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a b s t r a c t
To investigate the performance of a polymaleic-based polymeric scale inhibitor against CaCO3 scale 
under different water quality, hydrolyzed polymaleic acid (HPMA) is used. The influences of ions (Mg2+, 
SO4

2–, PO4
3–, SiO3

2–, Cl– and H+) on the performance of HPMA against CaCO3 scale are investigated by 
conducting static test. The effect of the mass ratio (β = [HPMA]/[CaCO3]) on the performance of HPMA 
against CaCO3 scale is also studied. The effect of HPMA on the crystals of CaCO3 is examined using 
scanning electron microscopy (SEM). The results can be summarized as follows: the effect of β on the 
performance of HPMA against CaCO3 scale mainly depends on CaCO3 concentration; the presence of 
Mg2+, SO4

2–, PO4
3– and SiO3

2– can change adsorption equilibrium of carboxyl ion of HPMA onto the CaCO3 
crystal growth sites; both SO4

2– and SiO3
2– can enhance the performance of HPMA, but SiO3

2– causes 
performance declining in the presence of PO4

3–; the presence of PO4
3– and Mg2+ may weaken the perfor-

mance; Cl– can improve the performance and this effect increases with increasing Cl– concentration; pH 
value has a remarkable influence on the performance; SEM morphologies of CaCO3 scale are distorted 
with dosage of HPMA; Ca–HPMA formation is confirmed using Fourier transform infrared spectra. 

Keywords:  Hydrolysis polymaleic acid; Static test; Water quality; Calcium carbonate scale; Recirculation 
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1. Introduction

With the development of industry, agriculture and 
urbanization, the demand for water is growing continu-
ously in China [1]. For the purpose of saving water, the 
concentration ratio of recirculation cooling water increases 
obviously in recent years. As a result, the electrolyte con-
centration of recirculation cooling water increases remark-
ably, and the risk of corrosion, scaling and microbiological 
growth increases unavoidably. To retard scaling, inhibitors 
are widely used in industry. Being an efficient scale inhibi-
tor, polymer scale inhibitors containing the carboxylic acid 

group in their molecules have become highly promising in 
water treatment fields. For instance, hydrolyzed polymaleic 
anhydride (HPMA) is successfully used as a scale inhibitor 
in water treatment fields [2]; the performance of polyacrylic 
acid is largely dependent on the product purity and the 
molecular weight; poly(aspartic acid), polyepoxysuccinic 
acid and carboxymethyl inulin, as three typical representa-
tives of green inhibitor, are being used increasingly in water 
treatment plants [3–7]. However, owing to the complexity 
of water quality, the performance of these polymers will be 
weakened largely in the actual use [8,9]. For example, these 
polymers can form salts with alkaline earth metal ions in the 
water, which may be limiting the efficiency of these polymer 
scale inhibitors [10,11].
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Table 1 shows the water quality of a petrochemical plant 
in China. As shown in Table 1, the change of water quality 
mainly focuses on the ion concentration and the concentra-
tion ratio: Ca2+ concentration changes from 146 to 730 mg/L 
and its concentration ratio is 5, but PO4

3– concentration 
increases from 4.3 to 5 mg/L and its concentration ratio is 
about 1, while SiO2 concentration rises from 4.7 to 15 mg/L 
and its concentration ratio is about 3.2. These suggest that 
SiO2 scale and Ca3(PO4)2 scale deposit in the concentrated 
process. In this case, solubility product of calcium carbon-
ate is [Ca2+] × [CO3

2–] = (0.73/40) × (0.026/60) = 5.48 × 10–6 >> 
Kso (Kso = 1.58 × 10–9, the effect of ionic strength is ignored), 
and solubility product of calcium sulfate is [Ca2+] × [SO4

2–] = 
(0.73/40) × (0.6/96) = 11.4 × 10–5 > Kso (Kso = 2.57 × 10–5, the effect 
of ionic strength is ignored), it is obvious that the tendency of 
Ca2+ and CO3

2– to form CaCO3 scale is far greater than that of 
Ca2+ and SO4

2– to form CaSO4 scale in the recirculation cooling 
water. Therefore, in this study, calcium carbonate is the pre-
dominant component of tenacious scale.

Formation of CaCO3 scale is highly depended on the 
water quality and operating conditions. A large number of 
studies are reported in literature dealing with the effects of 
the water quality on CaCO3 scale in the presence of scale 
inhibitors. For instance, Can and Üner [12] studied the 
performance of poly(maleic anhydride-alt-acrylic acid) 
inhibiting against CaCO3 scale with total calcium increas-
ing from 500 to 1,200 ppm, the inhibition performance of 
copolymer against CaCO3 scale increases with the raise of 
calcium concentration. Guo et al. [13] synthesized a scale 
inhibitor copolymer with maleic anhydride, styrene sul-
fonic sodium, acrylic amide and chitosan in the laboratory, 
the inhibition performance of the copolymer against CaCO3 
scale increases first and then decreases with both Ca2+ and 
CO3

