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ABSTRACT 

Full Name : [NADHEM ABDULHAMEED ABDO ISMAIL] 

Thesis Title : [FUNCTIONALIZED POLYMER-BASED MATERIALS AS SCALE 

AND CORROSION INHIBITORS] 

Major Field : [CHEMICAL ENGINEERING] 

Date of Degree : [DECEMBER 2020] 

 

The aim of this work is to introduce the synthesis and testing of functionalized chemical 

inhibitors for the inhibition of calcium carbonate, iron sulphide and carbon steel corrosion. 

Calcium carbonate is a scale which can form in the oil and gas industry tubulars. The scale 

is a mineral deposit that can occur in the tubing, pipelines and valves which hinders the 

flow of fluid leading to shut down and production loss.  Calcium carbonate Scale usually 

happens in production and injection wells.  Calcium carbonate scale precipitates when there 

is a pressure and temperature change, mixing of incompatible water and dehydration. The 

test method followed is static bottle test in which two incompatible cationic and anionic 

waters are mixed. It is important to know that the inhibitor used must be compatible with 

these waters (does not form a precipitate or cause phase separation). 

 In this work, different functionalized chemical inhibitors were prepared and tested for 

compatibility before inhibition screening test. After testing different chemicals for 

compatibility, the chemicals that are compatible with the brines were tested for inhibition 

at different inhibitor concentrations. The inhibition efficiency was calculated by the 

amount of calcium ions left in solution that is determined by chemical analysis (i.e.: ICP-

OES). 
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The collected scale particles in the blank sample will be also characterized by different 

instrument including XRD, SEM and TEM. It is important to mention that a new 

polyacrylate based inhibitor was developed and tested towards calcium carbonate 

inhibition. This product showed a promising result at different temperatures and salts 

concentrations. The inhibitors were also tested at harsh environment.  In addition, this 

study aimed in presenting more effective polymer material as inhibitor and dispersant of 

iron sulphide. L-glutamic acid grafted polyacrylamide has been synthesized and tested and 

found to be effective in preventing iron sulphide formation by hindering nucleation growth 

and preventing iron sulphide particles from settling. In order to evaluate the synthesized 

inhibitor performance a strictly anoxic experimental setup was successfully designed and 

implemented. Influence of temperature, pH and brine composition on inhibition was 

studied. The results show the potential ability of L-glutamic acid grafted acrylamide to 

inhibit iron sulphide formation and nucleation growth at various conditions.  Moreover, the 

inhibitor was found to be effective in keeping iron sulphide particles apart at specific 

dosages thus lowering iron sulphide clustering. The results also show that the inhibitor is 

more effective at 60 C where maximum inhibition efficiency was recorded. At 60 C, the 

inhibition efficiency started at 60% at a relatively low concentration of inhibitor (i.e.50 

ppm) after a reaction time of 16 hours. The inhibition efficiency was increased to 92% at 

1% by volume inhibitor concentration. Based on these results, it is believed that this 

inhibitor will provide a novel chemistry for metal-sulphide scales. In the third part of this 

work, the effect of gallic acid-grafted polyacrylamide (GAGP) on carbon steel corrosion 

in 1 M hcl has been studied using weight loss, potentiodynamic and polarization resistance 

measurements. Both techniques showed an excellent agreement. Experimental results 



xvii 

 

showed that GAGP has worked effectively in the acidic environment. It was found that the 

inhibition efficiency increased with concentration. The process of inhibition is attributed 

to the adsorption of the inhibitor molecules  and/or formation of complex at the electrode 

surface. 
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 ملخص الرسالة

 .ناظم عبد الحميد عبده اسماعيل: الاسم الكامل
 

بوليمرات وظيفية لتثبيط تأكل الحديد الصلب وتثبيط ترسب الجير الحي وكبريتات الحديد في    عنوان الرسالة:
 أنابيب التنقيب عن النفط والغاز. 

 
 التخصص: هندسة كيميائية.

 
 : 2020ديسمبر 

 

وكبريتيد الحديد وتآكل   يائية الوظيفية لتثبيط كربونات الكالسيومعة واختبار المثبطات الكيمالهدف من هذا العمل هو صنا

الصلب الكربوني. كربونات الكالسيوم عبارة عن ترسبات يمكن أن يتشكل في أنابيب التنقيب عن النفط والغاز. المواد 

ي الأنابيب وخطوط الأنابيب والصمامات التي من الممكن أن تتشكل هي عبارة عن رواسب معدنية يمكن أن تحدث ف

مما يؤدي إلى الإغلاق وفقدان الإنتاج. تتكون كربونات الكالسيوم عادة في آبار الإنتاج   النفط أو الغاز  مما يعيق تدفق

والحقن. تترسب كربونات الكالسيوم عندما يكون هناك تغير في الضغط ودرجة الحرارة ، وخلط الماء غير المتوافق  

خلط اثنين من المياه الكاتيونية والأنيونية غير  لتركيب. طريقة الاختبار المتبعة هي اختبار التثبيط  الثابتة حيث يتمفي ا

المتوافقة. من المهم معرفة أن المانع المستخدم يجب أن يكون متوافقًا مع هذه المياه )لا يشكل راسبًا أو يسبب فصلًا في 

لتثبيط. بعد يفية مختلفة واختبار توافقها قبل اختبار فحص اير مثبطات كيميائية وظفي هذا العمل ، تم تحض .الطبقات(

اختبار مواد كيميائية مختلفة من أجل التوافق ، تم اختبار المواد الكيميائية المتوافقة مع المحاليل الملحية للتثبيط عند 

يونات الكالسيوم المتبقية في المحلول والتي يتم  تركيزات مختلفة من المثبطات. تم حساب كفاءة التثبيط من خلال كمية أ

سيتم أيضًا تمييز جسيمات الحجم المجمعة في العينة الفارغة  .(ICP-OES :أي) ليل الكيميائيتحديدها بواسطة التح

من المهم أن نذكر أنه تم تطوير واختبار مثبط جديد قائم على البولي   .TEM و SEM و  XRD بأداة مختلفة بما في ذلك

درجات حرارة مختلفة وتركيزات أملاح مختلفة. كريلات لتثبيط كربونات الكالسيوم. أظهر هذا المنتج نتيجة واعدة عند  أ

تم اختبار المثبطات أيضًا في بيئة قاسية. بالإضافة إلى ذلك ، هدفت هذه الدراسة إلى تقديم مادة بوليمر أكثر فعالية كمثبط 

ي منع الجلوتاميك واختباره ووجد أنه فعال ف -L ولي أكريلاميد المطعمة بحمضومشتت لكبريتيد الحديد. تم تصنيع ب

تكوين كبريتيد الحديد عن طريق إعاقة نمو النواة ومنع جزيئات كبريتيد الحديد من الاستقرار. من أجل تقييم أداء المثبط 
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راسة تأثير درجة الحرارة ودرجة  المصنع ، تم تصميم وتنفيذ هيكل التجربه  ليكون خالٍ من الأكسجين بدقة. تمت د

 لتثبيط. الحموضة وتركيب المحلول الملحي على ا 

علاوة على ذلك ، وجد أن المثبط فعال في إبقاء جزيئات كبريتيد الحديد متباعدة عند جرعات محددة وبالتالي تقليل تكتل 

جة مئوية حيث تم تسجيل أقصى كفاءة در 60كبريتيد الحديد. أظهرت النتائج أيضًا أن المثبط يكون أكثر فعالية عند 

جزء في المليون( بعد   50٪ بتركيز منخفض نسبيًا للمثبط )أي  60جة مئوية ، بدأت كفاءة التثبيط عند  در  60تثبيط. عند  

جزء في المليون. بناءً على هذه   10000٪ عند تركيز 92ساعة. تمت زيادة كفاءة التثبيط إلى  16زمن تفاعل مدته 

.تيد المعادنتقد أن هذا المانع سيوفر كيمياء جديدة لترسبات كبريالنتائج ، يعُ
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1 CHAPTER 1 

INTRODUCTION 

1.1 Scale Definition and Types 

 A scale is a solid mineral precipitate that forms from produced salt water in the oil and gas 

industry. Scale is persistent problem in the oil and gas industry because of the ability of water 

to dissolve salts which will precipitate when conditions such as temperatures and PH are altered 

[1]. There is  a potential of scale to form wherever water production occurs[2]. Figures 1 and 2 

show a scale in tubulars and pipes taken from SAUDI ARAMCO JOURNAL OF 

TECHNOLOGY  

 

Figure 1:Scale precipitation in tubulars [3] 
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Figure 2: Scale precipitation in pipes [4] 

“There are different types of scales that can happen in the oil and gas industry. Table 1 shows 

the most encountered types of scales. This work will focus on the first type of scale which is 

calcium carbonate scale or calcite. 

Table 1: common oilfield scales[5] 

Category Chemical formula Mineral name  

Carbonates  𝐶𝑎𝐶𝑂3 Calcite  

Carbonates 𝐹𝑒𝐶𝑂3 Siderite  

Chlorides   𝑁𝑎𝑐𝑙 Halite  

Hydroxides  𝑀𝑔(𝑂𝐻)
2

 Brucite  

Sulfates  𝐶𝑎𝑆𝑂4.2𝐻2𝑂 Gypsum 

Sulfates 𝐶𝑎𝑆𝑂4 Anhydrite  

Sulfates 𝐵𝑎𝑆𝑂4 Barite  

Oxides  𝐹𝑒2𝑂3 Hematite  

Sulfides  𝐹𝑒𝑆 Troilite  

 

Scale forms due to the change of different conditions and factors such as pressure changes, 

temperature changes, PH changes, impurities, additives, changes in flowrates and mixing of 

compatible waters[6]. The former has the highest percentage among others especially in primary 
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production wells and injection wells. It causes the minerals in solution to form an insoluble 

precipitate. The precipitate deposits in the wellbore or the well pump. Scale can develop almost 

immediately, or it can build up over several months before becoming noticeable[7]. Calcium 

carbonates develops quickly and needs to be treated quickly as well to avoid shutdown and loss 

of production equipment. The effect of scale depends on location of deposition and the amount 

deposited. Scale can restrict and completely block fluid flow in tubing and flowlines[6], [8], 

[9].  

Deposition of scale is a very costly problem. Stuck downhole pumps, plugged perforations and 

tubing strings, choked flowlines, frozen valves, equipment damage, and downtime during 

maintenance all contribute to cost. Scale restricts production and causes inefficiency and failure 

of production equipment[10]. As fields mature and require waterflood operations, the scale 

problems have an increased effect on well economics. Scale disposal can be quite costly. The 

most economical way to manage wells that tend to scale is to use an inhibitor to prevent the 

scale from forming [11].  

Scales can be categorized into three different types water soluble, acid soluble and acid 

insoluble[2], [12]. This classification is rough since scale is rarely formed in its pure form. This 

classification is not accurate, but it is sufficient for lab analysis and experimental testing. 

The scale deposit usually contains a mixture of scale categories in different percentages 

depending on conditions under which scale forms[13].  The most widely used method to identify 

types of scale in the lab is XRD instrumental method[14]. This method is fast and requires little 

amount of sample.” 
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1.2 Characteristics of Calcium Carbonate 

 The most important characteristics of calcium carbonate scale that should be studied is 

solubility rates and precipitation tendencies. Oilfield problems with calcium carbonate (CaCO3) 

often center around its inverse solubility behavior  [13], [15]. Calcium carbonate becomes less 

soluble at higher temperatures[16], . This behavior is depicted in Figure 1. The effect becomes 

more complicated when other precipitation factors are encountered [17]. In general, the 

following physical changes cause calcium carbonate scale to form [18]: 

 Pressure decreases, temperature increase, pH increase (such as the loss of CO2), Calcium 

concentration increase and Carbonate increase. Small changes in temperature can result in 

large quantities of calcium carbonate precipitation [20].  

 

Figure 3: Calcite solubility vs Temperature [19] 
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Changes in the concentration of calcium or carbonates occur when waters from different 

zones mix at the wellbore, in surface collecting equipment[22]. 

1.3 Objectives  

 This work aimed in formulating effective materials as scale and corrosion inhibitors such as 

calcium carbonate, iron sulfide scales, etc. The inhibition efficiency will be investigated. The 

specific objectives of this work are to: 

1) Synthesize different polymer-based inhibitors including polyacrylate based polymers that 

have potential inhibition in different scales and corrosion media. 

2) Characterize and evaluate the performance of the synthesized inhibitors towards scales such 

as calcium carbonate scale using the static bottle test method. 

3)Evaluate the inhibitors at different environment conditions  

4) collect the scale samples and do XRD, SEM and TEM characterization. 

5) Evaluate the performance of the synthesized inhibitors towards CO2 and H2S corrosion. 

 

1.4 Methodology 

This section is subdivided into four parts. Each part will include an explanation of the 

preparation method and test method used 

1.4.1 Brines preparation 

 There are two types of brines or synthetic waters, scaling and non-scaling brines   used in this 

study. Scaling brine is a supersaturated brine in which at least one pair of scaling ions is present 

in an amount above its saturation concentration; the high concentration is to promote the 
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formation of scale crystals. Scaling brines are typically prepared for use in scale inhibitor 

selection projects via the Dynamic Scale loop or scale bottle test. Non-scaling brine is  a non-

saturated brine is a solution where all pairs of scaling ions are present in an amount below their 

saturation concentration. Non-scaling brines are used for compatibility test. The reagents used 

in the brine’s preparation procedure are in table 3. 

Table 2: Reagents used for brine preparation 

Cation chloride salts Sodium anion salts PH Adjustment Reagents 

NaCl NaHCO
3
 1 M acetic acid solution 

KCl Na2CO3 0.1 M Sodium hydroxide 

MgCl
2
.6H

2
O Na2SO4 - 

CaCl
2
.2H

2
O Na2S.9H2O - 

SrCl
2
.6H

2
O NaF - 

BaCl
2
.2H

2
O NaC2H3O2anhyd - 

(FeCl
2
.4H

2
O) CH3COONa.3H2O - 

(ZnCl
2
) - - 

PbCl
2
 - - 

MnCl
2
.4H

2
O - - 

LiCl - - 

 

Not all the reagents in table 3 are used. The usage of the reagents depends on the targeted brines 

composition. Different scale tests need the use of suitable reagents. Sometimes the targeted 

environment is a mix between two or more scales.  
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1.4.2 Non-Scaling Brines  

 Non-scaling brine is  used for compatibility test throughout this research work. Since the 

targeted scale is calcium carbonate, the reagents used are sodium chloride, potassium chloride, 

magnesium chloride hexahydrate, sodium bicarbonate and sodium sulphate. The amounts of 

reagents used depends on the  interrelated ions concentrations. The ion concentrations and 

respective reagents  amounts are listed in table 4.  

