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a b s t r a c t

To inhibit the carbonate and sulfate precipitations of calcium in cooling water systems, a water- soluble 
copolymer, acrylic acid-oxalic acid-methallyl methoxy polyethylene glycol-8-vinylbenzyloxy-1, 3, 
6-pyrene trisulfonic acid trisodium salt (AA-HPEZ-VPTA) was synthesized. Structures of comonomer 
were carried out by FT-IR and 1H-NMR. The novel inhibitor’s ability to control calcium scales was 
better than current commercial inhibitors (PAA, PESA, HPMA), with about 92.1% for CaCO3 and 98.9% 
for CaSO4 at levels of 8 and 4 mg/L, respectively. The effect on formation of calcium scales was inves-
tigated with combination of scanning electronic microscopy and X-ray powder diffraction analysis. 
The correlation coefficient r of inhibitor’s is 0.9971. AA-HPEZ-VPTA can be used as an effective fluores-
cent-tagged scales inhibitor for cooling water systems.
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1. Introduction

Circulating cooling water systems are the most
commonly industrial waste heat rejection systems [1]. 
However, water used in the cooling water systems usually 
contains scale-forming ions such as Ca2+, HCO3

– and SO4
2– 

[2]. Scale-forming ions solubility limits could be easily 
exceeded because of the evaporation of water, which leads to 
the deposition of mineral scales on the equipment surfaces 
[3]. The scales formation poses great problems from both 
economic and technical points of view, reducing heat trans-
fer efficiency and causing damage of the water piping [4,5]. 

Many effective measures have been widely used to mit-
igate the mineral scaling problems [6,7]. The most common 
and effective method to control or prevent scale forma-
tion is to add scale inhibitors [8]. There are many classes 
of polymers used as scale inhibitors to control scale forma-
tion. Most of them are water-soluble polymers with several 
functional groups such as phosphonate, carboxylate, and 
sulfonate. Poly-phosphonate type scale inhibitors are most 
widely used and effective to inhibit calcium scales growth 
[9]. Unfortunately, they can easily lead to the formation of 
orthophosphate because of hydrolysis or decomposition 
[10,11], and orthophosphate can react with calcium ions to 
form relatively insoluble calcium phosphate scale [12]. In 
addition, orthophosphate is a potential nutrient for algae. 
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As a result, the current trend for inhibitor usage towards 
more environmentally green inhibitors such as poly aspar-
tic acid and anhydride [13].

The concentration of inhibitors used in the cooling water 
systems should be controlled in a prescribed range to ensure 
its best efficiency [14]. In general practice, the concentration 
of water treatment agent in cooling water can be measured 
using analytical methods [15]. Compared to other analytical 
methods like potentiometric and spectrometric, fluorescence 
method is more accurate and efficient for the concentration 
determination, and most of the fluorescent tracers are avail-
able at low cost, and are environmentally acceptable [16,17]. 
Currently, preparation of fluorescent polymers scale inhib-
itors have two methods [18]. One is the copolymerization 
of fluorescence monomer with other monomers; the other 
method is chemical modification of polymers through flu-
orescent groups. Literature shows that fluorescent scale 
inhibitors prepared by the method of chemical modification 
in dilute aqueous or mixed solvent systems exhibit poor 
stability [19]. Moriarty performed 8- vinylbenzyloxy -1, 3, 
6-pyrene trisulfonic acid trisodium salt (VPTA) fluorescent 
monomers, and the hydrophilic of VPTA is strong because of 
containing three sulfoacid hydrophilic groups [20].

Compared to allyloxy polyethoxy ether (APEG), methal-
lyl methoxy polyethylene glycol (HPEG) has a higher 
polymerization activity [21]. In recent years, various scale 
inhibitors based on APEG to control calcium scale deposi-
tions have been prepared by our group [22–25]. However, 
there is no report of scale inhibitor synthesized by HPEG 
used in cooling water systems. Especially, the influence 
of solution’s pH on fluorescence intensity has never been 
studied in our previous work.

