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ABSTRACT 

Drilling and well completion fluids of oil and gas wells require the use of water retention 

agents commonly known as fluid loss additives (FLAs). They prevent the uncontrolled loss of 

water from the drilling mud or/cement slurry into the rock formation. This function is 

achieved through the formation of a tight filter cake, even under conditions of high 

temperature, pressure and salinity. For such application, two humic acid graft copolymer 

fluid loss additives, one with viscosifying and one with dispersing property, were synthesized 

by grafting chains of 2-acrylamido-2-methylpropane sulfonic acid (AMPS
®

)-co-N,N– 

dimethyl acrylamide (NNDMA)-co-acrylic acid (AA) onto humic acid as backbone using 

aqueous free radical polymerization. The feeding molar ratios of AMPS
®

, NNDMA and AA 

were 1:1.46:0.07 for the viscosifying graft copolymer and 1:0.63:0.07 for the dispersing 

copolymer. In all polymers, the wt. ratio between humic acid and graft chains was 20:80. 

Thermogravimetric analysis revealed that the graft copolymers possess a much higher 

temperature stability than the humic acid backbone alone. Also, their effectiveness as FLA in 

API Class G oil well cement slurries was studied at temperature up to 200 
o
C using stirred 

and static filtration cells containing 35 % by weight of cement (bwoc) of silica fume. Both 

polymers were able to provide API fluid loss values of less than 50 mL at a bottom hole 

circulating temperature of 200 
o
C. The dispersing graft copolymer reduces the rheology of the 

cement slurries while the viscosifying one slightly increases rheology. Both polymers 

exhibited good compatibility with AMPS
®

 or tartaric acid-based retarders.  

The working mechanism of both copolymers was found to rely on adsorption onto the 

surfaces of hydrating cement and silica which leads to constriction of the filter cake pores, as 

was evidenced by adsorption and zeta potential measurements. Since oil or gas often occur 

below salt formations, the influence of electrolytes on the performance of the graft 



viii 

 

copolymers was probed and compared with that of a conventional AMPS
®

/NNDMA 

copolymer and a lignite-based graft copolymer. The cementing systems tested were prepared 

from fresh water, 20 % NaCl solution and sea water as mixing water and the effects of 

individual ions on the effectiveness of the FLAs were identified. The graft copolymers were 

found to perform well in fresh water as well as in 20 % NaCl, in spite of its very high 

concentration of electrolytes (200 g/L). While in sea water, performance of the graft 

copolymers was severely impeded. This effect is owed to the presence of Mg
2+

 in sea which 

under highly alkaline pH condition of cement slurry precipitates as Mg(OH)2. The 

voluminous Mg(OH)2 precipitate entraps a significant amount of the graft copolymer and thus 

reduces the effective concentration which is available for fluid loss control. Other electrolytes 

such as e.g. SO4
2-

, Cl
-
, CO3

2-
, HCO3

-
, K

+
, Na

+
 or Ca

2+ 
do not perturb their effectiveness. To 

overcome the negative effect of Mg
2+

 in sea water, a mitigating strategy is proposed whereby 

the graft copolymer is added to cement in a delayed mode. The study also provides insights 

into the physicochemical interactions which present the basis for functionality of oil well 

cement additives.  
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TERMS AND DEFINITIONS 

Adsorption    A process in which atoms or molecules move from a bulk phase (that 

is solid, liquid, or gas) onto a solid or liquid phase 

Aggregates     The formation of groups or clusters of particles in fluids 

American 

Petroleum 

Institute (API)    

An oil industry organization that is the leading standard-setting body 

for oilfield equipment and products 

Annulus    In a borehole, the space between the drill pipe and the borehole, 

between tubing and casing, or between casing and formation 

Appraisal well A well drilled as part of an appraisal drilling program which is 

carried out to examine the physical extent, reserves and likely 

production rate of a field 

Blow-out An uncontrolled flow of gas, oil, or other well fluids occurring 

sometimes catastrophically to the surface when formation pressure 

exceeds the pressure exerted to it by the column of drilling mud 

Blow-out 

preventers 

(BOPs)    

Are high pressure wellhead valves, designed to shut off the 

uncontrolled flow of hydrocarbons    

Borehole     This is the hole made by drilling or boring with a drill bit.    

Casing    A borehole lining (pipe) placed in an oil or gas well as drilling 

progresses to prevent the wall of the hole from caving in; used to seal 

off formation fluids during drilling and to provide a conduit for 

extracting petroleum during production   

 

Casing string    The steel tubing that lines a well after it has been drilled. It is formed 

from sections of steel tube screwed together   

Christmas tree    The assembly of fittings, pressure gauges and valves on the top of the 

casing which control the production rate of oil and gas after the well 

has been drilled and completed    
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Completion    The installation of permanent wellhead equipment for the production 

of oil and gas    

Condensate     Hydrocarbons in the gaseous state under reservoir conditions which 

become liquid when temperature or pressure is reduced  

Coring    Taking rock samples from a well by means of a special tool called 

"core barrel"    

Crude Oil     Liquid petroleum as it comes out of the ground, as opposed to refined 

oil manufactured out of it    

Cuttings    Rock chips cut from the formation by the drill bit, and brought to the 

surface with the mud. Used by geologists to obtain formation data   

Derrick    The tower-like structure that houses most of the drilling controls    

Diagenesis A mineralogical and chemical change that takes place under the 

influence of subsurface temperature, pressure and electrochemical 

environment to a sediment after deposition which includes: 

compaction, cementation, leaching and replacement, excluding 

weathering and metamorphism 

Drilling rig    A drilling unit that is not permanently fixed to the seabed, e.g. a 

drillship, a semi-submersible or a jack-up unit. Also means the 

derrick and its associated machinery    

Dry hole    A well which was proven to be non-productive with no economic 

value    

Enhanced oil 

recovery    

A process whereby oil is recovered other than by natural or applied 

pressure from a reservoir    

Exploration 

drilling    

Drilling carried out to determine whether hydrocarbons are present in 

a particular area or structure    

Exploration 

phase    

The phase of operation which covers the search for oil or gas by 

carrying out detailed geological and geophysical surveys; where 
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promising followed up by exploratory drilling   

Evaporites Chemical sediment or sedimentary rocks that are formed by 

precipitation from evaporating waters; gypsum, salt, nitrates and 

borates are examples of evaporite minerals 

Field    A geographical area under which an oil or gas reservoir lies    

Filter cake Compacted solid or semisolid material remaining after liquid/solid 

separation 

Fishing    Retrieving objects from the borehole, such as a broken drill string, or 

tools    

Fluid loss  Refers to the volume of filtrate lost to a permeable substrate due to 

the process of filtration 

Fluid loss agent A group of additives specifically designed to lower the volume of 

filtrate that passes through a filter medium 

Formation A body of strata of predominantly one type or a combination of types 

Formation 

pressure    

The pressure at the bottom of a well when it is shut in at the 

wellhead    

Formation 

water    

Salt water present in formations    

Fracturing    A method of breaking down a formation by pumping fluid at very 

high pressures, with the objective to increase production rate from 

this reservoir    

Gas Channeling Penetration of gas through solids, especially during the transition of 

the plastic cement slurry to a solid  

Gas injection     The process whereby gas is pumped back into a reservoir for 

conservation purposes or to maintain the reservoir pressure    

Kick     A "kick" occurs when the formation pressure exceeds the pressure 

exerted by the mud column; this allows water, oil, gas or other 
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formation fluids to enter the well bore    

Killing a well Filling the borehole with drilling mud of suitable density to stop flow 

of oil, gas and any other formation fluids 

Lithology The study and description of rocks, including their mineral 

composition and texture; it is also used in reference to the 

compositional and textural characteristics of a rock 

Mud    A mixture of a base substance and additives used to lubricate the drill 

bit and to counteract the pressure of the formation   

Natural gas    Gas, occurring naturally and often found in association with crude 

petroleum   

Oil in place    An estimated measure of the total amount of oil contained in a 

reservoir and, as such, a higher figure than the estimated recoverable 

reserves of oil    

Oil shale Fined-grained, dark-colored sedimentary rock (shale) of extremely 

low permeability and porosity which is composed mainly of 

consolidated clay or mud 

Oil sand Surface near-sands which are rich in petroleum 

Payzone    Rock from which oil or gas are extracted    

Perforating gun A device fitted with bullets, lowered into a specific depth in a well 

and fired to create holes in casing, cement and formation 

Petroleum    A generic name for hydrocarbons, including crude oil, natural gas 

liquids, natural gas and their products    

Petrology Utilizes the classical fields of minerology, petrography, optical 

minerology and chemical analysis to describe the composition and 

texture of rocks  

Petrophysical 

data 

Valid data created from several rock specimens to develop the best 

standard from which to make the calculations of the petrophysical 
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parameters for lithography, porosity, water saturation and 

permeability at the reservoir level 

 

Platform    An offshore structure that is fixed to the seabed    

Porosity    The percentage of void in a porous rock compared, to the total 

volume    

Primary 

recovery     

Recovery of oil or gas from a reservoir purely by using the natural 

pressure in the reservoir to induce the oil or gas    

Reservoir    The underground formation where oil and gas has accumulated; it 

consists of a porous rock to hold the oil or gas, and a cap rock that 

prevents its escape    

Rheology The term relates to the viscosity (or fluidity) of e.g. the cement slurry 

when subjected to mixing and pumping into the borehole 

Riser (drilling)    A pipe between a seabed BOP and a floating drilling rig    

Riser 

(production)    

The section of pipework that joins a seabed wellhead to the 

Christmas tree    

Sedimentology Encompasses the study of modern sediment such as sand, mud (silt), 

clay
 
and the processes that result in their deposition during geological 

history which is applied to petroleum exploration and exploitation 

Slurry A mixture of suspended solids (e.g. cement) and liquid (water)  

Thickening time Essentially a setting time under conditions of controlled temperature 

and pressure ramps, designed to simulate the conditions for a given 

well depth 

Viscosity A property of fluids & slurries that indicates their resistance to flow; 

a plastic viscosity is defined as the ratio of shear stress to shear rate 

Workover    Remedial work within a well, the well and relating to attempts to 

increase the rate of flow    
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1. INTRODUCTION  

Extraction of oil and gas from underground reservoir rocks is a complex operation which 

requires in-depth technical knowledge and proven technology; affirmed by the quotation 

below:  

“In the decades ahead, the world will need to expand energy supplies in a way that is safe, 

secure, affordable and environmentally responsible. The scale of the challenge is enormous 

and requires an integrated set of solutions and the pursuit of all economic options” Rex W. 

Tillerson [1].  

It is thus very clear that today’s oil and gas wells cover a wider range of depths and 

temperature conditions than at any other time in the history of oil and gas exploration. Now, 

crude oil is explored in even deeper and non-conventional reservoirs like tight sand, oil shale 

and deepwater which often encounter high temperature and pressure.  

These wells vary from freezing temperatures to above 500 °F (260 °C), true vertical depths 

(TVDs) of up to 8,000 m (33,000 ft) and pressures above 20,000 psi, with hostile reservoir 

fluids and sometimes high salinity or in water depths of more than 10,000 ft [2-5].  

For oil and gas to be affordable and its processing to be safe, the focus should be on how to 

pursue excellence in drilling & completion and at the same time on high temperature and salt 

tolerant additives in order to reduce uncertainties, provide structural and chemical integrity 

and deal with bore hole challenges such as sour gas.  

 

All these require considerable development of new operational practices and sophisticated 

technologies due to the challenges to equipment and technologies in comparison to low 

conventional, temperature wells [6-9].  

 

To achieve ultimate success, well completion depends greatly on the cementing process 

which requires not only the selection of competent and durable materials, but also a complete 

understanding of placement techniques which will reduce the risk of cement failure [10,11]. 

These is because the wells drilled need to be sealed, cemented to eventually provide support 

for casing in the borehole, restrict fluid migration, prevent water migration, stabilize the 
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borehole, bond, support and protect the casing from drilling shock and corrosion from porous 

and/or saline formations. These conditions either drain water from the cement or push over- 

pressured formation fluids into the cement.  

These functions and requirements make cementing of the wells an extremely important 

operation performed in well construction. In addition to the prevention of fluid migration, a 

fluid loss additive in the cement composition also helps to prevent gas migration (exclusion 

of free water) between formation and borehole with the aim that the cementitious material 

should withstand the various stresses occurring during the life of the well and at the same 

time eliminates mud contamination [12] which could hinder cement strength development, or 

causes gas channels within the cement sheath. 

These effects can lead to major problems like cross flow, pressurized annulus or catastrophic 

situations (blowout out and infrastructure damage) which was the case in the Mancodo well 

disaster [13,14]. 

To achieve the aforementioned zonal isolation (seal of cement to casing and cement to 

formation), a general knowledge of fluid chemistry, drilling fluid types, is a must for good 

cement slurry design, tailored towards individual borehole conditions [15,16]. 

Hence, in this thesis first a general overview of oil and gas technology and materials needed 

is presented. Also, the testing which is conducted on cement slurries to unveil necessary 

information prior to placement of the slurry in a well relative to performance prediction and 

slurry behavior is discussed.  Moreover, different factors affecting cement slurry design that 

are to be taken into account during the formulation process utilizing specialized equipment 

(see Figure 1) and test procedures in accordance with API Specifications simulating down- 

hole cementing conditions are described. 

 

Furthermore, properties such as rheology of the cement slurry, thickening time (pumping 

time and safety factor), density of the slurry, compressive strength development and fluid loss 

rate during placement, all critical parameters for successful slurry design were engineered 

utilizing self-synthesized humic acid graft copolymer fluid loss additives, a conventional 

sulfonated FLA (AMPS
®

-co-NNDMA), a lignite-based graft copolymer and high temperature 

stable retarders. 
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Synthesis, characterization and assessment of a humic acid graft copolymer as HP/HT fluid 

loss additive and its interaction with other admixtures used in oil well cement was 

investigated. Its behavior in cement and working mechanism is explicitly revealed.  

 

 

Figure 1: General overview of equipment for oil well cement testing and the structure of the 

humic acid graft copolymer used in the study 

 

2. THEORETICAL BACKGROUND 

2.1 Oilfield chemicals 

Oilfield chemicals are various functionalised and speciality additives used in the petroleum 

industry. They have limitless versatility to specific function which facilitates the exploration 

and processing of oil and gas for both upstream and downstream activities. A significant 
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proportion of these additives are either added to the drilling fluid or the cement slurry. A 

proper understanding of the ideal chemical additives suitable for specific cases is inevitable 

for oil and gas exploration.  

Polymers form the bulky part of these oilfield chemicals which comprise of varieties of 

natural and synthetic origin. A typical example of polymeric material of natural origin is the 

group of biopolymers. The biopolymers are polysaccharides that comprise of cellulose 

derivatives: carboxy methylcellulose (CMC), hydroxy ethyl cellulose (HEC), hydroxy propyl 

cellulose (HPC), carboxy methyl hydroxy ethyl cellulose (CMHEC), ethyl hydroxy ethyl 

cellulose, hydrophobically modified hydroxy ethyl cellulose (HMHEC) and guar derivatives: 

guar, hydroxy ethyl guar (HEG), hydroxy propyl guar (HPG), carboxy methyl guar (CMG), 

carboxy methyl hydroxyl propyl guar (CMHPG); starch and xanthan gum.  Out of all these 

polysaccharide derivatives, only CMC, HEC, CMHEC, guar gum, HPG and xanthan gum 

which are non-ionic or slightly negatively charged are commonly used either as thickener, 

gelling agent, stabilizer, friction reducer or fluid loss agent  in drilling fluids, cementing, 

completion fluids, acidizing and fracturing.  

There is still conflicting information about the working mechanism of polysaccharide 

derivatives in general. It is certain that all polysaccharides have high water sorption capability 

and in water tend to form hydrocolloidal microgels, polymer associates or networks (e.g. 

MHEC and HEC) [17, 18]. By modifying the surface of these biopolymers via molar 

substitution of functional groups like carboxyl, hydroxyl propyl onto the backbone of these 

polysaccharide chains, surface modification is achieved which can either reduce or improve 

the tendency of the polymers to form associates and at the same time to provide adsorptive 

behavior, for example with carboxyl functional groups or non-adsorptive with propyl or other 

hydrophobic functional groups [19-21]. 

All these biopolymers have different temperature limitations which thus reduce their 

application at elevated temperatures (> 150 °C). 

Xanthan gum is known to be a rigid polymer which is not shear degradable and to possess 

high salt tolerance, even in the presence of divalent ions. Also, HEC is another non-ionic 

polymer that is tolerant to salt under mild salt concentration. But HEC has poor metal 

crosslinking property and this restricts its application in shale fracking. Thus, non-ionic HPG 

is the most commonly used, where non-adsorptive property and high viscosity crosslinked 

polymers are desirable. 
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Adsorptive polymers are desirable for instance in cement slurries, drilling muds and 

completion fluids while non-adsorptive polymers are suitable for fracturing fluids in order to 

avoid adsorption of such polymers to formation rock which will cause concentration 

depletion of the polymer from the aqueous phase and reduction of viscosity.  

Due to the temperature limitations of these biopolymers, synthetic polymers are now used 

because deep hot reservoir (> 150 °C) exploration is on the increase. High temperature 

formations require high temperature stable polymers whereas shallow, low temperature 

reservoirs can use polysaccharide admixtures.  

Examples of synthetic polymers used are low molecular weight polyacrylates as clay 

deflocculant and at high molecular weight as fluid loss additive. The polyacrylates are best 

utilized in fresh water at low salinity because even low concentrations of Ca
2+ 

ions precipitate 

polyacrylates. Thus, polyacrylate performs poorly in cement slurries and found limited 

application. Other polymers include polyacrylamides which can generate excessive viscosity 

and create immense problems when mixing most especially in cement slurry with formation 

of polymer-cement lumps. Another polymer used for a similar purpose is partially hydrolyzed 

polyacrylamide (PHPA). This polymer has shear thinning property and is sensitive to high 

salinity [22]. 

To overcome this setback for both polyacrylates and polyacrylamide, copolymers or 

terpolymers for example with 2-acrylamido-2-methyl propane sulfonic acid (AMPS
®

; 

sulfonate group) and addition of monomer with a more hydrophobic group such as N,N- 

dimethyl acrylamide are prevalent. These copolymers or terpolymers produces a polymer that 

is compatible with brines with the effect emanating from AMPS
®

 monomer while addition of 

monomer with a more hydrophobic group such as N,N- dimethyl acrylamide introduces a 

more shear resistant effect into the copolymer (AMPS
®

-co-NNDMA) structural build up. 

These copolymers and terpolymers have high temperature stability ≥ 150 °C and were found 

to adsorb on cement hydrates [23].  

In order to suppress the adsorbing properties of the synthetic polymers for fracturing fluid 

application, where non-adsorptive behavior is desirable, more hydrophobic groups are 

incorporated into the polymer chains. This polymer engineering approach makes the 

polymers to become non-adsorptive and to form molecular associates like the biopolymers 

[24-26]. 
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Today, hundreds of chemical additives exist due to the present challenges encountered in 

various branches of the oil and gas industry such as in exploration where they are used as 

retarder [27], fluid loss additive [28-34] and dispersant [35,36]. Also, in oil and gas 

production, drag reducing agents and lubricants [37,38] which comprises of high molecular 

weight polymers and sometimes fatty acid esters, help to decrease turbulence in pipes 

allowing for oil to be pumped through at lower pressures thereby saving energy and cost. 

Others are used in water shutoff [39,40]. Whereas, in downstream activities such as refining 

of oil and gas, they are used as emulsifiers, wetting agents, surfactants, scale inhibitors, 

desulfurization, denitrogenation and other crude oil refining processes [41-43]. 

 

2.1. Humic acid 

Humus is ubiquitous and constitutes a large portion of the total organic carbon pool in 

terrestrial and aquatic environments. It plays a very important role in the global carbon cycle 

and in the mobility and fate of plant nutrients and likewise as environmental contaminant [44, 

45]. Humus which is an organic matter is believed to constitute an anaerobically decomposed 

product of leaves and other detritus formed in soil as a deposit over time (see Figure 2). It is 

known to occur as peat bags in the form of lignite and brown coal deposits and many other 

types, such as Leonardite, a humic acid bearing ore [46]. 

 

 

Figure 2: Formation of fossil fuels over millions of years [from teachengineering.org] 
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Humus is known to contain specifically humic acid, fulvic acid and humins. The fraction of 

humus that is insoluble in water under acidic conditions (pH < 2) and which is highly soluble 

under alkaline conditions (high pH) are generally accepted to be humic acids. They are 

polydisperse with variable chemical features comprised of a mixture of weak aliphatic and 

aromatic acids. Whereas, fulvic acids are a mixture of weak aliphatic and aromatic organic 

acids, that are soluble in water at all pH conditions (acidic and alkaline medium). They have 

many carboxyl (-COOH) and -COH, less phenolic and aromatic functional groups compared 

to humic acid from the same source and are thus more reactive than humic acid [47,48].  

Nevertheless, the recovery of the humic acids from their ore involves a process of mild 

oxidation and subsequent alkali extraction [49-51]: Several processes are known for 

producing a solid oxidized ore containing humic acid. One of such process involves mixing 

the ore with an aqueous medium to produce slurry having a pH in the range of 4 to 9, 

adjusted with alkali hydroxide solution. The emanating slurry is then reacted with a gaseous 

oxidant selected from oxygen, air or a mixture of both under conditions of temperature and 

pressure, and left in the reactor for a time sufficient to cause the oxidation of the ore. This 

process thereby leads to the production of oxidized ore containing humic and fulvic acid 

which are separated from the aqueous medium [48,51]. 

 

Despite the fact that humic substances have a great range of application, its chemical 

composition is not well understood due to their large chemical heterogeneity and 

geographical variability, with conflicting proposition from different researchers [52]. Owed 

to this problem, several analytical approaches have been used for its characterization and, 

more importantly, for its molecular weight determination [53-58]. They show that humic acid 

encompasses a very wide molecular range (30,000 - 200,000 g/mol) while fulvic acid’s molar 

mass ≤ 10,000 g/mol, with no clear cut defined standard method for its molecular weight 

determination. The proposed chemical structures of humic acid and fulvic acid are presented 

in Figure 3 [45,59]. Humic acid possesses a 1:1 hydrogen-to-oxygen molar ratio and a 

significant content of aromatic groups, compared to fulvic acid which exhibits a low 

hydrogen-to-oxygen ratio. Such ratio is an indication of fewer acidic functional groups. 
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Figure 3: Model structures of humic acid by Stevenson [45] and of fulvic acid by Buffle [59]. 

 

It is thus apparent that humic substances consist of a heterogeneous mixture of compounds 

which are primarily free and bound phenolic OH groups, quinone structures, sugar moieties, 

nitrogen and oxygen as bridge units and carboxylic (COOH) groups distributed on aromatic 

rings [45]. Several humic acid molecules are believed to be bonded together by weak Van der 

Waals forces and hydrogen bonding. The heterogeneous mixture of these compounds was 

confirmed by the most recent work of Thorn et al. [60]. 

 

In terms of application, humic acid plasticizers are known in the oil industry and are used as 

flocculants and thinner for drilling fluids [61]. Even when lignite which is primarily 

composed of fulvic acid, humic acid and humins is used as a thinner for high temperature 

applications [62-64], there is always an underlying assumption that the humic acid 

constituent may be the factor responsible for its thinning capability since leonardite contains 

72 % humic acid and lignite with ~ 52 % [65].  

Humic acid 

Fulvic acid 
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Furthermore, humic acid, lignite and lignin are considered as natural abundant polymeric 

material and low cost feedstock for oilfield polymers. They now have found wide application 

either by physically blending with synthetic or biopolymers or modest chemical 

modifications like grafting of different vinyl monomers onto their surface. These are common 

approaches to enhance and manipulate their macromolecular structures in order to further 

improve their performance. By this method, suitable polymeric materials with immense 

potential for oil and gas applications can be obtained. 

 

2.2. Derivatization    

Polysaccharides (e.g. cellulose and starch), leornadite (source of lignite and humic acid), and 

lignin obtained from wood are the most abundant naturally occurring organic materials that 

have limited application without physical or chemical derivation or modification. Their 

performance can be improved by several means, either by blending with different polymers 

or by synthetically linking different polymer chains onto their structures by covalent bonding 

known as grafting.   

