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Abstract 

Scaling and its mitigation is a major challenge faced by the oil and gas 

industry. Carbonates and sulfates of calcium form scale deposits on the well 

bore, tubing, flowlines and topside facilities leading to huge economic burden. 

This paper describes the synthesis, characterization and evaluation of a high 

temperature stable, threshold/kinetic scale inhibitor which exhibited good 

performance at low doses at a wide range of pH and temperature. A low 

molecular weight maleic acid - acrylic acid (MA-AA) co-polymer is 

synthesized, characterized and tested for calcium carbonate scale inhibition 

efficiency. Molecular weight of the polymer was determined through gel 

permeation chromatography. FTIR spectroscopy was used for identifying 

functional group distribution pattern. Scale inhibition efficiency was measured 

through chemical screening test, dynamic tube block method and also through 

electrochemical techniques such as constant potential electrolysis and 

electrochemical impedance. Crystal structures of the blank and inhibited scale 

deposits were analyzed using XRD and SEM. The low molecular weight MA-

AA copolymersshowed >90% efficiency at 15-20 ppm dosing at common 

wellbore temperature (90oC). Static and dynamic tests demonstrated excellent 

inhibition performance. XRD and SEM studies showed the change in crystal 

morphology and retardation of crystal growth due to inhibitor. 

Keywords:threshold scale inhibitor, calcite scale, co-polymer, flow assurance, 

maleic acid 
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1. INTRODUCTION 

In the oil field, scaling is one of the adverse factors leading to fall in production rates 

and reduced life and failure of downhole equipment. Calcium ion being the most 

abundant (after sodium) in produced water, calcium salt deposits are most commonly 

encountered in production tubing and topside facilities.The most common types of 

mineral scale found in oil industry are carbonates and sulfates of barium, strontium 

and calcium of which calcium carbonate scaling is one of the most widespread in the 

upper part of production tubing and topside facilities. Calcium carbonate (calcite) 

scale also affects efficiency of heat exchangers, reverse osmosis elements, cooling 

water systems, boilers and water injection systems. The problem of scale formation is 

intensified at higher temperatures because of the anomalous inverse temperature-

solubility characteristics of these minerals in water. 

Mitigation of calcite scale in oil field involves either (a) removing the deposits 

intermittentlywith chemicals/acids or by mechanical scrapping,  (b) continuous 

injection of scale inhibitors into production tubing, (c) squeezing slow release scale 

inhibitor into the producing formation. The cost of intermittent removal may be 

exorbitantly high, especially in offshore wellsand in fast scale depositing wells, 

leaving kinetic scale inhibitor application (continuous injection into production tubing 

or squeeze into near wellbore formation) as viable option. Selection of a chemical 

scale inhibitor depends on the precipitating species and its degree of supersaturation, 

determined by its concentration and solubility at the given conditions.  

Chemical scale inhibitors can be broadly categorized into two types – 

Thermodynamic and Kinetic Inhibitors [1]. Thermodynamic inhibitors are 

complexing and chelating agents which bind to the scaling species and prevent crystal 

formation and deposition. They need to be added in stoichiometric proportions (based 

on the number of moles of scaling ions present), and hence they are limited to waters 

containing low concentrations of the salts.Kinetic inhibitors do not prevent formation 

of scaling crystals, but work by delaying or retarding the rate of precipitation. They 

can be dosed at concentrations far below the stoichiometric level required for 

sequestration or chelation and hence they are known as ‘threshold inhibitors.’They 

affect the kinetics of the nucleation and crystal growth of scaling species, and permit 

supersaturation without scale formation.Threshold inhibitors are dosed continuously 

at low concentrations, typically 2-20ppm. Threshold scale inhibitors are thus 

applicable in most scaling situations.  