According to all these information, the aim of this 
study is to synthesize a green and fluorescent-tagged scales 
inhibitor. We use acrylic acid, oxalic acid-allypolyethoxy 
carboxylate (HPEZ) and VPTA to Synthesize PAHV (poly 
(AA-HPEZ-VPTA)) by radical polymerization. The relation 
between the concentration and fluorescence intensity of 
polymer was studied. Then, the effect of solution’s pH on 
the fluorescence properties of PAHV was also investigated. 

2. Experimental

2.1. Materials

8-Hydroxy-1, 3, 6-pyrene trisulfonic acid trisodium 
salt (pyranine) and 4-Vinylbenyl chloride (VBC) were pur-
chased from energy Chemical (Shanghai, China). Methallyl 
methoxy polyethylene glycol (HPEG, 300 Mw), poly (acrylic 
acid) (PAA, 1800 Mw), poly (epoxy succinic acid) (PESA, 
1500 Mw), and hydrolytic poly (maleic anhydride) (HPMA, 
600 Mw) were obtained from Jianghai Reagent (Changzhou, 
Jiangsu, China). All other reagents, purchased from Zhong-
dong Chemical Reagent (Nanjing, Jiangsu, China), were 
analytical reagent grade and were used without further 
purification. Distilled water was used for all the studies.

2.2. Preparation of HPEZ, VPTA and PAHV

The synthesis procedure of HPEZ is shown in 
Fig. 1. HPEZ was synthesized from methallyl methoxy 

polyethylene glycol (HPEG) and oxalic acid at 80°C under 
nitrogen atmosphere for 4.0 h.

8-Vinylbenzyloxy-1,3,6-pyrene trisulfonic acid triso-
dium salt (VPTA) was synthesized according to Moriarty 
[20]. The product was a light yellow powder. The synthe-
sis of VPTA from pyranine and 4-Vinylbenzyl chloride is 
shown in Fig. 2.

The synthesis procedure of PAHV from AA, HPEZ, and 
VPTA is shown in Fig. 3. VPTA was copolymerized with 
HPEZ and AA in aqueous medium. The copolymerization 
reaction was carried out in a 250 mL five-neck round-bottom 
flask with a mechanical stirrer, thermometer. 0.5 mole AA 
and 30 mL distilled water were mixed stirring continuously 
under nitrogen atmosphere. A definite proportion of HPEZ 
and VPTA were added in 20 mL distilled water and heated 
to the reaction temperature 70°C about 1.0 h. In fixed condi-
tions, the initiator ammonium persulfate was dropped at a 
certain flow rate for more than 1.5 h. And then, the reactant 
was heated with stirring at 80°C for 2.0 h under nitrogen 
atmosphere. The polymer was separated by a large volume 
of acetone. The insoluble product was filtered, collected, 
and extracted in a soxhlet extractor for 10.0 h to remove the 
extra AA and HPEZ. The crude product was dried in a vac-
uum oven until constant weight, and then re-crystallized 

Fig. 1. Preparation of HPEZ.

Fig. 2. Preparation of VPTA.

Fig. 3. Preparation of PAHV.
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in water–acetone mixture (3:7 V/V) to remove the unused 
VPTA and gain PAHV as a light yellow solid.

2.3. Characterization 

The samples were analyzed using a FT-IR spectros-
copy (VECTOR-22, Bruker Co., Germany) in the region of 
4,000–500 cm–1. Structures of VPTA, HPEZ, and PAHV were 
also explored by a Bruker NMR analyzer (AVANCE AV-500, 
Bruker, Switzerland) operating at 500 MHz. X-ray diffrac-
tion (XRD) patterns of the CaCO3 and CaSO4 crystals were 
recorded on a Rigaku D/max 2,400 X-ray powder diffrac-
tometer with CuKα (λ = 1.5406) radiation (40 kV, 120 mA). 
The shape of CaCO3 and CaSO4 scale were observed with a 
Scanning electron microscopy (SEM) images were recorded 
using a field emission scanning electron microscope (S-3400 
N HITECH). Fluorescence measurements were carried out 
on a luminescence spectrometry (LS-55, Perkin-Elmer, UK) 
with a xenon lamp as a light.