Grafting is a technique or method used to covalently bond lateral chains of one polymer onto 

the polymer chain of another categorized as the backbone for its surface modification via a 

polymerization process and it is thus irreversible [66]. 

 

2.3. Grafting  

Grafting performed via free radical polymerization presents the cheapest and preferred 

method of polymerization suitable to obtain a cost effective graft copolymer. This 

polymerization method proceeds through the formation of active free-radicals, known as the 

initiation. The generated radicals elongate or propagate the chains and successively combine 

with monomers to give a long active radical chain which is thus terminated by recombination 

or addition of small amounts of foreign substances like oxygen, bisulphite or hydroquinone 

which suppress the polymerization process due to quenching of free radicals.  

The grafting process can be subdivided mainly into two: grafting-onto and grafting-from 

techniques. The processes of grafting-onto [67] and grafting-from [68] are different ways to 

alter the chemical reactivity of the surface. In the so-called grafting-onto mechanism, a 
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polymer chain is first independently propagated in solution and then grafted onto a surface 

(the backbone) in solution. The pre-polymerized chains have a thermodynamically favored 

conformation in solution. This favored conformation acts as a barrier (limiting factor) to the 

number of polymer chains that can reach the surface of the polymer backbone and adhere. 

The phenomenon makes their grafting density to be self-limiting and thus the grafting-onto 

mechanism is characterized with low grafting density. Whereas in the more expensive 

grafting-from mechanism, a polymer chain is initiated and propagated on the backbone. The 

grafting-from technique overcomes this phenomenon and allows for higher grafting densities.  

 

The mechanism of free radical polymerization used for grafting is centered on different 

methods of initiation. The traditional method of redox reaction is the most common 

conventional approach to generate free radicals using different redox reagents in which 

radicals can be obtained and relayed to the polymer backbone (for grafting-from) or to 

monomers (typical for grafting-onto) so that the grafting reaction occurs at relatively lower 

temperatures within 0 - 60 °C.  

Certain compounds like AIBN (azo-isobutyronitrile) and per sulfate are capable of 

undergoing homolytic fission on heating which produces free radicals and transferring them 

onto the monomer to be initiated. The ease of radical generation of persulfate at lower 

temperatures makes it the most commonly employed initiator. Likewise, transition metal ions 

like Fe in their lower oxidation states are easily oxidized in aqueous medium to their highest 

valence, mostly in the presence of hydrogen peroxide (Fenton’s reagent) or persulfate which 

also leads to the formation of free radicals (see eqn. 1 & 2).  

                   Fe
2+

  +  H2O2   →  Fe
3+ 

+  OH
-
  +  OH˙ 

                             eqn. 1 

                   Fe
2+

  +  S2O8
2-

  →  Fe
3+  

+ SO4
2-

  +  SO4
-
˙

                                         
eqn. 2 

According to Misra, ferrous ammonium sulfate and potassium persulfate redox initiator 

(FAS-KPS) was used for grafting ethyl acrylate onto cellulose backbone [69]. It was 

observed that the primary sulfate radical generated reacted with water used for solving the 

monomers and formed secondary hydroxyl radicals which were responsible for initiating the 

active center on the cellulose polymeric backbone during grafting (see eqn. 3). The FAS-KPS 
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redox system was also compared with Fenton’s reagent and it was found that Fenton’s 

reagent reactivity is several times better than that of the FAS-KPS redox system.  

                    SO4
-
˙

  
+  H2O    →    HSO4

- 
 +  OH˙                                       eqn. 3               

Khalil et al. [70] reported the graft polymerization of acrylamide onto maize starch using 

only potassium persulfate (KPS). Parameters like concentration of initiator and nature of 

monomers, polymerization time and temperature and liquor ratio were investigated. The 

optimum condition obtained for efficient grafting reaction was: temperature (60 °C); liquor to 

solid ratio of 5 and initiator concentration of 0.3 mol /L.  Also, out of the monomers tested 

for the grafting, acrylamide exhibits the highest grafting proficiency, followed by 

acrylonitrile and methacrylic acid while acrylic acid was found to be the least. 

Hosseinzadeh [71] reported the use of KPS to induce grafting polymerization of acrylamide 

onto another polysaccharide, kappa-carrageenan. The grafting mechanism was found to occur 

by hydrogen abstraction from the hydroxyl group of the polysaccharide to form alkoxyl 

radicals on the substrate (kappa-carrageenan). This study shows that persulfate initiator is 

capable of initiating an active center on polymeric polysaccharide backbone for propagation 

of the grafting reaction.  

In another example, Chen et al. [72,73] reported the grafting of acrylamide and acrylic acid 

onto lignosulfonate using Fenton’s reagent (Fe
2+

/H2O2 redox system) in water as the solvent. 

It was found that the calcium salt of lignosulfonate presented a better basis than sodium or 

ammonium lignosulfonate.  

Recently, Witono et al. reported about the graft copolymerization of cassava starch with 

acrylic acid using Fenton’s redox system in water. It was found that out of eight variables 

examined, only temperature, starch concentration and ratio of starch to monomer had a 

pronounced influence on the response parameters which were grafting efficiency and fraction 

of the desired product. The optimal conditions reported for good grafting efficiency were 

moderate reaction temperature (40 
◦
C) and a starch concentration of 10 %. A low starch to 

monomer ratio was found to decrease grafting efficiency [74]. 

The most reported redox initiator system for grafting of macromolecules is based on cerium 

compounds, most especially on cerium ammonium nitrate (CAN).  
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Cerium possesses two oxidation states, Ce
3+

 and Ce
4+

. The stability of Ce
4+ 

is attributed to the 

empty 4f shell in its electron configuration ([Xe], 4f°. In acidic medium, it is known to be an 

oxidant and a strong electron acceptor.  

                    Ce
4+  

+  e
- 
 ↔  Ce

3+ 
                                                      eqn. 4 

The redox potential of both Ce
4+

/ Ce
3+

 ions depends mostly on the nature of the acid used and 

its concentration. The redox potentials for the acids as follows increases in the order of HCl < 

H2SO4 < HNO3 < HClO4 (1M HCl, 1.28V; 1M H2SO4, 1.44V; 1M HNO3, 1.61V; 1M HClO4, 

1.70 V and 8M HClO4, 1.87V) [75]. The oxidation power of of Ce
4+

 is exploited in grafting 

reactions, most especially for grafting vinyl monomers onto polysaccharides [76-84] or lignin 

[85-87]. The mechanism of grafting monomers onto lignin was proposed to occur via 

hydrogen abstraction from the phenolic functional group present in lignin [86]. This 

proposition was thoroughly discussed and confirmed by Philips et al.[88]. This is because 

hydrogen abstraction reaction has the lowest favorable dissociation energy from the other 

entire moiety present in lignin.  

Similarly, Shadeghi et al. [89] studied the mechanism of graft copolymerization of 

methacrylamide monomer onto carboxymethyl cellulose using cerium ammonium nitrate. 

The mechanism of reaction was proposed to occur with the aids of thermally dissociated 

Ce
3+

-Ce
4+

 complex which disconnects the C-C bond from the CMC backbone. This step 

forms the corresponding macro initiator that initiates the grafting of methacrylamide onto the 

CMC backbone leading to the graft copolymer, as illustrated in Figure 4. 

 

All these approaches to graft synthetic monomers onto biopolymers, coal and wood 

derivatives are an important measure to obtain tailored functional polymers for the growing 

scientific interest and endless demand from industries for high performance polymers with 

unique physical and chemical properties. 
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Figure 4: Schematic representation of the proposed mechanism for Ce-induced grafting of 

methacrylamide onto CMC [89] 

 

 

2.4.  Portland Cement 

 

Portland cement is a typical example of a hydraulic binder that reacts with water to form a 

viscous paste, undergo setting, harden and gain strength to form a rock-like mass known as 

concrete. These processes occur through chemical reactions called hydration which is 

accompanied by evolution of heat [90,91].  

 

Nowadays, production are carried out mainly in continuously operating rotary kilns with a 

capacity of up to 10,000 tons per day in some Asian plant (see Figure 5). 
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Figure 5: Modern cement rotary kiln production line with a daily output of 5,000 tons 

[obtained from Jiangsu Pengfei Group Co., Ltd]   

 

The cements are made by quarrying calcareous and argillaceous material that are generally a 

mixture of limestone (a principal raw material for clinker production) and clay mixed 

together in the required proportions. These are finely milled and blended together to form a 

uniform composition achieved either by wet or dry blending. The mixture is then heated to a 

temperature at which partial fusion occurs. Iron and alumina are occasionally added if not 

present in sufficient proportions in the clay to ensure uniformity and high quality of the 

clinker.  

 

The clinkerization process involves four major reaction steps: (a) dissociation of limestone; 

(b) solid-state reactions; (c) liquid phase sintering and (d) reorganization of clinker 

microstructure through cooling. The clinkerization generally occurs in a rotary kiln at 

temperatures ranging from 600 - 1500 ° C [92]. 
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The resultant product is called clinker which is subsequently cooled, pulverized, and blended 

with a small amount of gypsum to yield cement powder. The gypsum added is used for 

controlling the setting time of finished cement to prevent a phenomenon known as flash set. 

These clinkers: alite - tricalcium silicate (3CaO·SiO2), belite - dicalcium silicate 

(2CaO·SiO2), tricalcium aluminate (3CaO·Al2O3), and tetracalcium aluminoferrite known as 

Brownmillerite (4CaO·Al2O3·Fe2O3) [93] are essentially crystalline phases in close 

intergrowth which typically contained foreign ions.  

 

Several methods are employed to determine the phase composition of cement because the 

performance characteristics of cements are influenced by their phase composition. These 

methods include microscopy, chemical analysis and X-ray diffraction. Also, the oxide content 

of clinker is often used to determine the phase composition via the Bogue calculation [94] as 

stated in ASTM C150-07 [95]. Figure 6 outlines a typical brief summary of set of procedures 

involved in qualitative and quantitative XRD analysis of cement and clinker phases. 

 

 

Figure 6: Scheme of XRD characterization of clinker and cement [95] 
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The clinker phases have well defined X-ray diffraction peaks in ICDD database: Alite (13-

272, 49-442 and 33-301); Belite (33-302 and 73-2091); tricalcium aluminate (orthorhombic: 

32-150, 33-251; cubic: 38-1429 and 1-070); tetracalcium aluminoferrite (33-311). In 

addition, cement clinker contains some free calcium oxide and minor quantities of periclase 

(MgO). Figure 7 shows typical manifestations of the main clinker phases in a clinker grain, 

as can be observed under a polarizing microscope with Alite (C3S) appearing in the form of 

large, hexagonal, yellow crystals; Belite (C2S) is however visible as rounded, brown, crossed-

lamellar crystals; Brownmillerite (C4AF) is the enamel matrix of C3S and C2S while C3A 

occurs in the form of very small, orthorhombic, gray-colored crystals; MgO (periclase) is 

small, hexagonal, pink colored phases while CaO is roundish and turquoise, with 

characteristic reptile tail drawing. 

 

 

Figure 7: Schematic representation of the components of a Portland cement clinker (edge 

length 30 microns); etching was carried out with 1, 2-cyclohexane-N,N,N',N'-tetraacetic acid 

disodium salt (CDTA) [97].  
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2.5.1  Oil well cement 

 

API grade oil well cements are Portland cements produced with low aluminate (C3A) content 

and capable of responding towards additives in order to prevent rapid setting under 

conditions of elevated temperatures and pressures.  

 

Among several agencies responsible for cement quality regulation, the most commonly 

employed in the oil industry are the ASTM standards which are applicable to cements used 

for construction and building, and the API standards for cements used in the oil industry. The 

ASTM specifications provide for five types of Portland cement: type I: Ordinary Portland 

cement used for all purposes under normal condition; type II: Blended cement with moderate 

sulfate resistance that has resistance to alkali attack and characterized by low C3A content (< 

8 %), used for mass concrete; type III: Blast furnace slag cement with high early strength 

(C3A < 15 %) used for precast concrete and in cold weather; type IV: Low heat Pozzolanic 

cement used for massive structures like bridges and type V: high sulfate resistant composite 

cement (C3A < 5 %) with maximum alkali resistance. Whereas, API specifies eight types (see 

Table 1) designated as Classes A through H [98]. Class A (similar to ASTM type I), Class B 

(similar to ASTM type II and class C (similar to ASTM type III and high sulfate resistance 

type) are used for surface activities within a depth of 6,000 ft and where early strength is 

required, with resistance to sulfate environment. Classes D, E and F suitable for high 

temperatures and pressures are rarely used. Since oil wells are subject to a wide range of 

temperatures, pressures and hostile conditions where addition of additives like accelerators, 

retarders, fluid loss additives, weighting agents, dispersants, lost circulation materials, 

extenders, salts, silica flour and special agent like antifoams are needed to facilitate working 

in such environment, the less reactive Class G and H cements found wide application in the 

exploration for oil and gas. This is because they satisfy the requirements for materials that are 

capable of forming low-viscosity slurries which remain pumpable to a considerate depth. 

They also have good response to additives which allows them to be tailored to harden rapidly 

once in place, with acceptable strength development. The cement in place must immediately 

develop and maintain enough mechanical strength and thermal stability, most especially on 

injection wells [99], and low enough permeability in order to prevent invasion of liquids or 

gases over the life span of the well.  
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At temperatures above 110 °C, cement is known to undergo strength retrogression due to the 

formation of α-C2SH (calcium silicate hydrate) and several other metastable phases [100] 

characterized by high Ca/Si ratio > 1.0 (see Figure 8). This process modifies the physical, 

chemical and mechanical properties of Portland cement.  Addition of 30 - 40 wt. % of silica 

flour to Class G/H cement replaces the old class J cement used for the same purpose. This 

composite cement (class G/H and silica flour) produces hydration phase of Ca/Si ≤ 1.0 which 

is thus more suitable for HP/HT oil wells in order to achieve a cement sheath with low 

permeability and high mechanical strength. 

 

 

Table 1: API Cement Classes, their composition, well depth and temperature range 

API 

Class 

Average content of clinker phase       

(M. - %) 
Well depth                  

(ft) 

Temperature   

range               

(° C) 

C3S C2S C3A C4AF 

A 53 24 8+ 8 0 – 6,000 27 – 77 

B 47 32 5- 12 0 – 6,000 27 – 77 

C 58 16 8 8 0 – 6,000 27 – 77 

D 26 54 2 12 6,000 – 12,000 77 – 127 

E 26 54 2 12 6,000 – 14,000 77 – 143 

F 26 54 2 12 10,000 –16,000 115 – 160 

G 50 30 5 12            0 – 8,000       27 – 93 

H 50 30 5 12      0 – 8,000 27– 93 
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Figure 8: CaO-SiO2-H2O phases formed at 50 to 1000 °C; from Meller et al. [101] 

 

2.5.2 Cement hydration 

Cement hydration is the process which involves the transformation of anhydrous cement into 

a slurry by reaction with water, to form an amorphous paste through a chemical reaction and 

which gains strength by transformation into a rock-like mass known as concrete [93].  

 

This process follows a dissolution/precipitation mechanism via solution as described by 

Barret [102, 103]. Upon contact of cement with water, calcium ions in the surface layer of the 

anhydrous cement phase pass rapidly into solution. Initially, the Ca
2+

/SiO2 molar ratio is very 

high (3:1) indicating in congruent dissolution of tricalcium silicate [104]. This relatively high 

initial silicate concentration observed only seconds after mixing is only transitory and 

decreases very quickly to extremely low values, i.e. to about 10 µmol/L. Contrary to that, the 
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concentration of calcium hydroxide continues to increase, exceeding the value of 20 mmol/L 

which would be expected from the solubility product of Ca(OH)2.  

 

At elevated temperatures, the hydration of ß-dicalcium silicate is found to accelerate in 

relation to that of C3S, which could be related to the higher solubility of silicate and lower 

solubility of Ca
2+

 under this condition. This was ascertained by Durgun et al. [105]. He 

explained that the fast hydration of C3S at low temperatures in comparison to C2S is mainly 

related to the reactive sites around C3S which involves ionic oxygen atoms that are absent in 

C2S. The dissolution rate of both C3S and C2S was recently confirmed to depend on the 

concentration of Ca(OH)2 in the pore solution which acts as the limiting factor for early 

silicate hydration [106].  

 

The calcium hydroxide formed at the beginning of hydration is tagged to be the alkali 

reservoir of cement paste and accounts for the high pH of cement pore solution. Potassium 

and sodium are also present in small amount as sulfates, e.g. K2SO4, double alkali sulfates 

like syngenite (K2SO4·Ca2SO4) and langbeinite (K2SO4·2Ca2SO4). The alkali ions readily 

enter into cement pore solution and accelerate early hydration reactions. Also, C3S and C3A 

which can contain a limited amount of (0.75 %) contribute as well to the alkali content of the 

cement pore solution [93]. Thus, C3S and C2S which constitute about 80 % of the weight 

fraction of the cement (see Table 1) fully participate in the dissolution process. Another 

reactive phase is C3A which forms ettringite crystals in the presence of dissolved sulfate 

during the induction and dormant periods within 0 - 15 min and 1- 2 h respectively of mixing 

the cement with water (see Figure 9).  
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Figure 9: Schematic representation of Portland cement hydration [107] 

 

It is very important to review the hydration products formed within these two earliest periods 

because it produces cement phases for additive interaction rather than the other periods: 

(acceleration period, 2-5 h;  deceleration period, 5-18 h; and final period, 1-180 days) which 

are at least well known due to the formation of well-defined crystalline phases over time.  

 

The early hydration phase of cement is a very complex process due to the formation of 

several hydration products like ettringite, portlandite and poorly crystalline C-S-H phases 

[108-113]. This becomes even more complex and complicated at elevated temperatures due 

to array of chemical reactions taking place simultaneously at a much faster rate.  

 

For instance, when water is added to cement, parts of the clinker sulfates and gypsum are 

readily dissolved to produce an alkaline, sulfate rich solution during the induction period. In 

this period, the most reactive phase C3A reacts with water to form an aluminate rich gel that 

subsequently reacts with the sulfate rich solution emanated from gypsum (CaSO4. 2H2O) to 

form ettringite (Ca6Al2(SO4)3(OH)12 ·32 H2O), a rodlike crystalline, phase (see Figure 10). 

Its formation is described in the chemical reaction of equation 5 [112].  

 

C3A   +   3 CaSO4·2 H2O   +    26 H2O     →     C3A· 3 CaSO4·32 H2O      eqn. 5 
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This process is possible mostly at high sulfate concentrations (≥ 2.35 g/L) and a temperature 

below 115 °C. This is because ettringite that is believed to be the host for additive adsorption 

is known to degrade at temperatures of ~ 80 °C to 115 
o
C [114 -118]. 

 

 

Figure 10: Ettringite formation from C3A hydration with ESEM in the presence of gypsum 

after 2 h (dormant period) of hydration (ESEM micrograph) 

 

Afterwards, when the sulfate concentration decreases to below 2.35 g/L which occurs at 

elevated temperature (above 115 °C) due to the increased rate of hydration (increased sulfate 

consumption), monosulfoaluminate, a crystalline, platy phase (in Figure 11) is formed, either 

by reaction of ettringite with C3A or with remaining gypsum, as is shown in equation 6. 

 

C3A    +    CaSO4 ·2 H2O    +   10 H2O    →    C3A· CaSO4 ·12 H2O          eqn. 6 
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Figure 11: Hydration of C3A in the presence of gypsum showing a monosulfate crystal 

(ESEM micrograph) 

 

Out of all these cement hydration products, the hydration phase most investigated in recent 

times is the calcium silicate hydrates [119-124]. This is because the hydration reaction of the 

silicates (C3S and C2S) involves a more complicated process, most especially during the 

induction or pre-induction period where a poorly crystalline C-S-H gel known as intermediate 

C-S-H is believed to be formed along with a calcium hydroxide (portlandite), a crystalline 

cubic phase [125-127]. The C-S-H formation was also recently observed by Muller et al., 

where increased densification of C-S-H was found from cement hydration over a period of 

time. This corresponds to the growth of low density C-S-H with few layers containing gel 

pores to a higher density product devoid of gel pores using NMR spectroscopy [128]. 

Investigation of these hydration products becomes very important because of the necessity to 

understand admixture-cement interface interaction and likewise its consequences for the 

anchoring possibilities of polyelectrolytes (cationic and anionic) on the main hydration 

products: sulfoaluminate hydration products (ettringite, monosulfate etc.) and calcium silicate 

hydrates (C-S-H).  

 

A complete understanding of all the processes and hydration phases of cement and the factors 

responsible for cement workability (setting time) will generally serve as a strong basis for 

understanding the mechanism of different polymer additives interaction with binders.  
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2.5.3   Influence of additives on cement hydration 

 

Polymers (oilfield additives) are indispensable for fluids adjustment before placement, most 

especially cement additives in order to adjust the properties of the fluid according to specific 

needs of the job.  

 

There are hundreds of these additives which are distinguished by the properties of the cement 

slurry which they influence, such as accelerator, retarder, dispersants and fluid loss additive, 

with distinct and specific working mechanism.  

 

For example, tartaric acid, a low temperature (about 95 °C) cement retarder is known to form 

an insoluble calcium tartarate precipitate in the presence of calcium from cement pore 

solution. Its mechanism of cement hydration retardation occurs by precipitating on C3A via 

calcium complexation [27,114]. Whereas, another retarder, nitrotris (methylene) 

triphosphonate was found to accelerate ettringite formation by enhancing calcium ion 

dissolution, forming a calcium rich layer on C3A in the presence of gypsum. It was also found 

to inhibit C-S-H formation by calcium complexation forming calcium phosphonate 

precipitate layers on hydrating cement [129].  

 

Recently, sucrose, a known effective cement hydration inhibitor was ascertain to selectively 

adsorb on hydrating silicate surfaces by using advanced solid – state NMR spectroscopy 

techniques [130]. Sucrose retards C3S hydration directly by nucleation poisoning and surface 

adsorption due to solubilization of silicate species [131].  Hence, based on the mode of 

actions of these retarders, the cement slurry remains plastic/fluid for a long time as needed in 

cementing operations. 

 

It thus becomes most probable that additives interact non-selectively with both 

sulfoaluminate and silicate hydrate phases. Hence, non-selective adsorption of polymers on 

hydrating cement particles and intermediate calcium silicate hydrate, a substantial component 

of hydrating cement with surface composition and charge varying from being either positive 

or negative, depending on the presence of ions incorporated [122, 132-134], which influences 

cohesion [193,194] between the C-S-H substrate and the water content [136,137], is most 

likely to occur. This is also supported by the high pH (~ 13) of cement pore solution that 
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favours formation of Ca(OH)
+
 ions on hydrating cement particles which are most likely to be 

prominent at elevated temperature above 140 °C, suitable for anionic polyelectrolyte 

adsorption. This findings was recently collaborated by Mishra et al. [138] who found that C3S 

reacts with grinding agents (organic ethanol amines) used during the production of cement. 

The mechanism of adsorption of the organic molecules was found to be based on superficial 

coordination of calcium ions, electrostatic interaction and hydrogen bonding on the surfaces. 

 

Moreover, the surface area of amorphous C-S-H phase is higher than that of the crystalline 

phase [139], which makes it a suitable host for polymer interaction. This shows a high 

probability of this mineralization process for anchoring anionic polyelectrolytes on crystalline 

calcium silicate phases, hydrating silicate and anhydrous silicate particles, most especially at 

temperatures above 140 °C where increased hydration of silicates occurs. 

 

Still, possible high temperature stable calcium aluminate sulfates like monosulfate or calcium 

aluminium oxide hydrate [140], a product similar to ettringite, cannot be completely excluded 

at elevated temperature. This review thus opens up fundamental questions such as: 

What happens to admixtures which initially anchor on ettringite when this phase decomposes 

at elevated temperatures? 

At high temperatures, which cement phase allows adsorption of admixtures to function well? 

 

2.6  Oil and Gas Technology 

The oil and gas industry is subdivided into two major parts which comprise of the upstream 

and downstream sector. The upstream sector refers to the search for potential underground or 

subsea oil and gas fields; drilling of exploratory wells; testing of the productivity of the wells; 

recover and bringing the crude oil and/or raw natural gas to the surface and its production.  

