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Polymers including guar gum and related compounds, cellulose-based gels, and acrylamide-based polymers (PAM and

HPAM) are used in the petroleum industry mainly for increasing viscosity and reducing friction in the reservoirs during

water flooding and hydraulic fracturing.
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1. Guar Gum

Guar gum is typically extracted from the seed of the guar plant, Cyamopsis tetragonolobus, and it is widely used in many

applications, particularly in the food industry . Guar and its derivatives are also commonly used in hydraulic fracturing

processes, although it has been reported that the polymer is sensitive to prolonged heat and as such does not keep its

rheological properties . Guar is a polysaccharide consisting of mannose units, bound together by β-1,4 glyosidic bonds

and randomly attached galactose molecules linked to the mannose backbone by α-1,6 linkages . The ratio of mannose

compared to galactose units is usually between 1.8:1 and 2:1, and depends on the provenance of the polymer . The

rheological properties of guar gum depend on the length of the backbone and the mannose:galactose ratio . The

biodegradation of guar gum is catalyzed by hydrolases that attack the β-1,4 and α-1,6 linkages, by β-1,4-mannanase, β-

mannosidase and α-1,6-galactosidase, resulting in its degradation into simple monosaccharides and disaccharides .

The β-1,4-mannanase cleaves the mannosidic bonds, having a direct effect on the viscosity of a guar solution as β-

mannosidase act on the ends of the polymer chain and hydrolyzes the terminal glycoside group of guar gum. The α-

galactosidase is responsible for the removal of the galactosidase units .

Guar-linkage specific enzymes (GLS) have been investigated for their use as enzyme breakers in hydraulic fracturing

processes at different pH ranges, temperatures, and salinities. For example, GLS enzymes isolated from the

fungus Aspergillus niger were shown to effective break (degrade) guar at temperatures between 15 to 60 °C, and at pH

values of 3 to 11 . Thermostable α-1,6-galactosidase and β-1,4-mannanase enzymes were isolated from the

hyperthermophile Thermotoga neapolitana, and were shown to be active at temperatures of up to 100 °C .

Similarly, Thermotoga maritima was reported for its expression of a thermostable α-galactosidase enzyme at 85 °C .

Another thermophilic bacterium isolated from hot springs, Rhodothermus marimus, showed galactomannan degradation

activity by expressing a mannanase having an optimal activity at 85 °C and a pH of 5.4 . A lower temperature (50 °C)

mannanase isolated from Enterobacter sp. has also been reported to be an effective enzyme breaker for guar gum at a

pH range of 3.0 to 8.0, and at high salt concentrations (up to 4 M NaCl) . Fridjonsson et al.  also reported an α-

galactosidase from the genus Thermus brockianus ITI360 cloned into E. coli that was active at an optimal pH of 5.5 to 6.5

and optimal temperature of 93 °C. More recently, a protein-engineered galacto-mannanase was identified that was able to

degrade the polymer up to 120 °C, which is the highest recorded temperature at which enzymes were active to degrade

guar . Similarly, the enzymes α-amylase and β-glucanase that are able to degrade xanthan gum and starch-based

polymers, have also been found to be effective at temperatures up to 90 °C . The long-term effectiveness of GLS

enzymes to degrade guar-based filter cakes has been tested in oilfields relative to persulfate oxidizers, summarized by

Brannon et al. . 

2. Cellulose-Based Polymers

Due to the fluctuation in price and occasional supply shortage of guar gum, other gelling agents are now often added to

hydraulic fracturing solutions, including cellulose-based polymers such CMC and carboxymethylhydroxyethylcellulose

(CMHEC) . Azizov et al. [ 57] showed that the use of CMC in fracturing fluid systems can result in similar production

performance and lower cost relative to guar gum. With increased industry interest in using polymers such as CMC in

hydraulic fracturing operations, understanding the biodegradation of cellulose-based polymers is important for developing

new enzyme breakers against these types of filter cakes.
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Cellulose is a polymer that consists of repeating units of glucose linked by β-1,4 bonds  and CMC consists of a

cellulose molecule with random carboxymethyl groups replacing hydroxyl groups within the molecule . The chemical

reaction for the replacement of the hydroxyl groups involves an alkali-catalyzed reaction with chloroacetic acid. The

carboxymethyl groups render CMC soluble and chemically reactive . The biodegradation of CMC occurs mostly via a

cellulose-enzyme complex, known as a cellulosome, that includes: exo-β-1,4-glucanases (1), endo-β-1,4-glucanases (2)

and β-1,4-glucosidases (3) . Cellulosomes are complexes of cellulases bound to different scaffolding proteins such as

carbohydrate-binding modules, docking modules, cohesion modules, and surface layer homology modules .

Exoglucanases attack the end of the CMC molecule, resulting in glucose or cellobiose formation, endoglucanases break

down internal glucosidic bonds, and glucosidases catalyze the hydrolysis of cellobiose, forming glucose . Although

many anaerobic bacteria express these multi-protein complexes, some anaerobes also hydrolyze cellulose or related

molecules by expressing a single enzyme . As the action of endoglucanases lowers the molecular weight of CMC, thus

decreasing its viscosity, these enzymes are the ideal candidates for degrading the CMC-based filter cakes in oil

reservoirs.