It is observed that the performance of kinetic inhibitors increases suddenly above a 

specific concentration in the scaling brine solution which represents the minimum 

inhibitor concentration (MIC)required at specific temperature and pH condition.The 

most widely accepted mechanism for threshold inhibition is that the inhibitors get 

adsorbed on the growth sites of the nuclei, blocking active growth sites, keeping them 

in the embryo stage and thus preventing their future growth and dispersing them 

[2].The inhibitor molecules wrap around the nucleus surface and effectively protect 

them from further growth [3]. The adsorbed polymer molecules act as immobile 

impurities on the crystal surface and inhibit crystal growth by reducing the rate of step 
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movement across the crystal surface (surface diffusion). Thus the scale inhibitor 

functions in sub-stoichiometric amounts by interfering in the nucleation or the crystal 

growth process through adsorption at the active sites blocking or restricting further 

growth. As a result the onset of crystallization can be delayed and crystallization rates 

are reduced. This leads to dissolution of the precipitate and release of the inhibitor 

molecule back into solution. Crystal habit and size are also affected. In qualitative 

terms the process of precipitation inhibition by the polymers must involve a step of 

polymer – nucleus association. This accounts for the variation in the performance of 

different polymers to different scales. 

Major advantages of threshold scale inhibitors are reducedchemical requirement and 

treatment cost and lesser sludge formation. There are two major types of threshold 

inhibitors known to the oil industryand these are polycarboxylates andphosphorous-

containing compounds such aspoly-phosphates, phosphate esters and phosphonates. 

Polymeric scale inhibitors exhibit better dispersing efficiency. Phosphorous 

containing compounds have overall good treatment efficiency and are effective 

against most scale types.Efficiency of this sub-group of inhibitors can be enhanced by 

co-polymerizing with alkylene or hydroxylalkyl monomers [4].In HT-HP 

environment some of the phosphonate compounds are thermally less stable than 

polymeric scale inhibitors [5]which could be enhanced by microwave heating instead 

of normal heating in boiler applications [6].Only a limited number of commercially 

available oil field scale inhibitors are thermally stable above 150 °C temperature 

[1].The efficiency of scale inhibitors typically decrease with increase in temperature. 

Phosphorus containing chemicals are in general not friendly to local flora and fauna 

which has promulgated development and studies of green scale inhibitors 

[7].Polycarboxylate based scale inhibitors are found to be comparatively more 

environment friendly.In earlier development (as mostly homo-polymers) they were 

found to provide low performance against calcium carbonate and due to their higher 

molecular weight they often precipitate as calcium salt.  

Newer and effective improvements made in recent years include developing water 

soluble low molecular weight polymers, containing cationic, anionic, neutral or 

ampholyticgroups which are stable at higher temperatures. Co-polymers of 

carboxylates and amides and various other monomers are of great interest in this line, 

serving well in scale inhibition. Moreover the amount of material required for 

inhibition is very low, at sub-stoichiometric levels. Their antiscaling efficiency 

towards common scales like calcium carbonate, calcium sulfate and calcium 

phosphate are reported as good and high [8].Maleic acid based scale inhibitors have 

been demonstrated to inhibit calcium sulfate scales at high temperatures [9]. 

The present work deals with the synthesis, characterization and performance 

evaluation of maleic acid-acrylic acid copolymer for calcium carbonate scale control 

at high temperatures at sub-stoichiometric concentration level. 
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2. EXPERIMENTAL METHODS 

2.1 Synthesis and characterization 

Copolymer of maleic acid (HOOCCH=CHCOOH) and acrylic acid (CH2=CHCOOH) 

was synthesized in the laboratory in aqueous medium through free radical 

polymerization by using potassium peroxodisulphate as initiator. The polymerization 

reaction was carried out in an inert atmosphere to avoid oxidative attack on the 

initiator [10]. 

The weight-average and number-average molecular weight of the polymers prepared 

were determined through Gel permeation chromatography. Equipment used for 

analysis is GPC –Polymer lab –Varian, model no: PL-GPC 220, Columns: 2 x PL-

aquagel-OH mixed–H, individual pore size: 8µm, 300 x 7.5 mm, oven temperature: 

40 oC, Mobile phase: 0.2 M NaN3 solution, Detector: Differential Refractive Index.   

