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ABSTRACT

remove the polymer retained in the pore system of the fracture and adjacent rock after hydraulic fracturing.

Three of those chemical products were used for the first time to degrade the polymer in fracturing fluids.
All laboratory tests were conducted under the Unit K-1 Chichimene oil-field conditions - located in Eastern
Colombia, and operated by Ecopetrol S.A.

Seven chemical products with different chemical properties were evaluated as post-fracturing treatments to

Fluid-fluid and fluid-rock compatibility tests were performed. In order to evaluate the capacity of the
post-fracturing treatments to degrade the polymer in the fracturing fluid, a new methodology for polymer
quantification was implemented. The chemical and thermal stability of the post-fracturing treatments was
assessed trough coreflooding experiments. Finally, the evaluations of the effectiveness of the post-fracturing
treatments were performed and assessed with coreflooding experiments using fractured rocks as porous media.

The coreflooding results showed that the post-fracturing treatments evaluated promoted the recovery of about
40% of the total polymer retained in the porous system, and improved the retained permeability in values
between 50 and 180%. The best obtained results came from the first-time usage of chemical products as
post-fracturing treatments.
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RESUMEN

iete productos quimicos, de diferente naturaleza quimica, fueron evaluados como tratamientos post-

fracturamiento hidrdulico para remover el polimero retenido en la zona fracturada. Entre los productos

evaluados se destacan tres productos usados por primera vez como componentes principales de
tratamientos post-fracturamiento hidrdulico. Las pruebas fueron realizadas a condiciones de los pozos
productores del campo Chichimene, formacién K-1, operados por Ecopetrol S.A., ubicados en los Llanos
Orientales Colombianos.

Las pruebas realizadas incluyeron compatibilidad con los fluidos y las rocas de la formacién, la aplicacion
de una nueva metodologia para cuantificar de forma directa la degradacién del polimero del fluido de
fractura y la evaluacién de la estabilidad térmica de los componentes principales de los tratamientos, entre
ofras. Finalmente, se realizaron pruebas de desplazamiento de los tratamientos post-fracturamiento a través
de medios porosos que simulaban rocas fracturadas para determinar su efectividad en la remocién del
polimero retenido.

Los resultados obtenidos muestran que la aplicacién de los tratamientos post-fracturamiento promovieron
la recuperacién de aproximadamente un 40% del polimero total retenido en el sistema poroso, segin su
aplicacién. Ademds, los valores de permeabilidad retenida mejoraron entre un 50 y 180%; obteniéndose
los mejores resultados empleando los productos quimicos usados por primera vez como tratamientos post-
fracturamiento.

Palabras clave: Degradacién polimérica, Cuantificacién polimérica, Medio poroso, Desplazamiento de fluidos, Per-

meabilidad.

RESUMO

ete produtos quimicos, de diferente natureza quimica, foram avaliados como tratamentos pés-fratura

hidrdulica para remover o polimero retido na zona fraturada. Entre os produtos avaliados destacam-

se trés produtos usados por primeira vez como componentes principais de tratamentos pés-fratura
hidraulica. As provas foram realizadas em condicées idénticas as dos pocos produtores do campo Chichimene,
formacéo K-1, operados por Ecopetrol S.A., localizados nas Planicies Orientais Colombianas.

As provas realizadas incluiram compatibilidade com os fluidos € com as rochas da formacéo, a aplicacéo
de uma nova metodologia para quantificar de forma direta a degradacéo do polimero do fluido de fratura
e a avaliacdo da estabilidade térmica dos componentes principais dos fratamentos, entre outras. Finalmente,
foram realizadas provas de deslocamento dos tratamentos pés-fratura através de meios porosos que simulavam
rochas fraturadas para determinar sua efetividade na remocéo do polimero retido.

O:s resultados obtidos mostram que a aplicagéo dos tratamentos pés-fratura promoveu a recuperacéo de
aproximadamente 40% do polimero total retido no sistema poroso, segundo sua aplicagdo. Além disso,
os valores de permeabilidade retida melhoraram entre 50 e 180%; obtendo-se os melhores resultados
empregando os produtos quimicos usados por primeira vez como tratamentos pés-fratura.