Table 3: Ion concentrations for compatibility test [49] 

Ion Conc.(ppm) Source(salt) g-Salt(for 500 ml) 

Na+ 19047 Nacl 24.56 

K+ 703 Kcl 0.67 

Mg 2+ 1286 Mgcl2.6H2O 5.38 

Ca 2+ 3942 Cacl2.2H2O 7.23 

Sr 2+ 62 Srcl2.6H2O 0.09 

cl- 39119 - - 

SO4 1847 Na2SO4 1.37 

HCO3 500 NaHCO3 0.34 

TDS 66530  39.64 
 

To prepare 500 ml of non-scaling brine for compatibility test, 500 ml beaker is filled up to 400 

ml with DI water. A stirrer bar is added then the beaker is placed on the magnetic stirrer and the 

stirring speed is adjusted to get good homogeneity. Salts are weighed in a plastic weighting boat 

according to the amounts calculated in table 4. The weighting plastic boat is rinsed  with DI 

water after each addition of salts to ensure that all salts are added to the brine. Once all salts are 

added, the beaker is filled up to 500 ml with DI water. The brine is filtered using 0.45 mm filter 

paper. After filtration, the PH is adjusted to the targeted value using sodium hydroxide or 

hydrochloric acid solutions.  
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1.4.3 Scaling Brines  

 Scaling brines are used for static bottle inhibition test and dynamic scale loop test during this 

wok. The reagents used are the same as these used for compatibility test except that the amounts 

vary. Two scaling brines need to be prepared for inhibition tests.  A cationic and anionic brine 

solutions are prepared separately each are 500 ml. The procedure of scaling brines preparation 

is the same as that for non-scaling brines , however the concentrations of ions and corresponding 

salts are given in table 5. Also, in the scaling brine preparation to 500 ml beakers are needed. 

The first one is used for cationic brine and the second one is used for anionic brine. Both brines 

are filtered after  addition of all salts. 

Table 4 : Ions Concentrations for inhibition test 

Salt CW (g) AW(g) MIX(g) 

Nacl 8.83 43.254 52 

Kcl 2.268 - 2.268 

Mgcl2.6H2O 4 - 4 

Cacl2.2H2O 39.12 - 39.12 

Na2SO4 - 0.46 0.46 

Fecl2.4H2O 0.01 - 0.01 

  

1.4.4 Compatibility Test   

 Scaling Compatibility of the inhibitor is very important before testing the inhibitor efficiency. 

If the inhibitor is not compatible, it will aid the formation of scale instead of hindering it. An 

inhibitor that forms a precipitate or phase separation with the non-scaling brine is said to be not 

compatible and cannot be used for inhibition efficiency test. To do compatibility test, the oven 

is set to the intended test temperature for an hour before test to reach stability. 

The required number of containers depends on the number of products and dosage 

concentrations being evaluated.  100 mL glass bottles are used for temperatures below 90 °C. 
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For tests conducted at temperatures between 90-150 °C, thick walled glass tubes must be used 

with high temperature, lined caps. Each container is clearly labelled; including the name of the 

chemical and the dose/concentration.  A permanent marker is used to ensure the readability 

throughout the test.  

The brine is added to each container; filled to no greater than 1/2 to 2/3 full to provide room for 

liquid expansion.  Using a pipette or syringe, the inhibitor solution is added to the compatibility 

brine to reach the required concentration for the particular test. Used dose concentrations are 10 

ppm, 100ppm, 1000ppm, 1% v/v and 10% v/v. At the higher doses, i.e. above 1%, the equivalent 

volume of brine is removed from the container before the inhibitor is added. A blank in every 

test is included where no inhibitor is added to the brine.  observations of visual changes to the 

brine upon immediate injection of the scale inhibitor in a laboratory is recorded in a notebook. 

The containers are sealed and mixed by shaking bottles vigorously by hand. The containers are 

photographed, and the appearance of each tube is documented. Notes include the colour and 

clarity of the solution and any evidence of incompatibility such as precipitation or phase 

separation. This observation is considered time = 0 (initial). Then, the containers are placed in 

preheated oven for 24 hrs.  

After 24 hours, the containers are removed from the oven, then Photographed and   the 

appearance of each glass tube is documented. Descriptions in the notebook include the color 

and clarity of the solution and any evidence of incompatibility such as precipitation or phase 

separation. This observation is considered time = 24 hr. Compatibility, static bottle test and 

early results interpretations has been done and will be expressed in this section. 
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Compatibility test must be done before testing any inhibitor. More than thirteen compatibility 

tests were done for different chemical compounds. Table 6 illustrates some of the chemicals 

tested and their response. 

Table 5: Compatibility tests 

Product T= 0 hr T= 1 hr T=24 hr Note 

Graphene  

√ 
 
ꭓ 

 

- 

Small crystals 

formed. 

Graphene+5% 

isopropanol 

 

√ 
 
√ 

 
ꭓ 

Small crystals 

formed. 

Graphene+15% 

isopropanol 

 

√ 
 
√ 

 
ꭓ 

Small gathered 

crystals formed. 

. 

. 

. 

. 

 

 

 

- 

 

 

 

 

- 

 

 

 

- 

 

 

 

- 

 

Polyacrylate 

based polymer 

 

 
√ 

 
 
√ 

 
 
√ 

No precipitation. 

Clear solution was 

observed 

 

The inhibitor is said to be compatible is it doesn’t form a precipitate in the synthetic brine. If a 

precipitate is formed or a phase separation is formed, then the inhibitor is not compatible and 

cannot be used for inhibition tests. Figures 2, 3 and 4 shows examples of a compatible inhibitor 

(Polyacrylate based) and a non-compatible inhibitor (graphene). As seen from figure 3 , small 

crystals are formed. 5% and 15 % isopropanol were added to the graphene solution to make it 

compatible, unfortunately nothing changes, and the small crystals are still forming. If graphene 

can me made compatible by using any solvent, it has the potential to give very good inhibition 

results. This inhibition potential is ascribed by its structure since it can chelate metal ions 

leading to inhibition. 
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Figure 4: Polyacrylate based inhibitor comp. test 

 

Figure 5: Pure graphene compatibility test 

 

1.4.5 Static Bottle Inhibition Test   

 After preparation of the cationic and anionic brines, they are filtered through a 0.45 μm filter 

before use. No bicarbonate should be added to the anionic brine. Two ratios should be examined 

in order to evaluate scale inhibitor performance when two incompatible waters are mixed in the 

field: One. the ratio leading to the highest supersaturation and Two. the ratio leading to the 
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highest expected precipitation. However, in most cases only the ratio leading to the highest 

supersaturation is evaluated. 

1.4.6 pH buffer Preparation   

“Buffer solution is used when the pH needs to be adjusted on the range 5.5-6.  

The buffer solution is an acetic acid/sodium acetate buffer solution prepared in order to give the 

required pH (~5.5-6.0). The buffer solution is prepared by dissolving the following amounts of 

Analar grade reagents into 100mls of distilled water:  

- 13.60 g sodium acetate tri-hydrate  

- 0.5 g acetic acid.  

The required volume of buffer (1 ml buffer/100 ml final brine mixture) is added to the anion 

brine. The pH of the anion brine and buffer is   measured and recorded when combined with an 

equal volume of the cationic brine  

When doing studies at high pH (pH~7) or low pH(pH~2), the pH is adjusted using 0.1 M 

HCl(aq) and 0.1 M NaOH(aq) solutions.” 

1.4.7  Test Procedure 

 Scaling The required number of test bottles are be numbered; these values correspond to the 

sample’s names provided for chemical analysis. Each test bottle is labelled with the name of the 

chemical and the dose rate written with permanent marker. Each inhibitor dose rate is tested in 

duplicate.  
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  50 ml of ‘anion’ solution is added to each test bottle using the dispenser; 50 ml of the ‘anion’ 

solution should also be added to the blanks. Two ‘control’ test bottles with 50 ml of deionized 

water instead of ‘anion’ solution are also included.  

The ‘anion’ solution in each test bottle is dosed with the required amount of Scale inhibitor 

intermediate solution (using pipettes) to give the required final dose rate for the test.  

The concentration of the inhibitor in the ‘anions’ must be double than that required for the test 

which accounts for the dilution when mixed with the ‘cations. Inhibitor is not added to the 

‘Blank’ and ‘Control’ bottles.  

 An equal number of test bottles are prepared each filled with 50 ml of ‘cation’ solution using 

the dispenser. Test bottles are Placed into a water bath/oven at the appropriate test temperature 

for ~60 mins to reach thermal equilibrium. After 60 mins, the two brines are mixed together by 

pouring the ‘cations’ into the ‘anions’ and mixed manually. The bottles are Returned to the 

oven/bath as soon as possible and the timer is Started; this is t0.  

 The test bottles are sampled at defined time intervals. Test bottles are sampled after 2h,16h and 

24h.  If required, the pH values can be monitored at the start of the test and upon cooling at the 

end. The samples taken at different time intervals are sent for chemical analysis to evaluate the 

performance of the inhibitors. 

1.4.8 Dynamic Scale Loop Test   

 Scaling This test method utilizes a dynamic scaling loop (i.e.: PMAC model) to determine the 

scaling potential of synthetic field brines. The test method is also used to select scale inhibitor(s) 

for the prevention of scale created in the scaling loop with the synthetic field brines. The 

dynamic scale loop test is used at high temperatures and in the applications of totally anaerobic 
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conditions. The main characteristics of the dynamic scale loop is little amount of sample, 

automated gradient concentration tests, automated scale detection and cleaning of scale system 

and accurate results compared to simple static bottle inhibition test.  

The analysis of results is done by plotting the differential pressure versus time data for the blank 

and each scale inhibitor tested. The best scale inhibitor for a given water composition at a given 

temperature/pressure is the one which prevents an increase in differential pressure at the lowest 

concentration (i.e. minimum inhibitor concentration or MIC). This test method maybe used later 

in this work where we need to test at high temperature and pressure. 
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2 CHAPTER 2 

LITERATURE REVIEW 

2.1 Traditional Oilfield Scale Inhibition Techniques  

Oil is one of the most important raw materials encountered. Everyday life activities involve 

different things that are made from oil or gas. One of the oils’ primary importance is that oil is 

a very versatile source of energy. Oil is also used as a raw material in manufacturing a thousand 

other products such as paints , plastics, polymers, detergents and even cosmetics [21].  

 Due to the increase in energy demand, companies are forced to go for deeper wells where harsh 

environment is faced. Formation of scale is a very common problem in oil and gas industry 

especially at harsh environments at high temperature and pressure. Scaling is the deposition of 

mineral salts on the working equipment such as wellbore and tubes. 

 Scaling is a consequence of supersaturation of the mineral ions in the processing fluid[22]. The 

supersaturation of ions depends on different factors. The main contributor to ions 

supersaturation leading to scale formation is the production of formation water from the well 

which contains high salts concentration[22].  Scale is affected by changes in physical variables 

such as temperature, pressure and PH.  These factors determine the scale type and composition 

[23].  

Scale consequences can be very dramatic and quick and can bring the production capacity to 

zero in just few hours with a very high cost treatment [24]. Scale deposition in the formation 
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pores blocks the flow of fluid by reducing the diameter of tubing leading to a high pressure drop 

and full blockage which leads to loss of production.  Scale formation causes additional problems 

such as energy leakage, acceleration of corrosion and severe accidents that influences safety 

and economics of production[25].   

Several solution techniques have been proposed in the last decades to get rid of scale formed in 

the oil and gas industry. The solution techniques can be categorized to mechanical and chemical 

treatments. There are different ways of removing scale in mechanical sense. The simplest is 

milling technique which depends largely on the location of scale thereby the energy needed to 

overcome the scale using this technique vary greatly according to the location of scale formed. 

The chemical treatment method is the easiest and cheapest method to use among these two. The 

idea of chemical treatment is the introduction of some chemicals called dissolvers which will 

dissolve the scale to be washed out as a fluid. The scales encountered is of two types: the acid 

soluble scales mainly the metal oxides and sulfides, and the acid insoluble scales such as metal 

sulphates. The chemical treatment is highly affected by the surface to volume ratio of the 

scale[22]. 

“Iron sulfide is one of the major encountered scales in the oil and gas industry taking place 

when oil and gas contain substantial amounts of hydrogen sulfide and sulfur. Varying from 

highly viscous fluid to dry solid, the characteristics of iron sulfide scale depends on temperature 

pressure and PH. Iron sulfide is formed by the reaction of hydrogen sulfide with iron. Hydrogen 

sulfide production as a free gas from the sour well is the main source for the H2S in the reaction. 

Other sources of hydrogen sulfide include reduction of sulphate ion, degradation of additives in 

drilling mud, degradation of  sulfur containing compounds and sulfate  reducing bacteria-

SRB[26]. Sources of iron includes but not limited to formation brines, tubulars, minerals, 
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treatment fluids and as a corrosion product. iron sulfide comes in different forms (iron to sulfur 

ratio) depending on temperature, pressure, formation mineralogy, brine and exposure time. Iron 

sulfide could exist in different form yet in the same well. The different forms of iron sulfide are 

presented in table 1 below. 

Table 6: different forms of iron sulphide [27] 

SULFIDE SCALE COMPOSITION  

Pyrrhotite  𝐹𝑒7𝑆8 

Troilite  𝐹𝑒𝑆 

Mackinawite  𝐹𝑒9𝑆8 

Pyrite  𝐹𝑒𝑆2 

Marcasite  𝐹𝑒𝑆2 

Greigite 𝐹𝑒3𝑆4 

 

Iron sulfide scales causes many operational problems in the oil and gas industry since they are 

formed in all types of well such as producer, injector and supply wells where there is iron and 

hydrogen sulfide. Iron sulfide scales can alter the performance of supply wells and gas 

wells[28]. 

