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abstract
Environmental issues lead to study the effect of environmentally-friendly additives without 
phosphorous to prevent scaling in desalination plants. In this way, the role of polyaspartic acid on 
the crystallization of calcium carbonate in seawater was investigated. An experimental procedure 
permitted to follow in situ and in real-time the growth of scale particles in the micrometric range 
and experimental results were fitted with a mathematical model based on a diffusion-controlled 
process that allows determining the kinetic parameters of crystallization. The results showed 
that polyaspartic acid may strongly influence the nucleation/growth process. At a concentration 
of 1 ppm, it reduces the surface coverage of deposits on the substrate by decreasing the micronic 
particles. At a concentration of 4 ppm added at the start of the experiment, it strongly inhibs the 
development of crystals, the lateral growth rate was almost zero and the effect of the additive 
was close to phosphino polycarboxylic acid. When the macromolecule was added after 10 min of 
experiment, it highly decreased the growth of crystals. The role of this additive in affecting the 
crystallization is discussed in relation to the principal mechanisms by which it acts in comparison 
with other additives. 
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1. Introduction

The control of crystallization processes is one of the 
parameters to consider in desalination plants. Due to its 
low solubility, calcium carbonate is the major salt which 
may lead to the formation of scale in the pipes [1–3]. The 
appearance and persistence of the three crystalline poly-
morphs, calcite, aragonite and vaterite are highly depen-
dent on the local condition of precipitation temperature, 
supersaturation and the presence of additives in water. 
Some phosphorous compounds are well-known to inhibit 

the development of crystals but they may cause severe 
damage to the environment such as eutrophication [4,5]. 
One of the current challenges is to understand how en- en-
vironmentally–friendly additives without phosphorous 
influence the crystallization process to prevent scaling 
in desalination plants. Previously, several studies were 
carried out on the effects of scaling inhibitors [6–8] but 
they did not visualize their effects in situ and in real time. 

This research aims to improve the understanding of 
the role of green additive on scaling phenomena in seawa-
ter. The electrochemical and optical technique presented 
in this paper allows the follow-up of crystallization and 
the effects of inhibitors at the solid-liquid interface.
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The effects of polyaspartic acid, a carboxylated pro-
tein, were studied by this way; the role of this additive in 
affecting the crystallization will be discussed in relation to 
the principal mechanisms by which it acts in comparison 
with other additives. 

2. Experimental conditions

2.1. Chemicals

Synthetic water (“reference water”) was prepared as 
follows: two brines were prepared and mixed 50:50 just 
before the experiments with composition reported in 
Table 1. The reactants were purchased from Aldrich. The 
resulting composition was close to that of the North Sea.

Polyaspartic acid (PASP) was investigated; it was 
obtained from the sodium salt. It is defined as green 
chemical additive because it enters in the PLONOR list 
(Pose Little or NO Risk) which is based on environmental 
tests to quantify toxicity, bioaccumulation and biodegrad-
ability [7]. 

In order to compare it to conventional additive, 
phosphino-polycarboxylic acid (PPCA) was studied 
too because it is often used in the anti-scale treatment 
of water [8,9]. The molecular structures of the additives 

Table 1
Composition of the brines

Brine 1 Brine 2

NaCl, g.L–1 64.10 63.00
KCl, g.L–1 2.25 0
MgCl2,  g.L–1 5.75 0
CaCl2, g.L–1 28.45 0
NaHCO3, g.L–1 0 1.55

Fig. 1. Molecular structures of the additives: (a) phosphinop-
olycarboxylic acid (PPCA), (b) polyaspartic acid.
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Table 2
Characteristics of the additives

Additive description/
Reference

Details Supplier Active content (%) Molecular weight

Non-green PPCA/ 
Bellasol S40

Phosphino polycarboxylic 
acid

BWA 42 ~3600

PASP/T/1120 Poly-α-β-D,L-aspartic acid Champion Technologies 39 Low

Table 3
Ecotoxicological properties of the additives 

Additives Toxicity Bioaccumulation Biodegradability

PPCA EC50 48 h Daphnia > 320 mg/L 
LC50 96 h Fish > 1000 mg/L

log Pow< 0 Not readily biodegradable

PASP EC50 48 h Daphnia: 1798 mg/L 
LC50 96 h Fish: 2117 mg/L

log Pow< 0 > 70%  
Inherent biodegradability testing OECD 301A-F (1992f)

are presented in Fig. 1 and their main characteristics and 
ecotoxicological properties are presented in Table 2 and 3.