Palavras-chave: Degradacéo polimérica, QuantificacGo polimérica, Meio poroso, Deslocamento de fluidos, Permea-

bilidade.
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POST-FRACTURING TREATMENTS DESIGN TO REDRESS THE DAMAGE CAUSED BY FRACTURING FLUID POLYMERS

1. INTRODUCTION

Hydraulic fracturing is one of the most commonly
used stimulation techniques to accelerate and increase
the production in oil and gas wells. However, hydraulic
fracturing does not always produce the expected
results, with polymeric residue retention in porous
media (Wang, Holditch & McVay, 2012) as the main
cause for the variance in results. In addition, it has been
calculated that the polymeric surface recovery is less
than 50% of the total injected fluid during fracturing
(Asadi & Woodroof, 2006).

This paper presents the results of different chemical
products as post-fracturing (post-frac) treatments for
degrading the polymer retained in the pore system
of the fracture and adjacent rock after hydraulic
fracturing. Post-frac treatment application is an
attractive option that has been used for several years
to restore the polymeric damage in the fractured area
with satisfactory results (Brannon & Tjon-Joe-Pin,
1995; DeVine, Tjon-Joe-Pin & Rickards, 1999) and
has recently been implemented by Ecopetrol S.A.

These post-frac treatments were tested and
evaluated in the laboratory under Unit K1-Chichimene
oil-field conditions. Table 1 summarizes the chemical
products, and concentrations used, where three of the
chemical products where of first-time usage and the
remaining four commercial breakers.

Additionally, the fracture fluid designed for
Chichimene field was used in the present work. Table
2 shows the fracture fluid formulation.

Table 2. Fracture fluid designed for Chichimene field.

Chemical Composition Concentration (%v/v)

Clay stabilizer 0.20
Biocide 0.02
Polymer (Guar gum) 0.40% w/v
Surfactant 0.10
Gel stabilizer 0.30
Buffer 0.38
Crosslinker 1 0.10
Crosslinker 2 0.16
Breaker 1 (Oxidant) 1.20
Breaker 2 (Oxidant) 0.23

At the outset, fluid-fluid and fluid-rock compatibility
tests (including chemical interaction between formation
sands and post-frac treatments) were performed, as well
as different polymer degrading tests under static and
dynamic conditions, and the assessment of coreflooding
experiments.

In order to quantify the polymer degraded by the post-
frac treatments under evaluation, the dinitrosalicylic
acid (DNS) method was proposed as a fast and simple

Table 1. Chemical products tested as post-frac treatments.

Breaker Concentration (% v/v) Breaker Features

Ammonium persulfate 1.2% w/v Oxidant Traditional

Sodium perborate 1.2% w/v Oxidant Traditional
Sodium hypochlorite 2.0 Oxidant Traditional

Hydrochloric acid 3.5 Inorganic acid Traditional
Enzymatic treatment 5.0 Enzyme Novel
Organic treatment | 7.0 Organic acid Novel
Organic treatment |l 0.25 Organic acid Novel
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method -compared to other methods and techniques such
as anionic exchange chromatography (Hoeman, Klasner
& Karcher, 2011) or molecular ultrafiltration techniques
(Brannon & Joe, 1996)-. Yet, this method has not been
implemented in the oil industry.

The DNS method is based on the endothermic
reduction of the DNS (yellow color), by reducing
sugars to produce the 3-amino-5-dinitrosalicylicacid
(red brown color) with maximum absorption at a
wavelength of 540 nm (Miller, 1959). Moreover, the
DNS method is specific for quantifying reduced sugars
(such as guar gum and their derivatives) and is a direct
method for measuring polymer degradation of water-
based fracturing fluids.

Due to its high viscosity, water solubility, tolerance
to water chemistry and low cost, guar gum is the most
widely used polymer of the water-based fracturing
fluids (Wientjes et al., 2001). In addition, guar gum
is a natural polysaccharide composed of a backbone
of manopyranoses with f-(1 — 4) links, with only a
reducing end per molecule, and partially replaced by
a galactose unit linked via a-(1 —6) (Duxenneuner,
Fischer, Windhab & Cooper-White, 2008), being the
ratio of mannose-galactose 1,5:2 (Wientjes, Duits,
Jongschaap & Mellema, 2000). When the polymers used
in the fracturing fluids are degraded, smaller polymeric
fragments are obtained. These fragments, although of
lower molecular size, maintain the chemical properties
of the starting polymer; and hence its ability to reduce
the DNS.

