
MATERIALS AND INTERFACES

Effect of Poly(aspartic acid) on the Removal Rates of Brushite
Deposits from Stainless Steel Tubing in Turbulent Flow

Felicia Littlejohn† and Christine S. Grant*

Department of Chemical Engineering, North Carolina State University, Raleigh, North Carolina 27695-7905

Yu Ling Wong and A. Eduardo Sáez
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This research investigates the effect of poly(aspartic acid) (PASP) and its sodium salt on the
removal of brushite (dicalcium phosphate dihydrate, DCPD) deposits from stainless steel tubing
in turbulent flows. In the absence of PASP, DCPD removal is dominated by the abrasion of
solid particles from the deposit by fluid shear and is influenced by the kinetics of the interfacial
dissolution process. The presence of PASP promotes DCPD removal for pHs between 4 and 10,
with an optimum enhancement at pH 5. A decrease in the sensitivity of the removal rate to
shear forces indicates that PASP inhibits solids detachment from the deposit for pH < 5. At
higher pHs, PASP appears to reduce the shear stress required to remove particles from the
deposit. A model for the interfacial dissolution process that includes mass transfer, adsorption
equilibria, and the kinetics of acid dissolution and surface complexation is used to explain the
trends of the experimental data on removal rates.

Introduction

Sequestering agents are compounds that form com-
plexes with metal ions. Sequestrants bind to cations,
such as calcium, to form ion complexes. A chelating
agent is a type of sequestrant that forms complexes in
which the cation is held within the chelate by multi-
dentate ion coordination. Resonant functional groups,
such as carboxylic functions, enable the complex to
maintain a residual charge following complexation, so
that the resulting ion pair remains soluble.

Sequestrants are primarily used in detergent formu-
lations to control and prevent deposit formation. The
deposition of minerals in industrial processing equip-
ment is a serious problem because it may lead to
obstruction of fluid flow in piping and a reduction in
heat-transfer rates. The formation of calcium phosphate
scales, in particular, is predominant in cooling towers
because of the use of recycled water or untreated
makeup water containing higher orthophosphate levels.1
In dairy applications, the aqueous phase of milk is
supersaturated with calcium phosphate. High-temper-
ature processing causes precipitation of calcium phos-
phate because of its inverse solubility behavior. Seques-
trants may be used to prevent the nucleation, growth,
and precipitation of calcium phosphate crystals.

There are environmental regulatory issues associated
with sequestrant selection. For example, the use of
sodium tripolyphosphate (STPP) has been banned in

many parts of the world because its usage is associated
with the eutrophication of lakes and stagnant waters.2
Ethylenediaminetetraacetic acid (EDTA) is an effective
sequestrant and may be used to replace STPP in some
detergent formulations. However, there are concerns
about EDTA usage in some applications because of its
slow biodegradability and possibility of causing heavy-
metal mobilization in groundwater.3,4 Poly(acrylic acid)
is also an effective calcium sequestrant, but it also
degrades slowly.5,6 Sodium citrate, on the other hand,
is readily degradable and nontoxic but tends to be a less
effective sequestrant. Investigators continue to seek
sequestrants that are both effective and environmen-
tally safe because they provide a feasible alternative to
acid dissolution, which may cause corrosion of pipes and
undesirable contamination in applications such as the
dairy industry.

This research involves the study of the sodium salt
of poly(aspartic acid) (PASP) (Figure 1). Poly(aspartic
acid) is a promising developmental polycarboxylic se-
questrant that is nontoxic, biodegradable, and water-
soluble.7 Sikes and Wheeler8 studied the sequestering
ability of polyaspartate obtained from the organic
component of oyster shells. Low-cost manufacturing
procedures have been developed to synthesize PASP for
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Figure 1. Chemical structure of poly(aspartic acid).
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commercial use.5 Currently, PASP is used as a dispers-
ant to prevent the redeposition of minerals, such as
hydroxyapatite (HAP: Ca5(PO4)3OH),5 an inhibitor of
the salt crystallization and precipitation,9 a water
softener, and a corrosion inhibitor.10

Previous research by our group11 on cleaning of
deposits from the inner wall of stainless steel pipes in
turbulent flow has shown that, under alkaline condi-
tions, PASP enhances the removal of calcium phosphate
deposits consisting of a mixture of HAP and brushite
(calcium hydrogen phosphate dihydrate or dicalcium
phosphate dihydrate, DCPD; CaHPO4‚2H2O). Figure 2
shows illustrative results of cleaning studies carried out
at different PASP concentrations at an alkaline pH (pH
8) and an acidic pH (pH 4). The plot shows the initial
cleaning rate as the mass of deposit removed per unit
time at t ) 0, (dM/dt)0, normalized by the initial total
mass of the film, M0. As shown in Figure 2, PASP
facilitates calcium phosphate removal over concentra-
tions ranging from 0 to 600 ppm at the alkaline pH. A
600 ppm PASP solution results in a removal rate that
is 4 times faster than that in the absence of PASP. At
a low pH (pH 4), the sequestrant inhibits removal at
low concentrations (below 300 ppm). This result is
analogous to findings by Christoffersen and Christof-
fersen,12 who observed that low concentrations of citrate
ions inhibit HAP dissolution under acidic conditions,
while higher concentrations increased the rate of dis-
solution. The inhibition was believed to be caused by
the adsorption of the citrate ligand to the crystal
surface.