Iron sulfide can damage the downhole tools such as logging tool. It has also effects on pipeline 

valving system. The scale can also lead to the precipitation of asphaltene near wellbore thus 

reduces the effective permeability of the wellbore. It also blocks the flow in the production 

tubing and cause damage to wellbore equipment such as heat exchangers, turbines and pumps. 

Failing to properly handle iron sulfide scale could lead to wellbore shutdown[29]. This review 
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discusses different types of dissolvers used for iron sulfide. It also outlines the challenges 

encountered when treating iron sulfide scales.” 

2.2 Calcium carbonate Inhibition 

The formation of mineral scales imposed on reservoirs, downhole equipment and wellhead 

during oilfield process is becoming a serious problem that leads to equipment damage and 

production losses. The best solution to overcome this problem is the chemical treatment using 

scale Inhibitors [30].The formation of calcium carbonate scales in the reservoirs happens due 

to different reasons. It may happen due to temperature and pressure changes. In general, the 

formation of Calcium carbonate scale arises if the concentration of ions in solution exceeds their 

equilibrium concentration[31]. Calcium carbonate precipitation takes place when bicarbonate 

ions in the anionic water is mixed with calcium ions in the cationic water that is injected to 

enhance oil recovery[32]. Scale inhibitors are injected with water into the formation to prevent 

scale precipitation [33].  

Different types of scale inhibitors have been used in the last decade to hinder calcium carbonate 

scale. Huge intention was on green inhibitors derived from petrochemicals[34]. In a recent 

review Hasson et al mentioned that the most promising scale inhibitors are those derived from 

Polyaspartic  acid (PASP) [35].  PASP is considered as green inhibitor because it is non-

nitrogenous, non-phosphorus and biodegradable [34]. The biodegradability feature of PASP 

was examined by Thombre et al. Martinod et al studied the inhibition efficiency of PASP using 

chronoamperometry towards synthetic brines resembling calcium ions of North Sea with a total 

amount of 14224 ppm of 𝐶𝑎2+. Their findings indicate that 4 ppm of PASP can reduce the 

amount of calcium carbonate deposition. Their study was done at room temperature which is 
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not the case in waterflooding oilfield processes where temperature is high. In addition, their 

findings propose the formation of Vaterite, a metastable phase of calcium carbonate scale. 

Recent study of PASP static inhibition efficiency tests was carried out by Liu et al. Liu et al 

utilized a diluted mineral water containing only 253 ppm of 𝐶𝑎2+ at 80 °C. An inhibition  

efficiency percentage of 80 % was achieved at these conditions with a dosage of 12 ppm PASP 

by blocking the active sites of calcium carbonate crystals[36]. SEM and XRD characterizations 

showed a change in the morphology in the presence of PASP leading to slow down of precipitate 

formation. Same findings were also stated by Quan et al[37]. Quan et al employed the static 

bottle test to examine the performance of PASP on a synthetic water which contains 240 ppm 

of 𝐶𝑎2+. 

The authors reached 90% inhibition at 30 °C and 60 °C with a dosage of 4 ppm and 12 ppm 

respectively. SEM results showed a considerable change in the morphology which accounted 

for crystal growth suppression. Moreover, dynamic scale tests revealed that a decrease in 

calcium carbonate deposition was achieved upon the addition of PASP. 

The development of PASP derived inhibitors might be attractive, however these are mostly used 

in water treatment processes. Polyepoxy succinic acid (PESA) is another green inhibitor used 

for calcium carbonate scales. Sun et al utilized PESA in a static inhibition efficiency test at 30 

°C.  The results showed that a 90 % inhibition is reached with a dosage of 10 ppm and with 

concentrations of 40, 100, 200 ppm of 𝐶𝑎2+ [38]. It is very important to mention here that Liu 

et al claimed that the performance of PESA is better than that of PASP [39]. According to their 

study PESA is a very good alternative to PASP for water treatment technology. M. 

Schweinsberg et al and W. Girasa et al demonstrated the limitations of PESA and PASP in field 

tests and a further field studies should be carried out[40] . Carboxymethylinulin (CMI) is a 
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biodegradable polymer that has been tested for calcium carbonate inhibition. Verraest et al. 

examined the performance of small amounts of CMI in the 0.1 to 200 ppm on the crystallization 

and inhibition of calcium carbonate scale [41].  Verraest et al concluded that CMI is a good 

inhibitor since it changes the morphology of Calcium carbonate crystals. They deduced that 

CMI derived molecules with high polymerization and substitution are the most effective in 

terms of performance. Demandis et al scrutinized the performance of CMI by monitoring the 

formation of calcium carbonate scale in a scale sensor by measuring the absorbance. In 

accordance with Verraest et al, the results showed that at a dosage of 100 to 300 ppm of CMI, 

the calcium carbonate scale formation was substantially decreased. At high concentrations of 

CMI i.e. 1000 ppm, CMI was able to dissolve large amounts of calcium carbonate scale. CMI 

was also inspected by chronoamperometry at 25 °C by Martinod et al in an environment 

resembling that of North Sea with a total of 14225 ppm of  𝐶𝑎2+. With a dosage of 30 ppm of 

CMI, the authors reported the deposition of calcium carbonate scale on the working 

electrode[42]. Kirboga et al studied the performance of CMI also by constant composition 

method that helps to understand the growth rate of calcium carbonate crystals. The authors 

inferred as the  negatively charged functional groups increase the effectiveness of  CMI 

increases [43]. Kirboga et al also carried out experiments recently to examine the effect of CMI 

in morphology and polymorph of   crystallized calcium carbonate. It has been found that CMI 

concentration has the greatest effect in calcium carbonate polymorph and morphology [43]. 

Another class of scale inhibitor are the natural organic molecules which are environmentally 

friendly compared to conventional inhibitors. Hoch et al investigated the performance of humic 

substance towards calcium carbonate scale growth inhibition. They authors used an equal 

amount of calcium and carbonate ions. They studied the effect of humic and fulvic acid by 
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adding seed crystals to supersaturated solution. They concluded that some organic acids derived 

from plants in Florida Everglades that are hydrophobic can decrease the calcite growth at 0.2 

ppm dosage[44] . It was also reported that a complete inhibition of calcium carbonate at a 

dosage of 5 ppm and that was attributed to blocking the active sites of calcium carbonate scale 

by the adsorbing ligands as was confirmed by the SEM analysis  [44]. Another recent study by 

Gauthier et al. was carried out to evaluate the effect of humic acid in synthetic water containing 

100 ppm of Calcium ions at a temperature of 35 °C. their results showed good inhibition of 

calcium carbonate at concentration of 1 ppm of the inhibitor[45]. Results showed that humic 

acid was also effective in concentrations as low as 0.2 ppm with an inhibition efficiency of 78 

% [45] . Some limitations of humic acid performance towards scaling are the dependence on 

water quality and concentration range of calcium ions so that humic substances are not used in 

technical applications [34].Light scattering technique and pH drift method were used by Wada 

et al. to study the effect of maleic acid, tartaric acid, malonic acid, succinic acid and citric acid 

on calcium carbonate crystallization. The experiments were implemented at room temperature 

in synthetic water containing calcium and bicarbonate ions. The results were as follows: Citric 

acid was found to be quite effective in the inhibition of scale in a synthetic water containing 

800 ppm of calcium ions. Calcium carbonate crystal growth inhibition was believed to be due 

to the adsorption of carboxylic groups on the calcite surface hindering the propagation of 

calcium carbonate [46]. The experiments showed that the inhibition efficiency of these acids 

was dependent on the number of carboxylic groups present and conformation circumstances 

[46] .Citric acid performance was also studied by Reddy et al. using the constant composition 

technique at room temperature and pH of 8.55. The results showed that moderate crystal growth 

inhibition was achieved at concentrations of 10 ppm and no inhibition found with dosage in the 
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range 0.01 to 0.1 of citric acid provided that the calcium ions concentration is 76 ppm [47]. 

Malaki et al. have also studied the kinetics of vaterite crystal growth in the presence of leucine 

at room temperature and pH of 8.5 and no effect was reported in the growth mechanism. Same 

results were also found in the presence of glutamic acid by F. Manoli et al.. Dalas et al. used 

the same technique to study the calcite crystal growth in the presence of cysteine peptide. Their 

experiments were conducted at room temperature and at a pH of 8.5. The authors reported an 

inhibition of calcite crystal growth in the range 22-58% when the concentration of calcium ions 

ranged from 80 to 120 ppm [48]. These results were attributed to the adsorption of the peptide 

on the calcium carbonate crystals surface through hydrogen bonding. 

Petroyel-L-glutamic acid PGLU was also evaluated towards calcium carbonate inhibition by 

Kumar et al. The authors used static bottle inhibition test as well as dynamic inhibition test for 

their experiments. A 100 % inhibition was achieved through static bottle test at a temperature 

of 70 °C and a dosage of 120 ppm of the inhibitor [49]. The synthetic water used for testing was 

resembling offshore oil field containing high concentrations of calcium and bicarbonate ions. 

They also tested the inhibitor at high temperatures in the range 90 to 110 °C and deduced that 

at high temperatures low concentration of PGLU was not effective and the minimum effective 

concentration was found to be 160 determined by the dynamic scale loop test.  The effectiveness 

of  PGLU was ascribed to  the formation of soluble complex molecules with calcium ions and 

calcium carbonate morphology distortion as the SEM, FTIR and XRD analysis suggested [49]. 

 Yang et al.  used a polysaccharide inhibitor produced by bacteria called Xanthomonas 

campestris. They studied the inhibition effect at temperature and pH of 25 C and 9 respectively. 

The initial concentrations of calcium and carbonate ions were 2664 ppm and 2544ppm. Their 

XRD results showed that all crystals were stacked together, and the degree of stacking was 
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found to increase as the concentration of the inhibitor increases  [50].The inhibitor 

concentrations range was from 100 ppm to 1000 ppm which was able to disperse the calcium 

carbonate crystal and prevent them from cluster as stated by the authors. 

A recent emerging class of inhibitors is the plant extracts as anti-scalants. The first plant extract 

method was deloped by Abdel-Gaber et al. Abdel-Gaber et al used fig leaf extract and the 

inhibition results were good. The solution of the inhibitor was prepared by extraction from 

grinded and dried fig leaves using boiling distilled water. The authors used chronoamperometry 

to study the effect of the inhibitor in a synthetic alkaline water similar to that of natural sea 

water at 40 °C. The minimum concentration of the inhibitor stock solution was reported to be 

75 ppm in order to get 85 % inhibition[51]. A.M. Abdel-Gaber tried the same terminology using 

olive leaf extract. They tried olive leaf extract because it contains phenolic compounds like 

oleuropein and caffeic acid [51] [52] [53]. Stock solution of the inhibitor was prepared by boiling 

distilled water extraction from dried olive leaves. The authors deduced that olive leaves extract 

works as an inhibitor because it terminates nucleation step. 50 ppm concentration of olive leaf 

extract was found to be the most effective in terms of inhibition [51].  Soybean extract from Sea 

weeds was also investigated in static bottle test by N.A.C.E. Standard Test Method. The 

experiments were done at a temperature of 71 °C and a concentration of 12150 ppm of calcium 

ions with a dosage of 10 ppm of the inhibitor. The inhibition results from this extract were better 

than those obtained from polyasparticacid as claimed by the authors [54].  Another strategy for 

plant extracts as scale inhibitors is considering the extracts that would complex the metal ions 

such as Magnesium ions and Calcium ions [34] .Inhibition properties of  Punica granutum hull 

and leaf extract was examined by Abdel-Gaber et al in synthetic brines at room temperature.  
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The results showed that the hull extract was found to be better than the leaf extract since it 

contains polyphenols and punicalagin [51] [34].  

 Recently, natural polymer-based agents, multifunctional groups agents derived from different 

previous base inhibitors such as polyasparticacid and effect of Enhanced Oil Recovery 

chemicals on the efficiency of phosphonate inhibitors. Ying Zhang introduced acyl-amino and 

hydroxyl groups to the polyasparticacid to enhance its inhibition efficiency. The new graft 

copolymer (PASP derivative) was used in a static bottle inhibition test for inhibition of calcium 

carbonate. The test was done in temperature of 80 °C and pH of 9 using borax buffer solution. 

In a synthetic brine containing 240 ppm of calcium ions, 91 % inhibition was achieved [55]. 

QingDu et al. evaluated the performance of a natural polymer-based agent: Starch-graftpoly-

acrylic acid (St-g-PAA). St-g-PAA manifested both good turbidity removal and effective 

efficiency results towards calcium carbonate scale. The authors used the static bottle test at 

concentration of 5 mmol/l of calcium and carbonate ions. In a test temperature of 70 °C the 

inhibition efficiency was found to be 94% at an optimal St-g-PAA dosage of 40 ppm [54] .  

Qiwei Wang et al. evaluated the performance of three different inhibitors: tri-phosphonate, 

penta-phosphonate and polyacrylate based chemicals. They authors examined the performance 

of the inhibitors in the presence of surfactants and polymers as enhanced oil recovery chemicals. 

Static bottle test experiments were conducted at 70 °C and a concentration of 3942 ppm of 

calcium ions[56].  According to the authors findings the inhibition results of tri-phosphonate 

and penta-phosphonate were better with no EOR chemicals and reached greater than 80 % at a 

dosage of 2 ppm [56]. As seen from literature, either high dosages of scale inhibitor are needed, 

or inhibition efficiency is low. In addition, no comprehensive study of the inhibition efficiency 
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changes with temperature, pH and cationic to anionic ratio(C/A) is reported. This work is 

intended to get a very high inhibition results yet at very low dosage of inhibitors. 

2.3 Iron Sulphide Scale Inhibition 

“The best chemical to be used for inhibition is chosen after knowing the exact composition and 

chemical and physical properties of the scale. An effective inhibitor in a specific well won’t be 

effective in other wells due to the difference in the nature of the scale.  The commonly used 

inhibitors are categorized into organic acids and chelating agents. 

Several organic acids have been proposed as inhibitors  such as acetic acid, formic acid and 

maleic acid especially at high temperature high pressure environments[57]. The mentioned 

organic acids have low dissociation constant when compared to HCl. Organic acids are a good 

choice as inhibitors  if the corrosion rate to be minimized , however they need longer contact 

time with the scale[57]. 