The production of endoglucanases from both fungi  and bacterial species  have found widespread application in the

food and agricultural industries. In contrast, comparatively few studies have examined the development of

endoglucanases for applications in the petroleum energy industry. Therefore, there is a limited understanding of the

activity of endoglucanases under the environmental conditions that characterize subsurface petroliferous reservoirs, such

as low redox conditions, and high salinities, temperatures, and pressures. While enzyme breakers have been developed

to degrade cellulose-based polymers at temperatures between 15 to 60 °C and pH between 1 to 8 , most studies on

the biodegradation of CMC filter cakes have been conducted with purified enzymes. However, their properties and

identities are usually kept confidential (e.g., reported in patents) , thus limiting the progress in CMC enzyme

breaker technology development. Trabelsi et al.  observed a viscosity decrease in guar and CMC when two different

enzymes were tested as breakers at low pH (4.75), and at a relatively high temperature (49 °C). However, the protein

sequences of the enzymes, nor their microbial origins, were reported . Recently, CMC-degrading enzymes were

retrieved from a thermophilic (50 °C), methanogenic enrichment culture established from cattle manure that was

supplemented with CMC as its sole carbon and energy source. Extracellular enzymes degrading CMC were able to

completely hydrolyze the polymer under high temperatures (50 to 80 °C), high salinities (up to 20% (w/v) salts), and were

active between pH 5 to 8 . Additionally, these enzymes could reduce CMC viscosity under high pressures (up to 4000

psi). The CMC-degrading enzymes from this anaerobic culture were subsequently isolated and purified for further study

and testing . These latter two studies showed that CMC-degrading enzymes can potentially be used as filter cake

breakers under realistic oil field conditions characterized by high salinities and temperatures, though scale up and field

tests are still required.

Recent advances in proteomics have helped understanding the structure and function of cellulosome complexes which

can be used for cellulose biodegradation by some anaerobic bacteria . New techniques to isolate proteins involved

in the cellulosome complex have been developed from studying the structure of the complex. Work done by Hong et al.

 reported a new technique to isolate and purify cellulases based on the affinity of the carbohydrate-binding module to

amorphous cellulose. Han et al.  also recently surveyed different genetic modifications such as directed evolution or

chemical modifications that can be done on thermo-stable enzymes to increase their efficacy at degrading their substrates

in conditions that are considered more extreme.  After engineering the enzyme, its thermal stability increased such that

the enzyme was active at 55 °C for 30 min and was more stable at a wider pH range (4.4 to 8.8). The interest in using

CMC as an alternative to guar gum as a gelling agent in the past years  and the recent advances in proteomics and

genetics offer a great opportunity to increase the research on this topic such that cellulose-based enzyme breakers can

be reliably applied in oil recovery field operations.

3. PAM and HPAM

The use of non-hydrolyzed and hydrolyzed polyacrylamide (PAM and HPAM, respectively) in hydraulic fracturing fluids

has increased within the last 5 years, especially in North America . Therefore, it is important to understand the

biodegradation of PAM and HPAM in order to develop potential enzymes that can be used as breakers to treat these types

of polymer filter cakes. PAM is a high molecular weight polymer that is synthesized by polymerization of acrylamide, either

as a linear chain or as a crosslinked structure . Due to its high molecular weight and stable carbon backbone, PAM has

been considered relatively resistant to microbial biodegradation . It is believed that PAM and HPAM are unable to

pass through microbial cell membranes, and that their carbon skeleton is difficult to access by microorganisms .

Nevertheless, the microbial utilization of PAM and HPAM has been reported since the late 1990s, including by

microorganisms from soil, activated sludge, and oilfield production/injection waters. The amide (-NH ) groups of PAM and
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HPAM can be hydrolyzed and converted into ammonium (NH ) (Figure 1A), which can then be used as a source of

nitrogen for microbial growth . Both aerobic and anaerobic microorganisms have been shown to utilize PAM and

HPAM as nitrogen sources . PAM or HPAM hydrolysis is catalyzed by a specific amidase enzyme, which

has been repeatedly detected in microbial cultures amended with these polymers  (Figure 1A). In addition,

chemical analyses have shown that during microbial utilization of PAM, its amide groups can be converted into a

carboxylic acid (COOH) , resulting in the formation of polyacrylate. However, the utilization of the

NH  groups from PAM/HPAM (deamination) does not lead to a decrease in the viscosity or molecular weight of the

polymers as the carbon-carbon backbone is not cleaved , and therefore amidases are not good targets for developing

enzyme breakers for PAM and HPAM.

Figure 1. Microbial utilization of PAM and HPAM through hydrolyzation with amidase (A), suggested biodegradation of

PAM by oxidation with monooxygenases (B), and PAM degradation mechanism by radical-forming enzymes (C).