Batch dissolution experiments for the HAP/DCPD
system showed that, under alkaline conditions, the total
amount of calcium in solution increased in the presence
of PASP, while at the same time the amount of Ca2+

ions decreased.11 This indicates that sequestration of
calcium ions by PASP represents the major driving force
for the enhanced dissolution of HAP/DCPD mixed
deposits at alkaline pHs.

Furthermore, we have determined that the mecha-
nism by which the HAP/DCPD mineral is removed from
the pipe surface in the absence of PASP is the dissolu-
tion of the calcium salt into the flowing solution.13 Both
the interfacial dissolution rates and mass transfer from
the deposit to the bulk solution played a quantitative
role in the process, except at very low pHs, for which
dissolution was fast and mass-transfer rates were the
controlling factor.

Our previous studies with HAP/DCPD deposits indi-
cate that PASP is effective in increasing removal rates
under conditions for which its complexation of calcium
ions becomes significant in the dissolution process
(alkaline pHs and increased PASP concentrations).
However, the removal of mixed HAP/DCPD deposits is
kinetically controlled by a combination of surface dis-
solution and mass-transfer rates. It is not clear how
effective the sequestrant can be when the predominant
removal mechanism is the action of shear forces to
detach solid particles from the deposit surface. In a
previous work,13 we have determined that this mecha-
nism controls the removal of deposits of pure DCPD in
the absence of sequestrants. For this reason, the main
objective of this work is to determine the mechanisms
by which PASP affects deposit removal of pure DCPD
films at various pHs and fluid velocities. This work uses
a solid scintillation technique applied in previous re-
search by our group11,13-16 to experimentally study the
removal of DCPD deposits from stainless steel pipes
under turbulent flow conditions in the presence of
PASP. By comparing DCPD deposit removal in the
presence and absence of PASP, we establish how the
sequestrant affects the shear-controlled cleaning rate.
We also explore how cleaning mechanisms and rates
compare to those of HAP/DCPD mixed deposits mea-
sured in previous works.

Theory

In this section we present an overview of the mech-
anisms responsible for calcium phosphate deposit re-
moval from stainless steel pipes in turbulent flows. We
also develop a detailed model for dissolution rates of
DCPD deposits.

Removal Mechanisms. Calcium phosphate deposits
might be removed by dissolution by chemical agents or
by solids detachment under the action of shear forces.
When dissolution is the prevailing mechanism, the
dissolved species are transferred from the solid/liquid
interface to the bulk solution by convective mass
transfer. The kinetics of the removal process might
depend on one or more of the following kinetic steps:
the rate of shear removal, rate of interfacial dissolution,
and rate of mass transfer. These are detailed in what
follows and are shown schematically in Figure 3.

(1) Shear removal. The removal of deposits from pipe
walls by mechanical action can be conceptualized as

Figure 2. Effect of pH and poly(aspartic acid) concentration on
the removal rate of HAP/DCPD deposits from stainless steel tubing
in turbulent flow.11 The fluid velocity was 1.2 m/s, and the
experimental setup was the same as that used in the present work.
Lines are smoothed fits of the data points. The normalized removal
rates correspond to the beginning of the cleaning process.

Figure 3. Rate-controlling mechanisms of calcium phosphate
removal from surfaces: (1) Shear removal: solid particles are
detached from the surface when the applied shear stress (τw)
exceeds the stress of adhesion of the particle (τa). (2) Interfacial
dissolution: the kinetics of adsorption/desorption processes at the
interface controls the removal. (3) Mass transfer: convective mass
transfer from the surface to the bulk solution controls the removal.
The dependence of removal flux on fluid velocity is presented for
the case in which each mechanism dominates.
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resulting from the detachment of particles from the solid
surface under the action of the shear stress exerted by
the fluid, τw. The shear stress can be represented in
terms of the average velocity of the fluid in the pipe, v,
by means of the Darcy friction factor, f, as follows:

where F is the fluid density. The Darcy friction factor
depends on the Reynolds number and, in turbulent
flows, on the relative roughness of the pipe wall. In this
case, the roughness is that of the exposed surface of the
mineral deposit. Typically, these deposits have a higher
relative roughness than commercial pipes.11 If the
Reynolds number is high enough, the friction factor
becomes insensitive to the value of the Reynolds number
and the shear stress becomes proportional to v2.