For the experiments, the chosen concentrations were 1 
and 4 ppm; additives were added at the start of the experi-
ment and after 10 min of crystallization in order to study 
their effects on the nucleation and growth of crystals.

3. Procedures

3.1. Crystallization and morphology of the calcium carbonate 
particles

In order to induce scaling and to accelerate the forma-
tion of crystals, we have used an electrochemical process 
which induces a supersaturation near the working elec-
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trode. The procedure consists of polarizing an electrode to 
stimulate the reduction of oxygen. Due to the associated 
increase in pH, bicarbonate ions form carbonate species 
which in turn precipitate with calcium ions to produce 
scale at the surface of the electrode. The electrochemi-
cal cell fully described previously [10] integrates three 
electrodes: the working electrode is a removable plug 
comprising a circular stainless steel electrode, the counter 
electrode is a window that was made electrically conduct-
ing by deposition of tin oxide and the reference electrode 
is a silver wire that was pretreated with a diluted solution 
of hydrochloric acid (Ag/AgCl electrode). 

The optical and measurement setup was already 
presented [10,11]; the crystals were imaged at different 
times and several parameters were determined: density 
number, surface and diameter, shape factor and surface 
coverage S (t) (%).From a nucleation-growth model 
described previously [11], the experimental data enable 
determination of the type of nucleation and the mean 
lateral growth rate of crystals. The calculation of the 
extended surface area Sext(t), the surface  that would 
be covered by all the nuclei at time t without effects of 
overlap was done from the actual covered surface area 
S(t) as follows: 

( ) ( )( )1 exp expS t S t= − −  (1)

( ) ( ) ( )[ ]0 / 1/ exp /lSext t M k N t A At A= r − + −  (2)

A is the nucleation rate, kl the lateral growth rate 
(mol/µm/s), M is the molar mass of CaCO3 (100 g/mol) 
and r is the density of the crystals (r = 2.71×10–12 g/µm3 
for calcite).

The kinetic parameters can be evaluated for small or 
large nucleation rates.  

In case of instantaneous nucleation, if At >> 1, i.e. for 
sufficiently long observation times, e.g. t >1 s, Eq. (2) is 
simplified as follows:

( ) ( )( ) 0ln 1 /lSext t S t M k N t= − − = r   (3) 

Sext(t)  is a linear function of t and 

( )( ) 0ln 1 /kk S t M N t= − − r   (4)

In the case of progressive nucleation, the value of 
Sext is quantified as follows:

( ) ( )( ) 2
0ln 1 /lSext t S t M k N At= − − = r  (5)

Sext(t)  is a linear function of t².

4. Results 

4.1. Reference water

In reference water, as soon as the electrical potential 
was applied, numerous small crystals appeared sponta-

neously at the surface of the electrode. Then, they grew 
homogeneously; SEM micrographs confirmed the homo-
geneity of the calcium carbonate particles composed of 
calcite (Fig. 2). Because growth in crystal size was very 
fast, after 40 min, the coalescence of crystals was too 
extensive to permit the characterization of individual 
crystals; only the surface coverage was quantified. The 
scaling power of the water was high because after 60 
min the coverage surface was of 33% (Fig. 3); the num-
ber of crystals was 130 (±20) per 600 µm². As Sext is a 
linear function of time, it indicates that the nucleation 
was instantaneous (Fig. 4). The constant lateral growth 
rate was constant during the experiment: of about 1.4× 
10–15 (mol/µm/s) (Table 4). 