Functional groups which were responsible for the scale inhibition property are 

characterized byusing Perkin Elmer, FT-IR spectrometer, paragon model 500. 

2.2 Thermogravimetric analysis (TGA) 

TGA was used to study the thermal stability of the synthesized copolymer. Thermal 

Analyse (Model-2960), TA instruments, USA was used for thermo-gravimetric (TG) 

studies. Approximately 10-20 mg sample was taken in the aluminum crucible and 

heated in argon atmosphere at the heating rate of 20 deg/min up to 800 oC. The 

starting temperature of decomposition and completion of the decomposition and 

weight % residue left over were obtained from the TG curves. 

2.3 Differential scanning calorimetry (DSC) 

Differential scanning calorimetry studies were carried out to get the melting point of 

the polymeras well as type of monomer present. Approximately 20 mg sample was 

taken in aluminum crucible and heated in air from 40 to 500 oC at a heating rate of 10 

deg / min. From the endotherm/exotherm pattern, various chemical processes taking 

place during heating could be assessed. 

2.4 Static jar test 

Performance test of the copolymer was conducted based on NACE standard TM0374-

2007to measure quantitatively the capacity of the synthesized copolymer to inhibit the 

precipitation of CaCO3[11]. Ca2+ (cationic) brine and CO3
2- (anionic) brine were 

prepared separately to meet stoichiometric proportion of 300 ppm each. CO2 gas was 

passed through the brine just before tests. In all cases 50:50 ratio was maintained. The 

synthesized MA-AA copolymer was mixed with anionic solution in predetermined 

concentration. The cells were placed in a water bath and a constant temperature was 

maintained for 24 hours. The pH was varied from 7.0 to 8.5 and the temperatures 

from 50oCto 9oC. The cells were allowed to cool naturally after the test period of 12 

hours. No disturbance was made to the cell during the test time and as well as during 

the cooling time. Then the total hardness of the brine (Ca2+ ion concentration) was 
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estimated volumetrically by EDTA titration method by using Eriochrome Black – T 

as the indicator. Ca2+ concentrations of all the solutions were measured before and 

after precipitation. The high-temperature inhibition evaluation was performed through 

high pressure autoclave. The following equation was used to calculate the scale 

inhibition efficiency of the tested inhibitor: 

 

Where: 

Ca = Concentration of Ca2+ ion in the treated solution after precipitation 

Cb = Concentration of Ca2+ ion in the blank solution after precipitation 

Cc = Concentration of Ca2+ ion in the blank solution before precipitation 

2.5 Constant potential electrolysis 

EG&G Princeton Applied Research (PAR) Versastatwith three electrode cell 

assembly was used to study constant potential electrolysis. The working and counter 

electrodes were of platinum foils of area 1cm x 1cm. A saturated calomel electrode 

was used as the reference electrode. A 300 ppm of calcium bicarbonate brine sample 

was taken for this study, with various dosage of the copolymer. The test was carried 

out by applying a constant potential of –1.2V vs SCE to the working electrode dipped 

in the solution for 30 minutes and the change in current density with time was 

recorded [12]. The working platinum electrode was cleaned by using fuming nitric 

acid and repeatedly washed with double distilled water after each experiment. 

2.6 AC Impedance measurement 

The cell used for the constant potential electrolysis was also used for AC impedance 

measurement. The measurements were carried out by using EG&G Princeton Applied 

Research, PAR Model 398 Electrochemical Impedance spectroscopy. A constant 

potential of –1.2V vssaturated calomel electrode (SCE) was applied to the working 

platinum electrode dipped in the test solution over a period of 30 minutes to accelerate 

the scaling process on the electrode surface. Measurements were made over a 

frequency range of 100 mHz to 100 kHz by applying 5mv AC amplitude 

superimposed over the respective steady state potential of the electrode system. 

Nyquist plots were used to interpret the results [13-15]. 