Chelating agents are chemical compound which react with metal ions to produce a stable 

complex which is usually water-soluble. Chelating agents have a ring-like structure and can 

bind the metal in two bonds allowing the metal to be separated. Whether the complex is stable 

or not is determined by the properties of the metal ions and the agent itself. The stability constant 

controls the stability of the chelated product. The stability constant depends on several things 

such as pH , number of rings and nature of the central element[58].  Unlike in acidic solutions, 

at higher pH(basic solution) the efficiency of the chelating agent is higher since there is no 

hydrogen ions that occupies the  functional groups of the chelating agent[59]. Biodegradability 

is an important characteristic of chelating agents and should be considered for specific 

applications of chelating agents. Biodegradability depends mainly on the number of nitrogen 
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atoms in the chelating agent. A chelating agent having only one nitrogen atom is readily 

biodegradable, however as the number of nitrogen atoms increases, the biodegradability 

vanishes. Chelating agents are better choice for scale control than organic and mineral acids 

since they don’t cause corrosion to downhole equipment and they are environmentally friendly. 

Chelating agents used are mainly aminopolycarboxylic acids that have nitrogen in the center 

and carboxylic groups as the arms of the chelating agent. Most common chelating agents include 

ethylenediamine tetra acetic acid (EDTA), hydroxyethyl ethylene diamine tetra acetic acid 

(HEDTA), hydroxyethyl iminodiacetic acid (HIDA), Glutamic acid N, N-diacetic acid 

(GLDA), Diethylene triamine Penta acetic acid (DTPA), Nitrilotriacetic acid (NTA), and 

Methylglycinediacetic acid (MGDA). In the last few years different solutions have been 

propesed to mitigate scale formation to improve productivity in the oil and gas industry. Finding 

an ideal scale inhibitor is not an easy task due to many things that will be discussed in this 

section. An ideal inhibitor should be thermalluy stable at harch environment encountered 

downhole where the tempearture can be very high. An ideal inhibitor also should have high 

inhibiting capacity to get the maximum possible inhibition percentage. It should be less 

corrossive and shouldnt generate 𝐻2𝑆 gas so the potential of corrosion initiation is minimized. 

 Challenges of scale chemical treatment are related to the nature of the scale itself.  The most 

important challenge is that iron sulfide scales come along with other scales such as iron 

carbonate and iron oxides. This mixture of different scale types called scale matrix, makes it 

difficult to dissolve and one should think of   different additives depending on the scale matrix 

encountered. another challenge arises from the fact that iron sulfide particles are oil-wet 

meaning that they are coated with a layer of oil which work as a barrier between the inhibitor 
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and the scale thus blocks the inhibitor-scale contact lowering the efficiency of inhibitors. The 

presence of hydrocarbons with the scale is yet another challenge that should be addressed.  

These challenges can be overcome by considering them when preparing a chemical treatment 

compound. An example is using surfactants and other water-wetting agents in case of scale 

coated with oil. The main objective of the additives as agents and surfactants is to enhance the 

contact time between the scale and the inhibitor. To deal with the scale matrix and design 

suitable chemical treatment procedure, chemical analysis of the scale should be carried out to 

determine the different compounds involved.” 

Different chemical inhibitors have been studied over the past years.N. Bhandari et al 

investigated the performance a polymeric material containing amide group towards iron 

sulphide inhibition which shows a positive inhibition results at threshold concentrations. In their 

experiments, they stated that the inhibitor did not prevent iron sulphide from formation instead, 

they showed that the aggregation and growth of scale were successfully supressed by the 

inhibitor. Their lab experiments were carried out under strictly anoxic conditions and at 90 °C. 

They achieved 60-80 % dispersion at dosages of 100 ppm to 200 ppm of the inhibitor [60]. 

Wei Li et al. have studied the effect of bio acids such as THPS, EDTA and polyacrylamide 

(PAM) on FeS inhibition. They found that unlike EDTA, THPS is not effective as was 

previously thought. They have also concluded that EDTA is a good dissolver, but these 

inhibition and dissolution properties are largely affected by silica, however the dispersion 

effects were not affected by Silica. They have reached an inhibition efficiency of 83% at 100 

ppm of PAM and 90% at 100 ppm PAM+EDTA [61].Bader Alharbi et al. have also evaluated 

the performance of different chemistries for iron and zinc sulphides  inhibition under different 

experimental conditions temperature, pH and ion concentrations. They tested phosphino 
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polycarboxylic acid (PPCA) which shows positive results towards iron sulfide scale inhibition. 

Their findings indicated that some of the inhibitors that were effective for zinc sulphide didn’t 

show any inhibition efficiency towards iron sulfide. They noticed that a significant decrease in 

the amount of inhibitor was noticed in ZnS experiments which was not the case for iron sulphide 

inhibition. According to these findings, they concluded that it is easier to inhibit FeS rather than 

ZnS under the same conditions. The inhibition efficiency was improved by increasing the 

inhibition dosage to 100 ppm for both iron sulphide and zinc sulphide to reach 90 % [62]. 

Narayan Bhandari et al. make use of a strictly anoxic bottle test setup to investigate the potential 

inhibition efficiency of different conventional inhibitors such as phosphonates and carboxylic 

acid polymeric materials and new chemical formulations. Different ionic concentrations were 

synthesized to mimic the field conditions. They have found that as expected, phosphonate and 

carboxylic acid polymers did not show inhibition positive tendency towards iron sulphide scale. 

A novel chemistry formulation was developed which shows inhibition of iron sulphide scale 

nucleation and growth at early stages affecting dispersion, aggregation and deposition of FeS. 

They used 10 ppm of 𝐹𝑒2+ and 50 ppm 𝑆2− with dosages of 100 ppm to 600 ppm of the inhibitor 

which resulted in inhibition percentages ranging from lower than 10% to 90% at 100ppm to 600 

ppm respectively[63]. Saebom Ko et al. tested effective iron sulphide dispersants and inhibitors. 

Polyoxazoline (OX) ,polyvinyl pyrrolidone (PVP), polyacrylamide (PAM) and carboxymethyl 

cellulose (CMC) were investigated since they are frequently used in oil and gas production 

activities for different applications. Upon testing, these chemicals showed positive inhibition 

results by preventing iron sulphide particles from settling. They have concluded that among 

those chemicals, CMC was the most effective in FeS dispersion even at higher ionic strength. 

The tested Nitrilotriacetate (NTA), ethylenediaminetetraacetate (EDTA) and 
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diethylenetriamine pentamethylene phosphonate (DTPMP) at 70 °C  showed an inhibition result 

greater than 90 % [60]. All these studies show that higher dosages of the inhibitor are needed 

yet the efficiency of inhibition is not high. In addition, no comprehensive study at different 

temperature, pH and brine compositions was carried out.  

This work will test a novel L-glutamic acid grafted polyacrylamide at different temperature, pH 

and brine compositions. 
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3 CHAPTER 3 

 EVALUATION OF A NOVEL FUNCTIONALIZED 

POLYMER MATERIAL AS CALCIUM CARBONATE 

INHIBITOR AT DIFFERENT TEMPERATURE, PH AND 

BRINE CONCENTRATIONS 

Calcium carbonate scale forms in production and injection wells and precipitates when there is 

a pressure and temperature change, mixing of incompatible waters and dehydration. 

Consequences of calcium carbonate scale can be dramatic leading to production shutdown. To 

prevent the formation of calcium carbonate, in this work, gallic acid grafted polyacrylamide 

was synthesized, characterized and tested for calcium carbonate inhibition.  Positive 

compatibility test results were achieved prior to inhibition efficiency test. The inhibition 

efficiency testing methodology followed is static bottle test in which two incompatible cationic 

and anionic waters are mixed. The inhibition efficiency was calculated by the amount of calcium 

ions left in solution that was determined by ICP-OES. The inhibitor was found to be effective 

at different temperatures (40,60,80 °C), pH (5,7,9) and brine compositions. The inhibition 

efficiency increases with increasing temperature and pH reaching 95% at 20 ppm inhibitor 

concentration after 16 hours of reaction time at temperature of 80 °C and pH of 7.  At 80/20 

cationic to anionic ratio, more scale was formed due to the abundance of calcium ions. The 
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inhibition efficiency was also higher than that of the 20/80 ratio especially at lower inhibitor 

dosages. The collected scale particles in the blank samples and at low concentration of the 

inhibitor were characterized by different instrument including SEM, TEM and EDS.  As the 

characterization techniques proved, the inhibitor is believed to chelate calcium preventing scale 

formation. SEM results showed the change on scale morphology as the inhibitor is absorbed to 

the active crystal sites interrupting the microcrystals growth. These findings showed a 

promising inhibition results at high temperature and different pH and brine concentrations at 

relatively low inhibitor concentration. 

3.1 Introduction 

Calcium carbonate is considered as one of the most frequent occurring scales in oil and gas 

industry [56]. Due to the increase in oil demand, companies are forced to go for deeper wells 

where harsh environment is faced[64]. Formation of scale is a very common problem in oil and 

gas industry especially at harsh environments at high temperature and pressure. Scaling is a 

consequence of supersaturation of the mineral ions in the processing fluid[22]. Calcium 

carbonate scale takes place when  𝐶𝑎2+ is supersaturated with 𝐶𝑂3
2− or 𝐻𝐶𝑂3

− according to 

the following chemical equations: 

𝐶𝑎2+
(𝑎𝑞) +  𝐶𝑂3

2−
(𝑎𝑞)

→ 𝐶𝑎𝐶𝑂3(𝑠)
                                                 (1) 

𝐶𝑎2+
(𝑎𝑞) + 2𝐻𝐶𝑂3

−
(𝑎𝑞)

→ 𝐶𝑎𝐶𝑂3(𝑠)
+ 𝐶𝑂2(𝑔)

+ 𝐻2𝑂(𝑙)               (2) 

 The supersaturation of ions depends on different factors. The main contributor to ions 

supersaturation leading to scale formation is the production of formation water from the well 

which contains high salts concentration[22].  Scale is affected by changes in physical variables 

such as temperature, pressure and PH.  These factors determine the scale type and composition 

[23]. Partial pressure of carbon dioxide plays a crucial role in the mechanism of calcium 

carbonate deposition. Pressure drop leads to shortage of CO2 in the aqueous phase leading to 

calcium carbonate deposition as equation (2) suggests.  Increase in temperature leads to more 
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scale deposition since high temperature accelerates the kinetics. The high temperature 

influences the thermodynamics as well. Since the solubility of calcite decreases at high 

temperature, the precipitation may happen at earlier stage when high temperature is 

encountered. The same phenomena happen when the PH increases. High PH leads to lower 

solubility thus precipitation occurs at earlier stages. Obviously high concentrations of scaling 

ions (i.e.;  𝐶𝑎2+, 𝐶𝑂32−, … ) will lead to high precipitation potential.  Three main stages 

(nucleation, crystal growth and precipitation) with enough time  and adherence   will stick to 

the surface leading to scale deposition [65]. 

Scale consequences are dramatic and quick and can bring the production capacity to zero in just 

few hours with a very high cost treatment [24]. Scale deposition in the formation pores blocks 

the flow of fluid by reducing the diameter of tubing leading to a high pressure drop and full 

blockage which leads to loss of production.  Scale formation causes additional problems such 

as energy leakage, acceleration of corrosion and severe accidents that influences safety and 

economics of production[25].  

 Scale treatment has been carried out using different solution techniques proposed in the last 

decades to minimize the effect of scale formed in the oil and gas industry[9]. These are 

categorized to mechanical and chemical treatments used once the scale forms. There are 

different ways of removing scale in mechanical sense. The simplest is milling technique which 

depends largely on the location of scale thereby the energy needed to overcome the scale using 

this technique vary greatly according to the location of scale formed [66]. The chemical 

treatment method is the easiest and cheapest method to use among these two. The idea of 

chemical treatment is the introduction of some chemicals called dissolvers which will dissolve 

the scale to be washed out as a fluid. The scales encountered is of two types: the acid soluble 

scales mainly the metal oxides and sulfides, and the acid insoluble scales such as metal 

sulphates, according to these categories the dissolver chemicals are synthesized[12] .  

A more realistic and beneficial approach to overcome scale is the prevention of scale from 

forming or scale inhibition. Scale inhibition is the best solution for scale in the oil and gas 

industry however it is not an easy job. Scale inhibition has different challenges since it highly 

depends on the environment of scale formation, mixture of compounds found in the scale, 

concentration of ions presents and formation conditions.  
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Different types of scale inhibitors have been used in the last decade to hinder calcium carbonate 

scale. The main target of the chemical inhibitors is to sequester the calcium ion, so it will not 

react with carbonate or bicarbonate ions preventing the formation of calcium carbonate scale.  

Huge intention was on green inhibitors derived from petrochemicals[34]. In a recent review 

Hasson et al mentioned that the most promising scale inhibitors are those derived from 

Polyprotic  acid (PASP) [35].  PASP is considered as green inhibitor because it is non-

nitrogenous, non-phosphorus and biodegradable [34]. The biodegradability feature of PASP 

was examined by Thombre et al. Martinod et al studied the inhibition efficiency of PASP using 

chronoamperometry towards synthetic brines resembling calcium ions of North Sea with a total 

amount of 14224 ppm of 𝐶𝑎2+. Their findings indicate that 4 ppm of PASP can reduce the 

amount of calcium carbonate deposition. Their study was done at room temperature which is 

not the case in waterflooding oilfield processes where temperature is high. In addition, their 

findings propose the formation of Vaterite, a metastable phase of calcium carbonate scale. 

Recent study of PASP static inhibition efficiency tests was carried out by Liu et al. Liu et al 

utilized a diluted mineral water containing only 253 ppm of 𝐶𝑎2+ at 80 °C. An inhibition  

efficiency percentage of 80 % was achieved at these conditions with a dosage of 12 ppm PASP 

by blocking the active sites of calcium carbonate crystals[36]. SEM and XRD characterizations 

showed a change in the morphology in the presence of PASP leading to slow down of precipitate 

formation. Same findings were also stated by Quan et al[37]. Quan et al employed the static 

bottle test to examine the performance of PASP on a synthetic water which contains 240 ppm 

of 𝐶𝑎2+.The authors reached 90% inhibition at 30 °C and 60 °C with a dosage of 4 ppm and 12 

ppm respectively. SEM results showed a considerable change in the morphology which 

accounted for crystal growth suppression. Moreover, dynamic scale tests revealed that a 

decrease in calcium carbonate deposition was achieved upon the addition of PASP. 