2.4. Static scale inhibition methods

The ability of the PAHV copolymer to inhibit calcium 
carbonate scale was compared with the free inhibitor in 
flask tests and all inhibitor dosages given below are on a 
basis of dried conditions [9]. The experiment was carried 
out in artificial cooling water which was prepared by a 
mixing aqueous solution of two soluble salts NaHCO3 and 
CaCl2. Two concentrations of Ca2+ and HCO3

− were 480 and 
1,464 mg/L, respectively. Tests of the inhibitors were car-
ried out using supersaturated solutions of CaCO3 at 80°C, 
the pH value of solution was held about 9 adjusting by 
borax buffer solution. According to the national standard 
of People’s Republic of China (GB/T 16632–2008), every 
inhibition test was carried out in a 500 mL flask immersed 
in a temperature controlled bath for 10 h. Precipitation of 
CaCO3 was monitored by analyzing aliquots of the filtered 
solution for Ca2+ ions using EDTA complexometry as speci-
fied in code GB/T 15452–2009. At the end point of titration, 
the color of the solution changed from purple into light blue 
using calcon carboxylic acid indicator. Inhibitor efficiency 
was calculated from the following equation [26]:

Inhibition
Ca Ca
Ca Ca
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( ) ( )

=
+ +

+ +

2
1

2
0

2
2

2
0

−
−

×100%  (1)

where (Ca2+)1 = Ca2+ concentration of inhibited sample; 
(Ca2+)0 = Ca2+ concentration of uninhibited sample; (Ca2+)2 = 
initial Ca2+ concentration.

Procedure of calcium sulfate inhibition test was also 
 carried out similarly to calcium carbonate precipitation 
experiments according to the national standard of P.R. China 
concerning the code for the design of industrial oilfield- 
water treatment (SY/T 5673–93). Calcium sulfate precipita-
tion was studied in different artificial cooling water which 
was prepared by dissolving a certain quantity of CaCl2 and 
Na2SO4 in deionized water. Two concentrations of Ca2+ and 
SO4

2– were 6,800 and 7,100 mg/L, respectively. The pH of the 
calcium sulfate solutions were adjusted to 7.0 using sodium 
hydroxide and hydrochloric acid. The artificial cooling 
water containing different doses of the PAHV was at 70°C 
for 6.0 h in a water bath. The determination of Ca2+ was done 

by exactly same process. The inhibition efficiency of PAHV 
against calcium sulfate scale was calculated as Eq. (1).

2.5. Excitation and emission wavelength measurement of VPTA 
and PAHV 

Excitation and emission wavelengths of VPTA and 
PAHV were all measured at βex = 402 nm (5 nm slid width) 
and βem = 429 nm (5 nm slid width), respectively. About 
4 × 10–7 mol/L VPTA distilled water solution was prepared. 
PAHV was dissolve in quantum sufficient distilled water 
and the concentration of VPTA in PAHV solution is also 
4 × 10–7 mol/L.

2.6. Detection of PAHV fluorescent intensity with different 
concentration 

Using inert fluorescent tracers and on-line fluorometer 
provides accurate control of treatment dosage and imme-
diate response to change dosage of inhibitor. A series of 
different concentration of PAHV samples (1, 2, 3, 4, 5, 6, 7, 
8 and 9 mg/L) were prepared into aqueous solution sam-
ples to estimate fluorescent intensity response to polymer’s 
 concentration.

2.7. Effect of pH on scale inhibitior fluorescent intensity 

About 3 mg/L PAHV was prepared to investigate the 
changes of the fluorescent properties of PAHV in a phos-
phate buffer solvent at different pH values. The pH of the 
fluorescent scale inhibitor solutions were adjusted from 5 to 
12 using phosphate buffered saline. 

