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Preparation of a novel hyperbranched polymer
and its scale inhibition performance
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Calcium scale is easily deposited on pipeline surfaces under the influence of pressure and
temperature, which leads to a decrease in oil and gas production. To effectively prevent scale
formation, a new hyperbranched polymer based on Michael addition and amidation reactions
has been developed, which is phosphorus-free and a highly effective scale inhibitor. It consists
of ethylenediamine (EDA), methyl acrylate (MA) and succinic anhydride (SA) as raw materials,
and its scale inhibition performance and mechanism were studied. According to the experimen-
tal results, at the concentration of 400 mg/L, the inhibition rates of HPA-COOH for CaCO5; and
CaSO0, scales were 97.3% and 91.2%, respectively, indicating good scale inhibition performance.
The addition of scale inhibitor (HPA-COOH) led to a significant decrease in the Z-potential and
transmittance, which contributed to the formation of small and stable calcium scales in the
solution and increased the dispersing efficiency of the scale inhibitor. In addition, the growth of
CaCOj; scale crystals was inhibited by HPA-COOH which crystallizes in a large and unstable
form and results in a change in the crystal form of CaCO, scale.

Keyword: Hyperbranched polymer; Scale inhibition; CaCOj scale crystal; Michael addition
reaction; Zeta potential value

OTpuMaHHA HOBOI'O THMIIEPPA3BETBIEHHOrO IOJiMepy i Horo 3gmaTHicTs iHridysaTu
yrBopeHnHs Hakuny. Wei Xi, Shu-sheng Zhou

Kanbirieuit HakWI JIETKO BIJKJIAIAETHCA HA MOBEPXHI TPYOOIPOBOJIB ITJT THUCKOM Ta
TeMIIepaTypoIo, IO TPU3BOIUTH [0 SHIKeHH BUI00y TRy HadTuta rady. [1lo6 edexruBHo 3amobdirtu
YTBOPEHHIO HAKWILY, HA OCHOBI peakIiil mpuenuanusa Mixaesnas Ta aMmiyBaHHS 0yJIO OTPHUMAaHO
HOBUH HanpoaranymeHHﬁ oJIIMEp, IO He MICTUTH (bocd)opy 1 € BUCOKOE(PEeKTUBHUM 1HT101TOpOM
HaRUIy. Y BI/IXIJZ[HI/IX peareHTax 0yJivi BUKOPUCTAHI €TUJICHIaMIH (EI[A), merwinakpuiaar (MA) ta
oypurruuoBuit auriapus (CA). Byso BuBueHo edeKTUBHICTE TA MeXaHI3M 1H1"16YBaHH5-I YTBOPEHHs
Haguny. Pe3yspTaTv eKCIIepUMEHTIB TOKa3yloTh, IM0 HpU KoHIeHTparii 400 Mr/i crymiHb
inrioyBaraa HPA-COOH sinkmagess CaCOj ta CaSO4 cxnana 97,3% 1 91,2% Bi,HHOBi,E[HO 1110
BKa3ye Ha J00pl XapaKTepUCTUKY 1HTIOyBAHHS BIIKJIAIEHb. ,Z[o;[aBaHHﬂ 1Hr161Topy BIIKJIAIEHD
(HPA-COOH) mpwusseno [0 3HAYHOIO 3HUKEHHS 3HAYEHHS [13eTa- HOTeHLuaJIy Ta Koe(blmeHTa
MPOIYCKAHHS, 10 CIPHUSJIO YTBOPEHHI0 HEBEJMKUX Ta CTAOLIBHUX KAJIBI[EBUX BIIKJIAIEHB Y
PO3YMHI Ta 3POCTAHHIO OMCIIEPryIoduol edeKTuBHOCTI 1HTIOiTOpa cojeBinknaageHsb. Kpim Toro,
HPA-COOH inri6ysaso spocranasa kpucraiis Hakumy CaCO,, yTBOPIOIOUHN BeINKY 1 HecTablIbHy
KpucTasiuHy gopMy i MpU3BoOAAYIM 0 3MiHN KpucTamiaHoi dopmu Hakuy CaCOj.
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1. Introduction slows down the accumulation and transporta-