 

The development of PASP derived inhibitors might be attractive, however these are mostly used 

in water treatment processes. Polyepoxy succinic acid (PESA) is another green inhibitor used 

for calcium carbonate scales. Sun et al utilized PESA in a static inhibition efficiency test at 30 

°C.  The results showed that a 90 % inhibition is reached with a dosage of 10 ppm and with 

concentrations of 40, 100, 200 ppm of 𝐶𝑎2+ [38]. It is very important to mention here that Liu 

et al claimed that the performance of PESA is better than that of PASP [39]. According to their 
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study PESA is a very good alternative to PASP for water treatment technology. M. 

Schweinsberg et al and W. Girasa et al demonstrated the limitations of PESA and PASP in field 

tests and a further field studies should be carried out[40] . Recently, natural polymer-based 

agents, multifunctional groups agents derived from different previous base inhibitors such as 

polyasparticacid and effect of Enhanced Oil Recovery chemicals on the efficiency of 

phosphonate inhibitors have been studied. Ying Zhang introduced acyl-amino and hydroxyl 

groups to the polyasparticacid to enhance its inhibition efficiency. The new graft copolymer 

(PASP derivative) was used in a static bottle inhibition test for inhibition of calcium carbonate. 

The test was done in temperature of 80 C and pH of 9 using borax buffer solution. In a synthetic 

brine containing 240 ppm of calcium ions, 91 % inhibition was achieved [55]. 

 QingDu et al. evaluated the performance of a natural polymer-based agent: Starch-graftpoly-

acrylic acid (St-g-PAA). St-g-PAA manifested both good turbidity removal and effective 

efficiency results towards calcium carbonate scale. The authors used the static bottle test at 

concentration of 5 mmol/l of calcium and carbonate ions. In a test temperature of 70 °C the 

inhibition efficiency was found to be 94% at an optimal St-g-PAA dosage of 40 ppm [54] .  

Qiwei Wang et al. evaluated the performance of three different inhibitors: tri-phosphonate, 

penta-phosphonate and polyacrylate based chemicals. The authors examined the performance 

of the inhibitors in the presence of surfactants and polymers as enhanced oil recovery chemicals. 

Static bottle test experiments were conducted at 70 °C and a concentration of 3942 ppm of 

calcium ions[56].  According to the authors findings the inhibition results of tri-phosphonate 

and penta-phosphonate were better with no EOR chemicals and reached greater than 80 % at a 

dosage of 2 ppm [56]. Yuwei Zuo et al studied the performance of carboxylic polymers that 

have low molecular weight toward calcium carbonate inhibition. The authors have used 

polyaspartic acid (PAA) and polyepxoysuccinic acid (PESA) to represent low molecular weight 

carboxylic polymers. In their static experimental setup, they have found that PAA is better 

inhibitor than PESA especially at normal temperatures and this was attributed to the number of 

carboxylic groups in PAA which is higher than that of PESA [67]. Stéphanie C. de Morais et 

al. investigated the efficiency of sodium hexametaphosphate (SHMP) as calcium carbonate 

inhibitor under static conditions at different temperatures, pressures and SHMP concentration. 

Their findings showed almost complete calcium carbonate inhibition at pH 6.5 at dosage of 2.5 

ppm SHMP and deformation of calcium carbonate crystals as observed by SEM images [68]. 
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As seen from literature, either high dosages of scale inhibitor are needed, or inhibition efficiency 

is low. In addition, no comprehensive study of the inhibition efficiency changes with 

temperature, pH and cationic to anionic ratio(C/A) is reported.  In addition, this novel inhibitor 

was selected due to its potential inhibition properties as it contains carboxylic groups and the 

fact its easy to synthesize and at the same time very effective and hasn’t been tested before. 

This work is intended to get a relatively high inhibition results yet at quite low dosage of 

inhibitors. Furthermore, unlike previous studies this work will report a study of the inhibition 

efficiency at different temperature, pH and C/A. 

3.2 Experimental 

3.2.1 Materials  

 The chemical composition of the synthetic brine is given in table 1. The synthetic brines 

were prepared using analytical grade chemicals and deionized water, then filtered using 0.45 

µm membrane filters in all experiments. The inhibitor was tested at different conditions: 

Temperatures of 25, 40, 60 and 80 °C, PH of 5,7 and 9. Ratios of cationic to anionic brines 

were also altered from 50:50 to 80:20 and 20:80 respectively. The influence on the inhibitor 

efficiency was monitored upon these changes. 

Table 7: Concentration of synthetic brine 

Ion Conc.(ppm) 

Na+ 19047 

K+ 703 

Mg 2+ 1286 

Ca 2+ 3942 

Sr 2+ 62 

Cl - 39119 

SO4 1847 

HCO3 500 

TDS 66530 
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3.2.2 Preparation of Gallic Acid Grafted Polyacrylamide  

 In a typical synthesis, gallic acid grafted polyacrylamide is synthesized by adding 2.5g of 

acrylamide in a three-neck flask containing 50ml of distilled water. After that, 3g of gallic 

acid is dissolved in 50 ml distilled water then added to the 3-neck flask to make the gel-

mixture. Then, 20 ml of ethanol was added to the reaction mixture and the temperature was 

set to 60 °C before the addition of sodium persulfate as the reaction initiator according to 

eqn 3 below. This mixture was purged with nitrogen for 5 hours and stirred at 450 rpm for 

24 hours before collecting the product.  

 

 

Figure 6: Preparation of GAGP 

3.2.3 GAGP Fourier Transform Infrared Spectroscopy 

 A small quantity of solid dried gallic acid grafted polyacrylamide was utilized and used to 

measure infrared spectra of the synthesized inhibitor. Potassium bromide method was deployed 

in the range of 500 𝑐𝑚−1 to 4000  𝑐𝑚−1. FTIR results are represented in figure 1. 
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Figure 7: FTIR of gallic acid grafted copolymer 

The characteristic peak at around 1550 cm-1 is attributed to the carboxylic group 𝐶𝑂𝑂−
 [69]. 

The peak at 1473 cm-1  corresponds to the 𝐶 − 𝐻 that are in the 𝐶 − 𝐻2groups while the peak 

at 2984 cm-1 is ascribed to the adsorbed surface molecules [36-37].  It can be easily inferred 

that the peak at 3500 cm-1 is the characteristic of hydroxyl.  It is also observed that the peak at 

1618.37 cm-1 is the characteristic peak of carbonyl, and those of 1193 cm-1 and 1057 cm-1 are 

attributed to 𝐶 − 𝑂 bond. Peaks of 1396 cm-1 and 1313 is the characteristics of aromatic Skelton 

stretching vibrations while the peaks at 910 cm-1 and 814.73 cm-1 are characteristics of external 

plane bending vibration of 𝐶𝐻2 𝑎𝑛𝑑 𝐶𝐻 of double bond alkene. The weak peaks from 703.44 

cm-1 to 546.71 cm-1 is due amide linkage. All those characteristic signals show the successful 

synthesis of the gallic acid grafted  copolymer containing carboxyl and hydroxyl groups. 
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3.2.4 GAGP Thermogravimetric Analysis  

 SDT Q600 model thermogravimetric analyzer was used to examine thermal stability of the 

synthesized polymer material under nitrogen atmosphere up to 800 °C susceptible to 20°C 

/min heating ratio.  The thermal properties of the polymer are represented in figure 2. It is 

easily inferred that the weight of the polymer remained constant below 200 °C. The weight 

of the polymer then decreases dramatically as the temperature increases from 200°C to 400 

°C reaching a weight loss of around 60 % at 400 °C. After 400 °C, the weight of the polymer 

decreases slightly as the temperature increases to a value of almost 30 % at 800°C. The 

polymer possessed high thermal stability and can be tested at temperatures up to 200°C. 

 

Figure 8: TGA curve of the synthesized polymer 
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3.2.5 GAGP Nuclear Magnetic Resonance  

 “1H NMR and 13C NMR spectra of the collected sample of the inhibitor product were carried 

out by means of Bruker NMR 400 MHz spectrometer at room temperature using D2O as the 

solvent with a dosage of 20-30 mg. Figure 3 shows the 1H NMR and 13C NMR spectra of GAGP. 

The 1H NMR signal at 4.70 ppm is the solvent residual peak of D2O. 

a 

 

b 
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Figure 9:1H NMR (a) and 13C NMR (b) spectra of GAGP. 

The characteristic peaks of methine group (CH) appear at 4.58 ppm in 1H NMR and 51.01 ppm 

in 13C NMR. The characteristic peaks of methylene group (CH2) appear at 2.65 ppm in 1H 

NMR and 22.30 ppm in 13C NMR. In addition, the 1H NMR signal at 1.24 ppm and 13C NMR 

signal at 19.49 ppm are assigned to methyl group (CH3). The characteristic peaks of methine 

group associated with carboxyl group (CHCOOH) appear at 3.47 ppm in 1H NMR and 60.56 

ppm in 13C NMR. The characteristic peaks of methine group associated with hydroxyl group 

(CHOH) appear at 4.15 ppm in 1H NMR and 65.93 ppm in 13C NMR. The appearance of methyl 

group, methine group associated with carboxyl group and hydroxyl group confirms the 

introduction of threonine successfully. The 13C NMR signals at 162.68,171.05, 172.83 and 

177.42 ppm are assigned to four kinds of carbonyl groups of the copolymer, respectively. All 

above characteristic signals demonstrate that the graft copolymer has been successfully 

prepared.” 
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3.2.6 Static Bottle Test  

Firstly, Static inhibition test was carried out in this study under static conditions as described in 

the National Standard of the People’s Republic of China (GB/T 16632-2008). To carry out the 

test, the cationic and anionic brines are prepared by dissolving the respective salts into DI water. 

The amounts  of salts added (Table 2)was calculated to maintain the total composition given in 

table 1. 

 Table 8: Salts added for CW & AW preparation 

SALT        CW (G) AW(G) MIX(G) 

NACL 7.93 14.92 24.56 

KCL 0.67   - 0.67 

MGCL2.6H2O 5.38   - 5.38 

CACL2.2H2O 7.23  - 7.23 

NAHCO3 - 0.34 0.34 

NA2SO4 - 1.37 1.37 

PH 7.85 8.44 7.83 

 

To test the scale inhibitor efficiency, the ratio leading to the highest supersaturation and the 

ratio leading to the highest precipitation are tested. The usual practice which was followed in 

this study is to test the ratio leading to the highest supersaturation. The required number of test 

bottles were labeled; these labels correspond to the sample’s names provided for chemical 
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analysis. Each test bottle is labelled with the name of the chemical and the dose rate written 

with permanent marker. 

 To the six glass bottles, 50 ml of ‘anion’ solution was added to each test bottle using the 

dispenser; 50 ml of the ‘anion’ solution was also be added to the blanks.  

The ‘anion’ solution in each test bottle is dosed with the required amount of scale inhibitor 

intermediate solution (using pipettes) to give the required final dose rate for the particular test. 

The concentrations tested in this study were 0.02 ppm, 0.1ppm, 0.2ppm,2ppm and 20ppm.The 

concentration of the inhibitor in the ‘anions’ was double than that required for the test which 

accounts for the dilution when mixed with the ‘cations. Inhibitor is not added to the ‘Blank’ 

bottles.  

 An equal number of test bottles were prepared each filled with 50 ml of ‘cation’ solution using 

the dispenser. Test bottles were placed into a pre-heated oven at the appropriate test temperature 

for ~60 mins to reach thermal equilibrium. After that, the two brines were mixed together by 

pouring the ‘cations’ into the ‘anions’ and mixed manually. The bottles were returned to the 

oven as soon as possible and the timer is started; this is t0. The test bottles were sampled at 

defined time intervals. Test bottles were sampled after 2h,16h and 24h.  The pH values were 

monitored at the start of the test and upon cooling at the end. The samples taken at different 

time intervals are sent for chemical analysis to evaluate the performance of the inhibitors. This 

procedure was carried out in each experiment to evaluate the inhibitor at different conditions. 

The inhibitor was tested at 25 C, 40 C, 60 °C and 80 °C without altering the pH. The temperature 

was then set to 80 °C and the inhibitor was tested at 5, 7 and 9. The test was also performed at 
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different cationic/ anionic (C/A) compositions. C/A of 80/20 and 20/80 by volume was 

implemented. 

The inhibition efficiency, 𝜀  was calculated using the calcium ions remaining in the solution 

after the test by the following equation: 

𝜀 =
∁2 − ∁1

∁0 − ∁1
 

Where ∁2 is the 𝐶𝑎2+ remaining in the filtrate after the reaction at different time intervals, ∁1is 

the remaining 𝐶𝑎2+ in the blank sample and ∁0 is the concentration of 𝐶𝑎2+ used before the 

test. 

3.2.7 Calcium Carbonate Characterization  

Sample CaCO𝟑(𝒔)
 precipitate was collected by filtering the solutions of blank, 0.02 ppm and 0.1 

ppm inhibitor using 0.45 µm membrane filters. The collected solid material was washed with 

DI water to remove potential contaminants, then dried over night at 40 C to be ready for 

instrumental characterization. The shape and surface morphology of the solid precipitate were 

examined by scanning electron microscopy SEM. Elemental composition of collected samples 

was tested by Energy Dispersive X-Ray analysis EDX.  High resolution images of the collected 

precipitate were achieved by Transmission electron microscopy TEM.  

3.3 Results and Discussion  

3.3.1 Influence of Temperature on Calcium Carbonate Inhibition 

Error! Reference source not found. shows the fluids hydrogen index. The influence of t

emperature change on the efficiency of the inhibitor was tested at 25C, 40C, 60°C and 80 °C. 
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Aliquots of the test solutions, about 15 ml free from scale was sampled at 2 hr, 16 hr and 24 hr 

for 𝐶𝑎2+  ICP analysis. The results are reported in figures 1 to 4. 