While the downstream sector is a term commonly used to refer to the refining of crude oil 

and the selling and distribution of natural gas and products derived from crude oil. The 

products include liquefied petroleum gas (LPG), gasoline or petrol, jet fuel, diesel oil, other 

fuel oils, asphalt and petroleum coke. This sector includes oil refineries, petrochemical plants, 

petroleum product distribution, retail outlets and natural gas distribution.  
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The oil and gas technology is thus centered on these two main sectors. Oil well cementing 

presents one of the steps of well bore construction which starts from drilling into a target 

reservoir, to well evaluation (well logging), well completion and testing, 

cementing/perforation, acidizing  and fracturing and to the final stage which is oil production. 

All these activities from drilling to the point of preparing the well for production is termed 

upstream segment. 

The exploration commences from the primary objective of identifying a sedimentary basin 

with good hydrocarbon potential. Once a potential oil and gas reservoir is found, either 

onshore (i.e., on land) or offshore (i.e., in the ocean), drilling commence with drilling of an 

appraisal well to test the specific prospect of the area (for more details see [141]). 

Extraction of oil and gas from the well bore requires sophisticated technology. The task 

ahead for both conventional and unconventional formations ( HP/HT wells, deep water, tight 

gas, heavy oil, coal-bed methane (CBM), gas hydrate, shale oil and gas) is enormous (see 

Figure 12).  

 

 

Figure 12: Permeability range of conventional, tight gas and unconventional formations 

[from 142] 

This includes elaborate knowledge about deeper reservoirs in deep water areas, knowledge of 

petroleum systems and reservoir distribution, reservoir temperatures or pressures, reservoir-

rock composition and properties, fluid composition and characteristics, reservoir management 

and optimization, wellbore integrity and intervention by providing safer and efficient 

methods for drilling, well logging and evaluation, coring and fracturing in order to reduce 

uncertainties and risks for the benefit of the society. 
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2.6.1 Hydrocarbon Reservoirs 

Oil and gas reservoirs are accumulations of fluids and gases over geological time in an 

independent trap known as the sedimentary basin originated from the compaction and/or 

consolidation of sediments. They contain hydrocarbons stored in porous or fissured strata of 

the earth’s outer crust under high temperature, pressure and saline environment with specific 

geometric configuration and boundary conditions, storage and flow properties [143, 144]. 

The position of these reservoirs depends on the chemistry of the reservoir, most especially the 

rock-fluid interaction and reservoir mineralogy. This is because the composition, content, 

occurrence, and distribution characteristic of clay minerals in the reservoir determines the 

storage capacity, productivity and the sensitivity of the reservoir.  

The reservoirs need to contain four types of geological features which include: oil and gas 

source rock, reservoir rocks, a seal and a trap (see Figure 13).  

Clay minerals are known to be an important composition of source and reservoir rocks that 

can generate and store oil and gas respectively. They also have influence on the physical and 

chemical properties of conventional sandstone, carbonate and unconventional shale. 

 

 

                               Figure 13: Scheme of an oil and gas reservoir [145] 
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Reservoir rocks: Reservoir rocks are rocks that are capable of holding oil and gas and 

releasing its content during production. They are normally characterized as either oil-wet or 

water-wet (wettability property), and by their fracture distribution and rock types. These are 

distinguished based on their permeability, porosity in terms of the effective storage space and 

specific surface area. The rocks are dominantly sandstones termed siliciclastic reservoirs 

which are basically quartz (SiO2), with little feldspar, rock fragments (debris) and fine clay 

minerals (basically mudstones) for binding the quartz grains together.  

Sandstone is a chemically fairly stable mineral and is not easily altered by changes in 

pressure, temperature or acidity of pore fluids. Hence, sandstone usually has uniform porosity 

(> 5- 25 %) [146].  

Generally, porosity and permeability normally decrease with increasing depths. But anomaly 

high porosity and permeability in deep buried sandstone reservoirs are common. This is 

higher than typical sandstone subpopulations where a porosity loss by both mechanical and 

by chemical compaction is retarded by high pore pressure ≥ 16.9 MPa/km due to: (1) grain 

coats and grain rims, (2) early emplacement of hydrocarbons and (3) development of fluid 

overpressure [147].  

Pure quartz is known to be strongly hydrophilic based on its silanol surface groups. But the 

mineralogy of the sandstone reservoir determines the distribution of crude oil within the 

sandstone pores as their storage is largely determined by the nature and the distribution of 

clay minerals. These factors make sandstone reservoirs scarcely being oil wet.  

The other type of reservoir rock is limestone [148]. This carbonaceous reservoir rock is 

essentially composed of more than 50 % calcium carbonate such as calcite (CaCO3) and 

sometimes contains dolomite (CaMgCO3) due to calcium being substituted by magnesium 

during the diagenesis. Also, it contains low amounts of bioclasts (skeletal fragments of 

marine or land organisms), quartz and feldspars. These reservoir rocks are characteristically 

porous, permeable and offer a porous formation for the accumulation and free flow of oil and 

gas. This is because it contains a complex interconnected network of microscopic pores 

created by dissolved carbonates. The picture of a core sample in Figure 14 is an example of a 

carbonate reservoir filled with white saddle dolomite. 
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Figure 14: Core photographs of Trenton Group (Sherman Fall Formation) carbonates, 

southwestern Ontario. (A) Chaotic breccia, interparticle space filled with white saddle 

dolomite, (B) Mosaic breccia, interparticle porosity partially occluded by white saddle 

dolomite; obtained from [149]. 

 

A seal: is also known as cap rock [150]. These rock types do not allow fluid or gas migration 

and are generally very fined-grained rocks with very low permeability and ductile when 

compacted. The most common of these caps suitable for gas injection wells, e.g. for 

underground CO2 storage, are argillaceous (mudstones, clays and shales) and evaporites (salt 
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and anhydrite) [151]. These cap rocks are normally tagged as being good or bad for 

underground storage (e.g. carbon capture and storage), based on their permeability to gases. 

 

A trap: is the end result of the entire geological process, which is known to occur by physical 

arrangement between the reservoir rock fluids and the seal. There are mainly two types: 

structural, stratigraphic and sometimes a mixture of both together [148, 152]. The former 

have been formed when the reservoir rock and the overlaying seal have been deformed either 

by folding or faulting. This makes the oil and gas to migrate upward through the reservoir 

and accumulate in the highest part of the structure with a gas cap because of its low density 

(structural trap); whereas the latter (stratigraphic trap) are formed when the reservoir rock is 

deposited as a discontinuous layer. 

There are many oil reserves located throughout the world, as shown in Table 2. According to 

the EIA report 2011, the total oil reserves worldwide are 1,471.2 billion barrels as of January 

1, 2011 [153]. 
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Table 2: World oil reserves by country as of January 1, 2011 (billion barrels) [153] 

Country Oil reserves Percentage of world total 

Saudi Arabia 260.1 17.68 

Venezuela 211.2 14.35 

Canada 175.2 11.91 

Iran 137.0  9 .31 

Iraq 115.0   7.82 

Kuwait 101.5   6.90 

United Arab Emirates   97.8   6.65 

Russia   60.0   4.08 

Libya   46.4   3.16 

Nigeria   37.2   2.53 

Kazakhstan   30.0   2.04 

Qatar   25.4   1.73 

United States   20.7   1.41 

China   20.4   1.38 

Brazil   12.9   0.87 

Algeria   12.2   0.83 

Mexico   10.4   0.71 

Angola    9.5   0.65 

Azerbaijan    7.0   0.48 

Ecuador    6.5   0.44 

Rest of the world  74.9   5.09 

World total                 1,471.2                   100.0 
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2.6.2 Interface Formation- Fluids 

Naturally occurring rocks are generally permeated with fluids which comprise of water, oil, 

gas or their combinations in varied proportion. The quality and quantity of the fluids within 

the reservoir and their transmissibility is of utmost importance in drilling and well 

completion. These reservoir fluids fall into three broad categories; (i) aqueous solutions with 

dissolved salts (connate water), (ii) liquid hydrocarbons, and (iii) gases (hydrocarbons and 

non-hydrocarbons).When hydrocarbons are produced, connate water is brought to the surface 

as an oil/water mixture and this water produced with oil is called produced water. The major 

constituent of this produced water is oil and grease, while the salt content (expressed as 

salinity, conductivity, or TDS) is a primary concern in onshore operations. In addition, the 

produced water also contains many organic and inorganic compounds which vary from one 

location to another and even over time in the same well [154].  

Due to the presence of these diverse fluids confined together in a place, a sensitivity analysis 

(water, salt, alkali, acid and stress) is often used to ascertain their state in the reservoir. It is 

used to develop the best method for water shutoff on producing wells. 

It is well known that most shallow formations contain some expandable clays like smectites 

which are mostly reactive to water and cause formation swelling. This effect can resist the 

flow through the rock pores, a typical problem in petroleum production [155] which mostly 

occurs when the injection water is incompatible with the formation water. This normally 

causes costly damage to the reservoir permeability as a result of a chemical shock. 

The knowledge of the reservoir wettability (water-wet, oil-wet or gas wet) plays a significant 

role in the coexistence of oil, gas and water in the reservoir rock which is the result of 

complex interactions between the crude oil, the connate water and the rock surfaces. The 

composition fundamentally depends upon their origin, history, and present thermodynamic 

conditions (a limiting factor for the fluid mobility) which determines fluids characteristics 

like interfacial tension, density, viscosity, pour point etc.  

For instance, fluid interaction with each other and to the reservoir rock can be determined by 

measuring the interfacial tension (IFT) and contact angle which is often altered by emulsifiers 

or surfactants in order to recover oil more efficiently [156-159]. 

The greater the time of contact between the oil and water, the lower is the interfacial tension 

which is an indication of improved wettability of the rocks. In case of bacterial infestation, a 
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clear interface between the oil and water may completely be absent due to secretion of 

surfactant, biofilms and other byproducts during microbial activity. This property is 

employed in microbial enhanced oil recovery (MEOR) [160, 161].  

Since hydrocarbons have limited solubility in water, hydrocarbon degrading bacteria can 

modify the interface to attain contact with both fluids. For this purpose, bio-surfactants are 

injected which are a heterogeneous group of surface-active molecules with hydrophilic and 

hydrophobic moiety [162].  

An examination of reservoir fluids under various pressures, volumes, and temperatures (PVT) 

is important to understand reservoir fluid chemistry which defines the relative volumes of 

each fluid in a reservoir. For active characterization of formations, the most important 

parameters that are normally considered includes: formation water properties like pH and 

total salinity; crude oil properties like density, viscosity and pour point for flow property of 

fluids; types of natural gas present (CO2 and H2S and other associated gases), bottom hole 

formation temperature and pressure in order to design and implement adequate hydrostatic 

mud pressure. 

 

2.6.3 Drilling Process 

The principle of drilling an oil or gas wellbore involves drilling through the overlaying layers 

of the earth’s crust, mostly with a rotatory hydraulic technique to a specific geological 

formation. This activity involves high-tech machinery and the engineering required to drill 

properly can be highly complex.  

Numerous factors are always considered for designing downhole tools and the fluids to be 

used for such operations, such as: formation types (soft, medium soft, hard or medium hard 

formation) and stability of wellbore (hole enlargement, formation with no cohesive strength, 

fluid interaction with formation, etc.) [163-165]; down hole pressure and temperature [166-

168]; down hole tools for data transmission [169], environmental and disposal issue [170] 

and limitation of drilling fluids with respect to their stability [171-173] and hole cleaning 

[174]. 
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Generally, a rotatory drill bit is coupled to the drill string which serves as the fluid conduit to 

the drill bit. At the same time imparted rotary motion to the drill bit, provides and allows 

weight (force) to be set on the drill bit by the drilling collar mounted directly on the bit. The 

drill collar then provides strength needed to run in compression for crushing the rocks when 

rotated while applying axial force to the bit. A drilling fluid called “drilling mud” is pumped 

down the borehole through the interior of the drilling tool assembly (drill string), and outward 

through appropriate orifices, called nozzles or jets disposed in the body of the drill bit while 

drilling. The cuttings created by the drill bit that must be removed are carried by the drilling 

mud pumped through the bit are forced through the annulus (space between the drill pipe and 

the outer casing) as drilling proceeds which aids the transportation of the rock cuttings and 

debris up to the surface. 

The drilling rig for deep onshore or offshore, extended reach wells, horizontal wells, multi 

branched-wells is set up in a more difficult environment with risk of positioning failure 

compared to conventional low temperature low pressure wells. For instance, an offshore rig 

comprises of a rotary table, derrick, drill line and prime movers. But, more sophisticated 

downhole equipment with complex bottomhole assemblies (BHA) is required for wells like 

deepwater and HP/HT. 

For deep waters, it is common practice to conduct drilling operations from drilling ships, 

floating vessels or platforms depending on their capabilities, limitations (water depths), and 

of course cost (see Figure 15). 

To conduct operation on those platforms, unlike in a land operation, deepwater drilling 

requires a long riser pipe to encapsulate drilling equipment which allows workers above the 

surface of the water to drill deep from the surface down to a subsea wellhead on the ocean 

floor (see Figure 16). The riser pipe serves to guide the drilling string and to provide a return 

conduit for circulating drilling fluids.  
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Figure 15: Types of offshore drilling rigs [175] 

 

 

Figure 16: Riser for deepwater drilling [175] 

 

Recently, dual gradient drilling (DGD) technology that was introduced over 50 years ago for 

deepwater exploration has now reached a stage of implementation and became hot with 

respect to intellectual property rights. Thus, several hundred patents were filed [176-179]. 
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DGD technology (dual-gradient drilling) promises to overcome the limitations imposed on 

the formation which occurs by sending drilling mud through thousands of feet of drill pipe 

and riser. This new technique is set to dramatically change conventional drilling process, 

such that the rig effectively sits on the seafloor, rather than at its actual physical location 

thousands of feet above on the sea surface. A schematic representation of this technology is 

shown in Figure 17.  

 

In DGD, the mud column extends only from the bottom of the hole to the mud line with the 

use of subsea pumps to reduce the hydrostatic head from the mud line to the surface. This 

gives benefits which include reducing the number of casing strings, enabling the use of larger 

completion strings for increased flow capacity, improved drilling efficiency and decreased 

mechanical risk.  

The Maurer approach seeks to achieve the same benefit by pumping lightweight solid 

additives (LWSAs) from the drillship into the riser at mud line which consists of hollow glass 

spheres and polymeric beads (polypropylene). It has undergone extensive testing. However, 

an investigation of alternative material is still under investigation. This technology seems to 

be the future for offshore drilling as highlighted in the 2013 workshop organized by the 

International Association of Drilling Contractors (IADC) on dual gradient drilling [180]. 

 

 

 

 

 

 

 

 

Figure 17: Schematic of a Dual-Gradient Drilling operation (source: Maurer Technology 

[181]) 
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2.6.4 Drilling Fluids 

Drilling fluids are mixtures of natural and synthetic chemical compounds that provide the 

following functions: filtration and rheology control (thinning/dispersing effect), 

densification/weight, viscosity, pH control or alkalinity, lubricity, lost circulation control, 

flocculation and shale stabilization. They also assist in the acquisition of information about 

the formation being drilled, e.g. through drill cuttings, electric logs and coring analysis 

(electrical conductivity-resistivity effect) [182]. The fluids are designed to ensure that rotary 

drilling of subterranean formations is possible and economically viable.  

The drilling fluid types used are primarily characterized into three broad groups according to 

the medium used for their preparation: water, oil and gas based drilling fluids. The water-

based fluids are further subdivided into five based on their major constituents and dispersion: 

dispersed, non-dispersed, polymer fluids, low solids and salt water system (e.g. NaCl, CaCl2 

and seawater). While oil based mud is subdivided into two: Oil mud (e.g. all oil mud or invert 

emulsion fluid) and synthetic oil-based mud (SOBM) which is now more commonly used. It 

was designed to mirror the performance of a drilling mud with limited environmental hazard, 

unlike the conventional oil mud with high toxicity due to the presence of aromatic 

hydrocarbons and diesel.  

The primary types of synthetic fluids used in the field are esters, ethers, poly alpha olefins 

and isomerized alpha olefins. They are preferred over water based muds because they are 

suitable for drilling water-sensitive formations. They provide shale stabilization, faster 

drilling with high rate of penetration, high temperature stability; are suitable for salt and low 

pore pressure formations, exhibit high lubricity and corrosion control property and can be 

stored over a longer period of time for re-use, with no problem of bacterial growth. 

In general, drilling fluids are complex heterogeneous mixtures of various types of base fluids 

and chemical additives that must remain stable over a range of temperature and pressure 

conditions. They contain chemicals like dispersant/thinners, weighting agents, bentonite and 

fluid loss additives designed to control the pressure of the rock formation and at the same 

time prevent excessive aqueous fluid loss from the wellbore by forming a thin filtercake 

[183-185]. This is only achievable with fluid loss additives and suitable bridging particles 

which have a specific size range to create a solid framework for the ideal filter cake [186]. 

The muds are thus designed to create deformable particles to fill small gaps and improve the 
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seal by forming a tight filter cake that allows the hydrostatic pressure of the liquids to 

stabilize the borehole and prevents it from collapsing [187]. 

The mud to be used must be carefully selected based on the porosity and downhole pressure 

of the reservoir. It must be non-damaging which will allow production of more hydrocarbons 

from the reservoir and at the same time compatible with the formations being drilled. The 

pressure exerted by the mud column has to exceed the formation pressure in order to maintain 

overbalance and prevent the hole from collapsing and lower than the fracture pressure of the 

formation. If the formation strength is exceeded, artificial fracturing might occur, noticeable 

with what is known as a “kick”. This might result in mud losses and formation damage that 

will requires the use of lost circulation materials to “kill the well” [188]. 

The types of drilling mud to be used that will give maximum production from the reservoir 

and additives of drilling fluid suitable for such operation is always designed on the basis of 

well log data [189], core analysis [190] and sensitivity analysis which is the study of effect of 

a selected parameter such as wettability of the reservoir, oil-wet (sandstone) or water-wet 

(mostly carbonates), formation water, stress, acid, pH, rate, etc., on the system performance 

aimed at evaluating the effect of inter-related parameters of the reservoir on production 

results [191].  

Moreover, insoluble solids such as barite, hematite or bentonite which plug reservoir pores 

are not used in tight reservoirs with very low permeability in order to prevent formation 

damage caused by the invasion of filtrate and solids into the formation. Also, in salt 

formation, sized salt (NaCl) and CaCO3 suspended in salt brine, sometimes with 2-4 % 

bentonite are often used which normally requires high dosages of viscosifying polymer and 

fluid loss polymer.  

Oil-based systems are only used occasionally (disposal problem) for a variety of applications 

where fluid stability and inhibition are necessary such as high-temperature wells and where 

differential sticking and hole stabilization is a problem. The oil based muds are formulated 

with only oil as the liquid phase and are often used as coring fluids. Specialized oil-based 

mud additives include: emulsifiers and wetting agents (commonly fatty acids, amides 

consisting of N-alkylated polyether chains and amine derivatives), high molecular weight 

soaps, surfactants and lime for alkalinity. Others are organophilic clays which can be solved 

easily in oil, obtained by reaction of normal hydrophilic clays [bentonite, attapulgite which 

comprises of magnesium silicate, and sepiolite, a hydrated magnesium silicate that gives 
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stable viscosity up to 400 °C) with amine-treated organic materials. This is carried out by 

cation exchange of aliphatic amine salts with quaternary ammonium salts or base. 

 

2.6.5 Well logging 

This is the practice of making a detailed record of the geological formations penetrated by a 

borehole. The log (record) may be based either on visual analysis of samples brought to the 

surface (geological logs) or on physical measurements made by instruments lowered into the 

hole (geophysical logs). 

 

2.6.6 Coring  

Oil well coring is a modern method used for oil field prospecting and development for 

actualizing the objective of drilling an oil or gas well. This is used to locate hydrocarbon-

bearing structure that will produce oil and gas in quantities sufficient to give adequate return 

on investment for drilling and completion of a well.  

Coring involves an extensive investigation of formation chemistry in a well bore and its 

economic feasibility with the aftermath of recovery efficiency, which is defined as the ratio 

of the produced oil (PO) to the total oil in place (TOIP) [192]. Particularly, during the 

exploration phase of the field where simultaneous drilling and coring system is possible 

[193], coring presents an important means to calibrate the petrophysical model and gain 

additional information about the reservoir not obtainable by logs [194].  

One of the most reliable sources of information on the lithology and fluid-bearing 

characterization of a reservoir is to sample the actual reservoir rock. A tool for retrieving 

samples from such well bore drilled in a subterranean formation includes a device used for 

retrieving a core from the well bore wall, a well bore isolation device that isolates an annular 

region proximate to the coring device; and a flow device that siphons fluids out of the 

isolation region [195]. The challenge of this method is to maintain the mechanical and /or 

chemical integrity of the core sample from its source to the surface prior to its examination in 

the laboratory. Sponge coring allows measurement of in-situ conditions, oil and water 

saturation, permeability, relative permeability, capillary pressure, and gas saturation with the 



40 

 

aid of different drill plug systems (see Figure 18) that can convert the core-head into a drill 

bit, thus allowing drilling of other formation without tripping even when retrieving the core 

[196].  

 

 

Figure 18:Schematic of a drilling plug allowing simulteneous drilling and coring (from 

[196]) 

In 2006, Carey et al. retrieved a core sample that included casing, cement and shale cap rock 

from a 30-year old CO2-flooding operation at the SACROC Unit located in West Texas 
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[197]. The core was investigated as part of a program to evaluate the integrity of Portland-

cement based wellbore systems in CO2-sequestration environments and thus confirmed that 

the recovered cement had air permeability in the tenth of a milliDarcy range with potential to 

retain its capacity in order to prevent significant flow of CO2.  

 

2.6.7 Well completion 

Once a well has been drilled and tested, a decision is made whether to complete the well for 

production or plug it. Examination of the target reservoir rock porosity and permeability may 

indicate that the potential flow of oil and gas from the well will not justify the cost to 

complete the well. In that situation, the well is plugged with concrete in several stages, and 

the well was abandoned. But, in most cases, after a well has been drilled and oil was 

discovered, the well is then completed to obtain the maximum hydrocarbon production from 

the subterranean formations. 

Completion of a well refers to the operations performed during the period from drilling into 

the pay zone until the time the well is put into production. These operations may include 

additional drilling-in, placement of downhole hardware, fishing, perforation (liner or casing 

perforation), corrosion control of downhole tools and sand control operations such as gravel 

packing; downhole cleaning, foam stabilization, water shutoff /leakoff inhibition. Also, other 

fluid mixtures are used which contain additives such as biocides, fluid-loss agents or oxygen 

scavengers. A fluid used to facilitate such operations is often called completion fluid. 

After all the downhole debris is removed and the tools are in place, a cement slurry is finally 

pumped downward through the tubing within the casing and allowed to flow out at the well 

bottom as shown in Figure 19. It is then forced upward around the casing in the annular 

space between the outer wall of the casing and the wall of the bore hole.  
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Figure 19: Schematic representation of the process of oil well cementing 

 

The cement slurry thus pumped into place sets into a monolithic mass which prevents the 

flow of undesirable fluids from one formation to another; secures the casing in position, 

prevents unwanted shifting of the casing when the fluid being produced from a formation 

moves through it under considerable pressure. The cement also serves the important function 

of sealing off porous formations adjacent to the well bore. A schematic diagram activities 

showing most of the important downhole cementing tools is presented in Figure 20. 
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Figure 20: Schematic diagram of oil well cementing technology [from 98] 

 

Down-hole equipment such as centralizers are used to ensure that satisfactory zonal isolation 

is obtained. If casing strings are cemented off-center, there is a high risk that a channel of 

drilling fluid or contaminated cement will be left where the casing contacts the formation. 

This will lead to an imperfect seal, as is shown in Figure 21.  

Also, devices fitted with hinged collars and bow springs helps to keep the casing or liner in 

position at the center of the wellbore. This helps to ensure efficient placement of a cement 

sheath around the casing string.  

Finally, the float Shoes and Collars (float valves) shown in the scheme (see Figure 20) will 

prevent backflow after the cement has been pumped into place.  
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Figure 21: Poor cementing integrity in annulus (Courtesy of Halliburton open house seminar, 

Celle, 2010) 

 

Most importantly, integrity of the cement sheath requires optimization of the placement of the 

fluids and thus mud removal in the well bore. Hence, cement slurry properties like mixability, 

stability, rheology, fluid loss, and thickening time should be taken into account when carrying 

out cement slurry design and testing. For example, loss of fluid from the slurry to the 

formation should be avoided because it will lead to premature thickening and setting of the 

cement, produce a set cement of non-uniform consistency and of reduced compressive 

strength. 