Scale formation is usually defined as the de-
position of inorganic salts (calcium carbonate
and calcium sulfate) from aqueous solutions; it
reduces oil and gas production from wells and
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tion of crude oil during field operation [1-3].
Calcium carbonate and calcium sulfate are eas-
ily deposited on pipeline surfaces under high
pressure and temperature. Scale will cause
significant delay or loss of production due to
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narrowing or plugging of wells and pipelines
with scale [4]. In the oil and gas industry, the
most common inorganic scales such as CaCO,
and CaSO, result in severe damage of field
equipments, especially for the industrial water
cooling system and o1l production systems [5-6].
The injection of seawater to maintain reservoir
pressure is one of the main causes of sulfate de-
position [7]. The dissolution of CaSO, is more
difficult than CaCO3 and often requires the ad-
dition of chelating agents such as ethylene di-
amine tetraacetic acid (EDTA), ethanolamine-
N, N-diacetic acid (HEIDA), N-(hydroxyethyl)
ethylenediamine triacetic acid (HEDTA) and
diethylene triamine penta acetic acid (DTPA)
[8-10]. In addition, the dissolution of CaSO, is
greatly influenced by the pH values of the well
fluids. Much attention has been paid to how to
prevent scale formation. Therefore, the use of
the efficient scale inhibitor is very important
for the stable production and operation of oil
and gas wells [11].

Hyperbranched polymers have low viscos-
ity, high fluidity, a large number of end groups,
and their empty network structure can provide
abundant binding sites, which can greatly im-
prove their chelation ability with metal ions,
better disperse complex ions and precipitated
particles [12]. A large number of studies have
shown that hyperbranched polymer is an ideal
water treatment agent that used in scale inhi-
bition. Yan [13] successfully prepared the hy-
perbranched scale inhibitor using epoxidized
succinic acid, itaconic acid and sodium meth-
ylpropenesulfonic acid as raw materials. When
the dosage of the scale inhibitor is 24 mg/L,
the rates of inhibition of CaCO5; and CaSQO,
scales are as high as 96% and 99%, respective-
ly. Jensen [14] synthesized a new class of hy-
perbranched polymeric scale inhibitors using
hyper-branched polyethyleneimines, sodium
vinyl phosphonate and sodium vinyl sulfonate
as raw materials. They can prevent the deposi-
tion of calcium carbonate and barium sulfate
in dynamic tube blocking tests. Wang [15] pre-
pared hyperbranched polyether corrosion and
scale inhibitor with carboxyl and phosphorus,
which has higher efficiency than existing in-
hibitors used for industrial water treatment.
Water-soluble molecules or these polymers con-
tain functional groups such as phosphonate or
sulfonate. Scale inhibitors containing phospho-
rus and sulfur elements have good scale inhi-
bition performance, but do not contribute to
environmental protection [16]. Due to tighten-
ing environmental regulations, scale inhibitors
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without phosphorus and sulfur have become
the subject of research and development in the
industry.

In this paper, the hyperbranched polymeric
scale inhibitor without phosphorus and sulfur
elements was prepared by using ethylenedi-
amine (EDA), methyl acrylate (MA) and suc-
cinic anhydride (SA) as raw materials, and its
scale inhibition performance and mechanism
were studied.