3. Results and discussion

3.1. FT-IR measurements 

The FT-IR spectrum of VPTA is exhibited in Fig. 4. VPTA 
(FT-IR, cm–1): 660–870 (C–H plane deformation vibration of 
aromatic compound), 1,008 (C–H plane deformation vibra-
tion of C = CH2), 1,050 (alkyl oxide characteristic absorption 
of VPTA), 1,270 (fragrant ether characteristic absorption), 
1,450–1,507 (aromatic compound absorption band), 1,642 
(C=C stretching vibration), 3,450 (O–H stretching vibra-
tion). The two characteristic vibration bands of 1,270 and 
1,050 cm–1 exist to prove the monomer structure which 
includes alkyl aryl ether.

The FT-IR spectra of HPEG (a), HPEZ (b) and PAHV (c) 
are exhibited in Fig. 5. The 1,743 cm–1 strong intensity absorp-
tion peak (–C=O) in curve (b) clearly reveals that HPEZ has 
been synthesized successfully. The fact that the (–C=C–) 
stretching vibration at 1,642 cm–1 appears in curve (b) but dis-
appears completely in curve (c) reveals that radical polymer-
ization between AA, HPEZ, and VPTA has happened [27].

3.2. 1H-NMR studies
1H-NMR images of pyranine (PY) and VPTA are shown 

in Fig. 6. The 1H-NMR data were acquired as the follow-
ing and the chemical molecule structures were deduced as 
expected.
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PY (a) [(CD3)2SO, δ ppm]: 2.40–2.60 (solvent residual 
peak of (CD3)2SO), 8.10–9.15 (six protons of benzene ring in 
PY), 10.64 (–OH, active hydrogen in PY).

VPTA (b) [(CD3)2SO, δ ppm]: (2.40–2.60 solvent residual 
peak of (CD3)2SO), 5.27–5.30 and 5.85–6.81 (CH2=CH–, vinyl 
protons), 5.50–5.53 (methylene protons), 7.55–7.65 (four 
protons of benzene ring in VPTA), 8.10–9.15 (six protons of 
benzene ring in VPTA).

VPTA has three different types of protons, the vinyl 
protons, methylene protons and benzene ring protons 
corresponding position in three absorption peaks, and the 
Fig. 6(b) shows the integral structure consistent with the 
area. The complete disappearance of δ 10.63–10.65 ppm 
active hydrogen (–OH) in (a) proves that –OH in VPTA has 
been entirely replaced by p-methyl styrene group. It certi-
fies that the product has expected structure. 

1H-NMR images of HPEG (a), HPEZ (b), and PAHV 
(c) are shown in Fig. 7. The 1H-NMR data were acquired 
as the following and the chemical molecule structures were 
deduced as expected. 

HPEG (a) [(CD3)2SO, δ ppm]: 2.50 (solvent residual peak 
of (CD3)2SO), 3.30–3.60 (–OCH2CH2–, ether groups), 1.66 
and 3.82–4.95 (CH2 = C (CH3)–CH2–, propenyl protons), and 
4.50–4.60 (–OH, active hydrogen in HPEG).

Fig. 4. FT-IR spectrum of VPTA.

Fig. 5. FT-IR spectra of (a) HPEG, (b) HPEZ and (c) PAHV.

 

 

 

Fig. 6. 1H-NMR spectra of PY (a) and VPTA (b).

 

 

 

 
 

Fig. 7. 1H-NMR spectra of HPEG (a), HPEZ (b) and PAHV (c).
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HPEZ (b) [(CD3)2SO, δ ppm]: 2.50 (solvent residual peak 
of (CD3)2SO), 3.40–4.32 (–OCH2CH2–, ether groups), 1.66 
and 4.33–4.95 (CH2 = C (CH3)–CH2–, methyl allyl protons).

PAHV (c) [(CD3)2SO, δ ppm]: (2.50 solvent residual peak 
of (CD3)2SO), 1.45–1.78 (–CH3, methyl proton) and 3.30–4.50 
(–OCH2CH2–, ether groups), 5.91–9.00 (protons of benzene 
ring in VPTA). 

