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a b s t r a c t
The amino trimethylene phosphonic acid (ATMP), ethylene diamine tetra (methylene phosphonic 
acid) sodium (EDTMPS) and polyepoxysuccinic acid (PESA) were used as the starting materials 
to prepare the blend antiscalants against the formations of CaSO4·2H2O scales. A remarkable syn-
ergistic effect was observed between ATMP and PESA at an arbitrary proportion, and PESA and 
EDTMPS showed an optimal synergistic effect at a PESA/EDTMPS mass ratio of 5:1. The observed 
inhibiting roles of the blended binary antiscalants were much better than that of the individual ones. 
The blends A2P (ATMP:PESA = 2:1 by mass) and P5E (PESA:EDTMPS = 5:1 by mass) were selected 
to probe the possible anti-scaling mechanism. The CaSO4·2H2O scales deposited were analyzed by 
X-ray diffraction and scanning electron microscopy, then the results manifested that the combi-
nation of PESA with ATMP or EDTMPS markedly reduced the particle size of the scales and thus 
synergistically inhibited the formation of CaSO4·2H2O scales.
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1. Introduction

Water injection is an efficient way to enhance the recov-
ery ratio of crude oil by supplementing reservoir energy and 
maintaining strata pressure [1–3]. In general, three types of 
water sources are used in oilfields: clean water, oily wastewa-
ter, and seawater [4–6]. Clean water [7,8] is usually used in 
the early stage of petroleum production, and oily wastewater 
[9–11] is mainly used in the middle and late stages of petro-
leum production. As the clean water and oily wastewater 
are injected into the stratum and mixed with the previously 
strata water, the anions in the injected water such as SO4

2– and 
CO3

2– will react with the cations like Ca2+ and Ba2+ in the strata 
water to generate scales. The scales mainly include CaCO3 
scales [12–16], CaSO4·2H2O scales [17–21] and BaSO4 scales 
[22,23], which will block pipes and equipment, then result 

in a huge economic loss [24]. At the same time, the balance 
in original strata water will be destroyed due to the changes 
caused by temperature [25,26], pressure [27] and pH value in 
the process of water injection. Then, the formation of scales 
will be further aggravated. These scales will lead to serious 
problems for the production and development of petroleum 
in oilfields.

It was believed that the formation of scale deposits 
consists of two continuous processes: the diffusion and 
migration of ions towards the crystalline surface and the 
growth of the crystal particles [28]. The methods to con-
trol the formation of scales mainly include removing some 
scale-forming ions such as Ca2+, Ba2+, CO3

2–, and SO4
2– [29] 

and introducing acid or gaseous carbon dioxide into the 
solution [30]. At the same time, reducing the pH value of 
the solution and stabilizing the bicarbonate also facilitate 
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the inhibition of scales. This work is intended to inhibit the 
formation of scales by antiscalants in the process of petro-
leum production, especially when a lot of Ca2+, Ba2+, CO3

2–, 
and SO4

2– ions are present in the reinjected wastewater.
Inhibitors are often adsorbed on different crystal surfaces 

selectively, including kink sites, steps, ledges, and faces [31]. 
The scale-inhibiting role of chemical reagent was supposed 
to proceed by solubilization, lattice distortion, condensa-
tion and dispersion, regeneration-self-releasing membrane 
hypothesis or double electric layer mechanism.

Individual antiscalants were well investigated by resear-
chers [32–36]. Liu et al. [32] compared the anti-scaling per-
formance of polyepoxysuccinic acid (PESA) to polyaspartic 
acid (PASP) against the formation of CaSO4·2H2O, CaCO3, 
SrSO4 and BaSO4 scales in the cooling water system. It was 
found that PESA possessed better scale-inhibiting capability 
than PASP for CaCO3 and SrSO4 scales, while PASP exhib-
ited a more excellent anti-scaling role on the formation of 
CaSO4·2H2O and BaSO4 scales. Popov et al. [33] probed the scale 
inhibiting performance of four phosphorous-free polymers 
and three phosphonates for CaSO4·2H2O scales, and found a 
sequence of the scale-inhibiting capability of seven kinds of 
scale inhibitors: copolymer of maleic and acrylic acid (MA-
AA) ~ amino trimethylene phosphonic acid (ATMP) > PESA 
(400–1,500 Da) > PASP (1,000–5,000 Da) >> polyacrylic acid 
sodium salt (PAAS) (3,000–5,000 Da) ~ 2-phosphonobu-
tane-1,2,4-tricarboxylic acid (PBTC) ~ 1-hydroxyethane-1,1-
bis (phosphonic acid) (HEDP). Zeino et al. [34] studied the 
anti-scaling performance of five kinds of scale inhibitors 
under the three different elevated saturation indexes for cal-
cium sulfate scale and found that the combined inhibitors of 
ATMP with diethylenetriamine penta(methylene phosphonic 
acid) (DTPMPA) presented the highest scale-inhibiting rate 
and longest induction times at a relatively low concentration. 
Han et al. [35] investigated the effect of ethylene diamine 
tetra (methylene phosphonic acid) sodium (EDTMPS) on 
calcium carbonate precipitation under alternating electro-
magnetic field and ultrasonic treatment, and a scale inhibi-
tion efficiency of 71.16% was observed when the EDTMPS 
was applied at a dosage of 7.5 mg L–1. In addition, a soluble, 
highly efficient and versatile scale inhibitor (PESA) was pre-
pared by Zhou et al. [36].