The API fluid loss of neat cement slurry is generally in excess of 1,500 mL/30 min. A 

schematic diagram of the static fluid loss test for cement slurry according to American 

Petroleum Institute (API) specification with and without fluid loss additive (FLA) is shown 

in Figure 22. An API fluid loss of 50 mL/30 min is often required to maintain adequate 

slurry performance. To achieve this reduction, a suitable water soluble polymer known as 
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fluid loss additive which performs at the conditions occurring in a wellbore such as high 

temperature, pressure and salinity is indispensable for the slurry design [90, 198]. 

  

 

Figure 22: Schematic diagram of the static fluid loss test of a cement slurry with and without 

fluid loss polymer, according to American Petroleum Institute (API) specification 

 

Once the casing is in place and complete zonal isolation has been achieved, a tool called a 

"perforating gun" is lowered into the wellbore to blast holes through the cemented casing 

(casing perforation or liner perforation), and into the reservoir. These holes are made in order 

to create a communication between the reservoir and the production casing. Tubing may then 

be lowered into the casing and a plug will be set above the perforations as a barrier between 

the production casing and the tubing. This allows natural pressure to push the hydrocarbons 

to the wellbore and to the surface unless a pump jack is necessary to raise the fluids to the 

surface.  
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2.6.8 Oil Production and Stimulation 

In well construction, drilling through the impervious cap rock of the reservoir provides a 

pressure release point for the fluids in the reservoir to flow. When this fluid is recovered after 

perforation under its natural flow, it is termed “primary” recovery. This type of recovery is 

possible only when oil and gas coexist in a state at which their pressure is greater than the 

pressure at the well bore.  

Primary recovery only produces less than 30 % of the total oil in place (TOIP), even when 

artificial lift (with the aid of installed pumps) is used to maintain the production when the 

pressure of the reservoir is reduced.  

In order to extract more hydrocarbons from reservoirs, several secondary and tertiary 

approaches are used.  

For carbonate and sandstone reservoirs, acidizing (acid fracturing) is mostly employed [199] 

while at present, hydraulic fracturing is widely used to improve recovery by pumping down 

hydraulic fluids into the well under high pressure until the reservoir rock is artificially 

fractured, most especially for shale oil and gas which present one of the largest potential at 

present e.g. the Barnett, Eagle Ford and Marcellus shales (see Figure 23).  

The fracture created is maintained mostly with granular proppants (e.g. sand, ceramics, 

plastics, glass or composites) added to the fracturing fluid in order to keep the fracture 

propped open after the pumping of fluid has stopped and the pressure subsides, in order to 

avoid fracture closure.  
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Figure 23: Two Marcellus drilling sites at beaver run reservoir (from www.Marcellus-

shale.us) 

 

The purpose of fracturing induced cracks created in the formation is to increase reservoir 

permeability to facilitate the flow of oil and gas accomplished by pumping a large volume of 

fluid mixed with additives at high injection rates into the wellbore (see Figure 24). 

These fluids are composed of at least 90 % water, 9.5 % sand and ~ 0.5 % additives, designed 

in such a way that it should breakdown after the fracturing job has been completed so that the 

constituents can be recovered easily. 

Proper selection of the fracturing fluid is one of the important decisions carried out with 

respect to the wellbore chemistry [200]. To select the proper fluid, properties such as fluid 

loss control, fracture conductivity, pressure between the formation and the well bore, 

viscosity of the oil, reservoir composition and high enough viscosity to suspend and transport 

the proppant are considered.  
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Figure 24: Schematic hydraulic fracturing operation [201] 

 

The fluids used are categorized into four major parts: Gel fluids which are either linear or 

cross-linked gels; foam gels; and salt water containing potassium chloride and acids.  

The fluids design must be: viscous enough to create a fracture of adequate depth; be able to 

transport large amounts of proppant into the fracture; maximize fluid travel distance to extend 

fracture length; minimize friction pressure losses during injection; cost effective; contain 

chemicals that are environmentally acceptable (often biodegradable); require minimal gelling 

agent to allow for easier degradation or clean-up by exhibiting a controlled break to a low 

viscosity fluid [202, 203]. 

One other factor considered in fracturing fluid selection is the use of organic polymers 

because of temperature limitations of the biopolymers.  
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3. RESULTS AND DISCUSSION- PUBLISHED PAPERS 

 

 

 

This section contains three publications: 

Publication 1#: focuses on the synthesis of a viscosifying graft copolymer, its effects on 

cement slurry rheology, its performance in comparison to an AMPS
®

-NNDMA copolymer; its 

thermal stability and working mechanism as a high temperature fluid loss additive. 

 

 

 

Publication #2: focuses on the synthesis of a dispersing graft copolymer, engineered and 

tailored to make the graft copolymer suitable for high density cement slurries that require a low 

water-to-cement ratio. The influence of specific molecular design on the cement flow properties 

and its performance and working mechanism as fluid loss additive in oil well cement exposed to 

high temperature (27- 200 °C) is presented. 

 

 

 

Publication #3: relates to the effects of sea water and NaCl solution on the performance of 

humic acid and lignite graft copolymers applied as fluid loss additives. Furthermore, it explains 

challenges for and limitation on the polymers when cementing salt formations and on offshore 

oil wells.  
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3.1 Synthesis, Effectiveness and Working Mechanism of Humic acid- 

 {sodium 2- acrylamido- 2-methylpropane sulfonate-co-N,N-dimethyl 

acrylamide-co-acrylic acid} Graft Copolymer as High Temperature 

 Fluid Loss Additive in Oil Well Cementing 

Synopsis 

This work relates to the synthesis of a viscosifying humic acid based graft copolymer as high 

temperature fluid loss additive for cementing oil and gas wells. The graft copolymer was 

synthesized by lateral grafting of AMPS
®

-co-NNDMA-AA onto humic acid backbone via 

aqueous free radical copolymerization. The graft copolymer exhibits a significantly higher 

molecular mass (Mw ~ 600,000 g/mol) than the humic acid backbone alone (Mw ~ 69,000 g/mol), 

thus confirming successful grafting reaction. The occurrence of grafting was further confirmed 

by SEC data (Rg), ineffectiveness of a blend of AMPS
®

-co-NNDMA-co-AA copolymer with 

humic acid; and elemental analysis that show the incorporation of N and S containing monomers 

into the graft copolymer. The graft copolymer provides water retention at >200 °C with a 

moderate viscosifying effect in cement slurry (see Publication #1 and appendix data). In 

comparison, a conventional AMPS
®

/NNDMA copolymer shows no fluid loss control at 150 °C. 

The study demonstrates that by grafting lateral chains of AMPS
®

-co-NNDMA-co-AA onto 

humic acid, a copolymer with significantly high temperature stability is obtained. 

 

These results were published in:  

 

Journal of Applied Polymer Science, 

O.T. Salami and J. Plank, 126, 1449 - 1460, 2012. 
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ABSTRACT: Monomers of 2-acrylamido-2-methylpro-
pane sulfonic acid (AMPSVR ), N,N–dimethyl acrylamide
(NNDMA) and acrylic acid (AA) were grafted on humic
acid as backbone by aqueous free radical copolymerization
in such a manner that a graft copolymer possessing lateral
terpolymer chains was obtained. Molar ratios between
AMPSVR , NNDMA, and AA were found to be 1 : 1.54 : 0.02
and the ratio between backbone and graft chain was
20 : 80 wt %. The synthesized fluid loss additive (FLA)
was characterized by size exclusion chromatography
(SEC), charge titration, and Brookfield viscometry. Ther-
mogravimetric and SEC analysis revealed stretched back-
bone worm architecture for the polymer whereby humic
acid constitutes the backbone decorated with lateral graft
chains. Grafting was confirmed by SEC data (Rg) and by
ineffectiveness of a blend of AMPSVR -NNDMA-AA copoly-
mer with humic acid. Their performance as high tempera-
ture FLA was studied at 150�C by measuring static

filtration properties of oil well cement slurries containing
35% bwoc of silica fume and 1.2% bwoc AMPSVR -co-ita-
conic acid retarder. At this temperature, 1.0% bwoc graft
copolymer achieves API fluid loss value of 40 mL, thus
confirming high effectiveness. The graft copolymer viscosi-
fies cement slurries less than other common synthetic
FLAs. The working mechanism of the graft copolymer was
found to rely on adsorption onto surface of hydrating
cement, as was evidenced by adsorption and zeta potential
measurements. Adsorption is hardly affected by tempera-
ture and results in constriction of the filter cake pores.
The study provides insight into performance of cement
additives under the harsh conditions of high temperature
and high pressure. VC 2012 Wiley Periodicals, Inc. J Appl Polym
Sci 126: 1449–1460, 2012

Key words: oil well cement; graft copolymer; humic acid;
high temperature; fluid loss additive

INTRODUCTION

In oil well cementing, water-soluble polymers
known as fluid loss additives are applied to provide
water retention to cement slurries. They perform at
demanding conditions occurring in well bores such
as high temperature, pressure, and salinity.1,2 Deep
oil or gas wells are characterized by high bottom
hole temperatures which may range up to 260�C
(500�F). The principal function of filtration control
additives is to control the loss of water from the
cement slurry to porous formations, thereby prevent-
ing rapid dehydration and loss of pumpability of the
cement slurry.3

Currently, a variety of different polymers is
employed for the purpose of fluid loss control. At

low temperatures (up to 100�C), unmodified or
crosslinked polyvinyl alcohol (PVA) is used. Its
working mechanism is based on film formation
within the cement filter cake.4,5 While in the me-
dium temperature range (50–150�C) cellulose ethers,
namely hydroxyethyl cellulose (HEC), and carboxy-
methyl hydroxyethyl cellulose (CMHEC) are preva-
lent.6–8 Their effectiveness relies on the formation of
large colloidal polymer associates once a specific
‘‘overlapping’’ concentration is transgressed (HEC),
and on adsorption onto cement (CMHEC).9 Addi-
tionally, polyethylene imine (PEI) has been applied
for the same purpose, but was dropped by the
industry in recent years because of its toxicity to
fishes and other aquatic species. Interestingly, PEI
achieves fluid loss control by forming large polyelec-
trolyte complexes with anionic dispersants such as
acetone-formaldehyde-sulfite polycondensate.10

For high temperature high pressure fluid loss con-
trol, synthetic sulfonated copolymers have become
common. Among them are copolymers based on 2–
acrylamido methane propane sulfonic acid (AMPSVR ),

Correspondence to: J. Plank (johann.plank@bauchemie.ch.
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N-vinylacetamide and acrylamide, or AMPSVR and
N,N–dimethyl acrylamide.11–14 Their effectiveness
also relies on adsorption on cement.15 A major draw-
back of these high molecular weight copolymers
(Mw > 1.5 mio g/mol) is their pronounced viscosify-
ing effect. This is highly undesirable, because deep
wells which exhibit high temperatures require
increased slurry densities (1.8–2.3 kg/L) to provide
sufficient hydrostatic overburden pressure against
the reservoir. Such cement slurries are characterized
by low water and high cement content (water-to-
cement ratio <0.40). FLAs such as the aforemen-
tioned which impact high viscosity to these already
viscous cement slurries prompt addition of substan-
tial dosages of dispersants to counteract this thicken-
ing effect. Such combinations are uneconomical and
present a complicated admixture system. Hence,
there is a need for a fluid loss additive with high
temperature stable performance and at the same
time with minor or no viscosifying effect. By grafting
AMPSVR -NNDMA-AA copolymer blocks onto a
humic acid backbone, it was attempted to achieve a
fluid loss additive possessing these properties. Addi-
tionally, its working mechanism was investigated
via measurements of intrinsic viscosity, hydrody-
namic size, filter cake permeability, adsorption on
cement, and zeta potential. Temperature stability
was further probed by exposing the aqueous poly-
mer solution to 150�C (thermal ageing) over a period
of 8 h and subsequent polymer characterization and
performance testing.

EXPERIMENTAL

Materials

Oil well cement

An API Class G oil well cement (‘‘black label’’ from
Dyckerhoff AG, Wiesbaden, Germany) correspond-
ing to American Petroleum Institute (API) Specifica-
tion 10A was used.16 Its clinker composition was
determined through powder QXRD technique using
Rietveld refinement (Table I). The amounts of gyp-
sum (CaSO4�2H2O) and hemi-hydrate (CaSO4�0.5
H2O) present in the cement sample were measured
by thermogravimetry. Free lime (CaO) was quanti-

fied following the extraction method established by
Franke.17 Using a Blaine instrument, the specific
surface area was found at 3058 cm2/g. The specific
density of this sample was 3.18 kg/L, as measured
by Helium pycnometry. Its d50 value was 11 lm.

Silica flour

A commercial sample of silica flour (SSA-1 from
Halliburton GmbH, Celle, Germany) containing
(wt %) quartz 97.60, CaO 0.57, MgO 0.18, Al2O3 0.17,
TiO2 0.06 as determined by X-ray fluorescence analy-
sis and LOI 1.40, was used. Its specific surface area
(Blaine method) was 1857 cm2/g, while the average
particle size (d50 value) was 32.7 lm. Specific density
of the silica flour was found to be 2.65 kg/L.

Synthesis of the graft copolymer

The humic acid-{AMPSVR -NNDMA-AA} graft copoly-
mer was prepared by aqueous free radical polymer-
ization using sodium peroxodisulfate as initiator. In
a typical reaction, 152 mL of a 14.5 wt % aqueous
solution of caustic potash humic acid (pH 9.2, HA 2,
Borregaard Lignotech, Sarpsborg, Norway) were
placed in a 1 L four-necked flask equipped with a
stirrer, thermometer and inlet for N2 gas. 200 g of
water were added into the flask. Prior to the addi-
tion of the monomers, the pH of the solution was
adjusted to 12 by addition of 13.5 g of sodium
hydroxide pellets. Next, 50 g of AMPSVR (2404 mono-
mer from Lubrizol, Rouen, France), 35 g of NNDMA
(Sigma-Aldrich, Munich, Germany) and 1.2 g of
acrylic acid (Merck KgaA, Darmstadt, Germany)
were added in this order. These proportions result
in a molar ratio of 1 : 1.46 : 0.07 between AMPSVR ,
NNDMA, and acrylic acid, and the ratio between
humic acid and the graft monomers is 20 : 80
(wt/wt). Moreover, 0.39 g of EDTA (Sigma-Aldrich,
Munich, Germany) and 1 g of defoamer (TEGO
ANTIFOAM MR 2123, an organo-modified polysi-
loxane from Evonik Goldschmidt GmbH, Essen,
Germany) were added. While stirring, nitrogen gas
was bubbled through the solution for 1 h. Then, the
temperature was increased to 50�C and the first
amount of Na2S2O8 initiator (5.2 g) was added. After

TABLE I
Phase Composition (XRD, Rietveld), Specific Density, Specific Surface Area (Blaine) and d50 Value of API Class G Oil

Well Cement Sample

C3S
(wt %)

C2S
(wt %)

C3Ac

(wt %)
C4AF
(wt %)

Free CaO
(wt %)

CaSO4�2H2O
(wt %)

CaSO4�0.5 H2O
(wt %)

CaSO4

(wt %)
Specific

density (kg/L)
Specific surface

area (cm2/g)
d50 value

(lm)

59.6 22.8 1.2 13.0 <0.3 2.7a 0.0 a 0.7 3.18 3,058 11

a Measured by thermogravimetry.
C3S, tricalcium silicate (Ca3(SiO4)O); C2S, dicalcium silicate (Ca2SiO4); C3Ac, cubic modification of tricalcium aluminate

(Ca9Al6O18); C4AF, tetra calcium aluminate ferrite (Ca4Al2Fe2O10).
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50 min of reaction time, the second portion of initia-
tor (5.2 g) was added. Grafting was continued for
another 70 min while the temperature was increased
to 60�C. There, the mixture was left to react for an
additional hour before the temperature was again
increased to 80�C to complete the reaction within an
hour. The reaction was quenched by addition of 6.24
g sodium pyrosulfite (Na2S2O5). The product yields
a dark, viscous, odorless liquid which was diluted
with 300 mL of DI water. The final product used in
this study was a dark brown, 8 wt % aqueous solu-
tion possessing low viscosity and a pH value of 5.3.
The characteristic properties of the graft copolymer
are summarized in Table II.

Synthesis of AMPSVR -NNDMA-AA copolymer

For comparison, a copolymer of AMPSVR , NNDMA,
and acrylic acid was prepared following the proce-
dure for the graft copolymer except that no humic
acid was present. Instead, for the initiation process,
only 0.94 g of initiator was added for polymerization
of the copolymer. The following procedure was
identical with that of the graft copolymer. The reac-
tion product was a colorless, 6.2 wt % aqueous solu-
tion possessing low viscosity and a pH value of 5.

Retarder

A commercial sample (SCR-500V
R

) from Halliburton
GmbH, Celle, Germany was used for high tempera-
ture retardation of cement. According to literature,
this product is prepared by aqueous free radical
copolymerization of AMPSVR and itaconic acid at a
molar ratio of 1 : 0.4.18 The resulting colorless liquid
is spray-dried to yield a white powder which was
used in this study. The characteristic properties of
SCR-500V

R

are presented in Table II.

Instruments

Cement characterization

Phase composition of the cement sample was
obtained by quantitative X-ray powder diffraction
using a Bruker axs D8 Advance instrument from

Bruker, Karlsruhe, Germany with Bragg-Bretano
geometry. Topas 3.0 software was employed to
quantify the amounts of individual phases present
in the sample by following Rietveld’s method of
refinement.19 The instrument was equipped with a
scintillation detector using Cu Ka (k ¼ 1.5406 Å)
radiation with a scanning range between 5� and 80�

2y at a scanning speed of 0.5 s/step (with 0.008o/
step). Specific density of the cement sample was
measured on an UltrapycnometerV

R

1000 (Quanta-
chrome Instruments, Boynton Beach, FL/USA).
Specific surface area of the sample was determined
using a Blaine instrument (Toni Technik, Berlin,
Germany). The average particle size (d50 value) was
obtained from a laser-based particle size analyzer
(1064 instrument from Cilas, Marseille, France).

Silica flour characterization

Oxide composition of SSA-1 silica flour was deter-
mined using an X-ray fluorescence spectrometer
(Axios from PANalytical, Almelo, The Netherlands).
Specific density, specific surface area, and average
particle size (d50 value) of the silica sample were
measured using the same instrumentation as
described above for cement.

Polymer characterization

Viscosity of the polymer solutions was quantified
using a Brookfield viscometer (Model HAT from
Brookfield Engineering Labs, Middleboro, MA/
USA) equipped with spindle # H1 or H2. Measure-
ment was carried out at 100 rpm and room tempera-
ture. By multiplying the dimensionless reading with
the correspondent factor, the values for viscosity (in
mPa s) were obtained.

Also, the dynamic viscosities of cement filtrates
obtained from the static filtration test were deter-
mined. First, kinematic viscosities of cement filtrates
containing dosages from 0 to 1.6% bwoc of the graft
copolymer were measured at 95�C on an Ubbelohde
viscometer using 501 10/I, 501 20/II, and 501 30/III
capillaries supplied by Schott Instruments, Mainz,

TABLE II
Characteristic Properties of Humic Acid, Graft Copolymer, Thermally Aged Graft Copolymer and of SCR–500

VR

Retarder as Obtained from SEC

Polymer Mw (g/mol) Mn (g/mol) PDI (Mw/Mn)
Brookfield

viscositya (mPa s) Rh(z) (nm) Rg(z) (nm)

Humic acid 68,940 21,180 3.3 12 2.8 –
graft copolymer 615,000 192,900 3.2 40 38.1 71.2
aged graft copolymer 283,800 117,600 2.4 22 24.0 48.9
SCR-500V

R

retarder 175,600 108,400 1.6 20 3.0 –

a Measured in 2.0 wt % solution using Brookfield viscometer model HAT, spindle # H 1 (humic acid) & H 2 (rest of
samples).
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Germany. Totally, 15 mL of filtrate were filled into
the reservoir of the capillary and the flow time was
measured. From this, the kinematic viscosity of the
filtrate was calculated according to eq. (1).

t ¼ K ðt� fÞ (1)

where K is the viscometer constant (0.1004 mm2/s2),
t is the flow time, and f is the flow time dependant
Hagenbach-Couette correction term, which is provided
in the instrument instruction sheet. Multiplying the
value obtained for the kinematic viscosity at 95�C
with the specific density of the filtrate produced the
value for the dynamic viscosity gdyn, as is expressed
by eq. (2).

gdyn ¼ t � q (2)

From this, the reduced viscosity of the filtrate gred

was calculated according to eq. (3). There, g0 is the
dynamic viscosity of the cement filtrate without
polymer and c represents the respective concentra-
tion of polymer in the filtrate.

gred ¼
gdyn � g0

g0 � c
(3)

Molecular properties of the graft copolymer and
of SCR-500V

R

were determined via size exclusion
chromatography (SEC). There, a Waters Alliance
2695 (Waters, Eschborn, Germany) separation mod-
ule equipped with RI detector 2414 (Waters,
Eschborn, Germany) and an 18 angle dynamic light
scattering detector (Dawn EOS, Wyatt Technologies,
Clinton, IA) was employed. The polymers were
separated on a precolumn and two Aquagel–OH 60
columns (Polymer Laboratories, distributed by Var-
ian, Darmstadt, Germany). Aqueous 0.2M NaNO3

solution (adjusted with 50 wt % aqueous NaOH to
pH 9) was used as an eluant at a flow rate of
1.0 mL/min. FLA solution (concentration: 10 mg/mL)
was filtered through a 5-lm filter. A dn/dc value of
0.156 mL/g (value for polyacrylamide20) was used for
calculation of Mw and Mn. Hence, the molecular
weights measured are relative to polyacrylamide.
Characterization of humic acid was carried out on
another separation module (Waters Alliance 2695)
equipped with RI detector 2414 and a 3 angle
dynamic light scattering detector (mini Dawn from
Wyatt Technologies, Santa Barbara, CA). The humic
acid solution was filtered through a 0.2-lm filter and
then separated on a UltrahydrogelTM precolumn and
three UltrahydrogelTM columns (120, 250, and 500;
Waters, Eschborn, Germany). Eluent was 0.1M aque-
ous NaNO3 solution (adjusted to pH 12.0 with
NaOH) pumped at a flow rate of 1.0 mL/min. The
value of dn/dc used to calculate Mw and Mn for humic
acid was 0.218 mL/g (value for lignin).21

The specific anionic charge amounts of the poly-
mers used in this study were determined at room
temperature in deionized water, 0.1M NaOH
(pH 12.6) and cement pore solution, using a PCD
03 pH apparatus (BTG Mütek GmbH, Herrsching,
Germany). Cement pore solution was freshly pre-
pared by vacuum filtration of neat API Class G
cement slurry (w/c ratio 0.44) using blue ribbon filter
paper and a diaphragm vacuum pump (Vacuubrand
GmbH, Wertheim, Germany). Charge titration was
carried out according to a literature description
employing a 0.001N solution of laboratory grade
poly (diallyl dimethylammonium chloride) from
BTG Mütek GmbH, Herrsching, Germany as cationic
polyelectrolyte.22 The values presented are the aver-
ages obtained from three different measurements.
The standard deviation of this method was found to
be 65 C/g.

Thermal stability of the graft copolymer and the
humic acid backbone was compared using thermog-
ravimetric analysis (instrument STA 409 CD,
NETZSCH Geraetebau GmbH, Selb, Germany)
under nitrogen atmosphere at a heating rate of 10�C
per min. Prior to analysis, aqueous solutions of the
graft copolymer and of humic acid were dialyzed
for 2 days using a Spectra/PorV

R

dialysis membrane
(MWCO 50,000) from Spectrum Laboratories, Ran-
cho Dominguez, CA. The dialyzed copolymer and
humic acid solutions were freeze dried and the poly-
mer powders thus obtained were used. For thermal
ageing of the graft copolymer, an OFITE roller oven
was used. There, 300 mL of the graft copolymer
solution were poured into a 500 mL teflon liner
(OFITE part # 175 – 60) and placed into a stainless
steel grade 316 ageing cell (OFITE part # 175 – 60).
A pressure of 7 bar was applied to the cell which
was rotated at 25 rpm in the roller oven. The oven
was then heated up to a temperature of 150�C and
left rotating for 8 h. After this time, the cell was
removed from the oven and cooled with water to
room temperature.