2. Experimental

2.1. Materials

Analytical grade ethylenediamine (EDA),
methyl acrylate (MA), methyl alcohol, sodium
hydroxide (NaOH) and succinic anhydride (SA),
ferrous sulfate heptahydrate (FeSO,-7H,0)
were purchased from Sinopharm Chemical Re-
agent Co., Ltd. Analytical grade acetone was
supplied by the Nanjing Chemical Reagent Co.,
Ltd. Analytical grade calcium chloride (CaCl,),
sodium bicarbonate (NaHCOj), sodium sulfate
(Na,SO,) and sodium tetraborate decahydrate
(Na,B,05-10H,0) were obtained from Chevron
Phillips Chemical (China) Co., Ltd. The com-
mon scale inhibitors such as sodium tripoly-
phosphate (STPP), polyaspartate (PASP) and
polyepoxysuccinic acid (PESA) were supplied
by Jingzhou Jiahua Technology Co., Ltd. As a
high-performance scale inhibitor, phosphonate
terminated hyperbranched polyamide-amines
(PTHP) was obtained from Shandong Aike
Water Treatment Technology Co., Ltd.

2.2. Synthesis and characterization of
scale inhibitor

Synthesis and route of the hyperbranched
polymeric scale inhibitor are shown in
Fig. 1. To carry out the addition reaction, 10 g
of ethylenediamine (EDA), and 50 g of methyl
alcohol were first added into a three-mouth
flask equipped with stirrer, pressure-equal-
izing dropping funnel and reflux condenser.
Afterward, 10 g of methyl acrylate (MA) was
added into the funnel, followed by being slowly
dripped into the flask for 3 hours. Then the re-
action system was refluxed with continued stir-
ring for 24 hours at 35 °C. Finally, the reaction
system was purified by vacuum distillation to
remove excess methyl alcohol and methyl ac-
rylate, and hyperbranched polyamide-amine
(HPA) was prepared.

To carry out the amidation reaction, 5 g of
succinic anhydride was added into the flask
containing hyperbranched polyamide-amine,
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Fig.1 Synthesis and route of the hyperbranched polymeric scale inhibitor.

followed by maintaining the reaction tempera-
ture at 90 °C and stirring for 4 hours. Finally,
the hyperbranched polymeric scale inhibitor
(HPA-COOH) was obtained by washing with
acetone and drying in an oven at 80°C.

The structure of the hyperbranched poly-
meric scale inhibitor (HPA-COOH) was char-
acterized by a Nicolet710 Fourier transform
infrared spectrometer.

2.3. Scale inhibition properties of HPA-
COCH

According to the national standard of Peo-
ple’s Republic of China (GB/T 16632-2008),
experiments were conducted to inhibit the for-
mation of static scale using calcium deposits
as an example. Specifically, calcium chloride
(CaCl,), sodium bicarbonate (NaHCO;), sodium
sulfate (Na,SO,) and sodium tetraborate deca-
hydrate (Na,B,0,-10H,0) were dissolved in
1000 mL deionized water. The solution D was
used as a buffer solution. The amounts of add-
ed substances are shown in Table 1. 250 mL
deionized water, 7.19 mL solution A, 20 mL so-
lution D and 14.5 mL solution B were added
into glass bottles with lid, followed by stir-
ring evenly. Then, the mixtures were placed in
an oven for a few hours at 80 °C, and CaCO,
scale was obtained. In addition, according to
the above experimental method, 7.19 mL so-
lution C was used instead of 14.5 mL solution
B to obtain CaSO, scale. The CaZ?* concentra-
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Table 1 Formulations of the standard solu-

tions
Solution Sample Dosage/ g
A CaCl, 16.7
B NaHCO4 25.2
C Na,SO, 21.3
D Na,B,0,-10H,0 3.8

tion of the above mixtures with and without
the hyperbranched polymeric scale inhibitor
(HPA-COOH) was measured by titration with
EDTA standard solution. Finally, the scale in-
hibition efficiency () of HPA-COOH was calcu-
lated according to eq. (1).

n:p2_pl (1)

where 1 is the efﬁcienggr OfE) the scale inhibitor;
pg is the Ca?2* concentration in the mixture be-
fore holding; p, is the CaZ2* concentration in the
mixture after holding; and p, is the Ca?* con-
centration in the mixture with different con-
centrations of scale inhibitor after holding.