The microbial utilization of PAM or HPAM as a carbon source is considered more challenging. Only the partial

biodegradation of PAM or HPAM has been reported, although the lack of polymer-free controls in some of these studies

does not unequivocally confirm if biodegradation was occurring. According to Nakamiya and Kinoshita , soil and

activated sludge isolates degraded up to 20% of PAM after 27 h of incubation. Wen et al.  measured a 70% PAM

removal efficiency by two Bacillus isolates after 96 h of incubation, but this degradation efficiency was assessed based on

the starch-cadmium iodine assay, which measures the removal of amide groups from PAM, rather than carbon-carbon

bond cleavage. Similarly, Bao et al.  obtained bacterial cultures from oilfield produced waters with a HPAM removal

efficiency of 14%, but the cleavage of the carbon backbone in HPAM was not directly shown. More recently, microbial

communities from a combined aerobic and anaerobic reactor system were shown to decrease HPAM viscosity by up to

78% . In addition, the authors observed two compounds with lower molecular weight than HPAM in the aerobic system

using GPC spectra . Other recent studies  reported the presence of volatile fatty acids such as

propionate, acetate and formate in microbial cultures utilizing HPAM under anaerobic conditions. Thus, it is believed these

fatty acids accumulate as a result of HPAM biodegradation .
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Despite the number of studies reporting PAM or HPAM biodegradation, only a few have identified specific enzymes

potentially involved in the breaking of the carbon skeleton, but they should be carefully examined. Dehydrogenase and

oxidases were detected in microbial systems designed for the treatment of HPAM ; however, it cannot be discerned

whether these enzymes were solely produced for the purposed of HPAM biodegradation since additional carbon sources

(such as glucose) were present in the systems. More recently, Song et al.  measured the activity of laccase (oxidase)

and dehydrogenase in a combined aerobic and anaerobic bioreactor that was initially amended with glucose and urea,

and then conditioned with HPAM. In this study, authors observed that laccase activity was independent of the HPAM

concentration and dehydrogenase activity was indirectly proportional to the concentration of HPAM . From several

reports on PAM/HPAM biodegradation, it is hypothesized that the biodegradation of these polymers occurs by initial

oxidation reactions that would first add a hydroxy (-OH) group into the alpha carbon of HPAM and a ketone (=O) group to

allow the subsequent cleavage of the PAM/HPAM carbon skeleton, through the activity of oxygenase enzymes (e.g.,

monooxygenases) (Figure 1B). However, further studies are required to confirm whether these enzymes are indeed

present in PAM-biodegrading cultures and if they can be used as enzyme breakers to degrade HPAM or PAM polymers in

oilfield systems. A recent study added to the skepticism that HPAM or PAM polymers can be used as a carbon source .

Repeated transfers of microbial communities enriched from activated sludge and oilfield produced water and incubated

under thermophilic conditions did not reduce the polymers’ viscosity when PAM or HPAM were provided as sole carbon

sources. Instead, these polymers were shown to serve as nitrogen sources when an alternate carbon source such as

glucose was provided .

PAM or HPAM degradation has also been reported when commercial or extracted enzymes were directly added to

polymer solutions. Gupta  patented an enzyme breaker known as asparaginase to degrade PAM. The authors reported

that this enzyme was able to deaminate the amide group of PAM and subsequently cleave the polymer, resulting in a

viscosity decrease. However, the specific mechanism involved in ‘breaking’ the carbon skeleton of PAM was not shown.

Other extracellular enzymes such as oxidases or peroxidases may also be effective as PAM/HPAM breakers, wherein free

radicals are formed that react with the polymer carbon, leading to a cleavage in the carbon skeleton of the polymer

(Figure 1C). Initially, Ramsden et al.  observed the degradation of a 0.5% PAM solution at 20 °C when a commercial

xanthine oxidase was added in the presence of xanthine. Nakamiya et al.  subsequently reported the degradation of

PAM when using a purified hydroquinone peroxidase enzyme isolated from Azotobacter beijerinckii HM121. In the

presence of tetramethyl hydroquinone and hydrogen peroxide, this peroxidase was able to degrade PAM into polymers of

smaller molecular weight within an hour of incubation at 30 °C . Hydroquinone peroxidase was believed to react with

hydrogen peroxide to form hydroxyl radicals which then reacted with tetramethyl hydroquinone to form a corresponding

radical that attacked the carbon chain of PAM and by hydrogen abstraction broke the polymer chain . Recently, Gilbert

et al.  observed that horseradish peroxidase (HRP), in the presence of hydrogen peroxide, can also catalyze the

degradation of HPAM at 37 °C by free radical formation. After 24 h, HRP decreased the viscosity and molecular weight of

the HPAM solution by 81% and 67%, respectively, in the presence of 97 mM peroxide . Both molecular weight and

viscosity reduction were dependent on the concentration of hydrogen peroxide . The results of the above studies

suggest that these free radical-forming oxidases and peroxidases could potentially be used for degrading PAM or HPAM

polymers in oil reservoirs, at least at mesophilic temperatures between 20 to 37 °C. However, possible interactions

between the radical components formed from the potential enzymes and other chemicals present in the reservoir are yet

to be investigated to confirm the effectiveness of these types of enzymes for application in oil and gas fields.
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