Cement slurry preparation

Cement slurries were prepared in accordance with
the procedures set forth in Recommended Practice for
Testing Well Cements, API Recommended Practice
10B, issued by the American Petroleum Institute,
using API Class G oil well cement and deionized
water.23 At first, the cement was dry blended with
silica flour at a weight ratio of 65: 35 to avert cement
compressive strength retrogression occurring at tem-
peratures above 115�C. This blend was mixed with
DI water at a water-to-cement (w/c) ratio of 0.57 and
a water-to-solids (w/s) ratio of 0.41 (solids ¼ cement
þ silica flour) using a blade-type laboratory blender
manufactured by Waring Products Inc. (Torrington,
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CT). Generally, the graft copolymer solution was
dissolved in the mixing water while powdery SCR-
500V

R

retarder was dry blended with cement. All
admixture dosages are given in % by weight of
cement (bwoc). In a typical experiment, the amount
of mixing water required to achieve a w/c ratio of
0.57 excluding the amount of water present in the
copolymer solution was placed in the cup of the
Waring blender. This was followed by addition of
the exact volume of copolymer solution holding the
desired amount of copolymer. The cement: SSA-1
blend (65:35 wt %) was added within 15 s to the
mixing water at 4000 rpm. Thereafter, stirring con-
tinued for additional 35 s at 1200 rpm. To ensure
sufficient homogenization after mixing, all slurries
were poured into a 500-mL slurry container and
stirred for 20 min at 95�C in an atmospheric
consistometer (model 1250 from Ametek Chandler
Engineering, Broken Arrow, OK).

Rheology of the cement slurries was determined
following API RP 10B procedure employing a model
PVS Rheometer from Brookfield Engineering Labora-
tories, Middleboro, USA. This rheometer is capable
of measuring viscosity at elevated temperatures
above 100�C. Totally, 30 mL of the cement slurry
homogenized in the atmospheric consistometer were
poured into the rheometer cup. A pressure of
500 psi was applied and the sample was heated to
150�C. Thereafter, the shear stress (lbs/100 ft2) was
measured at shear rates of 1022, 511, 341, 170, 10.2,
and 5.1 s�1 respectively using bob B5.

High temperature high pressure consistometer

HTHP thickening times of cement slurries were
measured at 150�C under an applied pressure of 400
bar using a consistometer model 8240 (Ametek
Chandler Engineering, Broken Arrow, OK). The
cement slurries holding specified admixture dosages
were prepared as described above, but without
homogenization in the atmospheric consistometer.
The slurries were poured into the HTHP consistome-
ter cell and the time to reach 70 Bc (Bearden unit of
consistency, a dimensionless unit) was taken as the
cement slurry thickening time.

API static fluid loss

Static fluid loss at 150�C was measured using a 500-
mL high pressure, high temperature (HP/HT) stain-
less steel filter cell manufactured by OFI Testing
Equipment (Houston, TX). Design of this HP/HT
filter cell and its operation are described in detail in
a norm issued by the American Petroleum Institute
(API).23 After pouring the homogenized slurry
obtained from the atmospheric consistometer at 95�C
into the HT/HP cell preheated to 90�C, a condenser

was attached to the filtrate collecting valve and a
differential pressure of 70 bar N2 was applied at the
top of the cell. Within 40 min, the temperature was
increased to the test temperature of 150�C using a
heating jacket (OFI Testing Equipment, Houston, TX).
Filtration proceeded through a 22.6 cm2 (3.5 in2) mesh
metal sieve placed at the bottom of the cell. The fluid
volume collected within 30 min was doubled as
described by API RP 10B and regarded as API fluid
loss of the corresponding cement slurry. The values
reported for the respective API fluid loss test repre-
sents the average obtained from three separate meas-
urements. Maximum deviation of individual values
in the fluid loss tests was 610 mL/30 min. Where
complete dehydration of the cement slurry in
<30 min occurred, the valve of the condenser was
occasionally opened to ascertain the dehydration time.

Adsorption

The adsorbed amount of admixture (graft copolymer
or retarder) was determined from the cement filtrate
collected in the respective fluid loss test. Generally,
the depletion method was applied, i.e., it was
assumed that the decrease in the polymer concentra-
tion before and after contact with cement solely
resulted from interaction with cement, and not from
insolubility of the polymer. This assumption was
confirmed through a solubility test. For this purpose,
35 g/L of the graft copolymer and of the retarder
respectively (this concentration correlates to a poly-
mer dosage of 2.0% bwoc) were dissolved in cement
pore solution and stored for three days. No precipi-
tation was observed. The amount of individual poly-
mer retained was calculated from the difference in
the equilibrium concentration of the polymer present
in the liquid phase before and after contact with
cement (depletion method). A High TOC II appara-
tus (Elementar, Hanau, Germany) equipped with a
CO2 detector was used for quantification of the car-
bon content present in the solutions. Maximum devi-
ation of the adsorbed amount was found at 60.1 mg
polymer/g cement. Quantification of adsorbed
amounts of the individual polymers was done as fol-
lows: Since the retarder is colorless while the graft
copolymer is dark brown, UV–vis spectroscopy was
used to determine the graft copolymer concentration
while adsorbed amount of retarder was obtained by
subtracting the carbon content originating from the
graft copolymer from the total organic carbon con-
tent found in the filtrate and converting this value
into concentration of retarder. For this purpose, a
standard addition plot of both polymer solutions
holding a fixed dosage of 0.029% bwoc (0.5 g/L)
retarder and increasing dosages of graft copolymer
was taken at 600 nm using a spectroflex 6100 spec-
trophotometer (WTW Wissenschaftlich-Technische
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Werkst€atten GmbH, Weilheim, Germany). This
standard plot of absorbance vs. graft copolymer con-
centration was used to determine the concentration
of the copolymer based on the equation y ¼ 0.983x
þ 0.007 (R2 ¼ 0.999). Where y represents the absorb-
ance, x the concentration of the graft copolymer, and
R is coefficient of determination. The data for the
standard plot are given in Table III.

Zeta potential measurement

Titration of the graft copolymer to the cement/silica
flour slurry (c : s ¼ 65 : 35 wt/wt) was performed at
room temperature on an electro acoustic spectrometer
(DT-1200 from Dispersion Technology, Bedford Hills,
NY). Immediately after mixing the slurries were
poured into the cup of the spectrometer and measured
without homogenization in the atmospheric consis-
tometer. The resulting zeta potential values were
recorded and the accuracy of this method was 61 mV.

RESULTS AND DISCUSSION

Properties and structure of the graft copolymer

The synthesized graft copolymer was first dialyzed
and then characterized by size exclusion chromatog-

raphy (Fig. 1). According to this analysis, the graft
copolymer exhibits a significantly higher molar mass
(Mw � 600,000 g/mol) than the humic acid backbone
(Mw � 69,000 g/mol), thus confirming successful
grafting (Table II). In accordance with this finding,
the particle size (hydrodynamic diameter) as deter-
mined by size exclusion chromatography increased
from 5.6 nm for the unmodified humic acid to
� 80 nm after the grafting reaction. Similarly, the
Brookfield viscosity of a 2 wt % aqueous solution
shows a substantial increase for the graft copolymer
in comparison to that of individual humic acid.
Finally, elemental analysis confirmed the incorpora-
tion of N and S containing monomers into the graft
copolymer. The difference between calculated and
actual elemental composition of the graft copolymer
is attributed to the removal of impurities, unreacted
monomers and salts during dialysis. Also, the ele-
mental analysis data provided in Table IV suggest
that relative to the feeding molar ratios, only 87.5%
of AMPSVR , 92.4% of NNDMA, and 19.6% of acrylic
acid fed were incorporated into the graft copolymer.
Hence, the actual molar composition of the graft
chain is 1 : 1.54 : 0.02. This differs from the feeding
molar ratio which was 1 : 1.46 : 0.07.

According to literature, the phenolic group present
in humic acid allows grafting of monomers through
a hydrogen abstraction mechanism initiated by
strong oxidants such as e.g., peroxodisulfates or
Ce4þ. For example, acrylic acid and other monomers
have been demonstrated to graft well onto humic
acid or caustic lignite (the latter possesses some
building blocks which are similar to these contained
in humic acid).24–29 Successful occurrence of grafting
was confirmed by SEC data and performance test-
ing. The copolymer made from AMPSVR , NNDMA
and acrylic acid only (no humic acid present!) under
identical conditions with those for the graft copoly-
mer exhibits a molecular size as expressed by the

TABLE III
Standard Addition Plot of UV–Vis Absorbance

Measured at 600 nm and at Increased Dosages of Graft
Copolymer at a Fixed Dosage of 0.029% bwoc (0.5 g/L) of

SCR–500V
R

Retarder

Graft copolymer dosage (g/L) Absorbance @ 600 nm

0.5 graft copolymer
only (w/o retarder)

0.491

0.0 �0.001
0.5 0.496
1.0 1.019
1.5 1.463

Figure 1 Size exclusion chromatograms of graft copolymer as obtained from synthesis (left) and after ageing for 8 h @
150�C (right); eluent: 0.2M NaNO3, pH ¼ 9. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

1454 SALAMI AND PLANK

Journal of Applied Polymer Science DOI 10.1002/app



Rg(z) value which is considerably smaller than that of
the graft copolymer (21.2 nm for the copolymer vs.
71.2 nm for the graft copolymer). Thus, it is evident
that the graft copolymer possesses a larger number
of side chains. Additionally, fluid loss performance
of the graft copolymer at 150�C in cement slurry
was compared with that of a mere blend of humic
acid with the AMPSVR /NNDMA/AA copolymer at a
20:80 wt ratio. There, the graft copolymer produced
an excellent API fluid loss of 25 mL whereas the
blend showed practically no fluid loss control
(� 200 mL) for the cement slurry. This experiment
demonstrates that under the conditions selected,
indeed a reaction between humic acid, AMPSV

R

,
NNDMA, and acrylic acid had occurred and that not
just a simple mixture of humic acid and an AMPSV

R

/
NNDMA/AA copolymer is present. Accordingly, the
graft copolymer is composed of a humic acid back-
bone and AMPSV

R

-co-NNDMA-co-AA graft chains
which are linked to the backbone via oxygen atoms
from phenol groups (Fig. 2). Note that the chemical
formula used there for humic acid was taken from

literature.30 With humic acid being a natural polymer,
variations in its composition may occur.

Using thermogravimetric analysis and data from
SEC, an attempt was made to develop a more pre-
cise structural model for the graft copolymer. Ther-
mogravimetry revealed that at incremental increase
of temperature, individual humic acid shows a grad-
ual and almost linear decomposition with tempera-
ture (Fig. 3). Opposite to this, after an initial loss of
� 6.5% water, the graft copolymer shows very high
resistance to degradation up to a temperature of
� 380�C. Beyond this temperature, rapid breakdown
of the graft copolymer occurs. Obviously, humic
acid present in the graft copolymer is protected from
thermal degradation by the lateral graft chains made
of AMPSVR -NNDMA-acrylic acid. The overall
architecture of the graft copolymer is that of a
stretched backbone worm, as is illustrated in
Figure 4. There, the graft chains present the teeth of
a rather linear main chain. A similar model has been
proposed for the solved conformation of polycarbox-
ylate comb polymers bearing polyethylene oxide

TABLE IV
Elemental Analysis Data for Graft Copolymer, Humic Acid, and Graft Chain

Elements
Graft copolymer

found (%)
Graft copolymer

calculated (%)
Humic acid
found (%)

Graft chain
calculated (%)

C 39.0 43.4 38.7 44.9
H 7.0 6.0 3.7 6.6
O 36.0 27.1 41.5 23.2
N 6.6 7.3 1.0 8.9
S 6.0 6.8 0.8 8.2
Na 4.9 6.7 0.5 8.3
K 0.5 2.8 13.8 -

O content always calculated as difference to 100 %.

Figure 2 Structural representation of synthesized graft copolymer; structure of humic acid after.30
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graft chains (sodium polymethacrylate-g-PEO comb
copolymers).31–33 This specific structure is believed
to be responsible for the superior thermal stability of
the graft copolymer.

Another evidence for the existence of a stretched
backbone worm structure is provided by data
obtained from SEC. There, a value of � 1.8 was
obtained for the ratio of Rg/Rh (the so-called Burchard
parameter). According to Burchard, values of 1.5–2.05
represent linear molecules, while at >2.2, stiff chains
exist.34

Fluid loss performance of the graft copolymer

At first, the dosage of SCR-500V
R

retarder required to
delay the set of cement sufficiently to obtain slurry
which is fluid and pumpable over several hours was
determined. The target was to achieve a thickening
time (pumping time) at 150�C for at least 4 h.

Static filtration properties of cement/silica flour
slurries containing increased dosages (0–1.6% bwoc)
of the graft copolymer and a fixed dosage of 1.2%
bwoc of SCR–500V

R

retarder were determined at
150�C (slurry density 1.93 kg/L). The results are
shown in Figure 5.

Generally, API fluid loss decreases exponentially
with increasing graft copolymer dosage. The mini-
mum concentration of FLA needed to achieve an
API fluid loss below 100 mL/30 min lies at 0.8%
bwoc. This value presents a relatively low dosage,
considering the harsh temperature conditions. In
comparison, conventional CaAMPSVR -NNDMA
copolymers which are routinely used on HTHP
wells require substantially higher dosages to achieve
the same fluid loss as will be shown later in
Table VI. The graft copolymer reaches its maximum

effectiveness at a dosage of 1.2 % bwoc. From there,
a filtrate volume of less than 30 mL/30 min is
achieved. In a separate test, SCR–500V

R

retarder was
found to provide no fluid loss control at all (slurry
dehydration occurred in less than 2 min). Thus, it
was confirmed that filtration control was solely the
effect of the graft copolymer.

Effect on rheology

Table IV presents results on the viscosifying proper-
ties of the synthesized graft copolymer in the pres-
ence of SCR–500V

R

retarder. It shows that the graft
copolymer generally increases slurry viscosity, but
much less than conventional synthetic FLA polymers
such as e.g., CaAMPSVR -NNDMA copolymer.15 Thus,

Figure 3 Thermogravimetric analysis of the humic acid backbone and of the graft copolymer.

Figure 4 Model of the synthesized graft copolymer
exhibiting the structure of a stretched backbone worm dec-
orated with lateral graft chains.
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the graft copolymer behaves more advantageous in
high density cement slurries. Still, caution needs to
be exercised when the dosage of this FLA exceeds
� 1.5% bwoc. Fortunately, such excessive dosages
are not required to achieve sufficient fluid loss con-
trol with this polymer.

High temperature stability

To ascertain the high temperature stability of the
graft copolymer, a sample of the aqueous solution
was exposed at 150�C for 8 h in a roller oven and
subsequently used in a static filtration test at 150�C.
The results are presented in Table V. Interestingly,
the same API fluid loss values were obtained for the
graft copolymer before and after thermal exposure.
This result instigates that the graft copolymer is high
temperature stable with respect to fluid loss per-
formance, while the rheology of its aqueous solution
(Table II) and of the cement slurry (Table V) is lower
in comparison to that of the unaged sample. This

effect is owed to partial depolymerization of the
graft copolymer, as was evidenced by size exclusion
chromatography (see Fig. 1 and Table II). The molec-
ular weights of the aged FLA were reduced by
� 40% as a result of thermal exposure. This effect
also became apparent from the Brookfield viscosity
of their aqueous solutions and a reduction in the
steric size (Rh) of the solved macromolecule (see
Table II). Also, the aged graft copolymer solution
exhibited a lighter color than the unaged sample.
From this observation it was concluded that the
humic acid was partially oxidized and fragmented
while the graft chains remained essentially unaf-
fected. In spite of this partial depolymerization, the
graft copolymer still maintained its high effective-
ness as cement fluid loss additive.

Mechanistic study

To uncover the working mechanism of this graft
copolymer as fluid loss additive, a series of experi-
ments were devised. First, the correlation between
API fluid loss, filter cake permeability, dynamic fil-
trate viscosity, and filtercake pore size obtained at
150�C in the presence of varied dosages (0–1.6%
bwoc) of the graft copolymer and of 1.2% bwoc of
retarder was studied. The results are presented in
Table VI. The dynamic filtrate viscosity was found
to be always very low and independent of dosage.
This means that filtrate viscosity has no impact on
the fluid loss performance of the graft copolymer
whereas filter cake permeability decreases linearly
with API fluid loss. For example, permeability
decreases from 1044 lD to 2.2 lD while API fluid
loss is reduced from 1078 mL to 25 mL/30 min
(see Table VI). This clearly emphasizes that the graft
copolymer works by reduction of filter cake
permeability.

Figure 5 API fluid loss of Class G cement/silica (65:35%
wt./wt.) slurries containing increased dosages of graft co-
polymer and 1.2% bwoc of SCR-500V

R

retarder, measured
at 150

�
C.

TABLE V
Rheology (Shear Stress) of API Class G Cement/Silica Slurries Containing 0–1.6% bwoc of the Graft Copolymer and

1.2% bwoc of SCR-500
VR

Retarder, Measured at 150�C and at Different Shear Rates

Graft copolymer dosage (% bwoc)

Shear stress (lbs/100 ft2) at shear rate (rpm) @ 150oC

300 200 100 6 3 600

0.0a 60 40 17 1 0 115
0.2a 55 30 11 1 0 98
0.4a 50 36 13 2 1 99
0.6a 57 38 16 2 1 109
0.8 90 68 54 5 4 152
1.0 168 106 57 7 6 268
1.2 181 126 70 10 8 >300
1.4 >300 245 130 19 17 >300
1.6 >300 >300 211 30 25 >300

For comparison: CaAMPSVR -NNDMA copolymer15

0.5 92 70 41 2 2 176
0.8 154 110 71 6 4 274
1.0 199 136 83 9 6 >300

a Low viscosity of the cement slurry causes solids settling.
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To probe the reason behind the reduction in filter
cake permeability, adsorption of the graft copolymer
on the cement/silica solids was investigated.

Adsorption of the graft copolymer

Since the graft copolymer is an anionic polyelectro-
lyte similar to AMPSVR -co-NNDMA fluid loss addi-
tive which exhibits an adsorptive working mecha-
nism,15 it was speculated that this graft copolymer
may function according to the same principle. Thus,
adsorbed amounts of the graft copolymer and of the
retarder were determined by UV–vis spectroscopy
and TOC measurement, as described in the experi-
mental section. The results are displayed in Figure 6.

Generally, the adsorbed amount of the retarder is
quite constant (variation range 5.4–7.1 mg/g of
cement) and is independent of its dosage and that
of the graft copolymer. While the adsorbed amount
of the graft copolymer clearly increases with dosage.
The adsorbed amount first increases linearly until it
levels out at a dosage of � 1.5% bwoc. There, a satu-
rated adsorbed amount of � 15 mg/g cement was
observed. This behavior is best described by a Lang-
muir type adsorption isotherm which includes
monolayer formation of the adsorbed polymer.

Adsorption was confirmed to be the sole reason for
FLA depletion through a solubility test. For this pur-
pose, 2% bwoc of the graft copolymer were dis-
solved in this cement pore solution and left to rest
for 3 days. No precipitation of the FLA was
observed after this period.

Another observation from Figure 6 is that the
adsorbed amount of FLA still increases even when
API fluid loss remains stable below 30 mL. This
effect can be explained as follows: API filtrates of
<30 mL/30 min are produced by dehydration of the
first layers of the cement slurry next to the sieve.
Formation of this early filtrate (the ‘‘spurt loss’’) is
always necessary to produce a filter cake which is
tight and seals the slurry against further dehydra-
tion. There is no possibility to avoid this initial
spurt loss. Thus, using this test protocol, it is impos-
sible to achieve API fluid loss values of less than
25 mL/30 min.

Next, the adsorptive working mechanism of the
FLA was further investigated via zeta potential mea-
surement and determination of its calcium binding
capacity.

Zeta potential measurement

The zeta potential curve obtained for the cement/
silica flour slurry under titration of the graft copoly-
mer solution is displayed in Figure 7. Without
copolymer, the slurry exhibits a positive charge of
� þ4 mV. Stepwise addition of the anionic graft
copolymer reverses the positive charge to negative
values until a point of saturation is achieved. This
trend towards negative charges confirms that poly-
mer adsorption onto the surfaces of cement and
silica occurs.35

Specific anionic charge and calcium binding capacity

For the unaged graft copolymer, aged graft copoly-
mer, and humic acid, their specific anionic charges
in deionized water, 0.1M NaOH (pH 12.6) and
cement pore solution were determined. The results
are exhibited in Figure 8.

Figure 6 Adsorbed amounts of graft copolymer and
retarder respectively and corresponding API fluid loss of
the cement/silica slurry holding 1.2% bwoc of retarder as
a function of graft copolymer dosage, measured at 150

�
C.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 7 Zeta potential of cement/silica slurry titrated
with increased dosages of graft copolymer.

TABLE VI
Rheology (Shear Stress) and API Fluid Loss of API Class
G Cement/Silica Slurries Containing 1.2% bwoc of the
Graft Copolymer Before and After Thermal Exposure

to 150�C over 8 ha

Graft copolymer 300 200 100 6 3 600

API fluid
loss @ 150oC

(mL)

Unaged 181 126 70 10 8 >300 25
Aged 8 h @ 150

�
C 123 70 35 2 1 220 24

a Slurry also includes 1.2% bwoc of SCR-500V
R

retarder.

1458 SALAMI AND PLANK

Journal of Applied Polymer Science DOI 10.1002/app



Generally, in all fluid systems, the aged and
unaged graft copolymers exhibit comparable anionic
charge amounts. This again indicates that during the
ageing process, the humic acid backbone is frag-
mented while no significant degrafting of side
chains takes place. Additionally, all samples exhibit
higher specific anionic charge amounts in 0.1M
NaOH than in DI water. This effect is owed to
increased deprotonation at high pH. Whereas in
cement pore solution (which contains � 0.6 g/L of
Ca2þ), anionic charges of all samples dropped, with
the effect on humic acid being particularly strong. A
possible explanation for this behavior is strong cal-
cium complexation.22

To probe into this, the calcium binding capacities
of humic acid and of aged and unaged graft copoly-
mer were determined in NaOH (pH 12.6) in pres-
ence and absence of 0.6 g/L Ca2þ ions (Table VII). It
was found that the specific anionic charge amount

of humic is most strongly affected by Ca2þ (reduc-
tion of 84 %). At this Ca2þ concentration of 0.6 g/L,
humic acid partially comes out of solution as a
brown precipitate consisting of calcium humate.
While for the unaged and aged graft copolymers,
the specific anionic charge amounts only decrease by
12% and 28% respectively, with no precipitation.
This signifies much lower calcium binding capacity
for the graft copolymers. For comparison, the ani-
onic charge of CaAMPSVR -NNDMA copolymer is
reduced by 4% only.36 This instigates that the inter-
action between Ca2þ and the graft copolymer mainly
occurs at the humic acid backbone and less at the
lateral chains.

The experiments demonstrate that the grafting
process produces a copolymer with greatly
enhanced solubility in the presence of Ca2þ. This
property is a prerequisite for the effectiveness of the
graft copolymer in cementitious systems.

Additionally, the graft copolymer is fully compati-
ble and effective with a synthetic retarder based on
AMPSVR -co-itaconic acid. They do not perturb each
other, which differentiates it from other cement fluid
loss additives such as e.g., CaAMPSVR -co-NNDMA.37

The adsorptive mechanism of the graft copolymer
is highly surprising since it is well known that
ettringite, a cement hydrate formed from tricalcium
aluminate and calcium sulfate present in cement,
presents the main mineral for adsorption of anionic
admixtures.38 However, ettringite is not stable at
temperatures exceeding � 80�C and therefore is
practically absent at 150�C which was the test tem-
perature here. Therefore, the graft copolymer has to
adsorb onto another mineral substrate which most
likely are calcium silicate hydrates. In cement
pore solution they were found to develop a slightly
positive charge which increases with temperature
as a result of increased Ca/Si ratio.39 This effect
renders them a potential substrate for polymer
adsorption.

Figure 8 Specific anionic charge amounts of the graft co-
polymer, aged graft copolymer, and humic acid in DI
water, 0.1M NaOH (pH 12.6) and cement pore solution.