The data obtained for the DNS method calibration with
glucose standards were fitted using least squares method
(see Figure 1), obtaining a R? correlation coefficient
between absorbance and glucose concentration equal
to 0.9988 and the relation between the absorbance and
glucose concentration given by Equation I:

Absorbance = 0.0016 * Glucose Concentration - 0.0553 (1)
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Figure 1. DNS calibration curve (Amex = 540 nm)
using glucose standards.
2. EXPERIMENTAL

Figure 2 shows the general outline of the methodology
used in the present work, in which new issues related to
polymer degraded are considered.

Post-frac treatments were prepared using brine of
potassium chloride (KC/) 1% w/v as base fluid, in
distilled water. All tests were performed at the average
temperature of the formation of interest (110°C) in
airtight glass jars.

Post-Frac Treatments Compatibility with the
Chichimene 0Oil, Unit K-1

Using the API RP 42 as reference, phase separation and
emulsion formations between oil from Chichimene-26
well (CH-26, Unit K-1), and post-frac treatments (50/50
and 20/80) were assessed qualitatively. The post-frac
treatments were evaluated in three different conditions:
1) fresh treatments; 2) after their reaction with 0.3% w/v
polymeric solution; 3) treatments dosed with 2000 ppm
iron (Fe*) in solution. Also, a commercial surfactant
currently used in Chichimene field operations, was
used to improve phase separation. Its concentration
was optimized experimentally.

Post-Frac Treatments Compatibility with Formation
Rocks

Crushed rocks samples from Unit K-1 obtained
from cores of the wells Libertad Norte-1, and Apiay-11
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Figure 2. Methodology used for post fracturing treatments evaluation.

(depths 3337, and 3216 m respectively) were used. The
tests were conducted based on API RP 58-1995. With
the following qualification criteria:

High concentrations of ions in the solution (Na*, K",
Ca*?, Mg*?, Fe*?, AI*?, and SiO,) indicate high degree
of reactivity of treatments with minerals presented in
the rock samples.

The maximum solubility of the rocks in post-frac
treatments should not exceed 1%. Values greater than
this indicate the possibility of damage in the reservoir
by fines generation.

CT&F - Ciencia, Tecnologia y Futuro - Vol. 5 Num.5  Dec. 2014

Polymer Degraded in the Fracturing Fluid

Tests were performed using linear gel suspensions
and filter cake. The linear gel was prepared using guar
gum -the most common polymer used in water- based
fracturing fluid- in KCI 1% w/v brine. The filter cake was
obtained from the filtration of cross-linked fracturing
fluid through a ceramic disc.

Polymer degradation was measured according to the
DNS method (Miller, 1959). The calibration method was
performed using standard anhydrous glucose solutions
between 50 and 1000 ppm. 1 mL aliquots of each of
the solutions were mixed with 1 mL of DNS to react
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at 100°C for 10 minutes. Subsequently, the samples
were cooled in ice water to stop the reaction. Finally,
absorbance was measured at the maximum absorption
length: 540 nm (Carrascal, Pachon & Molina, 2013).

Linear Gel

Glass reactors were prepared containing 75 mL
suspensions of 0.4% w/v polymer in KCI 1% w/v brine.
The post-frac treatments were dosed adjusting the
concentrations to test. Afterward, volume was completed
up to 100 mL using distilled water. The reactors were
setup at 110°C for a reaction time of 23 hours. Aliquots
were taken at different time intervals and polymer
degradation was measured using the DNS method.

Filter Cake

The cake was generated in a Permeability Plugging
Apparatus (PPA) filter press, by flowing fracturing
fluid containing 0.4% w/v of polymer through Fann
ceramic filters: 0.25 pm? air permeability, 6.35 cm
diameter and 6.35 mm thick.

The ceramic disc was placed in the HTHP (High
Temperature High Pressure) cell, and filled with 350 mL
of fracturing fluid. The outlet valve of the equipment
was kept in the open position while the nitrogen valve
was adjusted to 0.69 MPa to cool the filtrate. At that
point, the cell was heated to 110°C and pressurized to
maintain the differential pressure between 1.38 and 0.69
MPa. The fracture fluid was filtered until 300 mL of
filtered fluid was collected. Lastly, the equipment was
allowed to cool to room temperature and pressure was
released slowly, plus the ceramic filter was removed from
the cell. There sulting cake was placed in capped glass
reactors. Subsequently, 20 mL of distilled water and
5 mL of post-frac treatments were added. The reactors
were capped and heated to 100°C for 150 minutes, and
an aliquot of 2 mL was taken every 30 minutes. Using
the DNS method, the post-frac treatment’s capacity to
degrade the filter cake was measured and visual tests
were recorded.