2.4. Dispersion properties of HPA-COOH

The dispersion properties of iron oxide are
often used as an important basis for testing the
ability of a scale inhibitor to disperse calcium
scale in water [17]. In general, the dispersing
ability of a scale inhibitor towards calcium de-

Functional materials, 31, 3, 2024



Wei Xi, Shu-sheng Zhou / Preparation of a novel hyperbranched polymer ...

90

o]
o

~
o

Transmittance (%)

(2]
o

50

1 1
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm)

Fig. 2 FTIR spectrum of the hyperbranched
polymeric scale inhibitor.

posits is measured by the transmittance and
zeta potential of the solutions. Under the same
conditions, the greater the absolute value of
Zeta potential and the lower the transmittance,
the smaller and more stable calcium scale
formed in the solution, and the better disper-
sion capacity of the scale inhibitor [18].

The Fe2* solution of 10 mg/L concentration
was prepared by dissolving ferrous sulfate hep-
tahydrate in deionized water, followed by add-
ing the scale inhibitor and a calcium chloride
solution, where the CaZ* concentration was
150 mg/L. The pH value of the mixture was ad-
justed to 7 by sodium hydroxide and then ad-
justed to 9 by sodium tetraborate decahydrate
(Na,B,07-10H,0), followed by being placed in
an oven for 8 hours at 80 °C. After cooling to
room temperature, the transmittance of the
mixture was measured by UV-500 spectropho-
tometer at the wavelength of 420 nm, and the
zeta potential value of the mixture was mea-
sured by a Nano ZS Zeta potentiometer.

2.5. SEM analysis

The filtered CaCO5 scale was washed sev-
eral times with deionized water, dried and
tested using a JSM7200F scanning elec-
tron microscope (SEM) to analyze the scale
inhibition mechanism.

3. Results and Discussion

3.1. Infrared Spectrum of HPA-COOH

The FTIR spectrum of the hyperbranched
polymeric scale inhibitor (HPA-COOH) is
shown in Fig. 2. As indicated, the spectrum ab-
sorption peak at 3325.6 cm™! was the stretch-
ing vibration of the hydroxyl group. The peak
at 1730.5 cm™! belongs to the stretching
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Fig. 3 Effect of HPA-COOH concentration on
scale inhibition.

vibration of the carbonyl group in the carboxyl
group, which indicated the appearance of car-
boxyl groups in the synthetic product. The peak
at 2926.0 cm~! was the characteristic band
of -CH,. The absorption peaks at 1650.6 and
155.8 cm™! correspond to the stretching vibra-
tions of -C=0 and N-H respectively, indicating
the occurrence of an amidation reaction in the
synthesis. The peaks at 1330.7, 1125.0, and
1034.2 cm™! are the bending vibration peaks of
C-N. The above analysis indicates that the de-
signed molecule was successfully synthesized.

3.2. Effect of HPA-COOH concentration
on scale inhibition

According to the national standard of
People’s Republic of China (GB/T 16632-2008),
static scale inhibition experiments of calcium
scale were conducted. The above mixtures with
different concentrations of HPA-COOH were
placed in an oven for 10 hours at 80 °C. The
scale inhibition efficiency () of HPA-COOH for
CaCO5; and CaSO, scales and the experimen-
tal results are shown in Fig. 3. As indicated,
when the HPA-COOH concentration was less
than 400 mg/L, the scale inhibition efficiency
increased with an increase in the HPA-COOH
concentration; the scale inhibition efficien-
cy was not significantly improved, when the
HPA-COOH concentration was controlled in the
range of 400 to 700 mg/L. At the concentration
of 400 mg/L, the inhibition rates of HPA-COOH
for CaCO5 and CaSO, scales were 97.3% and
91.2%, respectively, indicating a good efficiency
of scale inhibition. HPA-COOH with a three-di-
mensional structure exhibited an excellent che-
lating effect with Ca2*, and the chelating effect
can destroy the crystals formation of CaSQO,
and CaCOg4 [12]. In addition, the scale inhibi-
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case of CaCO5 was higher than that in the case
of CaS0,.