TABLE VII
API Fluid Loss, Dynamic Filtrate Viscosity, and Filter
Cake Permeability of Cement/Silica Flour Slurries

Containing Different Dosages of Graft Copolymer and
1.2% bwoc of SCR-500

VR

Retarder, Measured at 150�C

Graft copolymer
dosage (% bwoc)

Dynamic
filtrate viscosity

(mPa�s)

Filtercake
permeability

(lD)
API fluid
loss (mL)

0.0 0.44 1044 1078a

0.2 0.39 448 588a

0.4 0.41 96 160
0.6 0.45 50 112
0.8 0.63 71 96
1.0 0.48 5.1 40
1.2 0.49 2.2 25
1.4 0.49 2.0 23
1.6 0.50 2.0 23

For comparison: CaAMPSVR -NNDMA copolymer15

0.8 4.3 4,905 554a

1.0 6.0 4,432 410a

a Calculated (dehydration occurred in less than 30 min).

TABLE VIII
Specific Anionic Charge Amount of Humic Acid,
Unaged, and Aged Graft Copolymer Respectively,
Measured in 0.1M NaOH (pH 12.6) in Presence and

Absence of 0.6 g/L Ca21 Ions

Polymer

Specific anionic charge
amount (C/g)

Reduction
of anionic
charge by
Ca2þ ions

NaOH @
pH 12.6

NaOH @
pH 12.6 plus
0.6 g/L Ca2þ

Humic acid 466 76 84%
Graft copolymer 393 345 12%
Aged graft copolymer 404 293 28%
CaAMPSVR -NNDMA

copolymer15,38
368 352 4%
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CONCLUSIONS

Monomers of AMPSVR , NNDMA, and acrylic acid
were successfully grafted on humic acid, as was evi-
denced by SEC analysis (Rg value) and comparative
performance testing of the graft copolymer and a
mere blend of humic acid with an AMPSVR /
NNDMA/AA copolymer prepared under similar
conditions as the graft copolymer. The latter pro-
vided excellent fluid loss control while the blend
showed no fluid loss control at all. The working
mechanism of humic acid-{AMPSVR -co-NNDMA-co-
AA} graft copolymer as cement fluid loss additive
was found to rely on reduction of filtercake perme-
ability. This reduction is achieved by adsorption of
the graft copolymer on cement and possibly silica
particles. Adsorption was evidenced by zeta poten-
tial measurement showing increased negative
loading onto solid particles present in the cementing
formulation. Through strong adsorption which is
hardly affected by temperature, the polymer con-
stricts the pores of the filter cake. The study also
shows that this graft copolymer exhibits only a mod-
erate viscosifying effect on the cement slurry, and
thus qualifies for high density slurries which are
required on high temperature high pressure wells.
Additional research is in progress to validate which
cementitious phases are responsible for the adsorp-
tion of the graft copolymer.
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3.2 Preparation and Properties of a Dispersing Fluid Loss Additive 

based on Humic Acid Graft Copolymer Suitable For Cementing 

High Temperature (200 °C) Oil Wells 

 

Synopsis 

This work relates to the synthesis of a humic acid based graft copolymer providing simultaneous 

water retention and dispersing properties in cement slurries at 200 °C.  

The dispersing graft copolymer exhibits a much lower molecular weight (~ 323, 000 g/mol) than 

viscosifying graft copolymer (~ 600,000 g/mol). The dispersing effect originates from its 

specific molar composition: AMPS
®

-co-NNDMA-co-AA =1:0.31:0.03 which differs from that 

of the viscosifying graft copolymer (m.r = 1:1.54:0.02). It possesses highly flexible, dangling 

lateral chains. 

The polymer adsorbs strongly onto cement and effectively constricts filter cake pores at 200 °C. 

The polymer is essentially suitable for high density cement slurries exhibiting particularly low 

water-to-cement ratios, as required for high pressure reservoirs. 

 

The results were published in:  

 

Journal of Applied Polymer Science, 

O: T. Salami and J. Plank, 129, 2544 - 2553, 2013 
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ABSTRACT: A humic acid graft copolymer possessing both water-retention and dispersing properties in cement slurry was synthesized

by grafting lateral chains of 2-acrylamido-2-methylpropane sulfonic acid (AMPS
VR

), N,N-dimethylacrylamide (NNDMA), and acrylic

acid (AA) onto a backbone of humic acid using aqueous free radical polymerization. The graft copolymer is composed of 20 wt %

humic acid backbone and 80 wt % graft chain (molar ratio AMPS/NNDMA/AA ¼ 1 : 0.31 : 0.03), it exhibits a Mw of 323 kDa and

is highly anionic in cement pore solution. The influence of this specific molecular design on cement flow properties is unraveled.

When tested at 200�C, the graft copolymer achieved very low cement fluid loss values (�50 mL) at low rheology. This behavior dif-

ferentiates it from most common synthetic high temperature fluid loss additives which excessively viscosify cement slurries. The work-

ing mechanism of the graft copolymer was found to rely on adsorption onto the surface of hydrating cement. VC 2013 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 129: 2544–2553, 2013
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INTRODUCTION

Crude oil (petroleum) and natural gas are among the most

abundant fossil resources found in geological formations

beneath the earth’s surface in depths of up to 9000 m. For their

recovery, oil and gas wells have to be constructed by drilling

through multiple geological formations using water or oil-based

drilling fluids. Water-based drilling muds use functional water-

soluble polymers for water retention, e.g. for polymers based on

N-vinylpyrrolidone.1 In mature oilfields, aqueous solutions of

viscosifying polymers are used for tertiary oil recovery (so-called

chemical flooding).2

Since recent, an increasing number of oil and gas wells is char-

acterized by excessively high temperatures (up to 260�C), high

pressures (up to 1700 bar), and saline reservoir fluids that may

contain numerous electrolytes such as NaCl, CaCl2, MgCl2, and

MgSO4 at total concentrations of up to 40 wt %. These wells

need to be sealed by cementing a metal pipe (so-called casing)

into the borehole.3,4 The primary objective of cementing such

casing is to achieve complete zonal isolation. It prevents migra-

tion of fluids and gases between formations and of influxes into

the borehole. Consequently, the cement sheath needs to with-

stand the various stresses occurring during the life of an oil

well.5,6

Cement dispersed in water presents a classical colloidal system

whereby the cement particles attain an overall negative surface

charge, as is evidenced by zeta potential measurement.7,8 The

silicate phases C3S and C2S present in cement clinker produce a

negative charge while the aluminates (C3A and C4AF) exhibit a

positive charge. Thus, the charge distribution on the surface of

cement is heterogeneous and provides anchoring sites for both

cationic and anionic polyelectrolytes. Since silicates and thus

negatively charged surfaces are prevalent in cement, anionic

cement additives are most commonly used because they require

less dosage to cover the fewer positively charged sites of the alu-

minate hydrates by adsorption.9

The addition of fluid loss additives (FLAs) to oil well cement

slurries is of paramount importance to prevent loss of water

(dehydration) of the cement slurry while it is being pumped

down hole and placed between the porous formation and the

casing. Currently, synthetic sulfonated copolymers present com-

mon high temperature (HT) fluid loss additives. Among them

are for polymers based on 2-acrylamido methane propane

sulfonic acid (AMPS
VR

), N-vinylacetamide and acrylamide, or

AMPS and N,N-dimethyl acrylamide.10,11–14 Their effectiveness

is known to rely on adsorption on the surface of cement.15 A

major drawback for these high molecular weight copolymers

VC 2013 Wiley Periodicals, Inc.
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(Mw > 1.5 mio g/mol) is their excessive viscosifying effect. This

is highly undesirable, because deep wells which exhibit ultra-

high temperatures require increased slurry densities (>1.9 kg/L)

to provide sufficient hydrostatic overburden pressure against the

reservoir. Such cement slurries are characterized by low water

and high cement content (water-to-cement ratio < 0.40). FLAs

such as the aforementioned impart even more viscosity to those

already highly viscous cement slurries which renders it

extremely difficult to pump them over distances of e.g. 16 km.

Consequently, substantial additions of dispersants are required

to counteract this thickening effect. Such combinations are

highly uneconomical and present a complex admixture system

which is difficult to handle in the field.

Owed to the recent trend for constructing ultra-deep HT/HP

wells, admixture technology suitable for those conditions is

required. Relative to fluid loss additives, copolymers which ex-

hibit stable performance at high temperature and possibly a dis-

persing effect are most desirable.

It is known that copolymerization provides an excellent way for

the tailoring of macromolecules with specific chemical struc-

tures and for the control of properties such as hydrophilic/

hydrophobic balances, rigidity, solubility, polarity, etc. These

properties are regulated by the nature and distribution of the

monomeric units along the copolymer chains and depend on

the physico-chemical properties of the co-monomers used.16,17

Here, highly anionic AMPS-NNDMA-AA terpolymer blocks

were grafted onto a humic acid backbone with tailor-made

co-monomer composition that involves a significant amount of

pronounced hydrophilic AMPS and acrylic acid monomers

which produce flexible units and ionize completely in aqueous

solution, in contrast to the less polar NNDMA monomer which

renders the polymer chain more rigid and less hydrophilic as a

result of the steric effect induced by the CH3 groups linked to

the amide. On the basis of this concept, a dispersing fluid loss

additive was designed, synthesized and characterized. Its per-

formance in oil well cement slurries was compared to that of a

viscosifying graft copolymer presented in an earlier article.18

Exceptional temperature stability was probed by performance

testing at 200�C, and the influence of the specific graft chains

on the flow behavior of cement was established. In addition, its

working mechanism was verified from filter cake permeability,

adsorption, and zeta potential measurements.

EXPERIMENTAL SECTION

Materials

Oil Well Cement. An API Class G oil well cement (‘‘black label’’

from Dyckerhoff AG, Wiesbaden, Germany) corresponding to

American Petroleum Institute (API) Specification 10A was

used.19 Its clinker composition was determined through powder

Q-XRD technique using Rietveld refinement (Table I). The

amounts of gypsum (CaSO4�2H2O) and hemi-hydrate

(CaSO4�0.5�H2O) were measured by thermogravimetry. Free

lime (CaO) was quantified following the extraction method

established by Franke.20 The specific surface area was

determined using a Blaine instrument (Toni Technik, Berlin,

Germany), and the specific density was measured by helium

pyconometry (Quantachrome Instruments, Boynton Beach, FL).

The average particle size (d50 value) was obtained using a laser

granulometer (1064 instrument from Cilas, Marseille, France).

Silica Flour. A commercial sample of silica flour (SSA-1 from

Halliburton GmbH, Celle, Germany) containing (wt %) quartz

97.60, CaO 0.57, MgO 0.18, Al2O3 0.17, TiO2 0.06 (determined

by X-ray fluorescence) and LOI 1.40 was used. Its specific sur-

face area (Blaine method) was 1857 cm2/g, while the average

particle size (d50 value) was 32.7 lm. Specific density of the

silica flour was found to be 2.65 kg/L.

Synthesis of the Dispersing Graft Copolymer. The humic acid

graft copolymer was prepared by grafting AMPS, NNDMA, and

AA onto a humic acid backbone via aqueous free radical

copolymerization using sodium persulfate as initiator. In a typi-

cal experiment, 117 mL of a 14.5 wt % aqueous solution of

commercial potassium humate (HA 2 from Borregaard Ligno-

tech, Sarpsborg, Norway) and 160 mL of DI water were placed

in a 1-L four-necked flask equipped with stirrer, thermometer,

and N2 inlet. The pH of the solution which initially was 9.2 was

adjusted to 12 by feeding of 13.5 g of sodium hydroxide pellets

into the flask. Next, in this order: 50 g of AMPS (2404 mono-

mer from Lubrizol, Rouen, France), 15 g of NNDMA (Sigma-

Aldrich, Munich, Germany), 1.2 g of acrylic acid (Merck KgaA,

Darmstadt, Germany), 0.30 g of EDTA (Sigma-Aldrich, Munich,

Germany), and 1 g of defoamer (TEGO ANTIFOAM MR 2123,

an organo-modified polysiloxane from Evonik Goldschmidt

GmbH, Essen, Germany) were added to the solution of potas-

sium humate. The feed molar ratios of AMPS, NNDMA, and

AA were 1 : 0.63 : 0.07, and the weight ratio between backbone

and graft chain was 20 : 80. While stirring, nitrogen gas was

bubbled through the solution for 1 h. Then, the temperature

was increased to 50�C and the first amount of Na2S2O8 initiator

(4.0 g) was added. After 50 min of reaction time, the second

portion of the initiator (4.0 g) was added. Grafting was contin-

ued for another 70 min, while the temperature was increased to

60�C. There, the mixture was left to react for an additional

Table I. Phase Composition (XRD, Rietveld), Specific Density, Specific

Surface Area (Blaine), and d50 Value of API Class G Oil Well Cement

Sample

C3S (wt %) 59.6

C2S (wt %) 22.8

C3Ac (wt %) 1.2

C4AF (wt %) 13.0

Free CaO (wt %) <0.3

CaSO4�2H2O (wt %) 2.7a

CaSO4�0.5 H2O (wt %) 0.0a

CaSO4 (wt %) 0.7

specific density (kg/L) 3.18

Specific surface area (cm2/g) 3058

d50 value (lm) 11

C3S: tricalcium silicate (Ca3(SiO4)O); C2S: dicalcium silicate (Ca2SiO4);
C3Ac: cubic modification of tricalcium aluminate (Ca9Al6O18); C4AF: tetra
calcium aluminate ferrite (Ca4Al2Fe2O10).
aMeasured by thermogravimetry.
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hour before the temperature was again increased to 80�C for

another hour to complete the reaction. Finally, the liquid was

cooled to room temperature and the reaction was quenched by

addition of 4.8 g sodium pyrosulfite (Na2S2O5). The product

yields a dark, viscous, odorless liquid which was diluted with

300 mL of DI water. Thus, a dark brown, 14 wt % aqueous so-

lution possessing low viscosity and a pH value of 7.0 was

obtained. The characteristic properties of the graft copolymer

are summarized in Table III.

Synthesis of a Comparative Graft Copolymer. For comparison,

a viscosifying graft copolymer possessing a similar molecular

weight as the dispersing graft copolymer, but a different mono-

mer composition was synthesized following the same procedure

as described in a previous article for a viscosifying graft copoly-

mer.18 In the present preparation, the same feed molar ratios of

AMPS, NNDMA, and AA of 1 : 1.46 : 0.07 as used for the pre-

vious viscosifying graft copolymer were used (50 g of AMPS, 35

g of NNDMA, and 1.2 g of AA). Also, the weight ratio between

the humic acid backbone and the graft chain was kept constant

at a weight ratio of 20 : 80. In the preparation, nitrogen gas was

bubbled through the stirred solution for 1 h after the flask has

been charged with the monomers, sodium hydroxide, EDTA,

and defoamer, as presented in Ref. 18. Next, temperature was

increased to 60�C and the first amount of Na2S2O8 initiator

(20.8 g) was added. After 50 min of reaction time, the second

portion of the initiator (20.8 g) was added accordingly. Grafting

was continued for another 70 min while the temperature was

increased to 70�C. There, the mixture was left to react for an

additional hour before the temperature was again increased to

80�C for another hour to complete the reaction. Finally, the

liquid was cooled to room temperature and the reaction was

quenched by addition of 6.25 g of sodium pyrosulfite

(Na2S2O5). The product yields a dark, highly viscous, odorless

liquid which was diluted with 300 mL of DI water to obtain a

dark brown, 7.3 wt % aqueous solution with a pH value of 4.0.

The characteristic properties of this graft copolymer are sum-

marized in Table III.

Cement Retarder. A commercial sample, HR
VR

-25 from Hallibu-

ton GmbH, Celle, Germany containing tartaric acid was used.

Instruments and Procedures

Q–XRD was performed on a Bruker axs D8 Advance instrument

(Bruker, Karlsruhe, Germany) with Bragg-Bretano geometry

using Cu Ka (k ¼ 1.5406 Å) radiation and using Topas 3.0 soft-

ware. X-ray fluorescence was performed on a spectrometer from

PANalytical, Almelo, NL.

For size-exclusion chromatographic (SEC) analysis, a Waters

Alliance 2695 (Waters, Eschborn, Germany) separation module

equipped with RI detector 2414 (Waters) and an 18 angle

dynamic light scattering detector (Dawn EOS, Wyatt Technolo-

gies, Clinton, IA) was used. The polymer was separated on a

precolumn and two Aquagel–OH 60 columns (Polymer Labora-

tories, distributed by Varian, Darmstadt, Germany). Aqueous

0.2M NaNO3 solution (pH 9 w/50 wt % aqueous NaOH)

was used as eluant (flow rate 1.0 mL/min). A dn/dc value

of 0.156 mL/g (value for polyacrylamide21) was used for calcula-

tion of Mw and Mn. The specific anionic charge amounts of the

polymers were determined in DI water, 0.1M NaOH (pH 13)

and cement pore solution (CPS), using a PCD 03 pH apparatus

(BTG Mütek GmbH, Herrsching, Germany). Cement pore solu-

tion was freshly prepared by vacuum filtration of neat API Class

G cement slurry (w/c ratio 0.44). Charge titration was carried

out according to a literature description.22

Cement slurries were prepared in accordance with the proce-

dures set forth in Recommended Practice for Testing Well

Cements, API Recommended Practice 10B, issued by the Ameri-

can Petroleum Institute, using API Class G oil well cement and

deionized water. At first, cement was dry blended with SSA-1

silica flour at a weight ratio of 65 : 35. This blend was mixed

with DI water at a water-to-cement (w/c) ratio of 0.48 and a

water-to-solids (w/s) ratio of 0.31 (solids ¼ cement þ silica)

using a blade-type laboratory blender manufactured by Waring

Products (Torrington, CT). In general, the graft copolymer solu-

tion was added to the mixing water while powdery HR-25

retarder was dry blended with cement.

Rheology of the slurries was determined on a FANN 35SA (Fann

Instruments Company, Houston, TX) rotational viscometer,

equipped with RI rotor sleeve, B1 bob and F1 torsion spring.

HTHP thickening times of cement slurries were measured at

200�C under 400 bar pressure using a consistometer model 8240

(Ametek Chandler Engineering, Broken Arrow, OK). After mix-

ing, the slurries were poured into the HTHP consistometer cell

and the time to reach 70 Bc (Bearden unit of consistency) was

designated as cement slurry thickening time. Stirred cement fluid

loss was measured at 200 C using an HTHP stirred fluid loss cell

(model 7120 from Chandler Engineering, Tulsa, OK) following a

norm issued by the American Petroleum Institute (API).23

Adsorbed amounts of admixtures were determined from the

cement filtrate collected in the respective fluid loss test applying

the depletion method, i.e. it was assumed that the decrease in

the polymer concentration before and after contact with cement

solely resulted from interaction with cement. This assumption

was confirmed through a solubility test of the admixtures in

cement pore solution over 3 days. No precipitation was

observed. A High TOC II apparatus (Elementar, Hanau,

Germany) equipped with a CO2 detector was used for quantifi-

cation of the carbon content present in the filtrated solutions.

Quantification of adsorbed amounts of the individual polymers

was done by using the nitrogen content as a marker for the

graft copolymer and the difference between the nitrogen content

and the TOC value for quantification of the retarder.

Zeta potential measurement was performed at room tempera-

ture on an electro acoustic spectrometer (DT-1200 from Disper-

sion Technology, Bedford Hills, NY) using the cement slurry

(w/c ratio of 0.48) mixed according to API RP 10B procedure,

except that no homogenization was carried out in the atmos-

pheric consistometer.

RESULTS AND DISCUSSION

Polymer Characterization

The free radical copolymerization process used here produces a

relatively homogeneous graft copolymer which exhibits a poly-

dispersity index of �2.4 (see SEC diagram in Figure 1). From
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SEC data, a turnover rate for the monomers of 83% was calcu-

lated, indicating an incomplete reaction.

Next, chemical composition of the graft copolymer (prepared

from AMPS: NNDMA: AA at a molar ratio of 1 : 0.63 : 0.07) was

determined. Elemental analysis of the purified copolymer con-

firmed successful incorporation of S and N containing monomers

into the graft copolymer (see Table II). According to this data,

92.94 wt % of AMPS, 45.83 wt % of NNDMA, and 39.53 wt % of

AA were incorporated. This suggests a molar ratio of 1 : 0.31 :

0.03 for the graft chain which differs from the feed molar ratio of

1 : 0.63 : 0.07. The difference is explained by the fact that AMPS

and NNDMA exhibit alternating polar factors (AMPS: Q,e ¼ 0.39,

0.22; NNDMA: Q,e ¼ 0.41, �0.26) and thus tend to polymerize at

a 2 : 1 molar ratio. Whereas acrylic acid, due to its similar Q and e

values (0.82, 0.81) tends to preferentially undergo homopolymeri-

zation.24 On the basis of this analysis, a chemical structure is

proposed for the graft copolymer (Figure 2).

Molecular properties of the synthesized dispersing graft copoly-

mer were determined by SEC (Table III). A comparison of its

properties with those of a viscosifying graft copolymer com-

posed of AMPS:NNDMA:AA at a molar ratio of 1 : 1.54 : 0.02

prepared according to a literature description18 revealed that the

dispersing graft copolymer which is characterized by a signifi-

cantly lower NNDMA content exhibits much lower molecular

weights (e.g. Mw: 323,200 vs. 577,400 Da). Consequently, the

Brookfield viscosity of its aqueous solution is significantly lower

than that of the viscosifying graft copolymer.

In cement pore solution, the specific anionic charge amount of

the graft copolymer was found to be 3545 leq/g which indicates

a strongly anionic additive as a result of the large number of

carboxylate, sulfonate, and phenolate functionalities. For com-

parison, the viscosifying graft copolymer prepared according

to18 exhibits a slightly higher anionic charge of 3826 leq/g.

Fluid Loss Control Performance

To determine the effectiveness of the graft copolymer for fluid

loss control, dynamic filtration properties of cement/silica flour

slurries (slurry density 1.94 kg/L) containing increased dosages

(0.4–1.8 % bwoc) of the graft copolymer at a fixed addition of

2.0% bwoc of HR
VR

-25 retarder were measured at 200�C under

stirring condition. The results are exhibited in Figure 3.

In general, API fluid loss values decrease exponentially with

increasing graft copolymer dosage. The minimum concentration of

FLA needed to achieve an API fluid loss value of below 100 mL/30

min lies at 1.0% bwoc. This value represents a relatively low dosage,

considering the harsh temperature conditions. The data confirms

high effectiveness of the dispersing graft copolymer in fluid loss

control application under the very severe condition of 200�C.

Dispersing Property

Rheology of cement/silica slurries containing the dispersing and

the viscosifying graft copolymer, and of a commercial lignite-

based graft copolymer manufactured according to a patent

description25 (HALAD
VR

-413 from Halliburton GmbH, Celle,

Germany) were compared at 95�C. At this temperature, no

addition of HR
VR

-25 retarder was required, thus the values indi-

cate the effect of individual polymers. The results are displayed

in Table IV. The graft copolymer exhibits remarkable cement

dispersion with increased dosages, while addition of the viscosi-

fying graft copolymer results in excessively high viscosity values

which are unacceptable for field use. Thus, the viscosifying

polymer relies on combination with a dispersant to facilitate its

field application. In addition, a comparison with the lignite-

based commercial graft copolymer shows that the latter also

possesses a viscosifying effect. This data confirms the novelty of

the graft copolymer describe here.

One might speculate whether the different behaviors of the new

dispersing and the previous viscosifying graft copolymer are

solely owed to their different molecular weights which are

presented in Table III. For clarification, a modified viscosifying

graft copolymer was synthesized as comparative polymer follow-

ing exactly the description used for preparation of the previous

viscosifying polymer,18 except that a higher initiator dosage and

an increased temperature (60–70�C) were used to obtain a poly-

mer with a Mw of �331 kDa which was comparable to that of

the dispersing graft copolymer (�323 kDa), but much lower

Figure 1. Size-exclusion chromatogram of the graft copolymer as

obtained from synthesis. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Table II. Elemental Analysis Data for Graft Copolymer, Humic Acid, and

Graft Chain

Elements

Graft
copolymer
found (%)

Humic
acid
found (%)

Graft
copolymer
calculateda (%)

Graft chain
calculated b

(%)

C 38.0 38.7 39.9 40.5

H 6.3 3.7 5.4 5.8

O 36.0 41.5 28.7 25.3

N 6.0 1.0 6.2 7.4

S 7.9 0.8 8.5 10.5

Na 1.9 0.5 8.5 10.5

K 1.2 13.8 2.8 –

Note: O content calculated as difference to 100%.
aCalculation based on number of moles of monomers added. bCalculation
based on weight proportion of monomers and humic acid added (80:20
wt %).
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than that of the previous viscosifying graft copolymer which

exhibited an Mw of �577 kDa (Table III).