The complete disappearance of 4.50–4.60 ppm (–OH) 
active hydrogen in (a) proves that –OH in HPEG has 
been entirely replaced by –COCOOH. Furthermore, 
4.80–4.95 ppm in (b) double bond absorption peaks 
 completely disappeared in (c). This reveals that free rad-
ical polymerization among AA and HPEZ has happened. 
From FT-IR and 1H-NMR analysis, it can conclude that 
 synthesized AA-HPEZ has anticipated structure. 

3.3. Influence of PAHV dosage on CaCO3 and CaSO4 inhibition 

To understand the performance of PAHV, the inhibition 
ability of PAHV to control calcium deposits was compared 
with PAA, PESA, and HPMA at identical conditions. The 
scale inhibition performance of PAHV and several commer-
cial inhibitors to control CaCO3 and CaSO4 precipitations at 
different concentrations were shown in Figs. 8 and 9.

The data in Fig. 8 indicates the dosage of PAHV has a 
strong effect on the formation of calcium carbonate pre-
cipitation. As can be seen, the scale inhibition efficiency 
strengthened with the increasing concentration of PAHV. 
The inhibition efficiency obtained from PAHV at concentra-
tion of 8 mg/L is about 92.1%. Under the same experimental 
conditions, CaCO3 inhibition of PAHV is much better than 
HPMA, PAA, and PESA on the same concentration. It can 
be shown that the order of inhibiting the precipitation of 
CaCO3 from flask tests was PAHV > PAA > PESA > HPMA.

The data in Fig. 9 show the inhibition performance of 
PAHV, PPA, PESA and HPMA to CaSO4 scale under identical 
conditions. Compared to the several commercial inhibitors, 
the PAHV shows superior performance to inhibit CaSO4 scale. 
It was indicated that the order of preventing the precipitation 
of CaSO4 was PAHV > PAA > PESA > HPMA, the ultimate 
inhibition efficiency values were 98.9%, 92.5%, 91.3%, 93.6%, 
and 86.6% at the threshold dosage of 4 mg/L, respectively.

Molecular structures of PAA, HPMA and PAHV all con-
tain carboxyl groups, but the efficiency of PAA and HPMA 
to inhibit CaCO3 and CaSO4 scales are poor even at a high 
dosage. It may be that the side-chain polyethylene (PEG) 
segments and carboxyl groups of PAHV play an important 
role during the control of CaCO3 scales [26]. The functional 
groups of inhibitors exhibit a significant impact on inhibi-
tory power in terms of controlling calcium scales precipita-
tion. Taking Figs. 8 and 9 into account, it can be concluded 
that the studied inhibitor PAHV can be used as an efficient 
non-phosphorus scale inhibitor for CaCO3 and CaSO4 in 
cooling water systems.

3.4. Scale surface morphology characterization 

3.4.1. SEM studies 

The SEM photographs for collected CaCO3 scale formed 
in simulative cooling water in the absence and the pres-
ence of copolymer are presented in Fig. 10. The SEM image 

Fig. 8. Comparison of scale inhibition efficiency on CaCO3 of 
PAHV and different commercial inhibitors.

Fig. 9. Comparison of scale inhibition efficiency on CaSO4 of 
PAHV and different commercial inhibitors.

Fig. 10. SEM photographs for the calcium carbonate: without the 
presence of PAHV (a), with the presence of 2 mg/L (b), 4 mg/L 
(c), and 6 mg/L (d) PAHV.
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 without the presence of inhibitor revealed that the forma-
tion of CaCO3 crystal was well-regulated cubic octahedral 
crystal shaped particles (Fig. 10(a)). In contrast, on addition 
of the additive, sharp edges of the crystals disappeared and 
became roughened (Figs. 10(b)–(d)), and the formations 
were porous, amorphous, and irregular. Based on the above 
analysis, these changes indicate the presence of the addi-
tive have a significant impact on the nucleation and mor-
phology of the CaCO3 precipitate. Besides, the crystal shape 
was changed to form spongy deposits, which can be easily 
washed away by water flowing.