However, individual antiscalants are often found lim-
ited scale-inhibiting capability or needed a relatively high 
concentration to realize a desired anti-scaling effect, and 
thus researchers had tried the possibility of the combina-
tion of two or more scale inhibitors. Some researches [37,38] 
probed the synergistic effects between phosphonates and 
polymers on inhibiting calcium carbonate scales in the 
cooling water system. Shaw et al. [39] observed a synergy 
between phosphonate and polymeric antiscalants for inhib-
iting the formation of barium sulfate scales. Ou et al. [40] 
investigated the synergistic effect of sodium gluconate (SG) 
and PBTC against the formation of CaCO3 scale in an open 
cooling water system. The experimental results showed 
that SG slowed down the germination rate of CaCO3 by 4.3 
times compared with the individual PBTC, which could be 
expected to replace phosphonate scale inhibitors.

Phosphonates and polymers have different function 
mechanism on scale inhibition, and their blends are hoped to 
enhance anti-scaling performance than individual inhibitors. 

To the best of our knowledge, there was no report about 
the blended antiscalants of PESA and EDTMPS or ATMP. 
Furthermore, PESA is environmentally more friendly 
than phosphonate scale inhibitors, and the combination of 
phosphonate with PESA might reduce the amount of phos-
phonate and thus become environmentally acceptable. This 
work is designed to investigate the synergistic role of every 
two-scale inhibitors among ATMP, PESA, and EDTMPS by a 
static scale-inhibiting test based on CaSO4·2H2O scales. The 
synergistic mass rate between inhibitors was determined, 
and the possible scale inhibition mechanism was probed.

2. Experimental section

2.1. Reagents

ATMP, N(CH2PO3H2)3, molecular mass: 299.05 Da, 
(PESA, HO(C4H2O5M2)nH, molecular mass: 400–1,500 Da) 
and (EDTMPS, C6H12O12N2P4Na8, molecular mass: 612.13 Da) 
was purchased from Shandong Taihe Water Treatment 
Technologies Co. Ltd. Calcium chloride and sodium sul-
fate were purchased from Sinopharm. (“Sinopharm” is a 
Water Treatment Agent located at Industrial Park, Shizhong 
District, Zaozhuang City, Shandong Province (Shiliquan 
East Road 1#)). All reagents were used without pretreatment.

2.2. Method for static scale inhibition

The scale inhibition rate for CaSO4·2H2O was tested by 
the complexometric titration of ethylene diamine tetraacetic 
acid (EDTA). 180 mL of deionized water and 25 mL of CaCl2 
solution (83.25 g L–1) were introduced into a 250 mL of vol-
umetric flask followed by a periodic shaking. The calculated 
amount of scale inhibitors and 25 mL of Na2SO4 solution 
(108.5 g L–1) were added into the above CaCl2 solution in 
sequence, then diluted up to 250 mL by deionized water. The 
resulted supersaturation index was ca. 2.4. A pH value of ca. 
5 was observed after enough shaking. The resulting solution 
was placed in a stoppered flask of 250 mL and was kept at 
50°C ± 1°C for 24 h in a water bath. The experiments were 
also performed in the absence of either scale inhibitors or 
both Na2SO4 solution and scale inhibitors as blank tests. The 
concentration of calcium ions that were not combined with 
SO4

2– anions were analyzed by complexometric titration of 
EDTA to determine the scale-inhibiting rate. All operations 
were rigorously carried out according to the standard Q/SY 
126-2007 (corrosion and scale inhibitor for oilfield produced 
water treatment). In addition, the possible reactions between 
the calcium ions and inhibitors (ATMP, PESA, and EDTMPS) 
were investigated using the same method as the inhibition 
rate of the CaSO4·2H2O scale except for an absence of SO4

2–.