Furthermore, rheological measurements of cement/silica slurries

holding the modified viscosifying graft copolymer were per-

formed, and the results were compared with those obtained

from the dispersing and the high molecular weight viscosifying

graft copolymer (Table IV). It was found that the modified graft

copolymer, despite its molecular weight being comparable to

that of the dispersing graft copolymer, still exhibited a very sig-

nificant viscosifying effect. This result clearly signifies that the

molar composition and the properties derived thereof present

the key factor for the interaction of such graft copolymers with

cement, and not the molecular weight.

We attribute the differences in the behaviors of the dispersing

and the comparative graft copolymer to their distinctly different

molecular architectures and rigidity of the side chains. First, it

is well established that in free radical copolymerization, higher

initiator concentration and higher temperature result in shorter

chain lengths. Hence, the comparative polymer can be expected

to contain a higher number of shorter lateral chains, thus

leading to a graft copolymer with significantly higher grafting

density than the dispersing copolymer which possesses fewer,

but longer side chains. A graphical sketch of the different archi-

tectures of the two graft copolymers is presented in Figure 4.

Another aspect which can impact the influence of both poly-

mers on the rheology of cement slurries is the different confor-

mational flexibility of their side chains. It is well established

that a high AMPS content produces copolymer chains with a

high degree of hydrophilicity and anionic character over a wide

range of pH because of the strongly ionizable sulfonate group.

Figure 2. Proposed chemical structure of the synthesized graft copolymer.

Table III. Characteristic Properties of Different Graft Copolymers and of Humic Acid, as Obtained from SEC

Polymers Mw (g/mol) Mn (g/mol) PDI (Mw/Mn)
Brookfielda

viscosity (mPa�s)

Dispersing graft copolymer 323,200 133,400 2.4 14

Viscosifying graft copolymerb 577,400 266,300 2.2 40

Comparative graft copolymerc 331,300 130,200 2.5 24

Humic acid 68,940 21,180 3.3 12

aMeasured in 2.0 wt % aqueous solution @ 100 rpm using spindle no. H 1. bPrepared according to literature.18 cPrepared according to literature18

but at increased initiator dosage and temperature.
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In addition, such lateral chains exhibit high conformational

flexibility and coiling in aqueous solution. Whereas, high

NNDMA contents produce relatively stiff polymer chains, as a

result of dominant steric interaction between the amide CH3

functionalities.26 Hence, the comparative graft copolymer which

possesses a very high amount of NNDMA in its side chains can

be expected to present a rather rigid macromolecule, with stiff

lateral chains attached to the main chain. Such conformation is

favorable for generating a viscosifying effect in solution. In

addition, it is known that polymer chains that are rich in

NNDMA exhibit a strong water sorption and swelling behav-

ior.27 Contrary to this, the dispersing graft copolymer possesses

highly flexible, dangling lateral chains because its main mono-

mer component is AMPS and not NNDMA. As a result, this

polymer cannot viscosify aqueous solutions and solid suspen-

sions, as is also indicated by its significantly lower Brookfield

viscosity (Table III). Instead, with its highly flexible lateral

chains, it can easily anchor on multiple sites on the surface of

hydrating cement and thus produce a dispersing effect.

All these observations allow to conclude that the specific molar

composition of the lateral chains chosen here presents the very

criteria for obtaining such dispersive graft copolymer.

Effect of Combined Retarder and Graft Copolymer

on Rheology

In practical oil well cementing at bottom hole temperatures of

200�C, addition of sufficient amounts of HT-effective retarders

is necessary to delay the set of cement sufficiently long to

achieve a pumping time (cement thickening time as determined

on the HT/HP consistometer) of at least 4 h. This was found to

occur at a dosage of 2.0% bwoc of HR
VR

-25 retarder.

In previous studies, it has been established that upon combina-

tion of one admixture with another, their functional properties

can change drastically as a result of additive-additive interac-

tion.28,29 To investigate such potential pertubance, the rheology

of cement/silica slurries containing both the graft copolymer

and HR
VR

-25 retarder was examined. The results are presented

in Table V. The data signifies that the presence of the retarder

causes cement slurry viscosity to increase with increased graft

copolymer dosage. This trend is opposite to what was observed

for the individual graft copolymer. It suggests that some interac-

tion between both admixtures occurs, as was confirmed later.

However, at dosages of 1.0–1.4% bwoc that present the dosage

range of graft copolymer required to achieve a field practical

cement fluid loss, rheology is still lower than for the viscosifying

or the lignite-based copolymer. It is also sufficiently low to

allow pumping of the slurry.

Working Mechanism of the Graft Copolymer

A series of experiments was devised to uncover the mechanism

of this graft copolymer as fluid loss additive. First, the correla-

tion between API fluid loss, filter cake permeability and

dynamic filtrate viscosity as obtained at 200�C from slurries

containing both the graft copolymer and HR
VR

-25 retarder

(2.0% bwoc) were established. The results are presented in Table

VI. According to this data, the dynamic filtrate viscosity of the

slurries is fairly independent of graft copolymer dosage. This

means that filtrate viscosity has no significant impact on the

fluid loss performance. Conversely, filter cake permeability

decreases rapidly with dosage and a direct relationship with API

fluid loss is apparent. For example, permeability decreases from

422 lD at 0.4 % graft copolymer dosage to �10 lD when

�1.4% of copolymer was added. At the same time, API fluid

loss is reduced from 720 mL to �50 mL/30 min (see Table VI).

This signifies that the working mechanism of this graft copoly-

mer relies on reduction of filter cake permeability.

Figure 4. Illustration of molecular architectures of (a) dispersing graft copoly-

mer possessing few and flexible side chains and (b) the comparative viscosify-

ing copolymer possessing numerous and stiff lateral chains. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. API fluid loss of Class G cement/silica (65 : 35% wt/wt) slurries

containing increased dosages of graft copolymer and of 2.0% bwoc of

HR-25 retarder, measured at 200�C and 70 bar differential pressure under

stirred condition.
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Table IV. Rheology (Shear Stress) of API Class G Cement/Silica Slurries (w/c 5 0.48) Containing Addition of Various Graft Copolymers, Measured at

958C and at Different Shear Rates

Shear stress values (lbs/100 ft2) @ 95�C at shear rate (rpm)

Copolymer dosages
(% bwoc) 300 200 100 6 3 600

Dispersing graft copolymer (Mw ¼ 323,200 Da)

0.0 200 173 124 59 58 248

0.2 191 165 121 46 42 237

0.4 138 82 49 23 21 206

0.6 89 58 28 7 5 165

0.8 80 53 24 5 4 158

1.0 74 51 20 2 1 135

Viscosifying graft copolymer (Mw ¼ 577,400 Da)

0.2 172 132 98 30 28 265

0.4 160 124 84 38 33 272

0.6 >300 252 165 52 48 >300

0.8 >300 >300 200 64 57 >300

1.0 Too thick to test

Lignite-based graft copolymer (HALADVR -413)

0.2 224 181 161 43 32 >300

0.4 234 178 134 22 14 >300

0.6 >300 239 163 49 35 >300

0.8 >300 204 149 44 34 >300

1.0 280 201 125 37 25 >300

Comparative viscosifying graft copolymer(Mw ¼ 331,300 Da)

0.2 183 135 122 74 65 228

0.4 196 138 105 50 48 >300

0.6 >300 220 149 49 47 >300

0.8 >300 >300 >300 82 69 >300

1.0 Too thick to test

Table V. Rheology (Shear Stress) of API Class G Cement/Silica Slurries (w/c 5 0.48) Containing the Dispersing Graft Copolymer and 2.0% bwoc of

HR
VR

-25 Retarder, Measured at 958C and at Different Shear Rates

Shear stress values (lbs/100 ft2) @ 95�C at shear rate (rpm)

Graft copolymer
dosage (% bwoc) 300 200 100 6 3 600

0.0 131 109 67 19 17 >300

0.4 150 83 41 4 3 >300

0.6 180 129 54 6 4 >300

0.8 259 144 68 8 6 >300

1.0 244 140 64 8 5 >300

1.2 >300 179 96 11 7 >300

1.4 >300 258 150 17 12 >300

1.6 >300 215 135 14 9 >300

1.8 >300 248 143 14 8 >300

Viscosifying graft copolymer according to18

0.2 Too thick to test

0.4 Too thick to test

Lignite-based graft copolymer according to Ref. 34

1.0 >300 >300 250 29 16 >300



To investigate the reason behind the reduced filter cake perme-

ability, adsorption of the graft copolymer and of the retarder on

the cement/silica solids was investigated.

Adsorption Behavior

Since the graft copolymer is an anionic polyelectrolyte with

dispersing property, it was speculated that this graft copolymer

may function by adsorption on cement, as has been

demonstrated before for AMPS-based copolymers.15 Thus, the

adsorbed amounts of the graft copolymer and of the retarder in

the combination were analyzed. The results are displayed in

Figure 5. In general, the adsorbed amount of the graft copoly-

mer increases almost linearly. No saturation plateau (complete

surface coverage) is achieved at the dosages tested. This signifies

strong electrostatic attraction of this highly anionic polymer on

the positive surface of cement. Another observation from Figure

5 is that the adsorbed amount of the copolymer still increases

even when API fluid loss remains stable at �50 mL (see Figure

3). This effect can be explained as follows: API filtrates of < 50

mL/30 min are produced by dehydration of the first layers of

the cement filter cake. Release of this ‘‘spurt loss’’ is always nec-

essary to produce a tight filter cake. Thus, continued adsorption

beyond the dosage of 1.4% does not contradict the working

mechanism by adsorption.

Conversely, the working mechanism of the retarder was found

to rely on precipitation from cement pore solution. Precipita-

tion (plausibly of calcium tartrate) occurred almost instantane-

ously when HR-25 retarder was added to cement pore solution.

At retarder dosages up to 1.2% bwoc, the amount precipitated

was quite constant (19–20 mg/g cement) and independent of

graft copolymer dosage. Above this concentration, the retained

amount of retarder decreased by �1 mg/g of cement. This effect

is owed to partial co-precipitation of the retarder and the graft

copolymer, as was confirmed by a decreased total organic nitro-

gen (TON) content of unadsorbed graft copolymer in presence

and absence of the retarder (see Table VII). There, it was found

that at graft copolymer dosages above 1.0 % bwoc, significant

co-precipitation of the unadsorbed graft copolymer with the

retarder occurs.

At 200�C, an adsorptive working mechanism of the graft copol-

ymer appears to be almost impossible because ettringite, a

cement hydrate formed from tricalcium aluminate and calcium

sulfate present in cement, presents the main mineral for adsorp-

tion of anionic admixtures [9]. However, ettringite is known to

be stable only at temperatures up to � 80�C to 115�C.30–33

Thus, it is practically absent at 200�C as was evidenced by XRD

patterns obtained from dry cement/silica specimens cured at

200�C (XRD diagrams not shown here). Apparently, the graft

copolymer adsorbs onto other hydrate phases formed under the

hydrothermal conditions existing at 200�C. The specifics of this

mineralization process and its consequences for the anchoring

possibilities of anionic polyelectrolytes will be the subject of

another study.

Table VI. API Fluid Loss, Dynamic Filtrate Viscosity, and Filtercake

Permeability of API Class G Cement/Silica Slurries (w/c 5 0.48)

Containing Different Dosages of Dispersing Graft Copolymer and 2.0%

bwoc of HR
VR

-25 Retarder, Measured at 2008C

Graft copolymer
dosage
(% bwoc)

Dynamic
filtrate viscosity
(mPa s)

Filtercake
permeability
(lD)

API
fluidloss
(mL)

0.4 0.30 422 720a

0.6 0.31 52 134

0.8 0.31 33 102

1.0 0.32 24 86

1.2 0.32 16 70

1.4 0.33 9 50

1.6 0.36 9 52

1.8 0.37 8 48

aDehydration of cement slurry in less than 30 min.

Figure 5. Adsorption of graft copolymer and of HR-25 retarder (dosage:

2.0% bwoc), measured from cement filtrates collected at 200�C.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table VII. Co-precipitation of HR
VR

-25 Retarder and of Graft Copolymer in Cement Pore Solution Derived From TON Measurement

Graft copolymer
dosage (% bwoc)

TONa of graft
copolymer
only (mg/L)

TON of graft copolymer
in presence of HRVR -25
retarder (mg/L)

Reduction in TONa

content (mg/L)

Reduction in
graft copolymer
concentration (%)

0.8 743 715 28 3.9

1.0 1054 960 94 9.8

1.2 1190 936 254 27.1

aTON means total organic nitrogen concentration in supernatant.
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Electro Kinetic Properties

The zeta potentials of cement/silica slurries titrated with indi-

vidual dispersing and viscosifying graft copolymer solutions are

displayed in Figure 6. The neat cement slurry (no polymer

present) exhibits a charge of �5 mV. Stepwise addition of the

anionic graft copolymers further decreases the charge to more

negative potentials until a point of saturation is achieved. The

dispersing graft copolymer shows more pronounced negative

zeta potentials than the viscosifying graft copolymer. Thus, it

induces a higher electrostatic repulsion between the cement

particles. This behavior explains its superior capability to dis-

agglomerate cement particles. The curves confirm the adsorptive

mechanism for the graft copolymer. Apparently, with increased

polymer dosage, more and more of the FLA is loaded onto the

surface of cement until a state of saturation (adsorption equilib-

rium) is reached. There, the zeta potential attains a constant

value.

CONCLUSION

A humic acid-(AMPS-co-NNDMA-co-AA) graft copolymer that

presents a dispersing cement fluid loss additive has been synthe-

sized using aqueous free radical copolymerization. It reduces

cement fluid loss effectively, even at temperatures as high

as 200�C. A low NNDMA and high AA content provides

dispersing properties to this polymer which are most advanta-

geous when formulating cement slurries of high density as

required on ultra-deep wells. Its working mechanism was found

to rely on reduction of filtercake permeability which is achieved

by adsorption of the graft copolymer on cement and possibly

silica particles. Adsorption was confirmed by TOC and zeta

potential measurements. Apparently, this adsorptive anchoring

of the graft copolymer is hardly affected by temperature.

Through this mechanism, the copolymer constricts the pores of

the filtercake and thus reduces the loss of water from the

cement slurry.

The study shows that cement additives such as the graft copoly-

mer described here can be engineered to make them suitable for

high density cement slurries required on ultra-high temperature

high pressure wells possessing particularly low water to cement

ratios. Here, the tailored composition of the lateral chains con-

tained in the graft copolymer translates into a specific molecular

architecture and conformational behavior which provides the

desired dispersing effect. As the oil industry in their quest to

explore the crude oil resources for the next decades is venturing

into ever deeper reservoirs, more of such additives will be

required and the performance envelope needs to be pushed to

withstand temperatures even as high as 260�C.
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3.3 Influence of Electrolytes on the Performance of a Graft 

Copolymer  Used as Fluid Loss Additive in Oil Well Cement 

 

Synopsis 

This work relates to the effect of salts (NaCl and sea water) on the performance of humic acid 

and lignite based graft copolymers. It focuses on the influence of individual ions (Ca
2+

, K
+
, Na

+
, 

Mg
2+

, OH
ˉ
, SO4

2-
, Cl

ˉ
, CO3

2-
) on admixtures.  

It was found that in cementing systems mixed from sea water, the electrolytes present in sea 

water affect the fluid loss performance of the graft polymer strongly whereas 20 % NaCl 

dissolved in the mixing water produce comparable fluid loss results than in fresh water. 

The results suggest that relatively minor concentrations of specific ions such as e.g. Mg
2+ 

can 

severely impact the effectiveness of oil well cement additives.   

The mechanism behind poor performance in the presence of sea water and mitigating measures 

to counteract their effect were investigated. Here, the negative effect of Mg
2+

 is owed to 

coprecipitation and entrapment of the graft copolymer into the precipitate of Mg(OH)2 which is 

formed in the alkaline pore solution of cement. 

The study recommends that specific ion sensitivities of oil well cement additives should be 

identified when designing cement slurries.  

 

The results were submitted on Jan 3, 2014 to  

Journal of Petroleum Science and Engineering, 

O.T. Salami and J. Plank 
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Abstract 

The influence of electrolytes contained in sea water and 20 wt.% NaCl solution on a high 

temperature fluid loss additive (FLA) for oil well cement was investigated. The FLA was 

comprised of a humic acid-{sodium 2-acrylamido-2-methylpropane sulfonate-co-N,N-dimethyl 

acrylamide-co-acrylic acid} graft copolymer which was tested at 27 °C and 150 °C. Its 

performance was compared with that of an industrial lignite-based copolymer. It was found that 

seawater, in spite of its relatively low electrolyte content (~3.6 wt.%), affects fluid loss 

performance of the graft copolymer strongly whereas 20 % NaCl dissolved in the mixing water 

exhibit a minor effect only. Mg
2+

 present in sea water was identified as cause for poor admixture 

performance. Experiments demonstrate that in the highly alkaline environment of cement, Mg
2+

 

precipitates as voluminous Mg(OH)2 which entraps significant amounts of the graft copolymer. 

Delayed addition of the graft copolymer to the cement slurry presents a mitigation strategy to 

overcome the negative effect of Mg
2+

 present in sea water.  
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1.  Introduction 

The global oil and gas industry is challenged to increase production in order to meet the rising 

world energy demand. One key area being explored now are the reservoirs below massive salt 

formations. Among the most promising candidates are the deepwater areas in the Gulf of 

Mexico, the North Sea, offshore Brazil, in the North Caspian Sea, and off North and West Africa 

(Hunter et al., 2010; Sanz and Dasari, 2010; Martins et al., 2011). 

Typically, such salt formations are composed of ~ 96 wt.% NaCl (halite) while the remaining ~ 4 

wt.% include sylvite (KCl) and various magnesium and/or calcium salts (Heerema, 2009). For 

example, the Zechstein formation which runs across Europe from UK, Netherlands, Germany, 

Poland to Ukraine contains a significant amount of magnesium salts, especially bischofite, 

MgCl2· 6H2O (Geluk et al., 2007). Such salt formations can vary from salt domes to massive 

beds with thicknesses up to 1,500 m (Barker and Feland, 1992).   

Wells constructed in these areas encounter reservoir fluids containing high electrolyte contents 

from NaCl, CaCl2, MgCl2 and MgSO4, with total salt concentrations as high as 40 wt.%. Besides, 

bottom hole temperatures can reach 170 °C. 

The challenge for cementing such wells is that the chemical admixtures commonly applied to 

control the properties of the cement slurry have to perform well in the presence of such high 

amounts of electrolytes. However, salt tolerant additives are rare because most admixtures were 

designed for fresh water slurries, and often perform poorly in saline environment (Whisonant, 

1988). For example, in offshore cementing sea water is commonly used as mixing water for 

cement. It is however well established that sea water perturbs the effectiveness of most cement 

admixtures, although its salt content is only slightly higher than that in fresh water. Surprisingly, 
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the reason for the adverse effects of various salts on these admixtures is still mostly unknown. It 

is thus imperative to investigate and understand the interactions of oil well cement additives with 

various electrolytes.   

Here, as a representative example for oil well cement additives, a humic acid {sodium 2-

acrylamido-2-methylpropane sulfonate-co-N,N-dimethyl acrylamide-co-acrylic acid} graft 

copolymer which presents a dispersing fluid loss additive was tested at 27 °C and 150 °C 

respectively in cement slurries prepared from fresh water, sea water and 20 wt.% NaCl. 

Moreover, the impact of these electrolytes in general and of specific ions in particular on the 

functionality and interaction of this graft copolymer with cement was examined. Based on these 

findings, a simple method to mitigate the negative effect of specific salts is proposed. 

 

2.  Experimental 

2.1 Materials 

2.1.1 Oil well cement and silica flour 

An API Class G oil well cement (“black label” from Dyckerhoff AG, Wiesbaden/Germany) 

corresponding to American Petroleum Institute (API) Specification 10A was used
 
(API, 2010).  

Its clinker composition is given in Table 1. A
 
commercial sample of silica flour (SSA-1 from 

Halliburton GmbH, Celle/Germany) was included into the cementing system to prevent high 

temperature induced strength retrogression. Average particle size (d50 value) of SSA-1 was 32.7 

µm. 
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2.1.2 Chemicals 

2-acrylamido-2-methylpropane sulfonic acid (AMPS
®
) monomer was obtained from Lubrizol, 

Rouen, France; N,N-dimethyl acrylamide (NNDMA, Sigma Aldrich, Munich, Germany), acrylic 

acid (AA), magnesium chloride hexahydrate (MgCl2·6H2O), sodium chloride (NaCl), calcium 

chloride dihydrate (CaCl2·2H2O), sodium hydrogen carbonate (NaHCO3), potassium bromide (all 

from Merck KgaA, Darmstadt, Germany) and sodium sulphate (Na2SO4, Applichem Chemical 

Synthesis Services, Darmstadt, Germany) were used as per obtained.  

 

2.1.3 Graft copolymer 

The humic acid graft copolymer was prepared by grafting 2-acrylamido-2-methylpropane 

sulfonic acid (AMPS
®
), N,N-dimethyl acrylamide (NNDMA) and acrylic acid (AA) onto a humic 

acid backbone via aqueous free radical copolymerization using sodium persulfate as initiator 

following a literature description (Salami and Plank, 2013). This dispersing graft copolymer is 

composed of 20 wt.% humic acid backbone and 80 wt.% graft chains. The molar ratio of the 

monomers in the graft chain was AMPS
®
/NNDMA/AA = 1:0.31:0.03. The resulting graft 

copolymer solution constitutes a dark brown liquid with a solid content of 19 wt.% and a pH 

value of 7. The molecular weights of the graft copolymer measured via SEC were 309,900 g/mol 

(Mw) and 161,400 g/mol (Mn) with a corresponding polydispersity index (PDI) of 1.9. The 

proposed chemical structure of the graft copolymer is shown in Figure 1.  
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2.1.4 Industrial graft copolymer 

For comparison, a commercial lignite – based graft copolymer marketed by Halliburton Co., 

Houston/TX was studied. Its synthesis is described in a patent (Huddleston and Williamson, 

1991). According to this literature, the graft copolymer contains ~ 20 wt.% of a lignite backbone 

and ~ 80 wt.% of graft chains composed of AMPS
® 

and dimethyl acrylamide (NNDMA). The 

molecular weights of the lignite graft copolymer obtained from SEC are 394,000 g/mol (Mw) and 

265,000 g/mol (Mn) respectively, with a corresponding polydispersity index (PDI) of 1.5. 

 

2.1.5 Cement Retarder 

As cement retarder, a combination of a self-synthesized AMPS
®
-itaconic acid copolymer and of a 

commercial product, HR
®

-25 which is composed of natural 2R, 3R- tartaric acid, was used. The 

AMPS
®
-itaconic acid copolymer was prepared at a molar ratio of 1: 0.4 via free radical 

copolymerization according to literature (Rodrigues, 1999) yielding a viscous, yellowish aqueous 

solution with a solid content of 39 wt.% and a pH value of 4. The molecular weights of the 

copolymer measured via SEC were: Mw = 175,600 g/mol; Mn = 108,600 g/mol and PDI (Mw/Mn) 

= 1.6.  

 

2.1.6 Synthetic seawater 

Sea water prepared according to the American Standard for Testing Materials (ASTM D1141) 

was used. The composition of this synthetic sea water is given in Table 2. The resulting ion 

concentrations (mg/L) were: Na
+
 10,900; Mg

2+
 1,300; Ca

2+
 418; K

+ 
403; Cl

- 
19,800; SO4

2-
 2,800; 

HCO3
-
 152; Br 

-
 67. 
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2.1.7 Cement slurry preparation and testing 

Cement slurries were prepared in accordance with the procedures set forth in Recommended 

Practice for Testing Well Cements, API Recommended Practice 10B, issued by the American 

Petroleum Institute, using API Class G oil well cement (API, 2005a). Fresh and salt water cement 

slurries were prepared using fresh water, sea water and 20 % by weight of water (bwow) NaCl as 

mixing water.  At first, cement was dry blended with SSA-1 silica flour at a weight ratio of 65:35. 