2.7 Dynamic tube blocking test  

The MA-AA copolymer was evaluated for dose optimization with the help of a 

dynamic flow-through tube blocking apparatus as per NACE[16]standard test method 

31105 (Dynamic scale inhibitor evaluation apparatus and procedures in oil and gas 

production). The tests were performed at 85oC with 500 ppm calcium in cationic 

solution and 500 ppm carbonate in anionic solution.  The two solutions were filtered, 

preheated through coils and pumped at 1 ml/min each, through a transparent capillary 

(1 m x 1 mm) upon immediate commingling of the two fractions. Scale inhibitors 
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were mixed in anionic fraction at double the recorded dose and both the fractions 

were pumped at equal rate. Scale inhibitor concentration was increased gradually 

stepwise (starting from blank) until injection pressure (ΔP) remains constant and no 

tube block was observed for at least 2 hours of flow. The lowest concentration at 

which no blockage or scale formation occurred was considered as the minimum 

inhibitor concentration (MIC).  

2.8 X-ray diffraction studies (XRD) 

X- ray diffraction studies were carried out by using JOEL – 8030 diffractometer. 

Crystal structures of calcium carbonate scales were examined in the presence and 

absence of copolymer. 

2.9 Scanning electron microscopy (SEM) 

The inhibition and modification of the calcium carbonate crystals upon adding the 

polymeric antiscalants were studied to observe and compare changes in surface 

morphology of the crystals. The study was conducted using SEM: Philips FEI - 

Quanta 200. For making the surface conductive a fine gold coating was given by ion 

sputtering device. 

 

3. RESULTS AND DISCUSSION 

3.1 Polymer Characterization 

Weight average and number average molecular weight of the synthesized copolymer 

was found to be 10656 and 10103 respectivelyfrom GPC plot shown in Figure 1. 

Control over the molecular weight of the polymers is important for scale inhibition 

efficiency since low molecular weight polymers are shown to be more efficient than 

higher ones. Also there is solubility advantage for low molecular weight of the 

polymers. In this respect the synthesized co-polymer is expected to be an efficient 

scale inhibitor.  

 

Figure 1.  GPC plot of MA-AA co-polymer 
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The FTIR (Figure 2)  spectra reveals peaks at 1721cm-1, 1402 cm-1 and 2927 cm-

1corresponding to  C=O stretching vibration, combination band of C-O stretching and 

O-H in plane deformation vibration and aliphatic C-H stretching vibration 

respectively. A peak is also noticed at 1637 cm-1 in MA–AA copolymer which 

represents the C-C stretching vibration. These facts conclude the formation of 

copolymers.  

 

 

Figure 2.FT-IR spectra of MA-AA co-polymer 

 

The expected maleic acid – acrylic acid (MA-AA) copolymerskeleton structure would 

be as follows. 

 

CH

COOH
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COOHCOOH

n n

 

 

3.2 Thermal stability  

Thermal stability of the copolymer measured through TGA and DSC (Figures 3 & 4) 

shows approximately 20% weight loss at 140 oC. Above this temperature multi step 

decomposition could be seen from DSC spectrum (Figure 4). Results of TGA and 

DSC are complementing each other. The studies show that the synthesized copolymer 

was stable at temperatures up to 140 oC. 
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Figure 3. TGA spectrum of MA-AA copolymer 

 

 

 

Figure 4.DSC spectrum of MA-AA copolymer 

 

3.3 Performance Evaluation using static jar test 

Inhibitor efficiencies obtained from static jar test results are given in tables 1 & 2.  

The data is also graphically represented in Figures 5 and 6. At neutral pH the polymer 
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is 100% efficient at 20 ppm dosing and is able to offer 85% efficiency under the 

moderately severe conditions of 90 oC& pH 8.5. The copolymer exhibited good 

performance even at higher temperatures. At higher temperature (up to 150 oC)higher 

dosage shows better performance.   Upto 71% scale inhibition could be achieved at 

150 oC with 60 ppm dosing. In all the cases, the inhibitor efficiency was found to 

increase with increase in dosage. The study results show that efficiency of the 

polymer is both temperature and pH dependent.  