2.3. Characterization of CaSO4·2H2O scales

The crystal morphologies of the CaSO4·2H2O scales 
which was generated by adding a different concentration of 
scale inhibitors were observed by an S-4800 field emission 
scanning electron microscopy (SEM). X-ray diffraction (XRD) 
spectra were obtained by a Bruker D8 Advance X-ray diffrac-
tometer (Beijing Bruckstr. 16, saarbrücken). The 2θ degree 
scans covered a range of 10°–60°, and the applied voltage and 
electric current were 25 kV and 25 mA, respectively.
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3. Results and discussion

3.1. Investigation on the reaction between Ca2+ and antiscalants

The possible reactions between Ca2+ and inhibitors were 
investigated by adding ATMP, PESA, EDTMPS or their com-
binations to the aqueous solution of calcium chloride, and 
the results are summarized in Table 1. There was a decrease 
of Ca2+ concentration less than 0.60% observed on the result-
ing solutions, which was much lower than the error range. 
This indicated that the reactions between calcium ions and 
inhibitors are negligible under the applied test conditions.

3.2. Anti-scaling performance of individual antiscalants

The scale-inhibiting performance of individual inhibitors 
for CaSO4·2H2O scale was determined by complexometric 
titration of EDTA with a concentration of inhibitors ranging 
from 5 to 30 mg L–1 and a step of 5 mg L–1, and the results 
are shown in Fig. 1. It was found that EDTMPS exhibited 
an excellent scale-inhibiting capability for CaSO4·2H2O 
scale with an anti-scaling rate up to 93.3% when 10 mg L–1 
of EDTMPS was used. However, the scale-inhibiting per-
formance was not improved significantly when the con-
centration of EDTMPS was increased further, indicating 
that EDTMPS possesses a significant threshold effect on 
the anti-scaling performance for the CaSO4·2H2O scale. This 
phenomenon can be attributed to the adsorption charac-
teristics of EDTMPS on the surface of CaSO4·2H2O scales. 
These scale inhibitors would be adsorbed on the surface 
of the specific crystal to inhibit the further growth of crys-
tals, and presented a characteristic of Langmuir monolayer 
adsorption. Therefore, the scale-inhibiting rate increased 
with the enhancement of the concentration of the scale 
inhibitor until the threshold was reached.

The scale-inhibiting performances of ATMP and PESA 
for CaSO4·2H2O scales were much lower than that of 
EDTMPS. The anti-scaling rate increased with an increas-
ing concentration of the scale inhibitors. ATMP presented 
better scale-inhibiting capability than PESA when the 
concentration of scale inhibitors were less than 10 mg L–1, 
which was consistent with the result obtained by Popov 
et al. [33]. However, PESA exhibited a stronger capability 
against the formation of the CaSO4·2H2O scale than ATMP 
when their concentrations were more than 10 mg L–1. 
The scale-inhibiting rates of both ATMP and PESA were 
found a continuous rise when their concentrations were 

increased, suggesting that satisfactory performance can 
be reached at a relatively high concentration of ATMP or 
PESA. However, it was reported that ATMP possessed a 
high scale-inhibiting rate at a lower concentration. The 
scale-inhibiting experiments reported were carried out at 
room temperature with a supersaturation index of 2.5 in 
comparison with ours performed at 50°C with a similar 
supersaturation index (2.4). The increase in temperature 
has a limited influence on the solubility of CaSO4·2H2O 
scales [41]. However, the brine containing 0.1 mol L–1 of 
NaCl was adopted in the reference, which was unfavor-
able for the formation of CaSO4·2H2O scales because of 
the solubilization role of NaCl [42]. No NaCl or other salts 
were used in this work, leading to a higher concentration 
of ATMP.

3.3. Synergistic effect between ATMP and PESA for the inhibition 
of CaSO4·2H2O scale

Fig. 2 shows the scale-inhibiting performances of the 
blend inhibitors of ATMP and PESA for CaSO4·2H2O scales, 
and the total concentration of the blend inhibitors added 
was kept constant (30 mg L–1) in the experiment. It can be 
seen that the scale-inhibiting performance of the blend scale 
inhibitors for CaSO4·2H2O scales was markedly higher than 
that of the individual ATMP or PESA inhibitor under the 
same condition. The scale-inhibiting rate can reach more 
than 90% no matter what ratio of ATMP/PESA was applied, 
indicating that there was an excellent synergistic effect 
between ATMP and PESA for the inhibition of CaSO4·2H2O 
scales. It was believed that ATMP can block better one sort 
of “nanodust” particles, while PESA is capable of block-
ing better another sort during the induction time [43–45]. 
Accordingly, a mixture of ATMP and PESA might become 
more efficient than the individual, and the (–PO(OH)2) 
group in ATMP and the (–COOH) group in PESA cooper-
ated reinforced the inhibition effect.