3.3. Effect of different scale inhibitors
on scale inhibition

In the static scale inhibition experiments,
the above mixtures with different scale in-
hibitors were placed in an oven for 10 hours
at 80 °C, and the concentration of the scale
inhibitor was 400 mg/L. The effect of differ-
ent scale inhibitors on the scale inhibition effi-
ciency for CaCO5 and CaSO, scales was evalu-
ated, and the experimental results are shown
in Fig. 4. As indicated, both HPA-COOH and
PTHP inhibitors exhibited excellent efficiency
and were superior to the other three scale in-
hibitors. A reasonable explanation for the re-
sult is that both HPA-COOH and PTHP inhibi-
tors can form a three-dimensional structure in
aqueous solution, resulting in more functional
groups (-COOH or -H,PO,) that can partici-
pate in the chelating effect with Ca2*. In ad-
dition, such functional groups with lone pair
electrons can be beneficial for enhancing the
adsorption of the inhibitor at calcium deposits
[13]. However, it is well known that carboxylic
acids are more environmentally friendly than
phosphoric acids. Therefore, the phosphorus-
free scale inhibitor studied in this paper is of
great significance for sustainable development.
The efficiency of HPA-COOH in inhibiting scale
formation was found to be higher than that of
commercial scale inhibitors such as sodium tri-
polyphosphate (STPP), polyaspartate (PASP)
and polyepoxysuccinic acid (PESA), which pro-
moted the development and research of highly
effective water treatment agents.
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3.4. Effect of holding temperature on
scale inhibition

In static scale inhibition experiments,
the above mixtures with a concentration of
400 mg/LL HPA-COOH were placed in an oven for
10 hours at different temperatures. The effect
of holding temperature on the scale inhibition
efficiency of HPA-COOH for CaCO5 and CaSO,
scales was evaluated, and the experimental
results are shown in Fig. 5. It was found that
the holding temperature had little effect on
CaCOg scale inhibition and had a great influ-
ence on CaSO, scale inhibition. The scale inhi-
bition efficiency of HPA-COOH for CaCO5 and
CaS0O, scales remained almost constant when
the holding temperature was controlled in the
range of 40 to 80 °C; when the holding tem-
perature exceeded 90 °C, the scale inhibition
efficiency gradually decreased with increasing
holding temperature. There are two reasonable
explanations for this result. First, with an in-
crease in the holding temperature, the carboxyl
groups in the molecule undergo esterification,
resulting in a reduction in the carboxyl group,
which may weaken the scale inhibition effi-
ciency [16]. Second, an increase in the holding
temperature reduces the effective adsorption of
scale inhibitor on calcium deposits, which leads
to a decrease in the scale inhibition rate. Even
if the holding temperature exceeds 110 °C, the
inhibition rates of HPA-COOH for CaCO5 and
CaS0O, scales were still greater than 90% and
70%, respectively. The analysis of the results
showed that HPA-COOH had excellent scale in-
hibition efficiency and temperature resistance.

Functional materials, 31, 3, 2024
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Fig. 8. SEM images of CaCOj scale a) initial; b) with 400 mg/L HPA-COOH.