 

Table 1. Scale inhibition efficiency of MA–AA copolymer on CaCO3 scale at 

different pH at 90 oC 

Dosage 

(ppm) 

Percentage efficiency at pH 

7.0 7.5 8.0 8.5 

Blank - - - - 

1 41 40 37 30 

5 52 45 42 35 

10 85 81 74 70 

15 88 83 77 74 

20 100 100 91 85 

 

 

Table 2.Scale inhibition efficiency of MA–AA copolymer on CaCO3 scale at pH-8.5 

at higher temperatures. 

Dosage 

(ppm) 

Percentage efficiency 

100 oC 120 oC 140 oC 150 oC 

Blank - - - - 

40 95 85 73 58 

50 97 88 77 65 

60 98 92 83 71 
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Figure 5. Calcite scale inhibition efficiency of MA-AA copolymer at 90°C at 

different pH levels, from static jar tests 

 

 

Figure 6. Calcite scale inhibition efficiency of MA-AA copolymer at 90°C at 

different pH high temperatures 

 

3.4 Constant Potential Electrolysis  

The current – time curves were obtained by constant potential electrolysis technique 

for the polymer which performed well in the chemical screening tests. Various dosage 

of polymer was added to the test solution containing 300 ppm Ca2+ ions and the 

curves obtained are presented in Figures 7 and 8respectively. The scaling time and 

residual current values are calculated and presented in Table3. For the blank solution, 

the scaling time, which is the time required for full coverage of the working electrode 
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with scale, is about ten minutes. With increasing polymer concentration, the scaling 

time also increases, meaning more time is required for the scale to deposit on the 

metal surface.  

 

Figure 7. Current–Time curve for CaCO3 brine without MA-AA (blank) obtained 

from constant potential electrolysis 

 

 

Figure 8. Current–Time curve for CaCO3 brine with MA-AA obtained from constant 

potential electrolysis 
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Table 3.Scaling Time and Residual Current at pH 8.0 with different dosage of MA-

AA copolymer from constant potential electrolysis measurements. 

Dosage 

(ppm) 

Residual Current 

(µA) 

Scaling Time 

(Sec.) 

Blank 32.05 650 

5 110.04 1390 

10 155.35 1600 

20 255.86 1860 

 

Similarly, the residual current value also increases with increasing polymer 

concentration. Residual current is the current value when the oxygen reduction is 

limiting, or after the completion of counteracting scale forming reaction. Higher 

residual current value implies the less adherent scale formation or absence of scale 

formation, leaving the electrode partially covered or uncovered with the calcium 

carbonate scale.  The residual current values also reflect the same trend with 

maximum current for the solution dosed with polymer indicating the presence of 

unsettled Ca2+ ion in solution contributing the limiting current. 

3.5 Electrochemical Impedance Studies 

Analysis technique of electrochemical impedance values of partially blocked 

electrodes is available elsewhere [17].Results of MA-AA performance efficiency are 

presented in Table 4 and the plots in Figure 9. Rt is the charge transfer resistance of 

the oxygen reduction reaction and Cdl is the capacitance of the double layer. The scale 

deposit on the electrode creates an insulating layer leading to increase in the electrical 

resistance. Hence a reduction in the value of Rt indicates inhibition of scaling process. 

The percentage of inhibition can be calculated from the formula 

 

The Rt value for blank(without polymer addition) is around 1900 Ω/cm2 and the 

values with 5-20 ppm polymer dosing, have drastically reduced to the range of 15 – 

25 Ω/cm2. These values reflect high inhibiting efficiency of the polymer even at lower 

doses. 
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Figure 9.Electrochemical Impedance of CaCO3 scale with diff. concentration of MA-

AA (a) 5 ppm (.) (b) 10 ppm (+) (c) 20 ppm (*) 

 

Table 4. Electrochemical impedance results for CaCO3 scaling at pH 8.0 at different 

dosage of MA-AA copolymer 

Dosage 

(ppm) 

Rt 

(Ω/cm2) 

Cdl 

(µF/cm2) 