3.4. Synergistic effect between ATMP and EDTMPS for 
the inhibition of CaSO4·2H2O scale

Fig. 3 shows the scale-inhibiting performance of the 
blend inhibitors of ATMP & EDTMPS for CaSO4·2H2O scales, 
and the concentration of the blend inhibitors added was 
kept at 30 mg L–1 in this experiment. It can be seen that the 
anti-scaling rate of the blend scale inhibitors increased with 
the enhancement of the relative concentration of EDTMPS. 

Table 1
The Ca2+ concentration with inhibitors but without sulfate ions

Inhibitors Initial concentration  
(Ca2+), mol L–1

Final concentration  
(Ca2+), mol L–1

Change  
rate, %

ATMP 0.0750 0.0748 0.27
PESA 0.07501 0.0750 0.00
EDTMPS 0.0750 0.0748 0.27
ATMP + PESA 0.0750 0.0750 0.00
ATMP + EDTMPS 0.0750 0.0746 0.53
PESA + EDTMPS 0.0750 0.0748 0.27
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However, the scale-inhibiting performances of the blends 
were lower than that of the individual antiscalant of EDTMPS 
for CaSO4·2H2O scales but higher than that of ATMP. Both 
ATMP and EDTMPS belong to organic phosphonic scale 
inhibitors with a similar scale inhibition mechanism, and 
EDTMPS exhibited more efficient scale-inhibiting capabil-
ity than ATMP (Fig. 1). Therefore, there was no apparent 
synergistic effect observed between ATMP and EDTMPS 
and the blends showed a lower scale-inhibiting rate than 
EDTMPS.

3.5. Synergistic effect between PESA and EDTMPS for the 
inhibition of CaSO4·2H2O scales

Fig. 4 shows the scale-inhibiting performance of the 
blend inhibitors of PESA and EDTMPS for CaSO4·2H2O 
scales, in which the concentration of the blends was kept 
at 30 mg L–1. It can be seen that the scale-inhibiting rates of 

the blends on the CaSO4·2H2O scales were first stable and 
then slightly decreased with the increase of the relative con-
centration of PESA, but they were higher than that of the 
individual inhibitor under the same conditions, indicat-
ing that there was an obvious synergistic effect between 
PESA and EDTMPS. Especially, a remarkable synergy was 
observed when the dosages of PESA and EDTMPS were 
25 and 5 mg L–1, respectively. In consideration of the fact 
that EDTMPS and PESA belong to different types of scale 
inhibitors, it was supposed that EDTMPS and PESA can 
block different sorts of “nanodust” particles. Thus, a com-
bination of EDTMPS with PESA became more efficient than 
the individual antiscalant [43]. Furthermore, the (–PO(OH)2) 
in EDTMPS as a strong acid group can promote solubiliza-
tion of the scale, while the (–COOH) groups in PESA, which 
show weaker acidity than the (–PO(OH)2) groups, can be 
adsorbed on the surface of the crystals to prevent the growth 
of CaSO4·2H2O scales.

5 10 15 20 25 30
0

20

40

60

80

100

An
tis

ca
lin

g 
ra

te
 (%

)

Concentration of scale inhibitors (mg • L-1)

 ATMP
 PESA
 EDTMPS

Fig. 1. Scale-inhibiting performances of individual scale inhibi-
tors for CaSO4·2H2O scales.
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Fig. 2. Scale-inhibiting performances of the blend inhibitors of 
ATMP and PESA for CaSO4·2H2O scales.
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Fig. 3. Scale-inhibiting performances of the blend inhibitors of 
ATMP and EDTMPS for CaSO4·2H2O scales.
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Fig. 4. Scale-inhibiting performance of the blend inhibitors of 
PESA and EDTMPS for CaSO4·2H2O scales.
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3.6. XRD analysis of CaSO4 scale

