine the fraction of deposit remaining on the
surface, the data were normalized using the following
equation:

where M(t) is the mass of deposit on the surface at time
t, M0 is the initial mass of the deposit, Ct(t) is the
â-particle count at time t, B is the background count,
and Ct0 is the initial â-particle count. Background counts
were determined by measuring the â-particle count in
the absence of a radio-labeled deposit. The normalized
data were time averaged over 5 min intervals and
plotted as a function of time.

The normalized data represent the fraction of film
remaining on the surface, M/M0. The data were multi-
plied by the initial mass, M0, to give the mass of the
deposit remaining on the surface as a function of time
M(t). A plot of the mass of film remaining on the surface
versus time for the initial linear portion of the graph
was used to determine the initial removal rates, dM/
dtinitial.

Characterization of the Calcium Phosphate. The
composition and morphology of the deposits were ex-
amined by SEM. According to the SEM micrographs,9
the HAP/DCPD deposit consists of threadlike fibers
(HAP) and flat rounded platelets (DCPD). The two types
of calcium phosphates were uniformly distributed
throughout the deposit.

DCPD is a precursor to HAP and may transform into
different forms of calcium phosphate upon heating. To
verify the identity of the calcium phosphate following
heat treatment (95 °C for 8 h), X-ray diffraction analysis
(XRD) was carried out on powderized deposits (Diano
8500 wide-angle diffractometer, λ ) 0.1542 nm, nickel-
filtered Cu KR radiation). The XRD patterns showed the
strong peaks that are indicative of pure, crystalline
material. The peaks matched those of DCPD only.30 The
patterns did not show peaks characteristic of the XRD
patterns of other calcium phosphates.7 No extraneous
peaks were found to indicate possible contamination
with other solids. Therefore, we conclude that the DCPD
deposits are essentially free of impurities and that no
transformation of DCPD to other calcium phosphates
occurred during the heating process. Similarly, the
chemical identity and purity of the HAP/DCPD sample
was also confirmed by the XRD patterns. The HAP/
DCPD XRD patterns contained strong peaks charac-
teristic of HAP and DCPD only.30

To characterize the salts according to the Ca:P ratios,
HAP, DCPD, or HAP/DCPD was completely dissolved
in hydrochloric acid. Atomic adsorption spectroscopy for
calcium and a spectrophotometric method for phosphate
were used to determine the total analytical calcium and
phosphorus concentrations of the dissolved salts.31 Ac-
cording to the analysis, pure HAP powder had a Ca:P
ratio of 1.63 (as compared to a theoretical value of 1.67
based on stoichiometry). The Ca:P ratio of DCPD was
1.15 (Ca:P (theoretical) ) 1.00). For the HAP/DCPD

mixture, the Ca:P ratio was 1.41 (versus a calculated
value of 1.40 for a 1:1 by weight mixture of HAP and
DCPD).

Results and Discussion

Typical Cleaning Curves. Single-component clean-
ing studies may be relevant in assessing the influence
of HAP and DCPD on the HAP/DCPD mixture. Deposits
generated from a slurry consisting only of HAP were
inappropriate for cleaning studies, because the deposits
washed away immediately upon contact with water.
DCPD deposits, on the other hand, remained on the
surface following contact with aqueous solutions. Thus,
DCPD cleaning studies were conducted. The data were
analyzed and compared with the HAP/DCPD cleaning
studies.

Typical cleaning curves are shown for pH 2.85 (Figure
2) and pH 5 (Figure 3). The solid and dashed lines
indicate HAP/DCPD and DCPD, respectively. As shown
in Figure 2, the fluid velocity has a significant effect on
the calcium phosphate removal at pH 2.85. A closer
inspection reveals that the DCPD cleaning data differ
from identical studies carried out with HAP/DCPD. This

M(t)
M0

)
Ct(t) - B
Ct0

- B
(28)

Figure 2. Typical cleaning curves: Removal of HAP/DCPD and
DCPD deposits from stainless steel tubing, pH ) 2.85. The legend
shows the average velocity.

Figure 3. Typical cleaning curves: Removal of HAP/DCPD and
DCPD deposits from stainless steel tubing, pH ) 5. The legend
shows the average velocity.
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finding suggests that the effect of fluid velocity on the
removal rate depends on the composition of the deposit.