Dynamic Activity of Post-Frac Treatment at Reservoir
Temperature

Post-frac treatments were used in dynamic activity
tests in a certified Berea, which had an absolute perme-
ability to water of 0.120 pm?. The procedure used was
based on the work conducted by Park ef al. (2001).

28

The Berea was saturated using KC/ 1% w/v brine by
displacement and the operating conditions of the test
were: T: 110°C, back pressure 0.69 MPa, overburden
pressure: 6.9 MPa, and flow rate 1 mL/min.

Absolute permeability was determined in the
Production Direction (PD) using standard KC/ 1% w/v
brine. Post-frac treatments were displaced through the
Berea at a rate of 2 Porous Volumes (PV) per hour
until 6 PV in Injection Direction (ID) was reached.
The permeability was measured again using KC/ 1%
w/v brine to verify whether the treatment caused any
damage in the Berea.

Moreover, effluents from each post-frac treatment
displacement were collected at every PV and were used
for testing their capacity for polymeric degradation and
their chemical activity retention.

Polymer Degraded in a Porous Media by Post-Frac
Treatments Corefloods

Coreflood tests were performed in Bereas which
simulated fractured rocks. The fractures were created
in high permeability Bereas with a 0.120 pm? absolute
water permeability and 0.23 cm width, and packed with
ceramic proppant 20/40. The Bereas were saturated using
KCI 1% w/v brine by displacement, with the following
operating conditions: T: 110°C, back pressure 2.76 MPa,
overburden pressure: 20.68 MPa, and flow rate 1 mL/min.

Initial permeability was determined using standard
KCI 1% w/v brine (PD). Then, 2 PV of cross-linked
fracturing fluid were displaced in ID, without exceeding
3.45 MPa of differential pressure. A closure time of
2.5 hours was provided to allow the breaking of the
fracturing fluid. Permeability was measured again using
KCI1% w/v brine (PD). Effluents were collected every
PV for polymer quantification.

When stability in the differential pressure was
achieved, 2 PV of post-frac treatment were displaced
in ID. According to polymer degradation tests in linear
gel, different closure times were defined for the different
post-frac treatments to safeguard the reaction times.
Permeability was measured in PD using KC/ 1% w/v
brine, and effluents were collected every PV for polymer
quantification. The results of permeability’s return
before-and-after application of post-frac treatments were
analyzed.
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In addition, the polymeric quantification was
prepared using the DNS method as follow: In glass
test tubes, with a cap, 2 mL of the collected effluent
samples were added, and 0.2 mL of hydrochloric acid
15% v/v were also added. The tubes were agitated and
homogenized. Following, the test tubes were incubated
at 95°C for 90 minutes to hydrolyze the polymer.
Afterwards, the DNS method was implemented to
measure the polymer degraded as glucose in the
solution, and performing a mass balance was possible
to quantify the polymer retained in the fractured Berea.

3. RESULTS AND DISCUSSION

Post-Frac Treatments Compatibility with the
Chichimene Oil and Rocks, Unit K-1

Initially, compatibility tests were performed between
CH-26 oil and KCI 1% w/v brine. The commercial
surfactant concentration was gradually increased up to
0.2% w/v, when phase separation was obtained with
defined interfaces. This formulation was used as basis
fluid for preparing the post-frac treatments.

Figure 3 shows (from left to right), the results of
compatibility tests between CH-26 oil and ammonium
persulfate, perborate and sodium hypochlorite,
hydrochloric acid, enzyme treatment, and organic
treatments I and 11, respectively (50/50 and 80/20). In
addition, fresh treatments, treatments after reaction with

Ammonium Persulfate Sodium Perborate Sodium Hypochlorite

the polymer, and treatments with Fe'? are showed from
top to bottom.

Compatibility tests between CH-26 oil and sodium
hypochlorite did not produce phase separation in the
ratio 80/20. It was necessary to increase the surfactant
concentration to 0.6% v/v.

Although phase separation of some CH-26 vs. post-
frac treatments after reaction with the polymer did
not produce defined interfaces due to the presence of
residual polymer in the treatments, all the results were
satisfactory or acceptable.