XRD was used to study the scale-inhibiting mechanism 
of the blend scale inhibitors for the CaSO4·2H2O scale by 
tuning the kinds of scale inhibitors, and the results are 
shown in Fig. 5. It can be seen that the crystal deposited in 
the solution were CaSO4·2H2O crystals when there was no 
scale inhibitor added. Its XRD pattern presented the strong 
characteristic diffraction peaks, indicating that the result-
ing CaSO4·2H2O scales possessed a big crystal size and a 
high crystallinity in the absence of inhibitors. The intensity 
of diffraction peaks of the CaSO4·2H2O scale were found a 
decrease in a sequence of ATMP > PESA > EDTMPS > P5E > 
A2P when the scale inhibitors were added. It was found that 
the CaSO4·2H2O scales from the blends exhibited smaller 
crystal sizes than those from the individual inhibitors, 
which was in line with the scale-inhibiting capability of 
the inhibitors (Figs. 2–4). The weakest XRD peaks were 
observed on the scales from A2P (Fig. 5e), indicating that 
the blends possessed the strongest scale-inhibiting capabil-
ity among the investigated ones.
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Fig. 5. XRD patterns of CaSO4·2H2O scales (a) without inhibitor 
and with the inhibitors of (b) 30 mg L–1 ATMP, (c) 30 mg L–1 PESA, 
(d) 30 mg L–1 EDTMPS, (e) 30 mg L–1 A2P, and (f) 30 mg L–1 P5E.
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Fig. 6. Scanning electron microscopy images of CaSO4·2H2O scales (a) without inhibitors and with inhibitors (b) 30 mg L–1 ATMP, 
(c) 30 mg L–1 PESA, (d) 30 mg L–1 EDTMPS, (e) 30 mg L–1 A2P, and (f) 30 mg L–1 P5E.
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3.7. SEM analysis of the CaSO4·2H2O scales

To probe the scale inhibition mechanism more intui-
tively, the SEM images were taken to observe the morphol-
ogies of CaSO4·2H2O scales generated by adding different 
scale inhibitors, and the results are shown in Fig. 6. It can 
be seen that the CaSO4·2H2O scales presented a rod-like 
shape with a regular configuration and smooth surface 
when there was no scale inhibitor added, which was a crys-
tal of dihydrate calcium sulfate. Tentatively, the formation 
of gypsum crystals was carried out by a heterogeneous 
nucleation mechanism in the blank experiment: the gyp-
sum phase was formed on the surface of the impurities. 
The anti-scaling molecules did not block the gypsum tiny 
crystals but the “nanodust” particles and the scale forma-
tion were inhibited. The rod crystals were distorted obvi-
ously upon addition of scale inhibitors, and the surface of 
CaSO4·2H2O scale became coarser and the particle size of the 
scale was observed a sharp decrease. This can be ascribed 
to the decrease of the crystallinity of the CaSO4·2H2O scale, 
which well agreed with the results observed in their XRD 
patterns in Fig. 5. The looser structure of CaSO4·2H2O scales 
might prevent the growth of the scales and thus signifi-
cantly enhance the scale-inhibiting rate. It was observed that 
the size of CaSO4·2H2O scales decreased in the sequence of 
ATMP > blank > PESA > EDTMPS > P5E > A2P, roughly in line 
with their scale inhibition rates.

It is worthwhile to note that the CaSO4·2H2O scales 
obtained in the presence of antiscalants presented larger 
particle size than that from the blank test in spite of its high 
scale inhibition rate. The similar results were observed by 
other researchers [43]. Among all individual scale inhibi-
tors, EDTMPS exhibited the best anti-scaling performance, 
and ATMP presented the worst scale-inhibiting capability. 
Further, the scale-inhibiting performance of the blend scale 
inhibitors were better than that of single scale inhibitor, and 
A2P had the best scale inhibition performance under the 
experimental conditions adopted in this work.

4. Conclusions

EDTMPS exhibited the best scale-inhibiting capability for 
CaSO4·2H2O scales among the investigated individual ATMP, 
PESA and EDTMPS inhibitors under the same experimen-
tal conditions. A remarkable synergistic effect was observed 
between ATMP and PESA in an arbitrary proportion against 
the formation of gypsum, and PESA and EDTMPS also 
showed a marked synergistic effect in a PESA/EDTMPS mass 
ratio of 5:1. However, there was no synergistic effect between 
ATMP and EDTMPS. Supposedly, phosphonate inhibitors 
can block better one kind of “nanodust” particles, while 
PESA can do better another kind, and thus the combination 
of ATMP/EDTMPS and PESA might be more effective than 
the individual inhibitor.
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