The removal of a specific particle from the mineral
surface will occur when the shear stress exceeds a
specific threshold (τa) that represents the stress that the
particle can withstand while remaining attached to the
surface. At a given time, all particles for which τw g τa
will be removed from the surface. Because of the
irregular morphology of the deposit surface,11 one can
speculate that there will be a distribution of particles
with different threshold stresses and that this distribu-
tion might change with time as mineral dissolution
changes the local morphology of the surface. Therefore,
the rate of deposit removal would be a complex function
of the surface morphology, and an accurate quantifica-
tion of the removal rates by this mechanism would
require a knowledge of the threshold stress distribution
and its evolution as removal proceeds. However, for a
wide distribution of threshold stresses, it is reasonable
to expect that the removal flux (J, moles of deposit
removed per unit time and surface area) follows the
same scaling with fluid velocity as the shear stress, i.e.,
J ∝ v2. This behavior has been observed in the removal
of liquefied films from solid surfaces.17 However, the
actual force exerted on particles protruding from the
film might exhibit a more pronounced velocity depen-
dence because lift forces due to turbulent bursts close
to a solid surface have been determined to be propor-
tional to the third power of the average velocity.18 In a
previous work,15 we determined that removal rates of
DCPD deposits from pipe walls in turbulent flow over
a wide range of pHs (2-10), in the absence of sequester-
ing agents, followed a scaling J ∝ v2.6, which suggests
that shear forces were the most important mechanism
for deposit removal.

(2) Interfacial dissolution. Dissolution reactions occur
at the solid-liquid interface. The process of interfacial
dissolution will depend on the kinetics of such reactions,
as well as the rate of adsorption and desorption of
reactants and products, for reactions that occur on the
surface. We analyze in detail the mechanism of inter-
facial dissolution of DCPD below. At this point, we only
mention that, if interfacial dissolution is the rate-
controlling step, then we would expect the removal rate
to be independent of the fluid velocity.

(3) Convective mass transfer. The transport of dis-
solved species from the interface to the bulk solution
occurs by convective mass transfer. If interfacial dis-
solution is fast and there is no particle detachment by
shear forces, the removal flux is controlled by the rate
of mass transfer, given by

where Ci and Cb are the interfacial and bulk concentra-
tions of the dissolved species, respectively, and km is the
convective mass-transfer coefficient. For turbulent flow
in a pipe, the mass-transfer coefficient can be obtained
from the empirical correlation19

where the Sherwood, Reynolds, and Schmidt numbers
are defined as follows: Sh ) kmD/Dm, Re ) FvD/µ, and
Sc ) µ/FDm, where D is the pipe internal diameter, F
and µ are the fluid density and viscosity, respectively,
and Dm is the diffusivity of the dissolved species in the
fluid. Substitution of the mass-transfer coefficient from
eq 3 into eq 2 indicates that J ∝ v0.83.

Each of the three removal mechanisms described
above yields a removal flux that has a different depen-
dence on velocity. By measuring the flux as a function
of velocity, we can ascertain which mechanisms play a
role in a specific case. For example, for HAP/DCPD
mixed deposits, we have determined that the flux
follows the scaling J ∝ vâ, where â varies from values
close to 0.8 at very low pHs (below 2) to under 0.3 at
high pHs (above 8).13 This indicates that, as the pH is
progressively increased, the removal mechanism changes
from a mass-transfer control to a mixed interfacial
dissolution/mass-transfer control.

Dissolution Model. In this section, we present a
mathematical model that considers both interfacial
dissolution and convective mass transfer as mechanisms
participating in the removal of DCPD deposits from the
inner surface of tubes under turbulent flow conditions.
The model is applicable to the dissolution of DCPD into
pH-controlled aqueous buffers in the absence of PASP
and to the dissolution in the presence of PASP.

The dissolution of calcium phosphate into the liquid
will be modeled as occurring through reversible chemi-
cal reactions with elementary kinetics. We will assume
that the solid surface can be divided into two types of
sites: The first type contains adsorbed polyaspartate
species that directly participate in the dissolution of the
deposit. The second type of site is bare of polyaspartate,
and calcium phosphate dissolves directly into the liquid.
The fractional surface covered by adsorbed PASP species
is represented by θ. We will assume that this fractional
coverage follows the Langmuir adsorption isotherm

where KL is the adsorption equilibrium constant and
CPASP,T is the total concentration of ionic polyaspartate
species in solution at the solid-liquid interface. We will
assume that the adsorption of PASP species is not a
kinetically controlling process, so that the isotherm (4)
applies at all times.

Poly(aspartic acid) in solution hydrolyzes because of
the carboxylic acid groups present along the PASP chain
(Figure 1). The quantification of the hydrolysis reactions
on a molar basis is complicated by the relatively high
molecular weight of the dissolved PASP. However,
Silverman et al.10 successfully fitted poly(aspartic acid)
titration curves to dissociation reactions involving chains
that could release up to four protons. According to this,
if H4PASP is the uncharged poly(aspartic acid) molecule,

τw ) 1
8

Fv2f (1)

J ) km(Ci - Cb) (2)

Sh ) 0.023Re0.83Sc1/3 (3)

θ )
KLCPASP,T

1 + KLCPASP,T
(4)

4578 Ind. Eng. Chem. Res., Vol. 41, No. 18, 2002



then considering the species H4-mPASPm- for m ) 0-4
in solution is enough to represent the acid-base equi-
librium in the polyaspartate system. We will adopt this
model in the present work. According to this, the ionic
PASP species in solution that can be adsorbed on the
solid surface have the following total concentration:

where the subscript (i) denotes interfacial concentration
in the liquid.