2– concentrations increasing from 0.003 to 0.009 mol/L. 
Kan et al. [14] investigated the mechanism of nitrilotris 
(methylene phosphonic acid) (H6NTMP)/calcite reaction, 
the reaction of phosphonate with calcite can be described 
as a Langmuir isotherm at low phosphonate concentration, 

but phosphonate cannot cover the full calcite surface at sat-
uration, while Ca2.5HNTMP forms at higher phosphonate 
concentration. Demadis and Katarachia [15] investigated the 
crystallization and structure of a Ca–AMP complex salt. They 
found that at higher pH regimes AMP (amino-tris-methylene 
phosphonate) undergoes further deprotonation resulting in 
an increase in its effective negative charge. AMP complex-
ation with Ca2+ will require a larger number of Ca2+ ions to 
achieve neutrality. Yan et al. [10] studied the adsorption and 
precipitation of diethylenetriamine penta (methylene phos-
phonic acid) (DTPMP) and phosphino-polycarboxylic acid 
on Eagle Ford and Marcellus Shales, they found that surface 
adsorption occurs on both Eagle Ford and Marcellus Shales 
at low DTPMP concentration, but DTPMP and calcium can 
form precipitate on Eagle Ford above certain concentration. 
Jonasson et al. [16] found that a calcium diethylenetriamine-
penta (methylene phosphonate) solid phase is uniformly 
distributed on calcite surface at low phosphonate concentra-
tions, but when phosphonate concentration is high enough, 
an intimate mixture of calcite and calcium phosphonate pre-
cipitates is observed. Gill [17] proposed that silica scale will 
form onto the CaCO3 precipitated when the hard scale crystal 
matrix is provided by the CaCO3 precipitated and this crys-
tal matrix can be captured by SiO2. He also found that when 
CaCO3 or other mineral scales are fully suppressed, SiO2 con-
centration in water is usually higher than that scales without 
effectively controlled. Chen et al. [18] found that Mg2+ can be 
adsorbed onto the deposited crystals and the ratio of Mg2+ 
in the deposition is proportional to the ratio of Mg/Ca in the 
scaling water. Eriksson et al. [19] proposed that the electroki-
netic charge and the dissolution of the calcite are a function 
of the concentration of anionic polyelectrolyte with NaCl 
concentration ranging 0.001–0.5 mol/L, the zeta potential 
of calcite increases with NaCl concentration at low sodium 
polyacrylate (NaPA) concentration ([NaPA] < 0.5% of calcite 
content).

In summary, although the influence of the water quality 
on CaCO3 scale in the presence of scale inhibitors are inves-
tigated intensively, and some very important results are 
obtained with the artificial water, significant gaps still exist 
in our understanding of the effect of the real water quality 
on the performance of scale inhibitors against CaCO3 scale 
because the real water quality (as shown in Table 1) is totally 
different from cooling water used in above mentioned stud-
ies. There are a few reports focused on studying the effects 
of the real water quality on the performance of scale inhib-
itors. Furthermore, for most of the polymer scale inhibitors 
used in the open recirculation cooling water system, owing 
to the proprietary and the patented nature, a systematic and 
scientific approach for their working behavior is scarce and 
hence the impact of the water quality on the performance of 
polymer scale inhibitors is still lacking.

Motivated by the facts mentioned above, HPMA is used 
as a sample of a polymaleic-based polymeric scale inhibitor 
to investigate the effects of the water quality on the perfor-
mance of scale inhibitors against CaCO3 scale by conducting 
static test. The cooling water is prepared artificially accord-
ing to the data illustrated in Table 1. The influence of ions on 
the performance of HPMA mainly includes Mg2+, SO4

2–, PO4
3–, 

SiO3
2–, Cl– and H+. The effects of the mass ratio (β = [HPMA]/

[CaCO3]) and the influence of ions on the performance of 

Table 1
Water quality of a petrochemical plant in China (25°C)

Parameter Cooling water Fresh water

Ca2+, mg/L 730 146
Mg2+, mg/L 55 –
Cl–, mg/L 270 45
HCO3

–, mg/L 140 –
CO3

2–, mg/L 20 –
SO4

2–, mg/L 600 –
SiO2, mg/L 15 4.7
Total iron, mg/L 0.7 –
Dissolved oxygen, mg/L 9 –
Orthophosphate, mg/L 5 –
pH 8.3 8.4
Hardness (CaO), mg/L 1,150 230
Cycles of concentration 5 –
Heterotrophic bacteria 1,900 –
Total base, mg/L 170 150
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HPMA against CaCO3 scale are studied. The effects of HPMA 
concentrations on the morphology of CaCO3 deposition 
under static test conditions are investigated using scanning 
electron microscopy (SEM).

2. Experimental

2.1. The experimental system

The static test is conducted as the method reported by 
Shen et al. [20]. The test solution is mainly composed of Ca2+, 
HCO3

–, CO3
2– and the other ions (such as Mg2+, SO4

2–, PO4
3–, 

SiO3
2–, Cl– and H+). The concentration range of the other 

ions is: [PO4
3–] = 4–7 mg/L, [SO4

2–] = 400–700 mg/L, [Mg2+] = 
15–60 mg/L, [SiO3

2–] = 5–20 mg/L and [Cl–] = 100–310 mg/L. The 
test solutions are maintained at 80°C for 10 h in water bath. 
The remaining Ca2+ is titrated by ethylenediaminetetraacetic 
acid (EDTA) standard solution. The inhibition efficiency, η, is 
defined as [21]:

η =
−
−

×
V V
V V

2 1

0 1

100%

where V0 is the volume of EDTA without HPMA at the start-
ing, V1 is the volume of EDTA without HPMA after incubation 
and V2 is the volume of EDTA with HPMA after incubation.