        

       

Figure 10: Influence of temperature on CaCO3 inhibition 

 

Due to the inverse solubility behavior of calcium carbonate, it was noted that the scale formation 

increases as the temperature increases. In fact, a very small amount of scale was formed at 25 

°C and the inhibitor efficiency was not impressive reaching a maximum of only 70 %. As the 
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temperature increased to 40, a relatively large amount of scale formed, and the efficiency 

increased from around 20% at 0.02 ppm of the inhibitor to around 75% at 20 ppm. The inhibition 

efficiency was further improved at 60 C where 30 % inhibition was reached at 0.02 ppm of the 

inhibitor. The efficiency then increases to 76% at a dosage of 20 ppm of the inhibitor. The 

highest amount of scale formation was found to be at 80 °C. The inhibition efficiency jumped 

from 20% at 0.02 ppm to around 77% at 20 ppm. It can be easily seen that while the efficiency 

is higher after 16 hours of reaction at higher dosage of the inhibitor, the 24-hour efficiency is 

higher in case of lower inhibitor dosage. This happens because at lower inhibitor concentration, 

the inhibitor will not interact with the scale formed hence the crystal growth is not hindered so 

the scale will continue to form enabling the inhibitor to function. The opposite happens at higher 

inhibitor dosage where the inhibitor is believed to interact with the scale formation leading to 

crystal growth slow down after the 16 hr. which explains why the inhibition efficiency is higher 

at 16 hr. than that of 24 hr. The mechanism by which the inhibitor works is explained by the 

functional groups of the gallic acid grafted copolymer. The amine group will chelate the calcium 

ions preventing it from carbonate and bicarbonate contact thus mitigating scale formation. This 

chelation will produce water soluble product since the nitrogen atom of the amine and the 

oxygen atom contains lone pairs and are electronegative.  
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3.3.2 Influence of pH on Calcium Carbonate Inhibition 

The influence of pH on the calcium carbonate inhibition was examined, the result is in figure4. 

   

Figure 11: Influence of pH on CaCo3 Inhibition 

The pH of the test brines was found to be 7.4. One drop of 10 % HCl was used to lower the pH 

to 7. Lowering the pH increased the inhibition efficiency to 94% at 20 ppm dosage after 24 

hours of the test. The inhibition efficiency was very low at 0.02 ppm of inhibitor at a value of 

20 %. There was a slight increase at 0.1 ppm of inhibitor followed by a substantial increase to 

above 90% at 0.2 ppm inhibitor concentration. The pH was then increased to 9 by addition of 

200 µL of NaoH by trial and error. At pH=9, the inhibition efficiency was relatively lower 

compared to pH= 7 starting by 12 % at 0.02 ppm inhibitor dosage, increasing slightly to 35% 

at 0.1 ppm then sharp increase to more than 90%. The maximum efficiency attained was 95% 

at 20 ppm.  

3.3.3 Influence of (C/A) Composition on Calcium Carbonate Inhibition 

The influence of cationic to anionic brine ratio was also tested. The temperature was kept at 80 

°C and two ratios were examined. Without altering the pH, 80 ml of cationic brines were mixed 

with 20 ml of anionic brines containing different inhibitor concentrations and one blank solution 
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as done for other experiments. The opposite was also tested where 20 ml of cationic brines were 

added to 80 ml of anionic. The results of this test are represented in figure 5. 

    

Figure 12:Influence of (C/A) composition on CaCo3 inhibition 

When the cationic brine is 80 and the anionic brine is 20, the inhibition efficiency starts at 25% 

with a dosage of 0.02 ppm of the inhibitor, increasing to 50% at 0.1 ppm of the inhibitor. The 

efficiency then goes up to 95% at the highest inhibitor concentrations (i.e. 2 ppm and 20 ppm). 

The same behavior is recognized for the 20 cationic/80 anionic case except that in this case the 

inhibition efficiency starts at a much lower proportion at 15 % and lower than 40% when the 

inhibitor dosage is 0.02 ppm and 0.1ppm respectively. This is attributed to the higher amount 

of calcium ions which provide higher potential of scale formation thus efficiency of inhibitor is 

increased in the 80/20 proportion. 

3.3.4 Investigation of Inhibition Mechanism  

To further understand the chemistry behind 𝐶𝑎𝐶𝑂3 inhibition, scale samples collected after the 

static bottle test were characterized. SEM and EDS pictures in the presence and absence of 

gallic acid grafted acrylamide are depicted in figure  8 and 9. 
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                                 (a)                                                                           (b) 

Figure 13:SEM results of CaCO3 precipitate (a) without inhibitor (b) at 0.1 ppm 

Generally, the amount of scale formation in the presence of the inhibitor was found to be much 

less than that of the blank samples especially at higher dosages of inhibitor (i.e. 0.1 ppm and 

2ppm). The SEM results of calcium carbonate in figure 6 (a) in the absence of the inhibitor 

showed regular aragonite structure as long strip crystals with glassy surface that forms at 

elevated temperatures. However, figure 6 (b) the crystals were interrupted upon the absorption 

of the inhibitor into the surface of the crystals thereby hindering the normal crystal growth of 

calcium carbonate[72]. The aragonite formation is consistent with literature since magnesium 

ions were present [34-35].The rule of the inhibitor was to occupy the active crystal growth sites 

by the inhibitor with the help of the functional groups destroying the crystal lattice. The 

functional groups cause more internal stress inside the crystals leading to microcrystalline 

inhibition which prevents scale formation. SEM characterization results points out that in 

addition to the calcium ions chelation, the inhibitor contributed in crystal growth distortion. At 

lower inhibitor concentrations, the effect on the crystals was not much and some crystal 

structures remained unchanged especially at a dosage of 0.02 ppm. 
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Energy Dispersive X-Ray analysis EDX was also performed to have an idea about the elements 

present in the scale sample. Results are shown in figure 7. 

 

      

                                 (a)                                                                           (b) 

Figure 14:EDS results of CaCO3 precipitate (a) without inhibitor (b) at 0.1 ppm of 

inhibitor   

Trace amounts of Mg and cl were spotted by EDS in crystal type shown in figure7. The column 

shaped structure formed in the blank samples in figure 7 (a) was developed into compact 

structure at inhibitor concentration of 0.1 ppm. The columns were changed to distorted spheroid 

particles and the packed structure was evolved into loosely packed particles. 

Images of the scale formed were taken by transmission electron microscopy and results are 

shown in figure8.The images are consistent with SEM characterization supporting the inhibition 

mechanism explained above. 
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                                                                         (a)                                                                         

  

 

(b) 

Figure 15:TEM images of CaCO3 precipitate (a) without inhibitor (b) at 0.1 ppm of 

inhibitor.  
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4 CHAPTER 4 

DEVELOPMENT OF A NOVEL IRON SULPHIDE SCALE 

INHIBITOR FOR OILFIELD APPLICATION 

4.1 Introduction 

Iron sulphide scale formation is a very common problem in oil and gas industry especially at 

harsh environments. Scale can be found as a single mineral however, most of the time it is 

usually found as a mixture of different scale types. Several organic compounds such as 

unsaturated hydrocarbons, organic acids and their salts, aromatic compounds, paraffins and 

sulfur containing compounds affects scale formation in downhole environment. The most 

widely common scales are sulfates (barium sulfate and calcium sulfate ), oxides and hydroxides( 

iron oxide and magnesium hydroxide ), and sulfides ( iron sulfide) [74].  Scaling is a 

consequence of supersaturation of the mineral ions in the processing fluid[22]. The 

supersaturation of ions depends on different factors. The main contributor to ions 

supersaturation leading to scale formation is the production of formation water from the well 

which contains high salts concentration[22].  Scale is affected by changes in physical variables 

such as temperature, pressure and PH.  These factors determine the scale type and composition 

[23]. Scale consequences can be very dramatic and quick and can bring the production capacity 

to zero in just few hours with a very high cost treatment [24]. Scale deposition in the formation 

pores blocks the flow of fluid by reducing the diameter of tubing leading to a high pressure drop 
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and full blockage which leads to loss of production.  Scale formation causes additional problems 

such as energy leakage, acceleration of corrosion and severe accidents that influences safety 

and economics of production[25]. 

Iron sulfide is one of the major encountered scales in the oil and gas industry taking place when 

oil and gas contain substantial amounts of hydrogen sulfide and sulfur. Varying from highly 

viscous fluid to dry solid, the characteristics of iron sulfide scale depends on temperature 

pressure and PH. Iron sulfide is formed by the reaction of hydrogen sulfide with iron. Hydrogen 

sulfide production as a free gas from the sour well is the main source for the H2S in the reaction. 

Other sources of hydrogen sulfide include reduction of sulphate ion, degradation of additives in 

drilling mud, degradation of  sulfur containing compounds and sulfate  reducing bacteria-

SRB[26]. Sources of iron include but not limited to formation brines, tubulars, minerals, 

treatment fluids and as a corrosion product. iron sulfide comes in different forms (iron to sulfur 

ratio) depending on temperature, pressure, formation mineralogy, brine and exposure time. Iron 

sulfide could exist in different form yet in the same well. The different forms of iron sulfide are 

presented in table 1 below. 

Table 9: different forms of iron sulphide 

SULFIDE SCALE COMPOSITION  

Pyrrhotite  𝐹𝑒7𝑆8 

Troilite  𝐹𝑒𝑆 

Mackinawite  𝐹𝑒9𝑆8 

Pyrite  𝐹𝑒𝑆2 

Marcasite  𝐹𝑒𝑆2 
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“Iron sulfide scales cause many operational problems in the oil and gas industry since they are 

formed in all types of well such as producer, injector and supply wells where there is iron and 

hydrogen sulfide. Iron sulfide scales can alter the performance of supply wells and gas 

wells[28].It can also damage the downhole tools such as logging tool. It has also effects on 

pipeline valving system. The scale can also lead to the precipitation of asphaltene near wellbore 

thus reduces the effective permeability of the wellbore. It also blocks the flow in the production 

tubing and cause damage to wellbore equipment such as heat exchangers, turbines and pumps. 

Failing to properly handle iron sulfide scale could lead to wellbore shutdown[29].Chemical 

inhibitors are the chemical compounds used to inhibit and prevent scale formation. Chemical 

inhibition involves the use of organic and inorganic materials to control the scale. The best 

chemical to be used for inhibition is chosen after knowing the exact composition and chemical 

and physical properties of the scale. An effective inhibitor in a specific well won’t be effective 

in other wells due to the difference in the nature of the scale.  The commonly used inhibitors 

are categorized into organic acids and chelating agents. 

Several organic acids have been proposed as inhibitors  such as acetic acid, formic acid and 

maleic acid especially at high temperature high pressure environments[57]. The mentioned 

organic acids have low dissociation constant when compared to HCl. Organic acids are a good 

choice as inhibitors  if the corrosion rate to be minimized , however they need longer contact 

time with the scale[57]. 

Chelating agents are chemical compound which react with metal ions to produce a stable 

complex which is usually water-soluble. Chelating agents have a ring-like structure and can 

bind the metal in two bonds allowing the metal to be separated. Whether the complex is stable 
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or not is determined by the properties of the metal ions and the agent itself. The stability constant 

controls the stability of the chelated product. The stability constant depends on several things 

such as pH , number of rings and nature of the central element[58].  Unlike in acidic solutions, 

at higher pH(basic solution) the efficiency of the chelating agent is higher since there is no 

hydrogen ions that occupies the  functional groups of the chelating agent[59]. Biodegradability 

is an important characteristic of chelating agents and should be considered for specific 

applications of chelating agents. Biodegradability depends mainly on the number of nitrogen 

atoms in the chelating agent. A chelating agent having only one nitrogen atom is readily 

biodegradable, however as the number of nitrogen atoms increases, the biodegradability 

vanishes. Chelating agents are better choice for scale control than organic and mineral acids 

since they don’t cause corrosion to downhole equipment and they are environmentally friendly. 

Chelating agents used are mainly aminopolycarboxylic acids that have nitrogen in the center 

and carboxylic groups as the arms of the chelating agent. Most common chelating agents include 

ethylenediamine tetra acetic acid (EDTA), hydroxyethyl ethylene diamine tetra acetic acid 

(HEDTA), hydroxyethyl iminodiacetic acid (HIDA), Glutamic acid N, N-diacetic acid (GLDA), 

Diethylene triamine Penta acetic acid (DTPA), Nitrilotriacetic acid (NTA), and 

Methylglycinediacetic acid (MGDA). In the last few years different solutions have been 

propesed to mitigate scale formation to improve productivity in the oil and gas industry. Finding 

an ideal scale inhibitor is not an easy task due to many things that will be discussed in this 

section. An ideal inhibitor should be thermalluy stable at harch environment encountered 

downhole where the tempearture can be very high. An ideal inhibitor also should have high 

inhibiting capacity to get the maximum possible inhibition percentage. It should be less 

corrossive and shouldnt generate 𝐻2𝑆 gas so the potential of corrosion initiation is minimized.” 
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 Challenges of scale chemical treatment are related to the nature of the scale itself.  The most 

important challenge is that iron sulfide scales come along with other scales such as iron 

carbonate and iron oxides. This mixture of different scale types called scale matrix, makes it 

difficult to dissolve and one should think of   different additives depending on the scale matrix 

encountered. another challenge arises from the fact that iron sulfide particles are oil-wet 

meaning that they are coated with a layer of oil which work as a barrier between the inhibitor 

and the scale thus blocks the inhibitor-scale contact lowering the efficiency of inhibitors. The 

presence of hydrocarbons with the scale is yet another challenge that should be addressed.  

These challenges can be overcome by considering them when preparing a chemical treatment 

compound. An example is using surfactants and other water-wetting agents in case of scale 

coated with oil. The main objective of the additives as agents and surfactants is to enhance the 

contact time between the scale and the inhibitor. To deal with the scale matrix and design 

suitable chemical treatment procedure, chemical analysis of the scale should be carried out to 

determine the different compounds involved. 

Different chemical inhibitors have been studied over the past years.N. Bhandari et al 

investigated the performance a polymeric material containing amide group towards iron 

sulphide inhibition which shows a positive inhibition results at threshold concentrations. In their 

experiments, they stated that the inhibitor did not prevent iron sulphide from formation instead, 

they showed that the aggregation and growth of scale were successfully supressed by the 

inhibitor. Their lab experiments were carried out under strictly anoxic conditions and at 90 C. 

They achieved 60-80 % dispersion at dosages of 100 ppm to 200 ppm of the inhibitor [60]. 

