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ABSTRACT

The adsorption of 2-phosphonobutane-1,2,4-tricarboxylic acid (PBTC) on calcite surfaces
(110),(102),(104),(113),(202) was studied by molecular simulation. The phosphoric acid
and carboxylic acid functional groups energetically interacted with the faces and preferentially
occupied the carbonate ion sites by chemisorption, which is in agreement with the critical pH
experiments. The strength of adsorption followed the order of (110)>(113)>(102)>
(202) > (104). The binding energy gradually decreased with increasing temperature. The
relationship between the critical pH and the adsorbed PBTC>™ configuration indicates that the
adsorbed inhibitor configuration plays an important role in inhibitor efficiency.

Keywords: Computer simulation; Preferential adsorption site; Scale inhibitor; Calcite

1. Introduction

Chemical crystallization is one of the important
causes of scale formation in cooling water systems.
The use of phosphonates as the scale and corrosion
inhibitors is an effective method for preventing min-
eral scale and corrosion [1,2]. Previous studies have
shown that scale inhibitors can broaden the width of a
metastable zone [3], increase the induction time,
inhibit crystal growth [4], and change the crystal mor-
phology [5,6]. The fundamentals of scale inhibition
mechanism are inadequately understood [7]. Experi-
mental and experience extrapolation methods are the
leading methods for the performance evaluation of
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new scale inhibitors, which commonly waste time,
manpower, and material resources [8]. More investiga-
tions are needed to understand the scale inhibition
process at the molecular level. Molecular simulation
approaches are useful for investigating inhibition
mechanism.

Calcite is the predominant component of scales
deposited in cooling water systems [9-14]. The critical
pH of calcite increases by adding inhibitors. This
increases the width of calcite crystallization metastable
zone. Thus, the critical pH of calcite indicates the inhi-
bition effect [3].

In this study, the width of calcite crystallization
metastable zone was investigated by determining the
critical pH of the crystallization system [15-17] in a
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jacketed crystallizer at different temperatures. More-
over, molecular simulation was used to investigate the
adsorption behavior of 2-phosphonobutane-1,2,4-tri-
carboxylic acid (PBTC) on calcite surfaces. The adsorp-
tion of an inhibitor on calcite surface affects the
crystallization of calcite. Therefore, it is important to
investigate the relationship between the critical pH
and the properties of adsorbed PBTC?™ properties on
calcite surfaces.

2. Effect of PBTC on calcite crystallization
metastable zone

2.1. Experimental procedures

When a NaOH solution was added, the pH of the
experimental system increased. When calcite precipi-
tated, the pH of the experimental system decreased.
Fig. 1 shows the inflection point known as critical pH.

Fig. 2 shows the schematic drawing of the experi-
mental apparatus. The stable experimental solution
was prepared by mixing calcium chloride (6.0 mM)
and sodium bicarbonate (13.8 mM) solutions using a
magnetic stirrer at a constant speed. A metering pump
was used for pumping 0.1 M NaOH solution at a
speed of 0.05mL min"'. A pH sensor was used to
measure the solution pH during CaCOj crystallization
process [3].

2.2. Results and discussion

The critical pH experiments were performed at five
temperatures. To qualitatively analyze the metastable
zone, the pH values of the mixed solutions were mea-
sured after the addition of PBTC at different concen-
trations (0.001-0.005 mM).

Fig. 3 shows that the pH values slowly increased
when 0.004 mM concentration of PBTC was used. This
indicates that the inhibition of calcite growth with
0.004 mM PBTC was successful at five temperatures.
As shown in Fig. 4, the calcite metastable zone width
narrowed with increasing temperature.

Critical pH

NaOH volume

Fig. 1. pH curve.
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Fig. 2. Schematic of experimental setup. 1, Thermometer; 2,
temperature probe; 3, super constant temperature water
bathing; 4, acidometer; 5, glass electrode; 6, reference
electrode; 7, outlet line of crystallizer; 8, inlet line of crystal-
lizer; 9, jacketed crystallizer; 10, metering pump; 11,
magnetic stirrer.
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Fig. 3. Critical pH with different concentrations of PBTC at
five temperatures.
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Fig. 4. Calcite metastable zone with different concentra-
tions of PBTC at five temperatures.

3. Molecular simulations of the interactions between
PBTC and calcite surfaces

3.1. Theoretical models and methods

The pH value is usually controlled stably from 8.0
to 9.0 in cooling water systems. At these pH values,
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Table 1
Simulation of box lattice parameters

(110) (102 (104 (113) (202)
a (A}) 49.90 53.37 64.76 51.85 51.00
b (A) 51.18 49.90 49.90 51.00 49.90
c (A) 72.38 69.97 63.70 61.45 60.53
a () 90 90 90 90 90
BO 90 90 90 90 90
7 (9 90 90 90 103 67

PBTC exists as an anion. In this study, PBTC>” ions
were adsorbed on the calcite surfaces [18].