2.2. Chemicals and reagents

EDTA, calcium nitrate, sodium silicate, sodium bicar-
bonate, sodium carbonate, sodium hydroxide, sodium chlo-
ride, hydrochloric acid, magnesium nitrate, sodium sulfate 
and sodium phosphate are analytical grade and supplied 
by Tianjin Benchmark Chemical Reagent Co., Ltd., Tianjin, 
P.R. China. Commercial grade HPMA (MW = 480, the degree 
of polymerization is 2, and solid content is 25%) is supplied 
by Shandong Taihe Water Treatment Technologies Co., Ltd., 
China (Shandong province, P.R. China).

3. Results and discussion

3.1. Effect of β on HPMA inhibition against CaCO3 scale  
in different CaCO3 concentrations

CaCO3 concentration of the test solution is controlled as 
follows: 200, 300, 400, 500, 600, 800, 1,000 and 1,200 mg/L, 
respectively. The mass ratio (β = [HPMA]/[CaCO3]) ranges 
from 0.008 to 0.056 for every test solution. The test solution 
is maintained at 80°C for 10 h in water bath. Fig. 1 shows 
the effect of β on the performance of HPMA against CaCO3 
scale. It can be seen that eight curves of the inhibition effi-
ciency present with the same trend: the inhibition efficiency 
increases steadily with the raise of β from 0.008 to 0.024, and 
then it presents a decrease with β increasing from 0.024 to 
0.056; it is notable that the inhibition efficiency has reached 
the maximum value when β = 0.024, which is independent 
on CaCO3 concentration; moreover, the inhibition efficiency 
decreases with increasing CaCO3 concentration from 300 to 
1,200 mg/L at the same β, it is clear that the performance of 
HPMA against CaCO3 scale is deteriorated with the increase 
of CaCO3 concentration. But the change in the inhibition effi-
ciency highly depends on CaCO3 concentration: for 200 mg/L, 

Δη = 94%−77% = 17%; for 300–600 mg/L, Δη = 97%−90% = 
7%; for 800 mg/L, Δη = 93%−84% = 9%; for 1,000 mg/L, Δη = 
93%−74% = 19%; for 1,200 mg/L, Δη = 92%−72% = 20%. These 
indicate that the effect of β on the performance of HPMA is not 
obvious for 300–600 mg/L, but it is becoming more significant 
with increasing CaCO3 concentration from 800 to 1,200 mg/L.

The increase in the inhibition efficiency is due to more 
CaCO3 crystals stabilized in the bulk solution with an increase 
in dosage of HPMA; but the maximum inhibition efficiency 
is related to adsorption equilibrium owing to carboxylic ion 
of HPMA adsorbing onto CaCO3 crystal surface at 80°C, in 
this case the interactions between HPMA and CaCO3 crystal, 
HPMA and water, water and CaCO3 crystal, and HPMA and 
HPMA have reached a certain balance; while the decrease in 
the inhibition efficiency may be contributed to agglomera-
tion of the dispersed CaCO3 crystal and Ca–HPMA formation 
[10,11].

3.2. Effect of SO4
2– on HPMA inhibition against CaCO3 scale

The test solution consists mainly of Ca2+ (730 mg/L), 
HCO3

– (180 mg/L), CO3
2– (26 mg/L) and SO4

2– (400–700 mg/L). 
β (β = [HPMA]/400) ranges from 0.008 to 0.056 for every 
test solutions. The test solutions are maintained at 80°C for 
10 h in water bath. In the presence of SO4

2–, four curves of 
the inhibition efficiency with same trend are illustrated in 
Fig. 2, the inhibition efficiency increases steadily to reach 
the maximum and followed by a continuous decrease as β 
increases. But the change in the inhibition efficiency actu-
ally depends on SO4

2– concentration: for 400 mg/L, Δη = 
92%−77% = 15%; for 500 mg/L, Δη = 95%−84% = 11%; for 
600 mg/L, Δη = 96%−86% = 10%; for 700 mg/L, Δη = 97%−92% 
= 5% but for 0 mg/L, Δη = 98%−79% = 19%. It is obvious that 
the change reduces with the raise of SO4

2– concentration for β 
ranging 0.008–0.056, implying that the effect of β on the per-
formance of HPMA decrease with increasing SO4

2– concentra-
tion. In fact this change is due to the following reasons: the 
first is the competitive adsorption between SO4

2– and carboxyl 
ion of HPMA onto the CaCO3 crystal growth sites, retarding 
the growth of CaCO3 crystals; the second is the critical super 
saturation of CaCO3 in the presence of SO4