The upward curvature of the results shown in Figure
2 can be explained in terms of changes of the surface
area of the deposit. As cleaning progresses, the amount
of material remaining on the surface, M, does not cover
the interior of the pipe completely. This results in a
decreased total removal rate and, hence, a decrease in
the slope of the cleaning curve.

The most obvious difference between the pH 2.85 data
(Figure 2) and the pH 5 data (Figure 3) is that the
removal rates at pH 5 are dramatically slower. While
the deposits are completely removed within an hour at
pH 2.85, 80% or more of the calcium phosphate deposits
remain on the surface at pH 5 after an hour of cleaning.
This result is expected because of the decrease in the
calcium phosphate solubility at higher pHs (Figure 1).

Based on the slopes of the cleaning curves in Figure
3, the pH of the solution may also affect the removal
mechanism. Both HAP/DCPD and DCPD exhibit a
strong velocity dependence at pH 2.85 (Figure 2). While
the removal rates of the DCPD deposits continue to
show a strong velocity dependence at pH 5, the HAP/
DCPD removal rates appear to have a lower velocity
dependence (Figure 3).

The data suggest that calcium phosphate removal
involves a complex combination of mechanisms. To
analyze these trends in greater detail, additional clean-
ing studies were carried out at various pHs and flow
rates. The flux of calcium phosphate from the surface
was determined based on initial removal rates mea-
sured at the beginning of the experiment (time ) 0),
because this is the only instance in which we can ensure
that the deposit covers the whole pipe surface uniformly.
These fluxes were used to ascertain the mechanisms
controlling HAP/DCPD and DCPD removal. This is
discussed in more depth in the following sections.

Velocity Dependence. As discussed previously, the
velocity dependence provides a means of determining
the cleaning mechanism according to the following: (i)
for processes that are completely interfacial-process-
controlled, the removal rate is velocity independent, i.e.,
vz

0, (ii) for processes controlled by convective mass
transfer, the velocity dependence is vz

0.83, and (iii) for
shear-controlled removal, the velocity dependence is vz

2.
To determine the velocity dependence of the experi-

mental data, eq 22 was linearized by the following:

where â is a constant. The flux J was calculated
according to the following definition:

The initial removal rate, (dM/dt)initial was determined
from experimental cleaning data as described previously
in the experimental methods. The surface area of the
deposit, S, was assumed to be constant. For the HAP/
DCPD deposits, the molecular weight, Mw, was calcu-
lated based on a 1:1 weight ratio of HAP and DCPD.

A plot of ln(J) versus ln(vz) for the HAP/DCPD
cleaning studies is shown in Figure 4. The fluid veloci-
ties shown range from 0.8 to 2.4 m/s. The slopes of the
lines are the velocity exponent â. The effect of fluid
velocity on the removal rate is difficult to discern at pH

10 because of extremely slow removal rates (4 × 10-4

mg/s on average) and a large amount of scatter.
From Figure 4, the velocity exponents were obtained

as functions of the solution pH for HAP/DCPD removal.
A similar procedure was followed for pure DCPD
deposits. The results are shown in Figure 5. Note that,
because of difficulties associated with determining the
effect of flow rate on calcium phosphate removal at pH
10, the velocity exponent cannot be accurately deter-
mined. Thus, the pH 10 data presented in Figure 5 are
not included in the analysis of the velocity dependence.

The HAP/DCPD deposits have velocity exponents that
are always lower than 0.83. This means that, over the
range of pHs explored, the removal is controlled by a
combination of interfacial dissolution and mass transfer.
As the pH decreases, the increased solubility of the
deposits makes the interfacial dissolution rate faster,
and the exponent increases to reflect an enhanced mass-
transfer role. It is interesting to point out that an
extrapolation of the exponent to very low pHs shows a
trend of the exponent to approach 0.8, which would
indicate complete mass-transfer control and very fast
interfacial dissolution. The fact that this would occur

ln(J) ) â ln(vz) + ln(κ) (29)

J ) - 1
MwS(dM

dt )initial
(30)

Figure 4. Velocity dependence of HAP/DCPD removal. The lines
represent best fits of the data according to eq 29.

Figure 5. Velocity exponent for HAP/DCPD and DCPD removal.
The lines represent best fits of the data excluding the pH ) 10
data (as discussed in the text).
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only at unrealistically low pH values underlines the
importance of considering interfacial kinetics in prac-
tice.