Figure 4 shows the results of the normalized
chemical analysis of the ions in the filtered supernatant
obtained in the compatibility tests between post-frac
treatments and crushed rock samples. Figures 4a and
4b show results using Libertad Norte-1 sands and
Apiay-11 sands, respectively. The results showed
similar trends for both of the rock samples used.

Hydrochloric acid and organic treatments I and I
showed the highest reactivity with minerals present in
the two sample sands. The persulfate treatment showed
moderate reactivity, compared to other treatments. On
the other hand, the enzymatic treatment showed low
reactivity with the two rock samples. This was due
to the fact that this enzyme is highly specific for the
polymer. In this case, the high calcium concentration
is caused by the calcium added commercially to the
enzyme to activate it.

Hydrochloric Acid Enzimatic Treatment  Organic Treatment | Organic Treatment Il

Chichimene oil
Vs.
Fresh
Treatment
(50/50 - 80/20)

Chichimene oil
Vs.
Treatment after
react with polymer
(50/50 - 80/20)

Chichimene oil
Vs.
Treatment with
2000 ppm Fe*?
(50/50 - 80/20)

=

Figure 3. CH-26 oil vs. fresh post-frac treatments, treatments after react with the polymer and post-frac treatments
with Fe*? compabilities, 50/50 and 80/20 relations.
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Figure 4. Normalized chemical analysis of the filtered fluid form compatibility test between
a) Libertad Norte-1 (Depth: 3337 m) and b) Apiay-11 (Depth: 3216 m) sands versus the post-frac treatments.

Furthermore, the remaining rock samples were
weighed to determine weight lost. According to the
results showed in Table 3, the hydrochloric treatment
was dismissed because it caused a sand dissolution
greater than 1% w for both of the samples tested,
implying possible formation damage by fines migration.

Conversely, although the organic treatment I
dissolved some extent of the rock, it does not exceed

30

the limit of dissolution established. However, exposure
time should be considered to avoid formation damage
by fines migration (McDowell, Hunt & Sitar, 1986).

Results showed sensitivity to acids on the rock
samples tested. Hence, the use of acid treatments,
in the Unit K-1 in the Chichimene oil-field, should
be considered very carefully to avoid induced fines
migration (McDowell et al., 1986).
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Table 3. Rock samples dissolution in post-frac treatments.

Post-frac Ammonium Sodium Sodium  Hypochloric Enzvme Ammonium Ammonium
Treatment Persulfate Perborate Hypochlorite Acid Y Persulfate  Persulfate
Sand Apiay-11 Sands 0.22 0.11 0.20 1.18 0.05 0.66 0.23
Dissolution .
(%ow) opertod 0.6 0.18 0.19 124 004 054 0.17

Polymer Degraded in the Fracturing Fluid
Linear Gel

The results of polymer degraded as linear gel,
are showed in Figure 5. Figure 5a shows the results
obtained using fresh treatments, and Figure 5b shows
those obtained using the effluents from the post-frac
treatments dynamic activity tests. Linear gel without
treatments was used as baseline to compare results.

At a reaction time less than 4 hours, the enzymatic
treatment proved the most effective to degrade the
polymer, followed by sodium hypochlorite and
ammonium persulfate treatments (which are oxidant
breakers). The enzymatic treatment retained about
60% of its catalytic activity after its contact with
the Berea Sandstone in the dynamic activity test,
whereas hypochlorite treatment retained about 80%,
in comparison to the persulfate which lost its chemical
activity almost completely.

The Oxidant-breakers’ ability for breaking the polymer
is limited by their stoichiometric reaction (Armstrong et
al.,2010) and their incapacity to regenerate their chemical
activity. Furthermore, the high temperature induced a
rapid decomposition of the breakers into highly reactive
free radicals (Kidd, 2001). Moreover, enzymes have the
ability to regenerate their catalytic activity, catalyzing
the hydrolysis of the polymer continuously. However,
the fact that the enzyme -after four hours of reaction did
not continue catalyzing the hydrolysis of the polymer-
indicates that it was denaturized due to high temperature
(Armstrong et al., 2010).