2– becomes higher 

Fig. 1. The influence of β on HPMA inhibition against CaCO3 
scale under the static test conditions.
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than that in the absence of SO4
2– [22]. Additionally, the maxi-

mum inhibition efficiency (ηmax) is related to adsorption equi-
librium owing to carboxylic ion and SO4

2– adsorbing onto 
CaCO3 crystal surfaces at 80°C for different SO4

2– concentra-
tions, ηmax is highly dependent upon SO4

2– concentration: for 
400 mg/L, ηmax = 92% at β = 0.019; for 500 mg/L, ηmax = 94% at 
β = 0.021; for 600 mg/L, ηmax = 96% at β = 0.023; for 700 mg/L, 
ηmax = 97% at β = 0.024; but for 0 mg/L, ηmax = 98% at β = 0.032. 
These indicate that β corresponding to ηmax increases with the 
raise of SO4

2– concentration as well as ηmax, which suggests 
that the presence of SO4

2– will accelerate adsorption equilib-
rium and adsorption equilibrium moves to low dosage of 
HPMA. However the reduction in the inhibition efficiency is 
probably contributed to co-deposition of CaCO3 and CaSO4 
scales at high β. The presence of SO4

2– seems to promote this 
process and this effect decreases with increasing SO4

2– con-
centration [23,24].

On the other hand, the inhibition efficiency increases with 
the raise of SO4

2– concentration at the same β, which means 
that the presence of SO4

2– can enhance the performance of 
HPMA against CaCO3 scale, and this enhancement increases 
with the raise of SO4

2– concentration. The enhancement is 
attributed to more CaCO3 crystal growth sites adsorbed by 
SO4

2– ion than by carboxyl ion of HPMA with the raise of 
SO4

2– concentration, and at the same time the critical super 
saturation of CaCO3 will increase with the raise of SO4

2– con-
centration [25,26].

3.3. Influence of PO4
3– ion on HPMA inhibition against CaCO3 

scale 

The test solution is mainly composed of Ca2+ (730 mg/L), 
HCO3

– (180 mg/L), CO3
2– (26 mg/L) and PO4

3– (4–7 mg/L). 
β (β = [HPMA]/400) ranges from 0.008 to 0.056 for every 
test solution. The test solutions are maintained at 80°C for 
10 h in water bath. Fig. 3 shows the effect of PO4

3– on HPMA 
against CaCO3 scale. For the same solution, the inhibition 
efficiency increases continuously to reach the maximum (the 
increase stage) and then decreases steadily (the reduction 
stage) as β increases. The increase stage highly depends on 
PO4

3– concentration: for 4 mg/L, Δη = 92%−86% = 6%, Δβ = 
0.016, (Δη)/(Δβ) = 3.75; for 5 mg/L, Δη = 93%−86% = 7%, Δβ = 
0.016, (Δη)/(Δβ) = 4.375; for 6 mg/L, Δη = 92%−81% = 11%, 

Δβ = 0.024, (Δη)/(Δβ) = 4.583 and for 7 mg/L, Δη = 93%−77% 
= 16%, Δβ = 0.024, (Δη)/(Δβ) = 6.666. It is clear that the effect 
of β on the performance of HPMA increases with increas-
ing PO4

3– concentration. The maximum efficiency (ηmax) also 
relies on PO4

3– concentration: for 4 mg/L, ηmax = 92% at β = 
0.024; for 5 mg/L, ηmax = 93% at β = 0.024; for 6 mg/L, ηmax = 
92% at β = 0.032; for 7 mg/L, ηmax = 93% at β = 0.032. Obviously, 
ηmax in the absence of PO4

3– is bigger than that in the pres-
ence of PO4

3–, the presence of PO4
3– can change the adsorption 

equilibrium of carboxylic ion of HPMA onto CaCO3 crystal 
surfaces. Furthermore, the reduction stage largely related to 
PO4

3– concentration: for 4 mg/L, Δη = 92%−81% = 11%, Δβ = 
0.032, (Δη)/(Δβ) = 3.438; for 5 mg/L, Δη = 93%−84% = 9%, Δβ 
= 0.032, (Δη)/(Δβ) = 2.812; for 6 mg/L, Δη = 92%−87% = 5%, 
Δβ = 0.024, (Δη)/(Δβ) = 2.08 and for 7 mg/L, Δη = 93%−91% = 
2%, Δβ = 0.024, (Δη)/(Δβ) = 0.833. These reveal that the effect 
of β on the performance of HPMA decreases with increasing 
PO4

3– concentration. On the whole, the presence of PO4
3– can 

weaken the performance of HPMA and this effect actually 
depends on the concentration of PO4

3– and HPMA.
There is a chemical equilibrium between PO4

3– and 
Ca3(PO4)2 in water, thence a competitive adsorption occurs 
between Ca3(PO4)2 and carboxylic ion of HPMA onto the 
growth sites of calcite in water. A small amount of adsorption 
of Ca3(PO4)2 onto the growth sites of calcite can make the crit-
ical super saturation of CaCO3 increase [22], but as adsorp-
tion proceeds, more Ca3(PO4)2 adsorbed onto the growth sites 
of the same calcite may result in depositing of calcite. This 
means that the ratio of Ca3(PO4)2 vs. carboxyl ion of HPMA 
on the growth sites of calcite must not exceed a critical value 
for stabilizing calcite in the solution. Therefore, the increase 
in the inhibition efficiency is due to the increase in adsorp-
tion of Ca3(PO4)2/HPMA (below the critical value) onto the 
growth sites of calcite with the raise of HPMA concentration; 
the maximum efficiency is related to the adsorption equilib-
rium owing to Ca3(PO4)2/HPMA (in the critical value) adsorb-
ing onto CaCO3 crystal surfaces at 80°C; the decrease in the 
inhibition efficiency might be contributed to agglomeration 
of the dispersed CaCO3 crystal and Ca–HPMA formation at 
high β [10,11].