 

Fig. 2. Reference water: SEM photo of crystals after 60 min of 
polarization.

Fig. 3. Surface coverage by calcium carbonate during the 
experiment.
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4.2. Influence of polyaspartic acid added at the start of crystal-
lization

Polyaspartic acid induces a modification of the crystal-
lization of calcium carbonate. 

At a concentration of 1 ppm, it reduced the surface 
coverage: it was of 23.5% after 60 min of the experiment 
(Fig. 3) whereas it was of 33% in reference water. Fig. 5 
indicates that the mean size of crystals is close to that of 

Fig. 4. Sext in function of time.

Table 4
Lateral growth rate (mol/µm/s) of the crystals of CaCO3 with 
1 ppm of PASP in function of time

Time (s) No additive PASP 1 ppm 

120 1.4×10–15 1.4×10–15

300 1.6×10–15 1.9×10–15

600 1.6×10–15 1.4×10–15

1200 1.4×10–15 1.5×10–15

2400 1.1×10–15 1.3×10–15

Fig. 5. Mean diameter of micronic crystals during the experi-
ment (additives added at t = 0 min).

Fig. 6. Seawater with 1 ppm of PASP — optical photos of crystals from the visualization in situ (a) 5 min, (b) 20 min, (c) 60 min.

 
 

 (a) (b) (c)

reference water but the number of detectable crystals 
decreased: it was 90 (±20) per 600 µm². It must be noted 
that the photos of the crystals obtained in situ by optical 
microscopy (Fig. 6) during the experiment show the for-
mation of a film on the surface of the electrode. The pic-
tures obtained by SEM (Fig. 7) indicate that the shape of 
crystals were similar to those present in reference water. 

The calculation of Sext indicates that the nucleation 
was instantaneous (Fig. 4). The coverage Sext can be ex-
pressed as a linear function of time as follows:

 • in reference water  Sext = 0.011 t
 • in the presence of polyaspartic acid at a concentration 

of 1ppm: Sext = 0.008 t 
 • in the presence of PPCA at a concentration of 1 ppm: 

Sext = 0.006 t

The lateral growth rate was not significantly differ-
ent to the value calculated for reference water (Table 4).

At a concentration of 4 ppm, the effect of PASP on 
calcium carbonate particles increased strongly. No more 
crystals were quantified by optical microscopy during 
the experiment indicating that the surface coverage 
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Fig. 7. Seawater with 1 ppm of PASP — SEM photo of crystals 
after 60 min of polarization.

 

detectable is less than 1%. SEM analysis revealed the 
presence of small crystals distorted with a mean size of 
about 0.5 µm (Fig. 8).

On the one hand, compared to PPCA, the reduction of 
the surface coverage was no so high in presence of 1 ppm 

 

 

Fig. 8. Seawater with 4 ppm of polyaspartic acid added at the start of the experiment — SEM photo of crystals after 60 min 
of polarization.

Fig. 9. Seawater with 4 ppm of PASP added after 10 min of crystallization — optical photos of crystals from the visualiza-
tion in situ (a) 20 min, (b) 60 min.

   (a) (b)

of polyaspartic acid.  On the other hand, at a concentration 
of 4 ppm, the effect of polyaspartic acid is close to PPCA; 
the surface coverage was less than 1%.

4.3. Influence of polyaspartic acid added after 10 min of crys-
tallization

To study the effect of the macromolecule on the 
growth of crystals, 4 ppm of the additive was added to 
the aqueous solution after 10 min of crystallization. At 
this concentration polyaspartic acid affected to a great 
extent the morphology of the crystals (Fig. 9). Two kinds 
of crystals of calcium carbonate were observed:

 •  Small: with a size less than 10 µm 
 •  Big: with a size more than 15 µm 

Both categories of crystals were distorted. The big 
crystals had a really specific shape: the base of the crystals 
(in contact with the metal surface) seemed to be larger 
than the top of the crystal like a hat-shape. No additive 
film was detected with 4 ppm of PASP added after 10 min 
(contrary to what has been observed with 4 ppm of PASP 
added at t = 0). 
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Quantitative analysis shows that the surface coverage 
is lower than in reference water and that the mean size 
of crystals was reduced (Fig. 10).