Contrariwise, the organic treatments behaviors were
similar in both experiments for all the times tested.
Considering that organic acids are weak acids, with low
capacity to dissociate in aqueous solution, this would

CT&F - Ciencia, Tecnologia y Futuro - Vol. 5 Num.5  Dec. 2014

explain the organic treatments’ low capacity to degrade
the polymer during the first hours of reaction. According
to the Van't Hoff equation, the high temperature effect
stimulates the dissociation ability, and therefore their
capacity to degrade the polymer (Van't Hoff, 1884;
Van't Hoff, 1898; Laldler & King, 1983).
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Figure 5. Fracturing fluid polymer degraded using a) fresh treatments
and b) the effluents from the post-frac treatments dynamic activity tests.
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However, in instances where the reaction time was
greater than five hours, these treatments degraded the
largest amount of polymer. Both treatments retained
80% of chemical activity to degrade the polymer, after
the dynamic activity tests at reservoir temperature.

Contrary to the other post-frac treatments, sodium
perborate did not degrade the polymer. The salt is
hydrolyzed in water to produce boric acid -a Lewis
acid-, as it 1s not ionized to form H* ions. In fact, it is
attacked by the water hydroxyl group OH" to form the
monoborate ion B(OH)-, as shown in the Reaction I:

B(OH)3;+2 H:O <—= B(OH);+ H;0" (1)

The monoborate ion produces polymer cross-linking
reactions; when present in excess, inter- and intra-
molecular polymer cross-linking reactions (syneresis)
are produced, reducing the solution’s viscosity without
producing a degraded polymer (Harris & Sabhapondit,
2009; Shah & Watters, 1986; Shah, Harris & Tan, 1988;
Nimerick, Temple & Card, 1997). As was evidenced by
the result obtained with the DN'S method, perborate uses
as a breaker in fracturing fluids that must be re-evaluated
to reduce polymeric damage in the fractured area. Since
perborate does not promote polymeric degradation,
this treatment was not considered in the following
evaluations.The post-frac treatments displacement
through the Berea, during the dynamic activity test,
did not produce any critical variations in permeability.

Filter Cake

The filter cake production was not reproducible
under any conditions (Figure 6a). In order to obtain
reproducible results in the cake degraded tests, it was
decided to split the cake formed in each disk to perform
degradation tests with the post-frac treatments. Results
are shown in Figures 6b and 6c¢.

As it can be seen in Figure 6b, the enzymatic
treatment produced response values were three times
greater than the other treatments. However, it was
observed that the treatment did not degrade the filter
cake in a visual-sample inspection.

Enzymes catalyze polymeric hydrolysis by approa-
ching reactions -meaning, by a reaction surface- and
the polymer must be located in the active center of the
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Figure 6. Polymeric degradation in the Filter cake. a) Differences in Filter
Cake generated, b) Results of Filter Cake degradation using post-frac
treatments and c) Zoom in on results of Filter Cake degradation.
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enzyme to perform the catalytic reaction. In the filter
Cake, the polymer was concentrated in a mass free of
water. For this reason, the enzyme could not degrade
the polymeric mass. Then, the high DNS response
obtained ought to be due to the enzyme degrading in
large quantities, a small amount of polymeric suspension
not belonging to the cake itself.

In comparison, the sodium hypochlorite treatment
proved being the most effective treatment degrading
the cake after 2.5 hours of reaction (see Figure 6c¢).
Additionally, the organic treatments showed similar
trends, degrading much of the cake when compared to
the ammonium persulfate treatment. Because of its low
performance, ammonium persulfate was not considered
for the subsequent tests.

Polymer Degraded in a Porous Media by Post-Frac
Treatments Corefloods

Figure 7 shows the porous media fractured and
packed with ceramic proppant 20/40, as well as the
fracturing fluid before-and-after two hours of reaction
at 110°C used in the coreflooding tests.

i
5
!'r:
.Z;

Figure 7. Coreflooding utilities: Sample Berea preparation and
fracturing fluid used.

Under the testing conditions, the soaking times for
the treatments were: 3 hours for sodium hypochlorite,
4 hours for organic treatment I due to its reactivity with

CT&F - Ciencia, Tecnologia y Futuro - Vol. 5 Num.5  Dec. 2014

the sand, 4 hours for enzymatic treatment, and 12 hours
to organic treatment II. The post-frac treatments were
applied twice in order to study the effects in polymer
recovery and increase in permeability.