The SEM images for calcium sulfate precipitate with 
and without the presence of inhibitors are shown in Fig. 11. 
Compared with the two photographs, the size and shape of 
the CaSO4 precipitation were different due to the presence 
of PAHV. As can be seen from Fig. 11(a) the crystals of CaSO4 
are rod-shaped and regular thin tubular cells displaying 
monoclinic symmetry in the absence of PAHV. However, In 
the presence of 2 mg/L PAHV (Fig. 11(b)), sharp edges and 
acute corners of the crystals disappeared almost completely 
became defective rods.

3.4.2. XRD studies

In order to further researach CaCO3 crystals, the XRD 
was measured in Fig. 12. It is generally known that CaCO3 
have three types of crystal forms: calcite, aragonite, and 
vaterite [28]. In the absence of the inhibitior, CaCO3 crystal-
lizes as calcite, which is the most thermodynamically stable 
crystal in Fig. 12(a). This indicated that the crystal of cal-
cium carbonate was mainly an ingredient of calcite. How-
ever, both the intense peaks of calcite and vaterite have been 
observed in Fig. 12(b) on the addition of 4 mg/L of PAHV. 
According to the analysis between XRD and SEM, PAHV 
not only can chealte with Ca2+, but also change nucleation 
and Crystal of CaCO3.

CaSO4 scales with and without PAHV copolymer were 
investigated using XRD. As shown in Fig. 13, the inter- 
planar crystal spacing (d) and angle of intersection (Degree) 
values conformed to the structure of gypsum (calcium sul-
fate di-hydrate) [29], XRD results showed no modification 
in the crystal structure and morphology from Fig. 13, but 
modification of the morphology can be observed from the 
SEM photographs (Fig. 11(b)). 

3.5. The mechanism of calcium scale inhibition 

The PAHV’s functional groups exhibit a significant 
influence on the inhibitory power in terms of modifying 
the structure of calcium scales and crystal morphology. It 
is likely attributed to the PAHV contains carboxylic acid 
groups (–COOH) which could interact with mineral nuclei 
by binding multivalent cation with powerful affinities [30]. 
Linear polymers like PAA and HPMA which has a long 
chain carboxyl often lack of secondary and tertiary struc-
tures tend to inter-wine with each other [12]. Moreover, the 
functional groups are not all exposed due to hydrogen bond-
ing between the carboxylic groups. Encapsulation quan-
tity of the metallic ions by the carboxylic groups is erratic 
because most of them are twisted in the core. However, 
PAHV shows large extension in water solution on account of 

steric hindrance and chelate calcium ions. Besides, the sul-
fonic acid groups increase polymer solubility which makes 
the molecular chain extension better. The excellent disper-
sion capability was not only provided by spatial repulsion 
but also due to the existence of strong hydrogen bonding 
between the –COOH groups and the water molecules or 
inter- molecularly. As a result, the sequestration of Ca2+ or 
crystal nucleus becomes more easily. After chelating   calcium 

Fig. 11. SEM photographs for the calcium sulfate: without the 
presence of PAHV (a), with the presence of 2 mg/L PAHV (b).

Fig. 12. XRD images of the CaCO3 crystal formed (a) in the 
absence of PAHV and (b) with the presence of 4 mg/L PAHV.

Fig. 13. XRD images of the CaSO4 crystal formed (a) in the 
absence of PAHV and (b) with the presence of 2 mg/L PAHV.
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ions, –COOH segment of PAHV adsorb onto calcium scales 
 microcrystal particles surface, then the  PAHV–Ca complexes 
could weaken the free calcium ion activity and lower the 
degree of supersaturation. In addition, with the electrostatic 
repulsion force increasing between crystallites, the growth 
of CaCO3 and CaSO4 particles is hindered. Therefore, PAHV 
could keep the crystal particles dispersed in the solution, 
prompting them less prone to sedimentation or adsorption 
onto the equipment surface.