Wei Li et al. have studied the effect of bio acids such as THPS, EDTA and polyacrylamide 

(PAM) on FeS inhibition. They found that unlike EDTA, THPS is not effective as was 
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previously thought. They have also concluded that EDTA is a good dissolver, but these 

inhibition and dissolution properties are largely affected by silica, however the dispersion 

effects were not affected by Silica. They have reached an inhibition efficiency of 83% at 100 

ppm of PAM and 90% at 100 ppm PAM+EDTA [61].Bader Alharbi et al. have also evaluated 

the performance of different chemistries for iron and zinc sulphides  inhibition under different 

experimental conditions temperature, pH and ion concentrations. They tested phosphino 

polycarboxylic acid (PPCA) which shows positive results towards iron sulfide scale inhibition. 

Their findings indicated that some of the inhibitors that were effective for zinc sulphide didn’t 

show any inhibition efficiency towards iron sulfide. They noticed that a significant decrease in 

the amount of inhibitor was noticed in ZnS experiments which was not the case for iron sulphide 

inhibition. According to these findings, they concluded that it is easier to inhibit FeS rather than 

ZnS under the same conditions. The inhibition efficiency was improved by increasing the 

inhibition dosage to 100 ppm for both iron sulphide and zinc sulphide to reach 90 % [62]. 

Narayan Bhandari et al. make use of a strictly anoxic bottle test setup to investigate the potential 

inhibition efficiency of different conventional inhibitors such as phosphonates and carboxylic 

acid polymeric materials and new chemical formulations. Different ionic concentrations were 

synthesized to mimic the field conditions. They have found that as expected, phosphonate and 

carboxylic acid polymers did not show inhibition positive tendency towards iron sulphide scale. 

A novel chemistry formulation was developed which shows inhibition of iron sulphide scale 

nucleation and growth at early stages affecting dispersion, aggregation and deposition of FeS. 

They used 10 ppm of 𝐹𝑒2+ and 50 ppm 𝑆2− with dosages of 100 ppm to 600 ppm of the inhibitor 

which resulted in inhibition percentages ranging from lower than 10% to 90% at 100ppm to 600 

ppm respectively[63]. Saebom Ko et al. tested effective iron sulphide dispersants and inhibitors. 
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Polyoxazoline (OX), polyvinyl pyrrolidone (PVP), polyacrylamide (PAM) and carboxymethyl 

cellulose (CMC) were investigated since they are frequently used in oil and gas production 

activities for different applications. Upon testing, these chemicals showed positive inhibition 

results by preventing iron sulphide particles from settling. They have concluded that among 

those chemicals, CMC was the most effective in FeS dispersion even at higher ionic strength. 

The tested Nitrilotriacetate (NTA), ethylenediaminetetraacetate (EDTA) and 

diethylenetriamine pentamethylene phosphonate (DTPMP) at 70  showed an inhibition result 

greater than 90 % [60]. All these studies show that higher dosages of the inhibitor are needed 

yet the efficiency of inhibition is not high. In addition, no comprehensive study at different 

temperature, pH and brine compositions was carried out.  

4.2 Experimental 

4.2.1 Materials  

The chemical composition of the synthetic brine is given in table 2. The synthetic brines 

were prepared using analytical grade chemicals and deionized water, then filtered using 0.45 

µm membrane filters in all experiments. The inhibitor was tested at different conditions: 

Temperatures of 40 C, 60 °C and 80 °C, PH of 6.7 and 8.5. Ratios of cationic to anionic 

brines were also altered from 50:50 to 80:20 and 20:80 respectively. The influence on the 

inhibitor efficiency was monitored upon these changes. 
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Table 10: Concentration of brine components in the study 

Component Concentration 

Nacl 1 M 

Ca 2+ 25mM 

Fe 2+ 30 ppm 

S 2- 90 ppm 

 

4.2.2 Preparation of The Inhibitor 

In a typical synthesis, L-glutamic acid grafted polyacrylamide is synthesized by adding 2.5g 

of acrylamide in a three-neck flask containing 50ml of distilled water. After that, 2.6g of L-

glutamic acid is dissolved in 50 ml distilled water then added to the 3-neck flask to make 

the gel-mixture. Then, 20 ml of ethanol was added to the reaction mixture and the 

temperature was set to 60 °C before the addition of sodium persulfate as the reaction initiator 

according to figure 1 below. This mixture was purged with nitrogen for 5 hours and stirred 

at 450 rpm for 24 hours before collecting the product.  

 

 

Figure 16: L-glutamic acid grafted polyacrylamide synthesis  
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4.2.3 Anaerobic Inhibition Test 

Brine solutions were prepared according to Saebom Ko et al. In a typical brine synthesis, 55.22 

g of Nacl was dissolved in 1000 ml of deionized water. In the meantime, 14.701 g of cacl2.2H2o 

was dissolved in 100 ml deionized water which gives 1 M Ca 2+. From the 1 M Ca 2+, 12.5 ml 

was taken into 500 ml denoised water which gives the 25 mM Ca2+ for background solution. 

The pH was adjusted  using sodium acetate/ acetic acid buffers. The background solution was 

then sparged with nitrogen for 3 hours before the addition of Fe 2+ and S 2- brine solutions for 

inhibition testing. Fecl2 and Na2S were used to prepare 30 ppm and 90 ppm of Fe2+ and S2- 

respectively by dissolving 0.032 of Fecl2 in 500 of the background brines. The other 500 ml of 

the background brine was utilized for S2- preparation by dissolving 0.11 g of Na2S. These two 

brines were then sparged for another 2 hours separately at the same time. Valved  port caps 

were used to stop air from entering the stock bottles to maintain the anaerobic condition. The 

purging setup was connected by polyether ketone tubes which reduces the possibility of oxygen 

permeation. Transfer of stock brine solutions into the test bottles was carried out using gas tight 

syringes inside a glove bag after purging the glove bag for at least 10 times. Figure 2 shows the 

schematic diagram of the experimental setup. 

 

Figure 17:Schematic diagram of experimental setup 
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The required number of test bottles were labeled; these labels correspond to the sample’s names 

provided for chemical analysis. Each test bottle is labelled with the name of the chemical and 

the dose rate written with permanent marker. To the five glass bottles, 50 ml of ‘𝐹𝑒2+’ solution 

was added to each test bottle using the gas-tight syringe; 50 ml of the ‘𝑆2−solution was also be 

added to the blanks. The ‘𝐹𝑒2+solution in each test bottle is dosed with the required amount of 

scale inhibitor intermediate solution (using gas-tight syringe) to give the required final dose rate 

for the particular test. The concentrations tested in this study were 50 ppm, 100ppm, 1000ppm 

and 10000ppm.The concentration of the inhibitor in the ‘𝐹𝑒2+was double than that required for 

the test which accounts for the dilution when mixed with the ‘𝑆2−. Inhibitor is not added to the 

‘Blank’ bottles.  

 An equal number of test bottles were prepared each filled with 50 ml of ‘𝑆2−solution using the 

gas-tight syringe inside the glove bag. Test bottles were placed into a pre-heated water bath at 

the appropriate test temperature for ~60 mins to reach thermal equilibrium. After that, the two 

brines were mixed by pouring the ‘𝑆2−into the ‘𝐹𝑒2+and mixed manually. The bottles were 

returned to the water bath immediately and the timer is started; this is t0. The test bottles were 

sampled at defined time intervals. Test bottles were sampled after 2h,16h and 24h.  The pH 

values were monitored at the start of the test and upon cooling at the end. The samples taken at 

different time intervals are sent for chemical analysis to evaluate the performance of the 

inhibitors. This procedure was carried out in each experiment to evaluate the inhibitor at 

different conditions. The inhibitor was tested at 40 C, 60 °C and 80 °C without altering the pH. 

The temperature was then set to 80 °C and the inhibitor was tested at 6.7, and 8.5. The test was 

also performed at different cationic/ anionic (C/A) compositions. C/A of 80/20 and 20/80 by 

volume was implemented. 
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The inhibition efficiency, 𝜀  was calculated using the iron ions remaining in the solution after 

the test by the following equation: 

𝜀 =
Ɀ2 − Ɀ1

Ɀ0 − Ɀ1
 

Where Ɀ2 is the 𝐹𝑒2+ remaining in the filtrate after the reaction at different time intervals, Ɀ1is 

the remaining 𝐹𝑒2+ in the blank sample and Ɀ0 is the concentration of 𝐹𝑒2+ used before the 

test. 

4.3 Results and Discussion 

4.3.1 Influence of Temperature on FeS Inhibition 

The influence of temperature on inhibition efficiency upon iron sulphide scale was studied and 

the results at 40C,60 °C and 80 °C are presented in figure 3. Aliquots of the test solutions, about 

15 ml free from scale was sampled at 2 hr, 16 hr and 24 hr for 𝐹𝑒2+  ICP analysis. 
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Figure 18: Influence of temperature on FeS inhibition 

As seen from figure3, the inhibition efficiency increases with increasing the inhibitor 

dosage at the three temperatures 40C,60 °C and 80 °C. At 40 °C, the efficiency starts at 

55% at 50 ppm inhibitor concentration, then increases to the highest value at 10000 ppm 

recording a value of 90%. It is easily recognized that the inhibition efficiency after 16 

hours reaction is always higher than that of the 24-hour reaction. This phenomenon can 

be explained by the fact that in 24 hours, the nucleation growth of iron sulphide is 

mitigated and no more FeS is formed thus not much value for the inhibitor. At 80 °C, 

the inhibition efficiency starts at 26 % at 50 ppm inhibitor concentration after 16 hours 

of reaction, then increases to 55% at 10000 ppm inhibitor dosage. Surprisingly, at this 

temperature the inhibition efficiency after 24 hours reaction is always greater than that 

at 16 hours. Looking at the 60 °C results, the gap between the 16 hours results and 24 



63 

 

hours is the largest among the three temperatures. After 16 hours and at 50 ppm inhibitor 

concentration, the inhibition efficiency is 60 % while the 24 hours reaction time the 

efficiency is only just above 25%. The inhibition efficiency then increases to hit the 

highest ever recorded figure among the three temperatures which is 92% at 10000 ppm 

inhibitor concentration. The visualization of the efficiency test at 60 °C is represented 

in figure 4.  

 

Figure 19:visualization of the efficiency test at 60 °C 

 

4.3.2 Influence of pH on FeS Inhibition 

The influence of pH on the inhibition efficiency was also studied and represented in 

figure 5. 
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Figure 20:Influence of pH on FeS inhibition 

At 6.7 pH value, the inhibition efficiency was affected negatively. At 16 hours reaction 

time, the efficiency is around 12 % while at 24 hours of reaction the efficiency is 10% 

both at 50 ppm inhibitor concentration. The highest efficiency at 6.7 pH is just below 

60% at 10000 ppm inhibitor dosage. It is easily seen that the inhibition efficiency after 

16 hours reaction is higher that of the 24 hours for all inhibitor concentration dosages. 

4.3.3 Influence of Brines Composition on FeS Inhibition 

The influence of brine compositions on the inhibition was also studied and represented in figure 

6. Two ratios of  𝐹𝑒2+ to 𝑆2− were studied namely 20/80 and 80/20. The temperature was kept 

at 80 °C and two ratios were examined. Without altering the pH, 80 ml of 𝐹𝑒2+brines were 
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mixed with 20 ml of 𝑆2−brines containing different inhibitor concentrations and one blank 

solution as done for other experiments. The opposite was also tested where 20 ml of 𝐹𝑒2+brines 

were added to 80 ml of 𝑆2−. 

  

Figure 21:Influence of Brines composition on FeS inhibition 

 

In the case of 20/80, the efficiency starts at 20% in the 16 hours duration at 50ppm inhibitor 

concentration. The efficiency then increases to just below 70% at the highest inhibitor 

concentration dosage of 10000pppm. The same phenomena found at previous experiments is 

recognized here when the 16 hours reaction time have higher efficiencies than those of the 24-

hour duration at all inhibitor dosages. The 80/20 ration records an efficiency of slightly above 

25% at 16 hours and an inhibitor concentration of 50ppm. The efficiency increases to 75% at 

10000ppm.Like the 20/80 ration, the efficiencies of the 16 hours duration is higher than those 

of the 24 hours. It is clearly seen from the figure that the 80/20 ratio is better giving higher 

efficiencies especially at high inhibitor concentrations.  This is explained by the fact that in the 

80/20 ratio, the availability of more 𝐹𝑒2+ facilitates formation of more FeS scale which can be 

inhibited leading to higher inhibition efficiency. 
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5 CHAPTER 5 

A NOVEL CORROSION INHIBITOR FOR CARBON STEEL 

IN 1M HCL  

5.1 Introduction 

Carbon steel corrosion is considered one of the essential corrosion types that need to be dealt 

with due to carbon steel wide use industrially. It has been reported that the annual cost of 

corrosion is more than two trillion dollars which constitutes around 3.5% of global GDP 

[75].The high cost of corrosion, makes it very crucial to think of protective material that could 

reduce the cost. One of the most applicable ways to reduce cost is the use of chemical inhibitors 

since they are more effective and  cost competitive [2-3]. Over the years, organic molecules 

have been applied as metallic corrosion inhibitors  but they found to be not applicable due to 

their toxicity and the fact they are not stable at higher temperature specially in acidic media [4-

5]. Naturally occurring materials containing heteroatoms like oxygen, nitrogen and phosphorus 

has been employed as potential metallic corrosion inhibitors[6-9]. Reports indicated that the 

efficiency chromate and dichromate-based corrosion inhibitors can`t be compared[84]. 

However, now there are a lot of recent environmental rules require a replacement of toxic 

inhibitors such as sodium chromate (Na2CrO4) inhibitor [84], with what called “green 

chemicals” “green chemicals”. In this experimental work, corrosion inhibition of steel and 

aluminum will be studied as proposed in the research hypothesis. Even though there are a lot of 
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metallic corrosion inhibitors have been commercialized, most of them are carcinogenic or toxic 

in nature[11-12] . Up to now, Molybdate salts are the most commercial corrosion inhibitors 

used as replacement of chromates in industrial applications, but their cost is very high [87]. 

According to [14-15]  the corrosion inhibitors such as Gluconates and gluconic acids can be 

used for cooling water systems contains mill steel as nontoxic, effective and eco-friendly ones. 