Fig. 2. The influence of SO4
2+ on HPMA inhibition against CaCO3 

scale.

Fig. 3. The influence of PO4
3– on HPMA inhibition against CaCO3 

scale.
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3.4. Influence of Mg2+ ion on HPMA inhibition against CaCO3 
scale

The test solution is mainly composed of Ca2+ (730 mg/L), 
HCO3

– (180 mg/L), CO3
2– (26 mg/L) and Mg2+ (15–60 mg/L). 

β (β = [HPMA]/400) changes from 0.008 to 0.056 for every 
test solutions. The test solutions are maintained at 80°C for 
10 h in water bath. Fig. 4 shows the effect of Mg2+ on HPMA 
inhibition against CaCO3 scale. It can be seen that four curves 
of the inhibition efficiency in the presence of Mg2+ show the 
same trend: the inhibition efficiency increases steadily in two 
intervals such as 0.008–0.024 and 0.032–0.040, but it reduces 
continuously in the other intervals such as 0.024–0.032 and 
0.040–0.056. Moreover, the maximum efficiency is related to 
Mg2+ concentration: for 15 mg/L, ηmax = 87% at β = 0.024; for 
30 mg/L, ηmax = 86% at β = 0.024; for 45 mg/L, ηmax = 88% at 
β = 0.024; for 60 mg/L, ηmax = 89% at β = 0.024, but for 0 mg/L, 
ηmax = 98% at β = 0.032. It is clear that the presence of Mg2+ 
can change the adsorption equilibrium of carboxylic ion of 
HPMA onto CaCO3 crystal surfaces at 80°C and adsorption 
equilibrium moves to low HPMA concentration. It can also 
be seen that the inhibition efficiency in the absence of Mg2+ is 
bigger than that in the presence of Mg2+, which suggests that 
the presence of Mg2+ may weaken the performance of HPMA 
against CaCO3 scale. On the other hand, the inhibition effi-
ciency fluctuates with Mg2+ concentration: for 15 mg/L, Δη = 
82%−77% = 5%; for 30 mg/L, Δη = 86%−80% = 6%; for 45 mg/L, 
Δη = 88%−78% = 10% and for 60 mg/L, Δη = 90%−76% = 14%. 
These indicate that the effect of β on the performance of 
HPMA increases with increasing Mg2+ concentration.

As mentioned above, Mg2+ has much more influence on 
CaCO3 scale than that of HPMA, which is due to the com-
petitive adsorption between HPMA and Mg2+, Mg2+ and Ca2+/
CO3

2−, and HPMA and CO3
2− on the CaCO3 crystal surface 

[18,27].

3.5. Effect of SiO2 on HPMA inhibition against CaCO3 scale 

The test solution is mainly composed of Ca2+ (730 mg/L), 
HCO3

– (180 mg/L), CO3
2– (26 mg/L) and SiO2 (5–20 mg/L). 

β (β = [HPMA]/400) ranges from 0.008 to 0.056 for every test 
solution. The test solutions are maintained at 80°C for 10 h 
in water bath. Fig. 5(a) shows the effect of SiO2 on HPMA 
inhibition against CaCO3 scale without PO4

3–. The inhibition 
efficiency in the presence of SiO2 increases steadily to reach 
the maximum and then presents a slight decrease, but the 
inhibition efficiency in the absence of SiO2 varies with β in a 
parabolic shape. Variation of the inhibition efficiency highly 
depends on SiO2 concentration: for 5 mg/L, Δη = 98%−93% 
= 6%; for 10 mg/L, Δη = 97%−90% = 7%; for 15 mg/L, Δη = 
96%−70% = 16%; for 20 mg/L, Δη = 92%−67% = 25%; but for 
0 mg/L, Δη = 98%−79% = 19%. These reveal that the effect of β 
on the performance of HPMA increases with increasing SO4

2– 
concentration. Moreover, the maximum inhibition efficiency 
(ηmax) is also related to the SiO2 concentration: for 0 mg/L, 
ηmax = 98% at β = 0.032; for 5 mg/L, ηmax = 98% at β = 0.018; 
for 10 mg/L, ηmax = 97% at β = 0.018; for 15 mg/L, ηmax = 96% 
at β = 0.028; and for 20 mg/L, ηmax = 92% at β = 0.032. These 
suggest that the presence of SiO2 might change adsorption 
equilibrium of carboxylic ion of HPMA onto CaCO3 crystal 

Fig. 4. The influence of Mg2+ on HPMA inhibition against CaCO3 
scale.