The total flux of calcium that dissolves into the liquid
phase will be represented as

where JP and JNP are the dissolution fluxes from the
PASP-covered and PASP-free sections of the surface,
respectively. The flux from the PASP-free section of the
surface will be due to the direct dissolution of calcium
phosphate, which will be represented by the reaction

This will be treated as an elementary reaction. Because
the activity of calcium phosphate in the solid phase can
be considered constant, the dissolution flux can then be
expressed as

where kR and kA are kinetic rate constants for the
forward and backward reactions, respectively.

The dissolution flux from the PASP-covered section
of the surface will be evaluated in terms of the following
reversible surface complexation reaction:

Note that we are considering that calcium complexation
can occur only with PASP species whose charge is -2
or more negative. The flux can be represented as

where kP1,m and kP2,m are the forward and backward
reaction kinetic rate constants, respectively. The activi-
ties of adsorbed PASP species on the PASP-covered
sections of the surface are considered to be constant.
The use of eq 8 involves six different kinetic rate
constants that cannot be measured independently. For
this reason, and to simplify the model, we will assume
that all of the backward kinetic constants are equal, i.e.,
kP2,2 ) kP2,3 ) kP2,4 ) kP2. Also, we define kP1 )
∑m)2

4 kP1,m, so that eq 8 can be simplified to

The substitution of eqs 7 and 9 into eq 6 allows us to
express the total dissolution flux in terms of the
interfacial concentrations of various dissolved species.
In the solution at the interfacial region, we will consider
that dissolved species participate in the reactions
presented in Table 1. All of these reactions will be
assumed to be at equilibrium; i.e., their kinetics are
assumed to be much faster than the rate of dissolution.
These reactions include (1) phosphate acid-base equi-
librium reactions, (2) calcium acid-base and phosphate
equilibrium reactions, (3) water equilibrium, (4) poly-
aspartate acid-base equilibrium, and (5) PASP-
calcium complexation in solution. Previous work by our
group11 has shown that complexation of calcium ions
in solution by PASP species is a fast reaction in batch
dissolution processes of mixtures HAP/DCPD.

The use of the equilibrium constants in Table 1, along
with stoichiometric relations, allows us to write a system
of equations involving the interfacial concentrations of
all of the species present in solution. We assume that
the total interfacial PASP concentration is equal to the
initial concentration of PASP in the cleaning solution.
We also assume that the pH of the solution in the
interfacial region is the original pH.

At steady state, the total dissolution flux must equal
the mass-transfer flux of calcium species from the
interfacial region to the bulk of the fluid. Because the
solvent used in the experiments is originally calcium
free and its flow rate is high compared with the
dissolution flux, the bulk concentrations of calcium
species are negligible. Furthermore, if the diffusivities
of all dissolved calcium species are approximately the
same, we can simplify eq 2 to

where

Table 1. Equilibrium Reactions Used in the Dissolution
Model (25 °C)a

equilibrium reactions pK

Phosphate Equilibria
H+ + H2PO4

- a H3PO4 KPE1 2.19
H+ + HPO4

2- a H2PO4
- KPE2 7.18

H+ + PO4
3- a HPO4

2- KPE3 12.3

Calcium Equilibria
Ca2+ + 2H+ + PO4

3- a CaH2PO4
+ KCE1 20.95

Ca2+ + H+ + PO4
3- a CaHPO4 KCE2 15.09

Ca2+ + PO4
3- a CaPO4

- KCE3 6.46
Ca2+ + 2H2O a Ca(OH)2 + 2H+ KCE4 -27.99
Ca2+ + H2O a CaOH+ + H+ KCE5 -12.60

Water Equilibrium
H+ + OH- a H2O Kw -14.00

Polyaspartate Equilibria
H4PASP a H+ + H3PASP- KAE1 2.2
H3PASP- a H+ + H2PASP2- KAE2 3.6
H2PASP2- a H+ + HPASP3- KAE3 4.3
HPASP3- a H+ + PASP4- KAE4 5.4

Calcium Complexation Equilibria
Ca2+ + PASP4- a CaPASP2- KME1 (Table 2)
Ca2+ + HPASP3- a CaHPASP- KME2
Ca2+ + H2PASP2- a CaH2PASP KME3

a All reactions occur in the aqueous phase and are assumed to
reach equilibrium instantly. Data for calcium and phosphate are
from the MINEQ+ database and work by Lindsay.20 Polyaspartate
equilibria are from experimental data fitted to a model based on
four carboxylic acid units per chain.10 Equilibrium constants for
calcium complexation with polyaspartate are used as adjustable
parameters.