This blend was mixed with DI water, sea water or 20 % NaCl solution at a water-to-cement (w/c) 

ratio of 0.48 and a water-to-solids (w/s) ratio of 0.31 (solids = cement + silica) using a blade-type 

laboratory blender manufactured by Waring Products Inc. (Torrington, CT/USA). Within 15 s, 

the cement/silica blend was added to the mixing water placed in the cup of the Waring blender 

and mixed for 35 s at 12,000 rpm. All dosages of admixtures (FLA, retarder) are stated in % by 

weight of cement (bwoc). The aqueous solutions of the graft copolymer and of the AMPS
®
-co-

itaconic acid retarder were added to the mixing water while powdery HR
®
-25 retarder was dry 

blended with cement (unless stated otherwise which was the case in the delayed addition 

experiment). To ensure sufficient homogenization after mixing, all slurries were stirred for 20 

min at 94 °C in an atmospheric consistometer (model 1250 from Chandler Engineering, Tulsa, 

OK/USA).  

The rheology of the homogenized cement slurries was measured at 94 °C on a FANN 35SA 

(Fann Instruments Company, Houston, Texas, USA) rotational viscometer, equipped with RI 

rotor sleeve, B1 bob (radius: 17.3 mm, height: 38.0 mm) and F1 torsion spring. The values of the 

viscometer reading were recorded for 6 speeds of the rotor (3, 6, 100, 200, 300 and 600 rpm). 

Static cement fluid loss was measured at 27 °C and 150 °C respectively using a 500 mL high 

temperature, high pressure (HTHP) stainless steel filter press cell (model 7120 from Chandler 
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Engineering, Tulsa/OK, USA) following a norm issued by the American Petroleum Institute 

(API, 2005b). 

Cement pore solutions (CPS) of the slurries were collected via vacuum filtration from the API 

Class G cement/silica blend (65:35 wt. %; w/c ratio 0.48) suspended in various mixing fluids.  

 

2.1.8 Cation and anion analysis  

The concentration of sulfate ions present in the cement pore solutions were determined using ion 

chromatography (ICS-2000 apparatus, Dionex, Idstein/Germany) while the concentrations of 

cations (K, Ca, Mg and Na) were obtained from an atomic absorption spectroscope Model 1100B 

(Perkin Elmer, Überlingen, Germany). Prior to measurement, the filtrates containing the ions 

were diluted and acidified with 0.1 M HCl in order to prevent the formation of CaCO3 

precipitate.  

 

2.1.9 Adsorption of polymers on cement/silica 

Adsorbed amounts of the graft copolymer on cement & silica particles were determined from the 

filtrates collected in the respective fluid loss tests (at 150 °C) applying the depletion method, i.e. 

it was assumed that the decrease in the polymer concentration before and after contact with 

cement solely resulted from adsorption on cement/silica mineral surfaces. This assumption was 

confirmed through a solubility test whereby 10.42 g/L of graft copolymer (equivalent to a dosage 

of 0.5 % bwoc) were dissolved in CPS. After storage over three days, no precipitate had 

occurred. A High TOC II apparatus (Elementar, Hanau/Germany, equipped with a CO2 and N2 
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detector was used for quantification of the carbon and nitrogen contents present in the filtrated 

solutions containing the admixtures. The concentration of the graft copolymer was quantified via 

total nitrogen (TN) analysis while the concentration of AMPS
®
-co-itaconic acid present in the 

filtrates was obtained by subtracting the carbon content of the graft copolymer from the total 

carbon content present in the filtrate. The adsorbed amounts were calculated from the difference 

in the equilibrium concentration of the polymer present in the liquid phase before and after 

contact with cement/silica. Before conducting the TOC and TN analysis, the alkaline 

cement/silica slurry filtrates containing the unadsorbed polymers were diluted with 0.1 M HCl at 

a ratio of 1:20 (v. /v.) and the final pH of the solution was 1.0.  

 

3.  Results and Discussion 

3.1 Performance of graft copolymer at room temperature 

Firstly, performance of the copolymer in cement slurries prepared from fresh water, sea water 

and 20 % NaCl water at room temperature was tested. The results are displayed in Figure 2. The 

graft copolymer appears to be equally effective in all three cementing systems, with a slightly 

lower performance in the sea water system. At a dosage of only 0.2 % bwoc, API fluid loss 

values of ≤ 50 mL/30 min are achieved. Such values are considered as excellent in field 

applications.  
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3.2 Effect of electrolytes on performance of graft copolymer at high temperature  

To determine the influence of the salts on the performance of the graft copolymer at elevated 

temperature, static fluid loss values of the three cementing systems prepared from fresh water, 

sea water and 20 % NaCl were measured at 150 °C. All slurries were prepared from the 

cement/silica blend and contained the combination of AMPS
®
-co-itaconic acid and HR

®
-25 

retarders. The result is presented in Figure 3. Addition of the graft copolymer to the fresh water 

and 20 % NaCl slurries at varied dosages and fixed concentrations of 0.5 % bwoc each of 

AMPS
®
-co-itaconic acid and HR

®
-25 retarders results in excellent API fluid loss values of less 

than 50 mL while in the sea water system, an exceptionally high dosage (1.2 % bwoc) of the 

graft copolymer is required to achieve ~ 50 mL in API fluid loss. This result is surprising, 

because the electrolyte content contained in sea water is significantly less than that in the NaCl 

solution (3.6 vs. 20 wt.%). Apparently, sea water holds a species of electrolyte which is 

especially harmful to the performance of the graft copolymer, while even large amounts of NaCl 

have practically no negative impact, compared to the fresh water system. 

 To probe whether the sensitivity of the graft copolymer towards sea water was an exception or 

represented a more general behavior of cement fluid loss polymers, an industrial lignite – based 

graft copolymer which is commonly used in the field was incorporated into the study. The results 

are shown in Figure 4. Apparently, this graft copolymer is even more negatively affected by sea 

water than the humic acid – based graft copolymer. This finding suggests that the adverse effect 

of sea water is not limited to one specific additive, but is of more general nature. 
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3.3 Mechanistic study  

Next, a series of experiments was devised to uncover the perturbation resulting from sea water. 

For this purpose, rheology and fluid loss values of cement slurries containing 0.2 % bwoc of the 

graft copolymer and with 0.5 % bwoc of the retarders. The slurries were prepared from sea water 

or sea water from which individual electrolytes have been removed. The results are presented in 

Table 3. There it is shown that both API fluid loss values and rheology of the slurries do not 

change much when individual NaCl, CaCl2 or Na2SO4 are removed from the sea water. However, 

a huge improvement in both API fluid loss and rheology is observed when MgCl2 was omitted 

from the sea water formulation exhibited in Table 2.  In the absence of MgCl2 in the sea water, 

the API fluid loss value was excellent with only 32 mL whereas in fully formulated sea water, a 

value of 1,423 ml/30 min was obtained. The negative effect of MgCl2 was further ascertained by 

addition of MgCl2 to the 20 wt.% NaCl brine which led to a significant increase in fluid loss from 

44 mL (for 20 % NaCl) to 1,120 mL, thus confirming the deleterious effect of the Mg
2+

 cation. 

Furthermore, the rheology of the cement slurry containing additional MgCl2 in the 20 wt.% NaCl 

solution exhibited a sharp increase in viscosity which was even higher than what was observed 

for pristine sea water (see Table 3). 

To elucidate the mechanism for the negative impact of MgCl2 on the performance of the graft 

copolymer, its adsorption on the cement/silica was determined.  

 

3.4 Adsorption behaviour 

In previous work it has been established that in fresh water, the fluid loss control effect of the 

graft copolymer is based on its adsorption onto cement/silica and subsequent constriction of the 
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filter cake pores (Salami and Plank 2013). Through this mechanism less water is released from 

the filter cake.  Here, the adsorbed amounts of the graft copolymer in fresh water, 20 wt.% NaCl 

and sea water cement/silica slurries were compared. The results are displayed in Figure 5. In 

fresh water and NaCl loaded cement slurries, the adsorbed amounts of the graft copolymer 

increase nearly linear with dosage. Whereas in the sea water system, the adsorbed amounts 

remain relatively low. The results signify that electrolytes generally decrease the adsorbed 

amount of the graft copolymer. This effect is minor for the 20 % NaCl system and more severe 

for the sea water slurry. Furthermore, it should result in decreased fluid loss performance. 

However, it cannot fully explain the extremely negative effect of sea water on fluid loss, as 

shown in Figure 3.  In sea water, the adsorbed amounts of the graft copolymer are too high to 

explain the poor filtration control observed in Figure 3. Hence, it was necessary to identify 

another reason for the effect of sea water. As a next, the concentration of ions present in the pore 

solutions of the individual fluid systems was determined, with a focus on the Mg
2+

 concentration. 

 

3.5 Pore solution chemistry 

Analysis of the pore solutions collected from the three cementing systems was performed via 

AAS and ion chromatography. The result is presented in Table 4. There, the most significant 

observation is the huge difference in the Mg
2+

 concentration of the sea water system. Based on 

the MgCl2 content of the synthetic sea water, an Mg
2+

 concentration of ~ 1,300 mg/L was 

expected. Whereas in the pore solution collected from the sea water cementing system, only 28 

mg Mg
2+

/L were found, which represents a reduction of 98 % versus the initial concentration. 

Obviously, Mg
2+

 ions are depleted from the ionic soup, and this appears to be the reason behind 
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the poor performance of the graft copolymer in the presence of Mg
2+

. Hence, as a next step the 

interaction between Mg
2+

 and the graft copolymer was studied. 

 

3.6 Interaction of Mg(OH)2 with graft copolymer 

To access the behaviour of Mg
2+

 towards the graft copolymer under the pH conditions of oil well 

cement (pH ~12.5), a portion of MgCl2 equivalent to that present in sea water (116 mmol) was 

added to DI water under stirring. This produced a clear solution of pH = 6. Subsequently, 

through addition of 50 wt.% aqueous sodium hydroxide, the pH was increased to 12.5 which is 

comparable to that in a cement slurry. There, instant precipitation of a white solid occurred 

which was identify via XRD as Mg(OH)2 (brucite). Next, an aqueous solution of the graft 

copolymer holding the same amount of MgCl2 as before was adjusted to pH =12.5. Again, 

precipitation of a brown solid was observed (see Figure 6). Such precipitate did not occur when 

a solution of the graft copolymer only (no MgCl2 present) was adjusted to alkaline pH. A similar 

precipitation test was performed where MgCl2 was replaced by the amount of CaCl2 (14 mmol) 

present in the sea water. There, no precipitate was found, both in the absence and in the presence 

of the graft copolymer. According to literature, the solubility of calcium hydroxide at 25 °C (1.26 

g/L) is considerably higher than that of magnesium hydroxide which is 9.0 x 10
-3

 g/L only 

(Holleman and Wiberg, 1995). Apparently, in the alkaline cement slurry only magnesium 

hydroxide is precipitated while calcium hydroxide remains in solution. Consequently, this 

experiment allows to conclude that precipitating Mg(OH)2 might remove some of the graft 

copolymer from the cement slurry via coprecipitation. 
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Next, the concentration of the graft copolymer before and after coprecipitation with Mg(OH)2 

was quantified by measuring the total organic carbon content of the supernatant. There, a 

significant reduction of the polymer concentration by 45 % was found (from 3.03 to 1.67 g/L). 

Elemental analysis of the precipitate revealed that it indeed presented a co-precipitate of the graft 

copolymer with magnesium hydroxide. The X-ray diffraction spectrum of the precipitate (not 

shown here) also identified Mg(OH)2 in the coprecipitate. Furthermore, this precipitation test 

was repeated, except that this time the copolymer was added in a delayed mode after Mg(OH)2 

had precipitated at high pH. Here, despite thorough mixing of the polymer with the precipitate, 

no reduction of the polymer concentration was found. This experiment suggests that the 

voluminous precipitate of Mg(OH)2  presumably entraps a significant amount of graft copolymer 

because of its sheer size (hydrodynamic radius of graft copolymer, Rh = 22 nm, according to 

SEC measurement). While electrostatic attraction between colloidal Mg(OH)2 and the anionic 

polyelectrolyte does not seem to play a role. 

To confirm whether the precipitation of magnesium hydroxide occurring in-situ during the 

mixing process of the cement slurry is indeed solely responsible for the loss of performance of 

the graft copolymer, all additives were added after the cement/silica slurry has been mixed in the 

blender (delayed addition mode). A comparison of the results for early addition (graft copolymer 

present in the mixing water) versus delayed addition (copolymer added to the cement slurry) in 

sea water is shown in Table 5. At delayed addition, the performance of the graft copolymer is 

comparable to that in fresh water and in 20 % NaCl. The API fluid loss obtained at a dosage of 

0.2 % bwoc at delayed addition is 50 mL whereas at early addition, practically no fluid loss 

control is achieved (API fluid loss is 1,423 mL). This experiment confirms that the performance 

of the graft copolymer is not perturbed when co-precipitation with Mg(OH)2 is avoided. 
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Another observation from Table 5 is that at delayed addition, rheology of the cement slurry is 

considerably lower. This indicates that a substantial portion of the dispersing graft copolymer is 

removed by co-precipitation, and thus cannot exercise its full potential for dispersion. 

 

3.7 Effect of temperature on Mg
2+

 tolerance of graft copolymer 

A comparison of the results for fluid loss performance presented in Figure 2 (27 °C) and Figure 

3 (150 °C) suggests that the graft copolymer is negatively affected by sea water (or Mg
2+

, to be 

more specific) only at elevated temperature. This is however contradicted by the coprecipitation 

experiments performed at room temperature (Figure 6) where significant removal of the graft 

copolymer became apparent. This observation stimulated another experiment where fluid loss 

performance of the graft copolymer in the three cementing systems was determined at 0.1 % 

dosage only (as compared to ≥ 0.2 % in Figure 2). There, it became clear that also at room 

temperature, sea water produces much higher fluid loss values, and that NaCl reduces fluid loss 

performance slightly as well (Figure 7). These findings are in perfect agreement with the 

adsorbed amounts exhibited in Figure 5 and suggest that Mg
2+

 generally impedes the 

performance of this fluid loss polymer, independent of temperature. 

 

4.  Conclusion 

A humic acid AMPS
®
-NNDMA-AA graft copolymer was tested at 150 °C in fresh water, sea 

water and 20 wt.% salt water cement slurries. It was found that sea water significantly perturbs 

the effectiveness of the graft copolymer. There, about a six-fold dosage is required to achieve 
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fluid loss values comparable to those in fresh water and 20 % NaCl solution. According to our 

experiments, this negative effect can be attributed to entrapment of the graft copolymer into the 

voluminous Mg(OH)2 precipitate which is formed from Mg
2+

 present in sea water under the 

highly alkaline pH conditions of cement. Whereas, other electrolytes present in sea water such as 

e.g. SO4
2-

, Cl
-
, CO3

2-
, HCO3

-
, K

+
, Na

+
 or Ca

2+ 
do not perturb effectiveness of the copolymer. The 

results suggest that the humic acid-AMPS
®
-NNDMA-AA graft copolymer presents an 

economical admixture for cementing systems based on fresh water or NaCl brines. However, 

caution is required when offshore wells are cemented using sea water as mixing water. There, 

delayed addition of the admixture to the cement slurry presents a viable remedy. Alternatively, 

different fluid loss polymers possessing high Mg
2+

 tolerance should be applied. The results 

signify that relatively minor concentrations of specific ions (here: ~ 1,300 mg/L of Mg
2+

 can 

severely impact the effectiveness of oil well cement additives. To uncover such specific ion 

sensitivities it is thus recommended to first test the behavior of admixtures against individual ion 

rather than using fully formulated salt brines which is common practice at present.  
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Table 1 

Phase composition (XRD, Rietveld), specific density, specific surface area (Blaine) and d50 value  

of API class G oil well cement sample 

C3S 

(wt.%) 

C2S 

(wt.%) 

C3Ac 

(wt.%) 

C4AF 

(wt.%) 

Free 

CaO 

(wt.%) 

CaSO4·2H2O 

(wt.%) 

CaSO4·0.5 H2O 

(wt.%) 

CaSO4 

(wt.%) 

specific 

density 

(kg/L) 

specific 

surface area 

(cm
2
/g) 

d50 

value 

(µm) 

59.6 22.8 1.2 13.0 <0.3 2.7 
a
 0.0 

a
 0.7 3.18 3,058

 b
 11 

                                                                                                                                                                                                                                                                            

a
 measured by thermogravimetry. 

            b 
measured with Blaine instrument 

C3S: tricalcium silicate (Ca3(SiO4)O); C2S: dicalcium silicate (Ca2SiO4); C3Ac: cubic modification of 

tricalcium aluminate (Ca9Al6O18); C4AF: tetra calcium aluminate ferrite (Ca4Al2Fe2O10). 
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Table 2 

Chemical composition of the synthetic seawater prepared according to ASTM D1141 

Salt Concentration ( g/L ) 

NaCl 24.53 

MgCl2· 6H2O 11.09 

CaCl2· 2H2O 1.32 

KCl 0.70 

Na2SO4 anhydrous 4.09 

NaHCO3 0.20 

KBr 0.10 
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Table 3 

Rheology (measured at 95 °C) and API fluid loss (150 °C / 70 bar) of Class G cement/silica 

slurries prepared from sea water and different brines holding 0.2 % bwoc of graft copolymer and  

0.5 % bwoc each of AMPS
®
-co-itaconic acid and HR

®
-25 retarders 

Brines 
API fluid loss Shear stress (lbs/100 ft

2
) at shear rate (rpm) 

(mL) 300 200 100 6 3 600 

Sea water 1,423 151 116   90 60 41  269 

    w/o NaCl 1,207 161 117   82 58 50   285 

     w/o CaCl2 1,250 224 161 110 66 49 >300 

        w/o Na2SO4 1,449 281 198 128 65 55 >300 

     w/o MgCl2     32   55   31  14   2   1   112 

        

20 % NaCl  

         with MgCl2* 1,120 >300 252 136 23 16 >300 

* MgCl2 concentration as present in sea water composition (see Table 2); w/o = without 
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Table 4 

Ion concentrations found in the pore solutions of the cement slurry prepared from sea water  

(SW), fresh water (FW) and 20 % NaCl 

Fluid system 
Ca

2+
      

(mg/L) 

K
+
       

(mg/L) 

Na
+
    

(mg/L) 

Mg
2+

   

(mg/L) 

SO4
2-

(mg/L) 

                       Ion contents in mixing fluid 
 

   FW       1        0          2        0      0 

   SW   894 7,213 11,316 1,302 3,446 

   NaCl   476 6,810 79,048        2    646 

Ion contents found in cement pore solution 

FW slurry   476 6,810      416        2  646 

SW slurry 1,016 7,620 10,460        28  643 

NaCl slurry   830 6,050 61,400          2  958 
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Table 5 

Influence of delayed addition on API fluid loss (150 °C / 70 bar) and rheology (95 °C) of API 

Class G cement/silica slurries prepared from sea water holding 0.2 %bwoc graft copolymer and 

0.5 % bwoc each of AMPS
®
-co-itaconic acid and HR

®
-25 retarders 

API fluid loss Shear stress (lbs/100 ft
2
) at shear rate (rpm) 

(mL) 300 200 100 6 3 600 

 

 Early addition* 

       

1423 151 116 90 60 41 269 

       

 Delayed addition** 

       

   50 50 30 13    2    1    95 

* Addition of graft copolymer into mixing water           ** Addition of graft copolymer after mixing of cement slurry 
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Figure 1: Proposed chemical structure of the humic acid graft copolymer 
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Figure 2: API fluid loss of Class G cement/silica (65:35 % wt./wt.) slurries prepared from 

fresh water, 20 wt.% NaCl and sea water containing increased dosages of graft copolymer 

and 0.5 % bwoc each of AMPS
®
-co-itaconic acid and HR

®
-25 retarders, measured at 27 

°C 

 

 

 

 

 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

26 
 

 

Figure 3: API fluid loss of Class G cement/silica (65:35 % wt./wt.) slurries prepared from 

fresh water, 20 wt.% NaCl and sea water containing increased dosages of graft copolymer 

and 0.5 % bwoc each of AMPS
®
-co-itaconic acid and HR

®
-25 retarders, measured at      

150 °C 
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Figure 4: API fluid loss of Class G cement/silica (65:35 % wt./wt.) slurries prepared from 

sea water containing increased dosages of graft copolymer or of an industrial lignite- 

based graft copolymer in presence of  0.5 % bwoc each of AMPS
®
-co-itaconic acid and 

HR
®
-25 retarders, measured at 150 °C 
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Figure 5: Adsorbed amounts of the graft copolymer on cement/silica in slurries prepared  

from fresh water, 20 % NaCl and sea water at increased polymer dosages, measured at  

150 °C 
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Figure 6: Left: Mg(OH)2 precipitate from MgCl2 solution at pH 12.5; middle: graft 

copolymer dissolved in MgCl2 solution at pH = 6; right: graft copolymer solved in MgCl2 

solution, pH adjusted to 12.5 and subsequent co-precipitation with Mg(OH)2 
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Figure 7: API fluid loss of Class G cement/silica (65:35 % wt./wt.) slurries prepared from 

fresh water, 20 % NaCl, sea water and sea water without MgCl2, containing 0.1 % bwoc 

of graft copolymer and 0.5 % bwoc each of AMPS
®
-co-itaconic acid and HR

®
-25  

retarders, measured at 27 °C 

 

 

 

 



HIGHLIGHTS 

 

 

- Most cement additives are negatively affected by electrolytes 

 

- A graft copolymer was tested in cementing systems based on fresh water, 20 % NaCl and 

sea water 

 

- Poor performance of polymer in sea water system noticed  

 

- Reason is entrapment of polymers in voluminous Mg(OH)2 precipitate 
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4 APPENDIX 

 

APPENDIX A 

 

The following presents results which were not published in the aforementioned 

papers. All these Figures and Tables are related to Publication #1. 

 

 

 

Performance of viscosifying graft copolymer at 200 °C 

 

Figure 1: API fluid loss of Class G cement/silica (65: 35 % wt./wt) slurries containing 

increased dosages of graft copolymer and of 1.8 % bwoc of AMPS
®
-itaconic acid retarder, 

measured at 200 °C and 70 bar differential pressure under stirred condition  
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Figure 2: Adsorption of viscosifying graft copolymer and AMPS
®
-co-itaconic acid retarder 

(dosage: 1.8 % bwoc), measured from cement filtrate collected at 200 
o
C 
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Table 1: Rheology (shear stress) of API Class G cement/silica slurries containing 0.4 –1.4 % 

bwoc of viscosifying graft copolymer and 1.8 % bwoc of AMPS
®

-itaconic acid
 
retarder, 

measured at 92 
o
C and at different shear rates, w/c 0.48 (density :1,940 kg/ m

3
) 

Polymer dosage 

(% bwoc) 

 

Shear stress (lbs/100 ft
2
) at shear rate (rpm) @ 95

o
C 

 300  200  100   6  3  600 

 0.4
 

 145   96      52  3 2   270 

0.6  179  124 64  5 3 >300 

0.8  207  145 75  6  4 >300 

1.0 >300   222    124 17      12 >300 

1.2 >300 >300    188 38 28 >300 

1.4 >300 >300    210 49 38 >300 

 

 

 

Table 2: Rheology and API fluid loss performance of viscosifying graft copolymer with   

AMPS
®

-co-Itaconic acid  and HR
®

-12 retarders at 150 °C and 230 °C 

Retarder 
Shear stress (lbs/100 ft

2
) at shear rate (rpm) 

 

 300  200  100   6  3  600 

API Fluid loss 

(mL) 

0.8 % bwoc FLA & 1.0 % bwoc retarder @ 150 °C 

AMPS
®

-itaconic acid 101 50 31 4    2 160 59 

HR
®

-12  71 48 25 2    1 143 34 

0.9 % bwoc FLA & 2.0 % bwoc retarder @ 230 °C 

AMPS
®

-itaconic acid       121     66 33   3     2 162 20 

HR
®

-12   68  45 22 5     3   98 95 
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