3.5. Effect of pH value on scale
inhibition

In static scale inhibition experiments, the
pH of the above mixtures with a concentration
of 400 mg/LL HPA-COOH was adjusted by sodi-
um hydroxide, and the mixtures were placed in
an oven for 10 hours at 80 °C. The effect of the
pH value on the efficiency of HPA-COOH for in-
hibition of CaCO5 and CaSO, scales was evalu-
ated, and the experimental results are shown
in Fig. 6. It was found that the pH value had
little effect on the efficiency of HPA-COOH in
inhibiting CaSO, scale. Meanwhile, it was eas-
ily found that the scale inhibition efficiency of
HPA-COOH for CaCOj5 gradually decreased as
the pH value increased. There are two reason-
able explanations for this phenomenon. First,
an increase in the OH™ concentration can con-
vert bicarbonate to carbonate, resulting in the
rapid growth of CaCOj scale crystals. Second,
with an increase in the pH value, OH" first re-
acted with Ca2* to form a slightly soluble pre-
cipitate such as Ca(OH),, which may hinder
the adsorption of the hyperbranched polymeric
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scale inhibitor on the surface of CaCOj crys-
tals [18]. In general, the hyperbranched poly-
mer has stable scale inhibition and alkaline
resistance.

3.6. Dispersion properties of scale in-
hibitors

The effect of different concentrations of HPA-
COOH on dispersion performance of iron oxide
was evaluated, and Fig. 7 shows the transmit-
tance and the zeta potential value of the iron
mixture. It was found that the transmittance of
the iron mixture decreased gradually with the
increase of the scale inhibitor content, indicat-
ing that a finer and more stable calcium scale is
formed in the solution and the dispersability of
the scale inhibitor is improved. In addition, the
absolute value of the zeta potential increased
gradually with the increase of the scale inhibi-
tor content. The carboxyl groups grafted at the
end of the hyperbranched molecular structure
repelled each other under electrostatic inter-
action, which easily led to the formation of a
double electron layer structure, making the
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Fig. 9 Schematic diagram of scale inhibition mechanism of HPA-COOH.

hyperbranched polymer easier to disperse. The
low transmittance and zeta potential can effec-
tively prevent the deposition of calcium scale.

3.7. SEM analysis on CaCO; scale

The SEM images of CaCOj scale are shown
in Fig. 8. As indicated, without scale inhibi-
tor, the surface of CaCO; scale crystal was
smooth and has a regular rectangular shape
and a dense structure, showing the calcite type.
With 400 mg/L HPA-COOH, the surface of the
CaCOgj scale crystals exhibited a large number
of honeycomb defect holes, and the growth of
the CaCOj scale crystals was disorderly and
loose, forming a large and unstable crystalline
form and resulting in a change in the crystal
form of the CaCOj, scale. Complete crystal for-
mation was hampered due to the superior scale
inhibition efficiency.

3.8. Scale inhibition mechanism

Fig. 9 shows the mechanism of inhibition
of CaCO; and CaSO, scales by HPA-COOH.
The hyperbranched polymeric inhibitor
(HPA-COOH) dispersed around the scale ions
and wrapped the formed calcium scale crystals
to form a double electric layer structure, which
facilitated scale dispersion and inhibition. In
addition, due to the high negative charge den-

448

sity of the oxygen atom in the grafted carbox-
ylic acid group, HPA-COOH was easy to inter-
act with Ca2* in the scale crystal, enhancing
the adsorption behavior on the crystal surface,
which resulted in crystal distortion.

4. Conclusions

1) The inhibition rates of HPA-COOH for
CaCOj and CaSO, scales exceeded 90%, exhib-
iting the excellent inhibition efficiency of cal-
cium scales. The scale inhibitor (HPA-COOH)
with a three-dimensional structure exhibited
excellent chelating effect with Ca2*. Due to
the high negative charge density of the oxy-
gen atom in the grafted carboxylic acid group,
HPA-COOH was easy to interact with Ca2* in
the scale crystal, enhancing the adsorption be-
havior on the crystal surface, which resulted in
crystal distortion.

2) The scale inhibition performance of
HPA-COOH without phosphorus was found to
be higher than that of commercial scale inhibi-
tors, which facilitated the development and re-
search of highly efficient and environmentally

friendly water treatment agents.

Functional materials, 31, 3, 2024
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