J ) kmCCa,T (10)

CPASP,T ) ∑
m)1

4

[H4-mPASPm-](i) (5)

J ) θJP + (1 - θ)JNP (6)

CaHPO4(s) T Ca2+ + HPO4
2-

JNP ) kR - kA[Ca2+](i)[HPO4
2-](i) (7)

H4-mPASP(s)m- + CaHPO4(s) S

CaH4-mPASP(m-2)- + HPO4
2-, m ) 2-4

JP )

∑
m)2

4

(kP1,m - kP2,m[HPO4
2-](i)[CaH4-mPASP(m-2)-](i))

(8)

JP ) kP1 - kP2[HPO4
2-](i) ∑

m)2

4

[CaH4-mPASP(m-2)-](i)

(9)
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In the application of eq 10, the mass-transfer coef-
ficient was calculated from eq 3 using the diffusivity of
Ca2+.

If eq 11 is substituted into eq 10 and the dissolution
flux given by eq 6 is equated to the mass-transfer flux,
the model presented can be used to determine the
interfacial concentrations of all of the relevant chemical
species dissolved in the liquid and, in turn, the dissolu-
tion flux can be evaluated. The calculations require
knowledge of the following unknown parameters: the
acid dissolution kinetic constants, kR and kA, which can
be fitted independently to dissolution experiments in the
absence of PASP; the complexation equilibrium con-
stants, KME1, KME2, and KME3; the Langmuir constant
KL; and the kinetic PASP-enhanced dissolution con-
stants kP1 and kP2.

Experimental Section

Materials. Polysuccinimide (with average molecular
weights Mh w ) 10 000 and Mh n ) 2730) synthesized by
the acid-catalyzed thermal polycondensation of L-aspar-
tic acid was prepared by Rohm and Haas as described
by Freeman et al.7 Prewashed polysuccinimide was
hydrolyzed to form sodium polyaspartate by the drop-
wise addition of a 50% sodium hydroxide solution to
maintain a pH of about 11 until the reaction was
complete. The reaction was complete when all of the
polysuccinimide had completely dissolved.

A crystalline suspension of DCPD (25% solids) was
obtained from the Sigma Chemical Co. The radiolabeled
DCPD used for the cleaning studies (described in detail
below) was obtained by irradiating a 10 g sample of
DCPD suspension (Sigma Chemical Co.) in the Pulstar
nuclear reactor at North Carolina State University.

Cleaning Experiments. The DCPD deposits were
prepared for the cleaning experiments by drying a
calcium phosphate slurry in a cylindrical section of
tubing. The stock slurry was prepared by mixing 8 g of
the DCPD suspension with 12 g of deionized water. The
stock slurry was radiolabeled by the addition of 32P-
labeled DCPD. For each experiment, a volume of 0.5 mL
of radiolabeled slurry (dry weight 57.3 mg) was injected
into a test cell (Figure 4). The test cell was then capped
and rotated under an infrared heat lamp for 8 h at 95
°C to form a deposit. Scanning electron microscopy
(SEM) micrographs show that the DCPD deposits are
composed of agglomerated crystals.11 X-ray diffraction
showed that the DCPD deposits are essentially free of
impurities and that no transformation of DCPD to other
calcium phosphates occurred during the heating process.

After the test cell was placed within the experimental
flow system (Figure 5), a solid scintillation detector was
positioned outside of the test cell to obtain real-time
measurements of the â-particle counts from the deposit
on the inner surface of the test cell. To initiate an
experiment, a solution (5 L) contained in the reservoir
(20 L) is pumped through a centrifugal pump so that
fluid velocities ranging from 0.8 to 2.4 m/s were obtained
in the pipe and the test cell. These fluid velocities
correspond to fully developed turbulent flow for Re

ranging from 9000 to 27 000. To adjust and maintain
the pH throughout the experiments, 1 M sulfuric acid
or 1 M sodium hydroxide were added as needed. These
chemicals were reagent-grade and were used without
further purification. Automated data acquisition pro-
cedures were used to record the counts emitted from
the deposit and the pH of the solution throughout the
experiment. Experiments were carried out for PASP
concentrations ranging from 0 to 800 ppm and pHs
ranging from 2.85 to 10. Experiments were conducted
at room temperature (25 ( 3 °C). The experiment
concluded when the counts dropped to the background
level or after a specified time period of continuous
cleaning.

The data were normalized using the following equa-
tion:

where M(t) is the mass of the 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, and Ct0 is the â-particle count
at time zero. Background counts, B, were measured by
measuring the â-particle count in the absence of a
radiolabeled deposit.

The normalized data are expressed as M/M0, which
represents the fraction of film remaining on the surface.
The normalized counts were time-averaged over 5 min
intervals and multiplied 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

CCa,T ) [Ca2+](i) + [CaH2PO4
+](i) + [CaHPO4](i) +

[CaPO4
-](i) + [Ca(OH)2](i) + [CaOH+](i) +

[CaPASP2-](i) + [CaHPASP-](i) + [CaH2PASP](i)

(11)

Figure 4. Diagram of the test cell.