3.6. Excitation and emission properties of VPTA and PAHV 

Excitation and emission wavelength of VPTA (a) and 
PAHV (b) are represented in Fig. 14. As the data pre-
sented in Fig. 14, excitation and emission wavelengths 
of VPTA and PAHV are 402 and 429 nm, respectively. 
Chromophore of VPTA and PAHV are all pyranine, so 
PAHV and VPTA have the same excitation and emission 
wavelengths like pyranine. Excitation spectra and emis-
sion spectra of PAHV exhibit great mirror-image relation-
ship as VPTA. It is obvious that the fluorescence intensity 
of PAHV has significantly enhancement compared with 
VPTA after radical copolymerization because of the form 
of hydrogen bond.

The lowest singlet excited states of aromatic carbonyl 
compounds such as VPTA is (n, π*). The excited state has 
(n, π*) character in weakly and non-polar hydrogen bond-
ing solvents. However, they show enhanced (π*, π*) charac-
ter in quite polar hydrogen bonding solvents. (π*, π*) states 
are the energetically lowest states after copolymerization. 
The yields of fluorescence grow in quantity in (π*, π*) states 
than in (n, π*) states [31].

3.7. Response of fluorescent intensity over a range of PAHV 

The linearity testing between PAHV copolymer 
concentration and fluorescence intensity by subtracting the 
water blank is shown in Fig. 15. The relationship between the 
fluorescence intensity and the concentration of PAHV is linear 
in the scope of 1–9 mg/L which is the range of the common 
dosage of scale inhibitors. The relationship between PAHV 
concentration and fluorescence intensity exhibit  exceptionally 
linear response (correlation coefficient r = 0.9971). This excel-
lent linear relationship can be applied to quantitatively 
measure the concentration of PAHV in cooling water. The 
detection limit of PAHV is 0.68 mg/L according to the  formula: 
Dr = 3σ/k, where σ is 11 times fluorescence intensity determi-
nation of distilled water and k is slope of calibration curve [32].

foff
r

on
li

 

Fig. 14. Excitation and emission wavelength of VPTA (a) and 
PAHV (b).

foff
r

on
li

 

Fig. 15. Correlation of fluorescent intensity and concentration of 
PAHV.
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3.8. Effect of pH on scale inhibitor fluorescent intensity 

The effects of pH on fluorescent intensity are shown in 
Fig. 16. As seen in Fig. 16, the fluorescent intensity of PAHV 
solutions exhibit acceptable volatility at different pH environ-
ment. Such results reveal that the linear relationship between 
fluorescence intensity and concentration can be maintained 
in the pH range from 5 to 9, a usual value for industrial 
cooling water systems. Thus, it can be suggested that when 
PAHV is used in industrial recirculated cooling water sys-
tems, the fluorescence intensity and emission band position 
will scarcely change under normal routine operations. The 
fluorescence intensity of solutions almost keep steady even 
the pH (5–9) value changed, this result perhaps owing to the 
structure of PAHV contains benzene ring [33].

4. Conclusions

The fluorescence scale inhibitior PAHV was synthesized 
successfully by radical polymerization. Based on the pres-
ent study, the most important conclusions are summarized 
below: 

•   The fluorescent-tagged inhibitor showed 92.1% CaCO3 
inhibition at a threshold dosage of 8 mg/L, while it 
exhibited 98.9% CaSO4 inhibition at a level of 4 mg/L.

•   The  studies  on  calcium  crystals  with  SEM  and  XRD 
showed that significant changes of the crystal shape, 
morphology of the calcium scales took place in the 
presence of PAHV.

•   Excellent linear relationship between fluorescent inten-
sity and polymer concentration (the correlation coeffi-
cient r = 0.9971) guarantees that PAHV possesses a great 
fluorescent tracer function for cooling water systems.

The pH (value from 5 to 9) of solutions has scarcely 
influence on the linear relationship between fluorescence 
intensity and concentration. The concentration of agent 
can be accurately measured under normal pH value. These 
results indicate that PAHV can be used as an effective 
 fluorescent-tagged scales inhibitor for industrial cooling 
water system.
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