The DCPD deposits exhibit a completely different
trend; the velocity exponent is approximately 2.6 for all
pHs (Figure 5). Such a high exponent would be consis-
tent only with removal by shear forces. The fact that
the mechanism does not change with pH indicates that
shear removal accounts for removal to a greater mag-
nitude than dissolution and mass transfer, even at low
pHs. As stated previously, the shear stress is propor-
tional to the square of the average velocity. However,
the actual force exerted on particles protruding from the
film might show a more pronounced velocity variation,
which would be consistent with the high exponent
obtained here. For example, Cleaver and Yates33 present
an analysis of colloidal particle detachment in turbulent
flows, which indicates that particles are subjected to a
lift force that is proportional to the cubic power of the
average velocity. This lift force is a consequence of
localized turbulence bursts occurring next to the wall
on which the particle is attached.

The fact that HAP/DCPD and DCPD deposits are
cleaned by completely different mechanisms suggests
that the behavior of complex calcium mineral deposits
may not be accurately established from simplified
studies of the individual components.

pH Dependence. As shown in Figure 6, the removal
rates of HAP/DCPD deposits are clearly a function of
pH. Similar variations were obtained for DCPD depos-
its. We base our analysis on the postulate that the pH
dependence for mineral dissolution in the presence of a
strong acid can be expressed as follows:

In this equation, [H+] represents the concentration of
protons at the interface. We will assume that transport
of protons is fast, so that the interfacial proton concen-
tration is also the bulk concentration as given by the
pH.10,13 In view of the fact that mass transfer of products
from the interface to the bulk is not the slow step in
the removal process (as demonstrated by Figure 5), we
have neglected the rate of the backward reaction in eq
13. Essentially, this means that there is always ap-
preciable undersaturation at the interface, [Ca2+]i/

[Ca2+]s , 1; see eq 18. According to eq 31, the exponent
representing proton dependence n is determined from
the slope of a plot of log J versus -pH (or log [H+]).

As shown in Figure 7, two pH regimes exist for HAP/
DCPD and for DCPD removal. At the low pHs, the
removal rate is significantly influenced by the pH. For
pHs < 5, a first-order dependence on the hydrogen ion
concentration was measured for both HAP/DCPD and
DCPD. For the case of HAP/DCPD removal, this result
indicates that the interfacial dissolution occurs by
proton attack of the solid surface, i.e., a net reaction
analogous to eq 16. At high pHs, the rate is ap-
proximately independent of pH. This result is indicative
of a dissolution reaction that is controlled by a process
involving H2O rather than a proton source, i.e., a net
reaction analogous to eq 14.

The removal rate of pure DCPD follows approximately
the same trends with pH as the HAP/DCPD deposits.
This might seem surprising at first, because the removal
mechanisms are completely different. However, the
shear removal of DCPD depends not only on the shear
stress that needs to be exerted to detach solid particles
from the film, τw, but also on the intrinsic stress that
needs to be overcome for detachment, τc. Our contention
is that the interfacial dissolution reaction, which de-
pends on pH, softens the solid deposit, thereby changing
the value of τc accordingly. We then find that, under
acidic conditions (pH < 5), the shear removal rate
increases as the pH decreases because the shear stress
can detach solid particles faster as local dissolution rates
erode the solid film.

The fact that the transition between pH regimes
occurs at about pH 5 is interesting. According to the
solubility diagram for DCPD (Figure 1), the solubility
of DCPD is minimal at a pH of approximately 8.
Nevertheless, batch DCPD dissolution studies seem to
denote a somewhat related trend. Zhang and Nancol-
las21 observed an unexpected minimum in the DCPD
dissolution rate at about pH 5 for a relative undersatu-
ration of 0.5. It was suggested that this minimum
occurred at the transition of the DCPD dissolution
mechanism from a regime based on proton catalysis to
a regime characterized largely by stoichiometric ionic
fluxes. While our cleaning rates are pH independent for
pHs above 5 (Figure 7), the aforementioned change in
the pH dependence is indicative of a change in the
dissolution process.

The surface chemistry of hydroxyapatite dissolution

Figure 6. Removal of HAP/DCPD deposits from stainless steel
for various pHs (average velocity: 1.2 m/s).