In the first instance, there was evidence of similar
amounts of polymer that were retained in the three
porous medium during the coreflooding tests -that is
to say that similar amounts of polymer were recovered
during the clean-up-. However, as shown in Table 4,
different percentages of initial permeabilities were
obtained. The main factor in decreasing permeability
after injecting and displacing the fracture fluid is the
way in which the polymer is retained in the porous
system. Thus, small amounts of polymer can cause
blockages greater than the amount that it physically
occupies (Wang, Holditch & McVay, 2008; Xiance &
Boyun, 2010) (see Figure 8).

Table 4. Coreflooding summary.

Polymeric Permeability (K)
Stage recovery ..
% of Initial
Oow) % otinitial o
Coreflooding 1
Clean up 47 37 0.071
Sodium hypochlorite 35 59 0114
1st time
Sodium hypochlorlte 8 89 0172
2nd time
Coreflooding 2
Clean up 49 32 0.056
Enzyme 1st time 9 29 0.052
Enzyme 2nd time 2 20 0.036
Organic Treatment | 25 51 0.089
Coreflooding 3
Clean up 49 16 0.029
Organic TrequenT 1 16 45 0.084
1st time
Organic Treo.TmenT I 15 68 0.128
2nd time

The results of coreflooding tests of sodium hypochlo-
rite treatment, enzymatic treatment & organic treatment
I and organic treatment I evaluations are shown on
Figures 8a, 8b, and 8c, respectively.
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The sodium hypochlorite treatment, Figure 8a, which
was applied twice, removed the most amount of retained
polymer in the porous system. Following the second
application, permeability increased up to 89% of its
initial value.

On the other hand, the enzymatic treatment (Figure
8b) did not remove the polymer, and caused a decrease in
permeability. This particular treatment did not degrade
the polymer retained in the pore system due to the polymer
being mainly filter cake. Furthermore, an adverse effect
in permeability was caused by polymer rearrangement
into new pore spaces, increasing the damage caused by
polymer retention.

The organic treatment I was applied in the same
sample after the enzymatic treatment was applied (see
Figure 8b), removing 25% of the polymer retained,
and improving the percentage of initial permeability
from 20 to 51%.

The organic treatment Il removed 16% and 15% of
the polymer retained in both applications, respectively
(Figure 8c). Although this treatment did not remove as
much polymer as the sodium hypochlorite treatment, it
produced the same increase in permeability.

As showed in Figure 9, effluents from organic
treatment II showed between 4000 and 6000 ppm
of calcium for both coreflooding tests. The organic
treatment II showed capability to degrade calcium
carbonate and chelation. The calcium carbonate
dissolution contributed to the formation of new flow
channels, and permeability increase.

6000 1
5000 A

4000 A

3000 A
2000 A
1000 A I I
51 B N Bl Ol
1 2 3 4 5

Porous Volume Returned

Calcium Concentration (ppm)

B st Application 2nd Application |

Figure 9. Calcium concentration in effluents of Organic Treatment Il
coreflood.
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4. CONCLUSIONS

The organics treatments I and II, both reacted in a
similar way with the polymer, and proved effective
at breaking the polymer retained in the porous system
restoring up to 51 and 68% of the initial permeability
respectively. The application of the former in a single
step, for a span of 4 h of soaking time was due to its
high reactivity with the rock. The Latter, organic
treatment II, could also contribute to carbonates scale
dissolution and chelation.

Although the enzymatic treatment is not stable at high
temperatures for a long time, the enzymatic treatment
and organic treatments I & Il showed better linear gel
degradation efficiency than other traditional breakers.
Thus, these new treatments could be implemented as
post-frac treatments to enhance post-fracturing fluid
recovery and increase the productivity index.

In comparison, the perborate breaker produces
syneresis, causing more polymer retention and
increasing damage into pore system. Whereas, the
sodium hypochlorite treatment revealed to be very
effective in breaking down the polymer retained in the
porous system and restoring the initial permeability
up to 89%.

The persulfate treatment attests to be the least effective
treatment, as it degrades less of the polymer than the
other treatments at same conditions. Furthermore, it
is not stable at high temperatures.

All the breakers tested diminished their efficiency as
temperature decreased.

The DNS method is a direct method for measuring the
degraded polymer. This is a fast and simple method,
and could be implemented easily in laboratory
conditions for quality control.

Finally, the usage of standard solutions to calibrate
the methods, the appropriate data record and the
statistical analysis of results are paramount to ensure
the best results during the design of post-fracturing
chemical treatments.
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