It must be noted that the slow down of the kinetics 
was greater with the addition after 10 min. of PPCA (the 
growth of the crystals were blocked after 10 min). In 
the case of PASP, no complete stop of the growth was 
observed. 

5. Discussion

Compared to the crystallization that occurred in refer-
ence water, the presence of PASP may lead to a decrease 
of the crystallization of calcium carbonate.

The first experiments suggested that PASP may act 
by reducing the crystallization of the salt during the first 
step of crystallization The presence of the additive at a 
concentration of 1 ppm may quickly block the develop-
ment of some submicronic crystals which were no more 
detectable. Nevertheless, the other crystals grew as in 
reference water. So, it must be noted that whereas the 
inhibition of PASP on the crystallization of calcite is not 
so high than this of PPCA, it may lead to a decrease of the 
surface covered by calcium carbonate. At concentration 
of 4 ppm, PASP was enough to limit highly the growth of 
all the crystals, only submicronic particles were observed.

The second experiments indicated that when PASP 
was added at a concentration of 4 ppm after 10 min, it 
may highly modify the growth of crystals.

So, this macromolecule interacts on the crystalliza-
tion of calcium carbonate and can modify the ongoing 
processes. Different ways of action of the polymers can 
be viewed [12]:

 • It can alter the shape of the primary nanoparticles by 
selective adsorption and/or enrichment onto specific 

Fig. 10. Mean diameter of micronic crystals during the experiment (additives added at t = 10 min).

crystal faces which leads to growth inhibition of these 
crystals faces

 • By complexing the ions, PASP can block or retard the 
growth path of single ions making assembly effects 
more significant then the classical crystallization route

 • It can colloidally stabilize metastable intermediates 
such as amorphous precursor structures.

Usually the added polymers adopt more than one role 
mentioned previously [12].

The results indicated that PASP induces a decrease 
of the number of micronic crystals and promotes a 
modification in the shape of crystals. From these results, 
it is demonstrated that PASP may act preferentially by 
selective adsorption on crystals. In agreement with this 
conclusion, previous studies had demonstrated PASP 
consists of carboxylated residues that favor a a-helicoidal 
structure in solution [13] and when adsorbed to calcite, 
PASP was suggested to adopt a b-strand conformation. 

This study also shows that the adsorption of PASP is 
fast during the crystallization process; at a concentration 
of 1 ppm, the polymer may quickly block the growth of 
some crystals as the number of crystals detected showed 
it. Moreover the addition of PASP after 10 min of crystal-
lization indicated that it quickly delayed the growth of 
a few crystals.

6. Conclusion

This study has demonstrated that it is possible to 
visualise in situ and in real time the effects induced by 
additives on the modification of crystallization on a metal-
lic surface. It gives qualitative and quantitative pieces of 
information about the nucleation stage and the growth 
of crystals. 
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The results showed that polyaspartic acid may strong-
ly influence the nucleation/growth process.

At a concentration of 1 ppm, it reduces the surface 
coverage of deposit on the substrate by a decrease of the 
micronic crystals.  At a concentration of 4 ppm added at 
the start of the experiment, it strongly inhibits the de-
velopment of crystals, the lateral growth rate was quasi 
nil and the effect of the additive was close to phosphino 
ploycarboxylic acid. SEM analysis had shown that this 
protein leads to the formation of submicronic distorted 
particles. When the macromolecule was added after 
10  min of experiment, it decreased the growth of a few 
crystals.

The results suggest that PASP may act preferentially 
by selective adsorption on crystals; the kinetic of adsorp-
tion was fast. 

Many further studies will be required in order to un-
derstand the effects of scaling treatments in relation with 
the structures and concentrations of macromolecules, 
with the physico-chemical conditions such as the compo-
sition of water and or the concentration of carbon dioxide. 
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