Figure 5. Schematic diagram of the flow apparatus.

M(t)
M0

)
Ct(t) - B
Ct0 - B

(12)
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initial removal rates. The initial cleaning rates are used
in the analysis to minimize the possible effects of
changes in the surface area and morphology of the
deposit during the cleaning process.

Additional details about the experiments and mea-
surement techniques have been reported elsewhere.21

Results and Discussion

In previous research, we have shown that PASP has
a significant impact on the removal rates of deposits
consisting of a mixture of HAP and DCPD.11 The rate
of HAP/DCPD removal is limited by a slow dissolution
process. At the higher pHs, we observed that the ligand
promotes the deposit removal by increasing the dissolu-
tion rate. Therefore, for cleaning studies carried out at
alkaline pHs, the presence of PASP significantly im-
proved the HAP/DCPD removal rates by increasing the
rate of the interfacial solubilization process. In cases of
DCPD removal where shear, rather than dissolution,
controls the removal rate, the effect of a polymeric
sequestrant is not known. Thus, we will first seek to
establish whether PASP will have any impact on the
removal rate of DCPD.

To determine whether PASP affects DCPD removal
rates, cleaning experiments were carried out in the
experimental flow system over a wide range of pHs and
fluid velocities. Representative cleaning curves are
shown for pH 2.85 (Figure 6) and pH 6 (Figure 7),
comparing processes in the absence of PASP with
processes in which the solution has a PASP concentra-
tion of 600 ppm. Note that all of the cleaning curves
are linear at low removals (i.e., high values of M/M0),

whereas toward the end of the cleaning process, they
exhibit an upward curvature. This curvature has been
associated with the depletion of the surface area covered
by a mineral film.11,13

As explained above, the predominant removal mech-
anism can be determined by quantifying the effect of
fluid velocity on removal rates. In the absence of PASP,
shear removal is the predominant mechanism for DCPD
deposits. Our results show that PASP affects the
dependence of the removal rate on fluid velocity. For
example, in Figure 6, the removal at a fluid velocity of
0.8 m/s in the absence of PASP is slightly slower than
that using PASP, whereas the removal in the absence
of PASP is appreciably faster at 2.4 m/s. This result
indicates that PASP alters the ability of the DCPD
deposit to withstand shear stresses.

A comparison of the data shown in Figures 6 and 7
indicates that pH also has a significant impact on the
removal rates. The removal rates at pH 2.85 (Figure 6)
are much higher than those measured at pH 6 (Figure
7). This is consistent with observations made previously
for DCPD and HAP/DCPD cleaning data.13 At pH 2.85,
DCPD is more soluble than at pH 6. Therefore, based
on DCPD solubility, this result is expected. The novel
factor in this case is that pH not only affects the
solubility of the mineral but also changes the surface
charge and controls sequestrant speciation. In addition,
the removal rates for cleaning studies carried out in the
presence of PASP were more rapid than those in the
absence of the sequestrant at all fluid velocities in
Figure 7 (pH 6).

To quantify the role of pH on the effectiveness of the
sequestrant, the removal flux corresponding to the
initial removal rates (J) is plotted as a function of
solution pH in Figure 8 for a fixed fluid velocity. These
results are compared to DCPD cleaning studies carried
out without PASP. In the absence of PASP, two regimes
in terms of the effect of pH are observed. At low pHs
(pH < 5), there is a significant effect of pH on the
removal flux. We have postulated in a previous work13

that enhanced dissolution of the mineral by direct
reaction of protons with the solid at low pHs lowers the
adhesion stress of mineral particles and makes them
more susceptible to shear removal as pH decreases in
this regime. In terms of the dissolution model developed
in this work, the enhanced dissolution at low pHs can
be represented as an increase in kR as pH decreases (eq
6). At higher pHs (pH > 5) in the absence of PASP, the
removal flux becomes relatively low and independent
of pH. In this regime, shear forces are solely responsible
for the removal flux because acid dissolution plays a

Figure 6. Typical cleaning curves: removal of DCPD from
stainless steel tubing at pH 2.85. Solid lines and filled markers
indicate DCPD cleaning studies carried out in the presence of
PASP (600 ppm). Dashed lines and open markers represent DCPD
cleaning studies carried out in the absence of PASP. The legend
shows the average fluid velocity. The lines correspond to 5 min
averages of experimental data, and the markers are selected data
points used to identify the curves.

Figure 7. Typical cleaning curves: removal of DCPD from
stainless steel tubing at pH 6. Lines, markers, and the legend are
as in Figure 6.

Figure 8. Effect of PASP on DCPD removal flux as a function of
pH at v ) 1.2 m/s. Lines represent linear fits of the data in the
corresponding ranges.
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minimum role. Note that the transition from a pH-
dependent regime to a pH-independent regime occurs
at a pH of approximately 5.