J ) k1′ ) k1[H
+]n (31)

Figure 7. pH dependence of HAP/DCPD and DCPD removal.
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is complex. The Ca:P ratio of hydroxyapatite equili-
brated in aqueous media was found to approach the
limiting value of 1.67, but during the dissolution of
hydroxyapatite in aqueous media, the dissolution of
hydroxyapatite was nonstoichiometric.33 The incongru-
ent (i.e., nonstoichiometric) dissolution process is at-
tributed to ion adsorption, the sequential release of
calcium followed by phosphate, and the formation and/
or precipitation of calcium phosphate intermediates,
such as DCPD, OCP, and ACP, during the dissolution
process.34 The pH dependence for HAP/DCPD removal
measured in this work (i.e., n ) 1 for low pHs and n )
0 for high pHs) may be due to the dissolution kinetics
of HAP or DCPD or a combination of both species.

The pH dependence for HAP/DCPD removal from
tubing differs from batch dissolution studies carried out
with HAP and human enamel powder. Christoffersen
et al.10 observed n ) 0.57 for pHs ranging from 6.6 to
7.2 for HAP dissolution, while Thomann et al.14 reported
n ) 0.64 for human enamel powder for pHs ranging
from 3.7 to 6.9. According to Thomann et al., this pH
dependence was different from the n ) 0.81 dependence
reported for HAP dissolution under similar conditions.
A number of differences in the experimental techniques,
flow patterns, and material studied may account for the
differences between the pH dependence of the HAP/
DCPD cleaning studies and those of the dissolution
studies reported previously.

Conclusions

The analysis shows that the removal mechanisms for
calcium phosphate deposits vary depending on the
deposit composition and the solution pH. Interfacial
kinetics controls the HAP/DCPD removal process, par-
ticularly at high pHs. As the pH decreases, the removal
mechanism approaches a mass-transfer-limited process.
Therefore, the removal of HAP/DCPD deposits occurs
because of a combination of rate-limiting processes, and
the mechanism varies depending upon the cleaning
conditions. In contrast, the removal of DCPD exhibited
a strong velocity dependence over the wide range of pHs.
The comparison of the experimental data to the limiting
cases indicates that the removal rate is controlled by
fluid shear. Overall, the rate-controlling mechanism of
HAP/DCPD removal does not appear to be directly
related to the results of single-component cleaning
studies.

The interfacial process involved in the dissolution
process was found to be the kinetics of the dissolution
reaction taking place on the crystal surface. The pH
dependence showed that two pH regimes exist: a low
pH regime (pH < 5) and a high pH regime (pH > 5).
Within the low pH regime, the dissolution process was
first order with respect to the proton concentration. In
the high pH regime, the dissolution process was es-
sentially pH independent. This work will provide a
foundation for future work in the study of novel cleaning
agents.
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Nomenclature

A ) temperature-dependent constant in the Davies expres-
sion (eq 10)

aj ) activity of species j
a, b, c ) parameters defined in the Gilliland and Sherwood

correlation
B ) â-particle background count
Cb ) bulk concentration of calcium phosphate
Ci ) concentration of species at the interface
Cs ) concentration of species at saturation
Ct ) â-particle count at time t
Ct0 ) â-particle count at time zero
D ) diameter of the fluid cross section
DA ) diffusivity of the dissolving species
f ) Darcy friction factor
h ) fraction of the surface occupied by HAP
I ) ionic strength
J ) molar flux
JD ) molar flux of calcium ions from DCPD
JH ) molar flux of calcium ions from HAP
JHD ) molar flux of calcium ions from a HAP/DCPD

mixture
k1′ ) apparent forward rate constant
k-1 ) reverse rate constant
kdcpd ) solubility product constant for DCPD
khap ) solubility product constant for HAP
KEq ) ion solubility product of DCPD corrected with activity

coefficients
km ) mass-transfer coefficient
L ) length of the mass-transfer region
M ) mass of the calcium phosphate deposit
M0 ) initial mass of the calcium phosphate deposit
Mw ) average molecular weight of the film
Re ) Reynolds number ) FvD/µ
Sc ) Schmidt number ) µ/FDA
Sh ) Sherwood number ) kmD/DA
t ) time
vz ) average velocity of the bulk solution
z ) axial distance
zj ) valence of species j

Greek Letters

R ) molar ratio of [HPO4
2-] to [P]

â ) velocity dependence from a generalized correlation (eq
22)

âD ) velocity dependence for DCPD
âH ) velocity dependence for HAP
âHD ) velocity dependence for a HAP/DCPD mixture
γj ) activity coefficient of species j
µ ) viscosity of the bulk fluid
F ) density of the bulk fluid
τc ) force per unit area that the agglomerated crystals can

withstand intact
τw ) shear stress exerted at the solid/liquid interface
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