Fig. 5. The influence of SiO2 on HPMA inhibition against CaCO3 
scale: (a) [PO4

3–] = 0 mg/L and (b) [PO4
3–] = 5 mg/L.
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surfaces at 80°C and adsorption equilibrium moves to low 
dosage of HPMA. On the other hand, the inhibition efficiency 
decreases with the raise of SiO2 concentration at the same 
β, which means that the presence of SO4

2– can improve the 
performance of HPMA against CaCO3 scale and this effect 
decreases with the raise of SiO2 concentration.

There is a chemical equilibrium between SiO3
2– and the 

silica oligomers in water, the adsorption of SiO3
2– onto the 

growth sites of calcite can make the critical supersaturation 
of CaCO3 increase obviously, but the adsorption of charged 
small silica oligomers onto the CaCO3 crystal surfaces will 
form silica scale with increasing time [17]. Therefore, the 
increase in the inhibition efficiency is due to the increase 
in competitive adsorption of SiO3

2–/HPMA onto the growth 
sites of calcite with the raise of HPMA concentration; but the 
maximum efficiency is related to the adsorption equilibrium 
owing to SiO3

2–/HPMA adsorbing onto CaCO3 crystal surfaces 
at 80°C; while the slight decrease in the inhibition efficiency 
is probably contributed to charged small silica oligomers 
adsorbing onto the CaCO3 crystal surfaces at high β.

Fig. 5(b) shows the effect of SiO2 on the performance of 
HPMA against CaCO3 in the presence of PO4

3–. It can be seen 
that four curves present with the same trend in the presence 
of PO4

3– is similar to that in the absence of PO4
3– as shown 

in Figs. 5(a) and (b). But for the same β and SiO2 concentra-
tion, the inhibition efficiency in the presence of PO4

3– is less 
than that in the absence of PO4

3–, and the inhibition efficiency 
decreases with the raise of SiO2 concentration for the same β, 
which reveal that SiO2 can weaken the performance of HPMA 
against CaCO3 scale in the presence of PO4

3–. Furthermore, 
the change in the inhibition efficiency highly relies on SiO2 
concentration: for 5 mg/L, Δη = 98%−68% = 30%; for 10 mg/L, 
Δη = 96%−60% = 36%; for 15 mg/L, Δη = 94%−56% = 38%; for 
20 mg/L, Δη = 92%−52% = 40% but for 0 mg/L, Δη = 98%−79% 
= 19%. It is obvious that the effect of β on the performance 
of HPMA increases with increasing SiO2 concentration. The 
maximum inhibition efficiency, ηmax, is also related to the SiO2 
concentration: for 5 mg/L, ηmax = 97% at β = 0.044; for 10 mg/L, 
ηmax = 96% at β = 0.048; for 15 mg/L, ηmax = 94% at β = 0.048 
and for 20 mg/L, ηmax = 93% at β = 0.048. These reveal that 
both SiO3

2– and Ca3(PO4)2 would change the adsorption equi-
librium of carboxylic ion onto CaCO3 crystal surfaces at 80°C 
and adsorption equilibrium moves to high HPMA concentra-
tion, which is different from that in the absence of PO4

3–. It is 
certain that the presence of Ca3(PO4)2 and the CaCO3 precip-
itated in the circulation cooling water might accelerate the 
deposition of SiO2 scale.

Under these conditions, apart from a chemical equi-
librium between SiO3

2– and the silica oligomers in water, 
there is still another chemical equilibrium between PO4

3– 
and Ca3(PO4)2, the competitive adsorption of SiO3

2– and/or 
Ca3(PO4)2 onto the growth sites of calcite can make the critical 
supersaturation of CaCO3 increase obviously, but the adsorp-
tion of charged small silica oligomers onto the precipitated 
CaCO3 or Ca3(PO4)2 will form silica scale, resulting in a rapid 
reduction in the inhibition efficiency.

3.6. Effect of Cl– on HPMA inhibition against CaCO3 scale 

The test solution is composed of Ca2+ (730 mg/L), 
HCO3

– (180 mg/L), CO3
2– (26 mg/L), and Cl–(100–310 mg/L). 