The molecular simulation studies were performed
using the COMPASS force field [19,20], which enabled
the accurate and simultaneous prediction of chemical
properties (structure, conformation, vibration, etc.)
and condensed-phase properties (equation of state,
cohesive energies, etc.) for diverse chemical systems.
This is the first high-quality force field combining the
parameters of organics and inorganics.

The space group of calcite is R-3C, and its lattice
parameters are a = b = 4.99 A, c=17.06 A, a=£=90.0°
and y=120.0>. The (110), (102), (104), (113), and
(202) [21-24] surfaces were cut and optimized. The
simulation box lattice parameters are shown in Table 1.
First, we simulated the characteristics of PBTC?  on
each calcite face to determine the easily adsorbing
faces and optimal binding sites by the Monte Carlo
sampling and simulated annealing calculation meth-
ods. The Monte Carlo method randomly sampled the
configurations of PBTC>” and placed each configura-
tion on the calcite surfaces by conformer, rotation, and
translation. The conformer, translation, and rotation
steps were used with a probability of 0.33 each. The
simulated annealing method used Monte Carlo sam-
pling when the system temperature gradually
decreased. This progress was repeated several times to
identify further local energy minima. To obtain good
statistics, 10 simulated annealing cycles decreased the
temperature from 1,000 to 313, 318, 323, 328, and
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333 K were performed (a total 50,000 steps per cycle).
Later, we calculated the property parameters of the
adsorbed PBTC?>” configurations by DMol’. In this
study, the dielectric constant (¢) was set at 78.0, and
the temperatures were set at 313, 318, 323, 328, and
333 K according to the actual circular water environ-
ment. The simulation details are shown in Table 2.

The strength of the interactions of the surface with
the adsorbate is shown by the binding energy, calcu-
lated according to Eqgs. (1) and (2) as follows:

AE = E,— (Es + Ej) M
E, = —AE @

where E; is the total energy of the surface and inhibi-
tor, E; is the energy of the surface without the inhibi-
tor, and E; is the energy of the inhibitor without the
surface.

3.2. Results and discussion
3.2.1. Adsorption of PBTC*™ on calcite faces

According to the periodic bond chains (PBC) theory
(the model as shown in Fig. 5), the crystal growth sur-
faces were grouped into three types, namely, flat face,
step face, and kink face [25]. Flat faces are the most
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Fig. 5. Model of PBC theory: F, flat face; S, step face; and
K, kink face.

Table 2

Simulation details

Simulation parameters Option Simulation parameters Option
Calculation method Simulated annealing Electrostatic Group based
Sampling method Monte Carlo Van der Waals Atom based
Force field COMPASS Cutoff distance 95A
Maximum temperature 1,000 K Ensemble NVT

Final temperatures 313, 318, 323, 328, and 333 K Thermostat Nosé
Probability 0.33 Q ratio 2.0
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Fig. 6. Most suitable configurations and preferential adsorption sites of PBTC>” ions on calcite surfaces.

stable surfaces because of the slowest growth rate. This
indicates that the probability of the adsorption of
organic additives on flat faces is very remarkable.

Fig. 6 shows the adsorption of PBTC on calcite
faces, (110), (102), (104), (113), and (202).
Clearly, the carbonate and phosphonate groups in
PBTC were close to the crystal surfaces. Fig. 7 is
shown in the side view to clearly indicate how the
carbonate and phosphonate groups are close to the
surfaces. The oxygen atoms of the carbonate and
phosphonate groups interact with calcium ions and
preferentially occupy the carbonate ion sites on the
calcite faces, thus increasing the interactions and
steric hindrance and avoid crystal aggregation. The
equilibrium in water: HCO; < CO3™ +H* is diffi-
cult to move to the right. This explains why the
critical pH value increased after adding the inhibitor
in circular cooling water system.

The interaction energies of all the surface systems
at 323 K are listed in Table 3. The interaction energies
of all the systems are negative, indicating that the
combination of PBTC?” ions with the calcite surfaces

is exothermic. Furthermore, the conventional physi-
sorption energy is generally 40 k] mol™' or so. The
conventional chemisorption energy is typically more
than 80 k] mol ™! [26,27]. The values of the interaction
energies are much higher than the conventional
adsorption energy, indicating that the adsorption is
chemisorption. Chemisorption is significantly different
from physisorption in that it is highly selective and
involves monolayer adsorption. This can be confirmed
by the experimental results.

As shown in Table 3, the sequence of the binding
energies of the five surfaces with PBTC*™ is (110) >
(113)>(102)>(202)>(104). In Fig. 7, the distance
of the oxygen atoms in PBTC>™ and the nearest cal-
cium ions on calcite surface is slightly longer than the
electrovalent bond length of O—Ca. This indicates the
electrovalent bonds formed between PBTC>™ and cal-
cium ions. [8]. Fig. 7 shows that the numbers of O-Ca
bonds on (110) and (113) are more than those on
the other surfaces. The numbers of O-Ca bonds on
(104) are less than those on the other surfaces.
This indicates that the strength of binding energy is
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Fig. 7. O-Ca bonds of the oxygen atoms in PBTC>” ions and the nearest calcium ions on calcite surface.