The addition of PASP (600 ppm) causes a significant
change in the measured trends in the flux with changes
in the pH (Figure 8). At pH e 4, the data are not
significantly different from the results without PASP.
The fact that the removal rate is indifferent to the
presence of the sequestrant indicates that acid dissolu-
tion, rather than sequestration by PASP, is predominant
at low pHs. By comparison, for pHs between 4 and 10,
there is an increase in the removal rate in the presence
of PASP. Even though previous research has shown that
the removal mechanisms of HAP/DCPD and DCPD are
qualitatively very different (surface dissolution and
shear removal);13 the addition of PASP in both cases
leads to an increase in the removal rate.11 It is interest-
ing to note that the removal flux in the presence of
PASP decreases uniformly with pH, without exhibiting
the two pH regimes found in the absence of PASP.

The results in Figure 8 indicate that the effectiveness
of PASP to increase removal rates at 600 ppm is
optimum at intermediate pHs. To better visualize this
trend, in Figure 9 we compare the ratio of the removal
flux in the presence of PASP to the flux corresponding
to acid dissolution as a function of pH, including results
for various fluid velocities. We can see that the maxi-
mum enhancement of removal rates occurs at pH 5 for
all fluid velocities. In addition, the removal flux in the
presence of PASP is more than 35 times the flux without
PASP at v ) 2.4 m/s and pH 5, which shows the
effectiveness of PASP as an additive for the removal of
DCPD deposits.

We have used the mathematical model developed in
this work to represent the data obtained in the range
of pHs and fluid velocities used in Figure 9. The
adjustable parameters were selected to minimize the
relative error between the model predictions and the
data. Two initial constraints were imposed on the fitting
parameters. First, we started by considering kA ) 0 (eq
7), which means that the acid dissolution reaction is
irreversible. Because a good fit of the data in the absence
of PASP was obtained for this condition using kR as the
only adjustable parameter as a function of pH, kA ) 0
was considered to be the final fitted value. Also, when
fitting data in the presence of PASP, we considered, as
an initial guess, that the equilibrium constants for
complexation of calcium ions by PASP species were all
the same: KME1 ) KME2 ) KME3 (see Table 1); however,

the data could not be fitted satisfactorily under these
conditions. For this reason, we tried keeping KME2 )
KME3, but fitted a different value for KME1. A good fit of
the data was obtained. In the final fit, KME1 > KME2,
indicating a stronger calcium complexation by the more
ionized PASP species. The parameters that yield the
best fit are shown in Table 2, and the predictions of the
model are presented in Figure 10.

Comparing Figures 9 and 10, we can see that the
model is capable of representing the trends followed by
the removal flux as a function of pH and velocity. One
difference between the model and the data is that the
model yields a lower sensitivity of JL/J0 on velocity: at
the optimum pH (pH 5), the predicted values of JL/J0
range between 22.5 and 33 between the lowest and
highest velocities, whereas the experimental values of
JL/J0 range between 22 and 35. The effect of velocity
will be discussed in more detail below.

The fact that the model proposed in this work can
represent the experimental data with relative accuracy
enables identification of the factors that control the
shape of the curves in Figures 9 and 10. At low pHs,
dissolution of DPCD from sites of the surface without
PASP (acid dissolution) controls the process and hence
adding PASP does not result in an appreciable enhance-
ment of the removal flux. As the pH increases, dissolu-
tion due to PASP complexation of calcium on the surface
becomes important and enhancement is observed until
the optimum point, located around pH 5. It is important

Figure 9. Relative improvement of the DCPD removal flux due
to the presence of PASP as a function of pH: JL is the removal
flux for solutions containing 600 ppm PASP, and J0 is the removal
flux of solutions at the same pH without PASP. Lines are smooth
fits of the data.

Table 2. Parameters Used To Fit the Model to the
Experimental Dataa

parameter pH value

kR (kmol/m2‚s) 2.85 4.5 × 10-7

3.50 2.0 × 10-7

4.00 1.4 × 10-7

4.50 5.6 × 10-8

5.00 6.3 × 10-9

6.00 4.0 × 10-9

8.00 3.9 × 10-9

10.0 5.7 × 10-9

kP1 (kmol/m2‚s) all 4.5 × 10-6

kP2 (m4/kmol‚s) all 3.0 × 102

KL (M-1) all 3.0 × 105

KME1 (M-1) all 1.3 × 105

KME2 (M-1) all 3.8 × 104

KME3 (M-1) all 3.8 × 104

a The acid dissolution rate constant kR was fitted to experiments
without PASP. These experiments were well fitted with no
backward reaction (kA ) 0). The rest of the parameters were fitted
to data corresponding to 600 ppm PASP solutions.