In additions, there are reports that represent their ability and environmental compatibility to 

reduce the corrosion[16-17]. For example, Rajendran’s et al.[92] studied the Ca-gluconate 

efficiency as corrosion inhibitor for mild steel in cooling water systems of about 60 ppm ions 

of chlorine.  

Ferrous gluconate has been studied as corrosion inhibitor for protection of aluminum from 

saline corrosive environment by using weight loss technique and the results indicated that the 

corrosion inhibition occurs on surface of the aluminum and followed Langmuir adsorption 

isotherm with 1.0 g/mL inhibitor concentration for an optimum efficiency [92]. 

5.2 Experimental 

5.2.1 Materials  

“Gallic acid and polyacrylamide were obtained from Fisher Scientific and carbon steel (CS) 

with the wt.% elemental composition given in Table 1. Here, the steel samples were cut into 2.8 

cm x 2.8 cm x 0.8 cm, for weight loss, and 1 cm x 1 cm, cold-mounted with an epoxy/hardener 

mixture (for electrochemical) techniques. The CS coupons were all wet polished using silicon 

carbide abrasive papers from 120 to 1000 grit, then thoroughly rinsed with purified water, 
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degreased with acetone, dried, and stored in a moisture-free desiccator. The density of CS is 

7.87 g/cm3.” 

Table 11: Concentration of carbon steel used in the study 

Element Fe Cr C Si Mn Cu Ni Mo Al Nb V 

Composition 

(wt. %) 

<96.2  0.121 0.125 0.125 0.52 1.830 0.296 0.091 0.079 0.043 0.078 

 

5.2.2 Inhibitor Preparation  

 Gallic acid grafted polyacrylamide was synthesized by adding 2.5g of acrylamide in a three-

neck flask containing 50ml of distilled water. After that, 3g of gallic acid is dissolved in 50 

ml distilled water then added to the 3-neck flask to make the gel-mixture. Then, 20 ml of 

ethanol was added to the reaction mixture and the temperature was set to 60 °C before the 

addition of sodium persulfate as the reaction initiator according to eqn 3 below. This mixture 

was purged with nitrogen for 5 hours and stirred at 450 rpm for 24 hours before collecting 

the product.  
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Figure 22: GAGP Synthesis 

5.2.3 Weight Loss  

 The analysis of weight loss is the simplest and the longest established method of approximating 

the corrosion losses in equipment and plant. a certain coupon either metal or alloy is introduced 

into the environment or process under consideration and taken out after many hours. After that, 

the coupon is cleaned of the product of corrosion and is weighed again. The difference in the 

weight is converted to a metal loss (ML) or rate of corrosion (CR) , as follows: 

𝐶𝑜𝑟𝑟𝑠𝑜𝑖𝑜𝑛 𝑟𝑎𝑡𝑒(𝐶𝑅) =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠(𝑔) ∗ 𝐾

𝑎𝑙𝑙𝑜𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑔

𝑐𝑚3) ∗ 𝐸𝑥𝑝𝑜𝑠𝑒𝑑 𝐴𝑟𝑒𝑎 (𝐴) ∗ 𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑇𝑖𝑚𝑒(ℎ𝑟)
 

 

Where the value of the K depends on the unit of corrosion rate as shown in the following 

table: 

Values of the K based on the Units of the area and corrosion rate 

Table 12: K values for corrosion rate calculation 

Desired Corrosion Rate Unit 

(CR) 
Area Unit (A) K-Factor 

mils/year (mpy) in2 5.34 x 105 
mils/year (mpy) cm2 3.45 x 106 
millimeters/year (mmy) cm2 8.76 x 104 
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𝑀𝑒𝑡𝑎𝑙 𝐿𝑜𝑠𝑠 (𝑀𝐿) =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠(𝑔) ∗ 𝐾

𝑎𝑙𝑙𝑜𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑔

𝑐𝑚3) ∗ 𝐸𝑥𝑝𝑜𝑠𝑒𝑑 𝐴𝑟𝑒𝑎 (𝐴)
 

Where the value of the k depends on the unit of metal loss as shown in the following table2: 

Table 13: Values of K based on the units of the area and metal loss 

Desired Metal Loss Unit 

(ML) 
Area Unit (A) K-Factor 

mils in2 61.02 
mils cm2 393.7 
Millimeters cm2 10.0 

    

Firstly, different concentrations of the inhibitor were tested from 0.4 ppm to 4 ppm as shown in 

the following figure. The best concentrations were recorded and tested at higher temperatures. 

 

Figure 23: weight loss at inhibitor concentration 

 

5.2.4 Electrochemical Experiment  

“The electrochemical experiment was conducted using a Gamry Potentiostat/Galvanostat 

(Model G-600) instrument with a three electrodes cell system. A cold-mounted CS specimen 

with 1 cm2 as the exposed surface area was employed as the working electrode. Silver/silver 
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chloride electrode (Ag/AgCl) was used as the reference electrode while the graphite rod was 

used as the counter electrode. Four electrochemical techniques; electrochemical impedance 

spectroscopy (EIS), potentiodynamic polarization (PDP), electrochemical frequency 

modulation (EFM), and linear polarization resistance (LPR), were carried out to study the 

efficacy of GAGP against the CS corrosion in 1M HCl at room temperature. The test samples 

were firstly submerged for 1 h in the testing media at open circuit potential (OCP) to accomplish 

a steady state condition before performing the electrochemical techniques. The EIS 

determinations were performed under a potentiostatic condition at 10 mHz to 100 kHz 

frequency range and  10 mV amplitude after the 3600 s open circuit potential. This was followed 

by the LPR technique, taken at  10 mV Ecorr at 0.125 mV/s scan rate. Then, EFM was 

performed with 1 Hz as a base frequency, multiplier A of 2, multiplier B of 5, the cycle of 32 

and amplitude of 10 mV. And finally, the PDP measurement carried out at a voltage range of 

−0.25 V to +0.25 V vs. EOC, with a 0.50 mV/s scan rate. Data analysis and curve fittings were 

done using the Gamry EChem Analyst 5.5 software.” The  electrochemical setup used is shown 

in the following figure. 
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Figure 24: Electrochemical cell setup 

To minimize the IR drop, the working electrode should be close to the reference electrode but 

should not touch. This principle was maintained in every experiment as represented in the 

following figure. 
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Figure 25: IR drop minimizing. 
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5.3 Results and Discussion 

5.3.1 Effect of Inhibitor Concentration  

To evaluate the effect of inhibitor concentration upon inhibitor efficiency, different 

concentrations of the inhibitor were tested. Firstly, those concentrations were tested for 1-day 

immersion, however the weight loss was found to be very small. To get relatively high weight 

loss, the immersion test was done for 3 days. Figure shows the experiment for different 

concentrations. 

 

Figure 26: Specimens before test at different temperatures 

 

Figure 27: wt loss exp.  at different concentrations 
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Figure 28: Specimens after the test at 60 C and 80 C 

 Weight loss and corrosion rate were evaluated and tabulated in tables 4 & 5.  

Table 14: Weight loss at different inhibitor concentrations 

wt loss.(hrs) Blank 0.4 ppm 0.8 ppm 1.2 ppm 1.6 ppm 2 ppm 4 ppm 

wt.loss (1day) 0.0250 -  -  -  -  0.008 -  

 wt.loss(3 days ) 0.1190 0.0240 0.0220 0.0210 0.02 0.019 0.024 

wt.loss(5 days ) 0.3040 -  -  -  -  0.038 -  

To assess the corrosion damage to the metals, corrosion rate was calculated using the weight 

loss method. Initially the total surface area of the specimens and the mass loss during the test 

were determined. The average corrosion rate was determined for the different cases of 

concentrations and inhibitors using this equation: 

Corrosion rate (CR)=
𝐾×𝑊

𝐴×𝑇×𝐷
   where; 

➢ 𝐾 is a constant related to the unit of corrosion rate. Different 𝐾 values correspond to 

different corrosion rate units as the following table suggests. 
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➢ 𝑊   is the mass loss of the specimen in grams. 

➢ 𝐴   is the surface area of the specimen in 𝑐𝑚2. 

➢ 𝑇    is the exposure time in hours. 

➢ 𝐷   is the density in g/𝑐𝑚3 

Surface Area (A) can be calculated from the dimensions shown in figure X. Accounting for 

the mounting hole the surface area is: 

𝐴 = 2.7 × 2.7 + 2.7 × 4 × 0.7 = 22 𝑐𝑚2  

Density of Mild Steel  𝐷 = 7.87 g/𝑐𝑚3.   

- Exposure time = 24 hr 

- Wight loss= 0.119 g (average loss of the blank samples of Experiment#1) 

- Taking K= 3.45x106 to get the corrosion rate in mpy. 

 

Substituting these values in in equation (1) gives: 

Corrosion rate (CR)=
𝐾×𝑊

𝐴×𝑇×𝐷
=

3.45x106×0.00315

4.4295×24×7.85
= 32.235 𝑚𝑝𝑦.  

Table 15: corrosion rate at different inhibitor concentrations 

CR(mpy) 

T(hr) Blank 0.4 ppm 0.8 ppm 1.2 ppm 1.6 ppm 2 ppm 4 ppm 

24 20.62507  -  -  -  - 6.60002  - 

72 32.72512 6.600024 6.050022 5.775021 5.500019704 5.22502 6.600024 

120 50.16018  -  -  -  - 6.27002  - 
To calculate the efficiency the following formula was used  

%Eff=
𝐶𝑅0−𝐶𝑅𝐼

𝐶𝑅0
× 100 

Where;  
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𝑊0 is the weight loss of the sample without inhibitor (Blank). 

𝑊 is the weight loss of the sample when the inhibitor is present. 

For 2 ppm for Carbon Steel %Eff=
𝑊0−𝑊

𝑊0
× 100 =

0.003−0.001

0.003
× 100 = 84% 

Table 16: Efficiency at different inhibitor concentrations 

%Eff with Time(hr) Blank 0.4 ppm 0.8 ppm 1.2 ppm 1.6 ppm 2 ppm 4 ppm 

Eff(1 day) - -  -  -  -  68.00 -  

Eff (3 days) - 79.83 81.51 82.35 83.19 84.03 79.83 

Eff(5 days) - - - - -  87.50 -  
 

The efficiency was plotted at different concentrations. The efficiency was found to increase 

with increasing inhibitor concentration. The highest inhibitor efficiency is at 2 ppm which is 

85 %. The efficiency decreases after 2 ppm indicating that the optimum inhibitor 

concentration is 2 ppm.   

 

Figure 29: Efficiency at different concentrations 
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The optimum inhibitor concentration was taken to be tested for immersion time of 1 day, 3days 

and 5 days. The weight loss increases with immersion time increase.  

 

Figure 30: Efficiency at different time intervals 

 

5.3.2 Effect of Temperature  

 The optimum concentration was also tested at 40C, 60°C and 80°C. 

 

Figure 31: Exp at 40 C and 60 °C. 
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Figure 32: Exp at 80 °C 

 

 As the temperature increases, the weight loss increases. At 80 C, the highest weight loss is 

attained. 

Table 17: weight loss at diff Temp       Table 18:Corr rate Temp     Table 19::Eff. at diff T 

 

The calculated efficiency was plotted at different temperatures. The highest efficiency was 

achieved at 80 °C. The achieved value is 87%. The efficiency was found to increase with 

temperature increase.  

wt loss.(T(c)) Blank 2 ppm 
 
 wt.loss (40 C) 0.1190 0.0210 

 wt.loss(60 C ) 0.9980 0.1520 

wt.loss(80 C ) 1.4230 0.2130 

CR(mpy) 

T( hr) Blank 2 ppm 

24 98.17535 17.32506 

24 823.3529 125.4004 

24 1173.979 175.7256 

%Eff(at C) 2 ppm 

Eff(40 C) 82.35 

Eff (60 C) 84.77 

Eff(80 C) 85.03 



80 

 

 

Figure 33: Efficiency at different temperatures 
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7 CHAPTER 6 

Conclusions and Recommendations  

The formation of mineral scales imposed on reservoirs, downhole equipment and wellhead 

during oilfield process is becoming a serious problem that leads to equipment damage and 

production losses. The best solution to overcome this problem is the chemical treatment using 

scale Inhibitors. Herein, A novel gallic acid grafted acrylamide polymer containing carboxylic 

and acrylamino groups was successfully synthesized and characterized by means of FTIR, 

NMR and TGA. The TGA results showed that the inhibitor is thermally stable at elevated 

temperatures. The inhibitor was then tested for compatibility and showed positive results of 

compatibility even at high concentrations with no precipitates or phase separation taking place. 

The synthesized inhibitor was evaluated by means of static bottle test under various conditions 

(i.e. temperature, pH and cationic to anionic brine ratios). It was found that higher amount of 

scale forms at higher temperatures. The effectiveness of the inhibitor increases with temperature 

reaching a peak at 80 C. The influence of pH on the inhibitor efficiency was also investigated 

and it was concluded that as the pH increases the inhibition efficiency increases.  The ratio of 

cationic to anionic ratio lead to high inhibition efficiency in case of higher cationic to anionic 

ratio because of the presence of more calcium ions that facilitates scale formation which in turn 

can be inhibited. To further investigate the inhibition mechanism, the collected scale samples 

were characterized by SEM, EDS and TEM. Characterization techniques revealed that in 
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addition to the successful chelation of calcium by the inhibitor, the absorption of the inhibitor 

to the active crystal growth sites hindered crystal growth which improved inhibition efficiency. 

The results of this work proved the potential of the inhibitor efficiency at different temperature, 

pH and brine concentrations yet at relatively low inhibitor dosages. In addition, functionalized 

polymer inhibitor was synthesized and evaluated towards iron sulphide scale inhibition. A 

strictly anoxic setup was utilized at different experimental conditions. This study has shown 

that the functionalized material has the potential to inhibit iron sulphide formation especially at 

specific conditions (i.e. temperature of 60 °C). The inhibitor is believed to not only hinder the 

nucleation growth of iron sulphide but also prevent iron sulphide particles from settling 

especially at moderate concentration dosages. When evaluated at different temperature, pH and 

brine composition, the inhibitor revealed no big difference. The inhibitor provides a promising 

result for metal sulphide scales. Finally, GAGP was successfully synthesized and tested towards 

carbon steel corrosion. Weight loss results were in full agreement with electrochemistry results. 

The inhibitor was found to be effective up to 80 °C. 
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