β (β = [HPMA]/400) ranges from 0.008 to 0.056 for every test 
solutions. The test solutions are maintained at 80°C for 10 h 
in water bath. Fig. 6 shows the effect of Cl– on HPMA inhibi-
tion against CaCO3 scale. For the same solution, the inhibition 
efficiency increases quickly to reach the maximum and then 
reduces slightly as β ranges from 0.024 to 0.056. But the inhi-
bition efficiency varies with Cl– concentration: for 100 mg/L, 
Δη = 86%−71% = 15%; for 150 mg/L, Δη = 90%−76% = 14%; for 
200 mg/L, Δη = 94%−81% = 13%; for 250 mg/L, Δη = 96%−84% 
= 12%; for 270 mg/L, Δη = 97%−86% = 11%; for 290 mg/L, 
Δη = 99%−90% = 9%; for 310 mg/L, Δη = 100%−96% = 4% but 
for 0 mg/L, Δη = 98%−79% = 19%. These indicate that the effect 
of β on the performance of HPMA decreases with increas-
ing Cl– concentration. Additionally, the inhibition efficiency 
increases with the raise of Cl– concentration for the same β, 
implying that the presence of Cl– can improve the perfor-
mance of HPMA against CaCO3 scale and this effect increases 
with the raise of Cl– concentration. On the other hand, the 
maximum inhibition efficiency (ηmax) is largely dependent 
upon Cl– concentration: for 100 mg/L, ηmax = 86% at β = 0.038; 
for 150 mg/L, ηmax = 90% at β = 0.035; for 200 mg/L, ηmax = 94% 
at β = 0.025; for 250 mg/L, ηmax = 97% at β = 0.024; for 270 mg/L, 
ηmax = 98% at β = 0.023; for 290 mg/L, ηmax = 99% at β = 0.022; for 
310 mg/L, ηmax = 100% at β = 0.020 but for 0 mg/L, ηmax = 98% 
at β = 0.032. It is clear that β corresponding to ηmax decreases 
with the raise of Cl– concentration, but ηmax increases with the 
raise of Cl– concentration. These indicate that the presence of 
Cl– will accelerate the adsorption equilibrium and adsorption 
equilibrium moves to low HPMA concentration.

HPMA can inhibit against CaCO3 scale efficiently 
through adsorption of HPMA onto crystallographic surfaces 
of a growing nucleus after the nucleation period. Cl– cannot 
be adsorbed onto the growing nucleus, but it can increase 
the zeta potential of the growing nucleus [19], the increase 
of the zeta potential can enhance adsorption of HPMA onto 
the crystallographic surfaces, and the increase in the adsorp-
tion of HPMA can make the critical supersaturation of CaCO3 
increase remarkably [22].

3.7. Influence of pH on HPMA inhibition against CaCO3 scale

The test solution is composed of Ca2+ (730 mg/L), 
HCO3

– (180 mg/L), CO3
2– (26 mg/L) and pH (7.5–9.0). 

Fig. 6. The influence of Cl– ion on HPMA inhibition against 
CaCO3 scale.
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β (β = [HPMA]/400) ranges from 0.008 to 0.056 for every test 
solutions. The test solutions are maintained at 80°C for 10 h 
in water bath. Fig. 7 shows the effect of pH on HPMA inhi-
bition against CaCO3 scale. It can be seen that the change of 
the inhibition efficiency is largely depended on pH value: for 
pH = 7.5, Δη = 96%−82% = 14%; for pH = 8.0, Δη = 85%−75% = 
10%; for pH = 8.5, Δη = 45%−10% = 35% and for pH = 9.0, Δη = 
25%−5% = 20%. These reveal that the performance of HPMA is 
very sensitive to the change of pH value, especially the inhibi-
tion efficiency reduces dramatically as pH value rises from 8.0 
to 8.5, the reduction in inhibition performance is up to 50% as 
β < 0.032 and 35% when β > 0.040. Furthermore, the maximum 
inhibition efficiency, ηmax, is related to pH value: for pH = 7.0, 
ηmax = 97% at β = 0.024; for pH = 8.0, ηmax = 85% at β = 0.032; 
for pH = 8.5, ηmax = 45% at β = 0.040 and for pH = 9.0, ηmax = 
25% at β = 0.048. This indicates that β corresponding to the 
maximum efficiency increases with the increase in pH value, 
and pH might influence the adsorption equilibrium of car-
boxylic ion adsorbing on CaCO3 crystal surface and adsorp-
tion equilibrium moves to high HPMA concentration. On the 
other hand, the inhibition efficiency obviously decreases with 
increasing pH value at the same β. A reduction in inhibition 
efficiency might be attributed to changes in the electric charge 
of CaCO3 crystals and in the hydrogen bonding capability 
of HPMA [28]. In general, pH has a remarkable influence 
on HPMA inhibition against CaCO3 scale, this effect can be 
attributed to enhancement in agglomeration and growth of 
the dispersed CaCO3 crystal as pH value increases [10,29–32].

3.8. SEM pictures of CaCO3 crystals with different β

The experimental condition is same as in section 3.1. 
The CaCO3 concentration is 600 mg/L and β ranges from 0 
to 0.048. The deposition of CaCO3 scale on the upper surface 
of a cylinder is investigated using SEM, the cylinder (Ø3×4 
mm) is made by 316L stainless steel and its upper surface is 
polished before use, the cylinder is placed in the test solu-
tions with the polished surface upward at the beginning of 
the experiment [32].

Fig. 8(a) shows SEM photographs of CaCO3 in the 
absence of HPMA. It can be seen that both rod-like aragonite 

and rhombohedral calcite crystals are found in the deposi-
tion [32,33]. The presence of rod-like aragonite in the deposi-
tion is owing to the run time being not enough for aragonite 
to transform into stable calcite.