Table 3

Interaction energies (kcal mol ') between PBTC?™ ions and
calcite surfaces

Table 4
Effect of temperature (K) on the binding energies
(kcal mol ™) between PBTC” ions and calcite surface

Surfaces E; E, E; AE Ey Surfaces 313 318 323 328 333
110 —-14627.81 —14322.68 —153.41 -151.72 151.72 (110) 166.56 154.20 151.72 151.29 132.66
(104) —18399.26 —18197.23 -138.03 —64.00 64.00 (104) 65.06 64.35 64.00 58.20 57.39
(102) —19542.98 —-19264.16 —156.30 —122.52 12252  (102) 136.35 133.31 122.52 122.34 115.40
(113) -17208.2 —16909.23 -157.69 -—141.28 141.28 (113) 141.37 141.28 141.28 127.94 111.55
(202) —9553.37 —-9311.13 —-139.44 -102.80 102.80 (202) 105.83 102.82 102.80  98.61 97.01
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Table 5
Property parameters of different PBTC>™ ion configura-
tions

TK) pH u(e A) Ey (kcal mol™)  Ep, (kcal mol™)
313 993 21130 -0.2615 —0.2598
318 9.82 2.6548  —0.2827 —-0.2780
323 9.61 2.0012  -0.2748 -0.1194
328 9.51 2.0591 —0.2682 —0.0965
333 942 22135  -0.2701 —0.0946

dominated by the numbers of the O-Ca bonds. The
combinations of PBTC?” ions with the (11 0) surface
are easier than those with the others. It can signifi-
cantly affect the growth of the (1 1 0) surface.

3.2.2. Effect of temperature on the binding energies
between PBTC? ions and calcite faces

To determine the effect of temperature on the
binding energies between PBTC”™ ions and the calcite
surfaces, the interactions were simulated at different
temperatures ranging from 313 to 333 K, and the bind-
ing energies are shown in Table 4.

As shown in Table 4 and Fig. 4, as the temperature
increased, the binding energy and critical pH gradu-
ally decreased. At the same temperature, the sequence
of the binding energies of the five surfaces is similar
as follows: (110)>(113)>(102)>(202)>(104).

3.2.3. Relationship between the critical pH and adsorbed
PBTC* configuration

The adsorption of PBTC>™ ions on calcite surfaces
affects the inhibition efficiency. To investigate the rela-
tionship between the critical pH (pH.) and the
adsorbed PBTC?™ configuration, the properties of
adsorbed PBTC* ions on (1 04) at different tempera-
tures were calculated by DM013, as listed in Table 5.

Ey (the highest occupied molecular orbital energy)
is often associated with the electron-donating ability
of the molecule. High values of Ey probably indicate a
tendency to donate electrons to appropriate acceptors.
At the five temperatures, the Ey; values are similar.

Ey (the lowest unoccupied molecular orbital
energy) indicates the ability to accept electrons [28].
At 318 K, Ey is the lowest. The dipole moment y indi-
cates the electronic distribution in a molecule [29]. At
318 K, x4 has the highest value, and the polarity of
PBTC” ions is strong. To investigate the relationship
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between the critical pH and the configuration proper-
ties, multiple linear regressions were applied. The
result is shown as follows:

pH. = 9.937 — 03431 — 2.816E; (R? = 0.9836) 3)

This clearly indicates that the critical pH correlated
well with the x and E; of the adsorbed PBTC? ions.
This is very helpful to understand the mechanism of
the interactions between the inhibitor and calcite sur-
faces and to design novel inhibitors.

4. Conclusions

The pH values during the calcite crystallization
process were determined. The inhibitor PBTC
improved the calcite critical pH value and widened
the metastable zone of calcite. At the five studied tem-
peratures, the calcite metastable zone was the widest
when the PBTC concentration was 0.004 mM. The cal-
cite metastable zone width narrowed with increasing
temperature.

Molecular simulations were employed to study the
adsorption of PBTC on calcite surfaces. The results
indicate that the phosphoric acid and carboxylic acid
groups energetically interacted with the faces and
preferentially occupied the carbonate ion sites by
chemisorptions, in agreement with the results of the
critical pH experiments. The sequence of the binding
energies of the five surfaces with PBTC?” ions is as
follows: (110)>(113)>(102)>(202)>(104). The
strength of the binding energy was dominated by the
numbers of the O-Ca bonds. The binding energy
gradually decreased with increasing temperature. The
relationship between the critical pH and adsorbed
PBTC?™ ion configurations indicates that the inhibitor
configurations play an important role in inhibitor effi-
ciency. The future study will focus on the interactions
of the calcite surfaces with PBTC in the presence of
Cl” and Mg*" ions.
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