Figure 10. Model predictions for JL/J0 as a function of pH. The
adjustable parameters were selected to fit the data in Figure 9.
The values used to generate these results are presented in Table
2. Solid lines are model predictions, and markers are included at
selected points for identification purposes. The legend is as in
Figure 9.
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to mention that, at pH 5 and higher, the polyaspartate
dissociation equilibrium (Table 1) reveals that the
dissolved PASP is completely in the form of PASP4-,
HPASP3-, and H2PASP2-, which are the species more
likely to complex with calcium. On the other hand,
between pH 6 and 10, the dominant dissolved phosphate
species is HPO4

2-, whose presence inhibits complexation
dissolution of DPCD by PASP (eq 8). Hence, this tends
to diminish the impact of the effect of PASP on dissolu-
tion rates, although an improvement with respect to the
absence of PASP is noted until pH 10. These trends are
better illustrated by Figure 11, which shows the pre-
dicted removal fluxes JP and JNP as a function of pH.
The acid dissolution flux (JNP) dominates at low pHs,
but it drops rapidly between pH 2 and 5. The removal
flux due to PASP complexation (JP) does not change
dramatically over the whole range of pH but dominates
over the acid dissolution flux at pHs above 5. Surface
coverage by PASP (θ) increases monotonically between
0.1 at low pHs to 0.6 at high pHs.

The results presented demonstrate the effectiveness
of PASP to enhance the removal of DCPD deposits, with
an optimum enhancement at pH 5. Figure 12 shows the
effect of the PASP concentration at that pH on the
cleaning curves. Note how a removal of less than 10%
of the film after 1 h in the absence of PASP is progres-
sively improved until almost complete removal at 600
and 800 ppm PASP.

The effect of PASP concentration on the initial
removal rate is shown in Figure 13, along with the
model predictions. The model represents the trends of
the experimental data with variations in the PASP
concentration for pHs 5 and 8. At pH 4, the model
predicts a slight enhancement of the removal rate that
is not seen in the experimental data. Considering that

the parameters used in the model calculations were
fitted to data at 600 ppm PASP (Table 2), plus the fact
that the model only deals with dissolution and mass
transfer and not shear removal (see below), the com-
parison between model and data trends confirms the
validity of the mechanisms proposed.

We also explored the effect of fluid velocity on removal
rates. As indicated above (Figure 3 and associated
discussion), the exponent of the relation between the
removal flux and the average velocity gives an indica-
tion of the prevailing removal mechanism. The initial
removal fluxes at fixed pH and PASP concentrations
have been fitted to the average velocity, using the
equation

Values obtained for the exponent are shown in Figure
14 for removal in the absence of PASP and with a PASP
concentration of 600 ppm. Recall that â ) 0 for dissolu-
tion-limited removal, â ) 0.83 for mass-transfer-limited
removal, and â ) 2 for shear removal. In the absence of
PASP, the high value of the exponent indicates that
removal is predominantly due to detachment of particles
from the deposit under the action of shear forces. In
addition, the fact that the exponent does not change
with pH indicates that, even though removal rates
change, the mechanism remains invariant. In the pres-
ence of PASP, the exponent tends to decrease at low
pHs, indicating that mass transfer or the kinetics of the
dissolution process at the surface are starting to play a
role as removal mechanisms. However, the value of the
exponent is relatively high in the whole range of pHs,
which suggests that shear is the predominant removal
mechanism.

Figure 11. Model predictions of contributions to the removal flux
from acid dissolution (JNP) and PASP complexation (JP) as a
function of pH for v ) 1.2 m/s and 600 ppm PASP. Note that the
acid dissolution flux follows the data for dissolution without PASP
(Figure 8).

Figure 12. Removal of DCPD deposits from stainless steel at
various PASP concentrations for pH 5 and v ) 1.2 m/s.

Figure 13. Initial removal rates as a function of PASP concentra-
tion for various pHs and v ) 1.2 m/s. The lines represent model
predictions.

Figure 14. Velocity exponent for DCPD removal with 600 ppm
PASP and without PASP. Lines are smooth fits of the data.

J ∝ vâ (13)
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Conclusions

A study of the removal mechanisms of DCPD in the
presence of PASP suggests that DCPD removal is
controlled by shear and influenced by the interfacial
dissolution process. The presence of PASP enhances the
removal rate by increasing the rate of the interfacial
dissolution processes occurring at the solid surface.
Presumably, local dissolution rates produce a decrease
in the adhesion forces between solid particles and the
rest of the film, thereby allowing removal by shear
forces. The most dramatic improvement in removal
rates due to PASP occurs at pH 5. The effect of local
dissolution rates is confirmed by the fact that the model
developed in this work, which considers only dissolution
reactions and mass transfer, can reproduce the trends
observed in the experimental data.

Overall, the removal of DCPD remains dominated by
shear even in the presence of PASP. Although the rate-
controlling mechanism is unchanged, the presence of
PASP enhances DCPD removal over a wide range of
pHs by calcium sequestration. The optimal PASP per-
formance at pH 5 provides opportunities to remove
mineral deposits under conditions that are not exces-
sively acidic (which may cause metal corrosion) or
alkaline (which may cause salt precipitation).
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