Figs. 8(b)–(f) show SEM photographs of CaCO3 in the 
presence of HPMA. It can be seen that the structure of the 
deposition changes as HPMA concentration increases: as β = 
0.016, Fig. 8(b) shows that the micrometric parallel growth of 
CaCO3 crystals [34,35] are dispersed uniformly and a dense 
fouling layer forms on the cylinder wall, calcite crystal loses 
its sharp edges and acute corners, which agrees with results 
reported by Reddy and Hoch [36]; when β = 0.024, Fig. 8(c) 
shows a few micrometric parallel growth of CaCO3 crystals 
disperse sparsely on the cylinder wall, the number of CaCO3 
crystal becomes few compared with Fig. 8(b), in this case 
HPMA may block the nucleation of CaCO3 crystals and their 
growth; as β = 0.032, CaCO3 scale is dense and has a regu-
lar shape and glossy surface as illustrated in Fig. 8(d), the 
formation of hard scale is related to deposition of the dis-
persed CaCO3 crystal on the cylinder wall. When β = 0.040 
and 0.048, Figs. 8(e) and (f) show massive solids with irreg-
ular shape deposit loosely on the cylinder wall, which might 
be attributed to co-deposition of the dispersed CaCO3 crystal 
and Ca–HPMA precipitation.

3.9. Influence of dosage of HPMA on FTIR spectra of deposition

In order to study Ca–HPMA formation, the experimen-
tal conditions are controlled as follows: CaCO3 concentra-
tion is 1,200 mg/L, β ranges from 0 to 0.300, and the test 
solutions are maintained at 80°C for 72 h in water bath. 
Flocculent precipitation is observed in all test solutions in 
the presence of HPMA, the amount of flocculent precipita-
tion increases as β increases. The Fourier transform infra-
red spectra (FTIR) spectra of flocculent precipitation are 
measured and the results are illustrated in Fig. 9: absorp-
tion bands caused by the carbonate ions of CaCO3 appear 
at 1,627, 1,473 and 856 cm–1; but absorption bands at 1,573 
and 1,419 cm–1 can be assigned to carboxylate ion; while 
a weak absorption band at 864 cm–1 is attributed to bend-
ing vibration of the carbonate ions (for aragonite), which 
gradually disappears as dosage of HPMA increases. These 
are contributed to Ca–HPMA formation which is favored 
at high dosage of HPMA and high CaCO3 concentration 
[10,11]. However, for high CaCO3 concentration, agglom-
eration of the dispersed CaCO3 crystal and Ca–HPMA pre-
cipitation co-deposit at low dosage of HPMA.

The growth of CaCO3 scale inhibited by HPMA is due 
to adsorption of carboxyl group in the crystal growth 
points of molecular. The performance of HPMA against 
CaCO3 scale practically depends on HPMA concentration: 
as HPMA concentration is below its saturation concentra-
tion, the performance increases with the raise of HPMA 
concentration; as HPMA concentration has reached its sat-
uration concentration, the performance is best; while when 
dosage of HPMA exceeds its saturation concentration, 
Ca–HPMA may form and co-deposit with agglomeration 
of the dispersed particles of CaCO3 crystal. SEM analysis 
shows that morphologies of CaCO3 scale are distorted in 
the presence of HPMA. Ca–HPMA formation is proved by 
FTIR analysis. Fig. 7. Influence of pH on HPMA inhibition against CaCO3 scale.
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4. Conclusions

In this paper, the performance of HPMA against CaCO3 
scale under different water quality is investigated by conduct-
ing static tests, the water quality is based on the data gained 
from a real open recirculation cooling water system. The influ-
ence of HPMA on the morphology of CaCO3 deposition is also 
investigated. The main results can be summarized as followed:

(a)  The effect of β on the performance of HPMA against 
CaCO3 scale is not obvious for 300–600 mg/L, but 
it is becoming more distinct with increasing CaCO3 

concentration from 800 to 1,200 mg/L. For the same 
β, the effect increases with the raise of CaCO3 con-
centration. It is interesting that the performance of 
HPMA is the best when β = 0.024, which is indepen-
dent on CaCO3 concentration.

(b)  SO4
2– can enhance the performance of HPMA 

and this enhancement increases with the raise of 
SO4

2– concentration.
(c)  PO4

3– can weaken the performance of HPMA and 
this effect depends on the concentration of PO4

3– 
and HPMA.

Fig. 8. SEM pictures of CaCO3 precipitation: (a) β = 0, (b) β = 0.016, (c) β = 0.024, (d) β = 0.032, (e) β = 0.040 and (f) β = 0.048.
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(d)  SiO2 can obviously promote the performance of 
HPMA in the absence of PO4

3– and this influence 
decreases with the raise of SiO2 concentration. But 
in the presence of PO4

3–, SiO2 may weaken the per-
formance of HPMA and this effect increases with 
increasing SiO2 concentration.

(e)  Mg2+ can decline the performance of HPMA and 
keeps the performance of HPMA fluctuating in a 
narrow range.

(f)  Cl– can markedly improve the performance of 
HPMA and the effect increases with the raise of 
Cl– concentration.

(g)  The influence of pH on the performance of HPMA 
increases with increasing pH value. Especially the 
performance of HPMA is deteriorated remarkably 
as pH value increases from 8.0 to 8.5.

(h)  SEM analysis shows that morphologies of CaCO3 
scale are distorted in the presence of HPMA. Ca–
HPMA formation is proved using FTIR spectra.
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