% of 

Inhibition 

Blank 1896.62 0.0029 - 

5 24.40 4.12 98.71 

10 21.35 4.71 98.87 

20 15.52 6.47 99.18 

 

3.6 Dynamic tube block test  

Tube blocking test results for performance evaluation of MA-AA scale inhibitor are 

presented in Figure 10. Differential flow pressures are recorded every 10 sec and 

plotted to represent scale inhibitor performance.  Increase of pressure is the indication 

of scale deposition and blockage of capillary tube.  With increase in copolymer 

concentration, the time for blocking increases, indicating that scale deposition rate is 

greatly influenced by the copolymer concentration. At 20 ppm there is no scale 

deposition and tube blockage even after 200 min of flow compared to 36 min for 
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blank solution. This observation is in complete agreement with the other performance 

test results.  

 

Figure 10. Dynamic tube block test with different MA-AA inhibitor concentrations 

 

3.7 X-ray Diffraction Studies  

XRD results of inhibited and uninhibited carbonate scales are presented in Table 5 

and the spectra are represented by Figures 11 & 12. The values of ‘d’ and ‘θ’ conform 

to those for calcite crystals [18].  The values of ‘d’ and ‘θ’ are not same for the blank 

and inhibited crystals, indicating difference in crystal morphology between inhibited 

and uninhibited crystals. This difference is also evident from the SEM studies.  

Table 5. XRD spectrum values for CaCO3 crystals, without and  

with addition of MA-AA copolymer 

Calcium carbonate (Blank) Calcium carbonate with MA-AA 

2θ d I/Io 2θ d I/Io 

29.580 3.0173 100 29.340 3.0415 100 

31.760 2.8150 23 31.570 2.8315 58 

32.940 2.7168 18 39.360 2.2872 24 

39.580 2.2750 23 43.120 2.0961 21 

45.510 1.9914 21 47.450 1.9144 31 

47.660 1.9065 26 48.470 1.8765 31 

48.700 1.8681 31    

50.270 1.8134 19    
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Figure 11. XRD spectrum of CaCO3 (blank) 

 

 

Figure 12. XRD spectrum of CaCO3 in presence of MA-AA inhibitor 

 

3.8 Scanning Electron Microscopic (SEM) Examination 

SEM images of uninhibited CaCO3 crystals are given in Figure13 (a, b). The cubic 

shaped block-like crystals are typical of calcite formation. No needle-like crystals are 

seen which is typical for aragonite. The inhibited crystals obtained from jar test 

(Figures 14a & 14b)  are more round or irregular shaped, covered with polymer or 

modified by polymer, thus inhibiting further growth of crystal size. This observation 



36 BalasubramanianSenthilmurugan et al. 

demonstrates the inhibition mechanism by threshold polymeric inhibitors through 

irreversible adsorption of copolymers at the active crystal growth sites. Further work 

in this area is needed for structural elucidation of crystal morphology and their effect 

on inhibition mechanism. 

 

 

Figure 13. SEM micro-photograph of CaCO3 crystals without inhibitor at (a) 3000x 

and(b) 12000x 

 

 

Figure14.SEM micro-photograph of MA-AA inhibited CaCO3 crystals in jar test at 

(a) 12000x and (b) 24000x 

 

4. CONCLUSION 

A low molecular weight maleic acid – acrylic acid (MA-AA)copolymer was 

synthesized and characterized. The efficiency of the copolymer in inhibiting calcite 

scale was determined at various levels of pH, temperature and concentration using 
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static jar tests and dynamic tube blocking tests. 100% CaCO3 scale inhibition 

efficiency was achieved with 20 ppm dosing at 90 oC and neutral pH.The inhibitor 

was found to work well at even higher pH and higher temperature (up to 150oC), 

however dose requirement will be more at these conditions. Constant potential 

electrolysis, AC impedance and tube blocking studies support its high efficiency. 

XRD spectra and SEM images reveal the changes incrystal morphology due to 

polymer addition and the mechanism of scale inhibition.  
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