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Abstract
This study is a continuation of our previous work, which focused on a near-wellbore water 
blockage alleviation by applying a thermally cured silane-functionalized benzoxazine to 
modify rock wettability. In this new analysis, we have demonstrated that the resin can be 
applied in low-permeability sandstones (approximately 15 mD as opposed to 100 to 200 
mD in the previous study) to change the rock surface wettability from water-wet to inter-
mediate gas-wet. We have also demonstrated that curing temperatures as low as 125  °C 
(as opposed to 180 °C in our previous study) can significantly change wettability, indicat-
ing surface functionalization through the silane moiety and ring-opening polymerization of 
the benzoxazine moiety. In drainage core flooding experiments at 2.5 wt.% resin loading, 
compared to untreated samples, brine recovery increments of 6.3 to 6.9% were obtained for 
curing temperatures of 125 to 180 °C, respectively. A maximum 20% increment in the end-
point relative gas permeability was achieved at a curing temperature of 180 °C. A coupled 
experimental and numerical study, conducted at core and wellbore scales, demonstrates the 
potential effectiveness of our chemical treatment in improving gas productivity at the field 
scale. Reservoir simulations indicate a 2.9 to 10.6% improvement in gas deliverability for a 
treatment radius of 4 to 16 m, respectively.
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1  Introduction

The transient reduction in global energy and hydrocarbon demand drastically affected 
energy prices in the first half of 2020. Combined with renewed efforts toward addressing 
both climate change and economic recovery of the industrial sector, natural gas is poised 
to replace coal in the future as a less carbon-intensive fuel and as a transition to renewable 
energy sources. (IEA 2020) However, this approach is predicated on the industry’s access 
to viable and economical gas reservoirs. With the growing trend of finding much-needed 
gas reserves in low-permeability rock formations, the industry is facing significant chal-
lenges with securing adequate gas deliverability over the intermediate to long term. For 
example, one of the most challenging issues associated with low-permeability reservoirs 
is a continuous increment of the capillary strength present in their significantly finer pores. 
(Bennion et al. 2000a) In such formations, when water invades the wellbore region, capil-
lary effects lead to strong water imbibition resulting in blockage and reduced gas deliver-
ability. This invading water mainly accumulates in the small pores of the predominantly 
water-wet reservoir, causing a moderate to substantial reduction in the relative permeability 
to gas. (Bahrami et al. 2011; Bennion et al. 1996b; Deng and King 2018; Eakin et al. 1965; 
Holditch 1979; Mirzaei Paiaman et al. 2010; Parekh and Sharma 2004).

The damage associated with water blockage in low-permeability reservoirs occurs most 
often following mechanical interventions, production stimulation, and certain other res-
ervoir events (Bennion et  al. 1996b). The fluid phase used during drilling and workover 
operations, even when underbalanced conditions are applied, can create appreciable dam-
age around the wellbore due to the strong capillary strength of low-permeability formations 
(Khansari 2009). During hydraulic fracturing operations, considerable quantities of fluids 
invade the rock pores, negatively offsetting the gas deliverability enhancement sought from 
the fracturing operation (Bahrami et al. 2011; Bennion et al. 1996a; Parekh and Sharma 
2004). Gas relative permeability can also decrease as a consequence of water crossflow 
from other reservoir layers reaching the gas-producing intervals (Khan et al. 2017). Water 
coning, in combination with the effects of reservoir heterogeneity, can also affect well 
deliverability due to formation damage. The above effects are not limited to mature fields 
as water influx could arrive at production intervals in an early stage of the reservoir life 
(Armenta and Wojtanowicz 2002). In some instances, alcohol injection around the well-
bore can decrease the interfacial tension of the water phase, which can help to alleviate the 
blockage; nevertheless, this would be a temporary measure and often requires recurrent 
wellbore interventions, which, even if economic factors are ignored, could further damage 
the wellbore if the blockage persists.

During the last few decades, several researchers have examined alternative remedial 
techniques by developing permanent treatments that can decrease the water trapping effect 
in low-permeability sandstone through wettability alteration. This effect is primarily domi-
nated by implementing chemical treatment that targets the surface free energy of the rock 
pore surface (i.e., sandstone); ideally, after treatment with a chemical solution, the wet-
tability is permanently modified, causing a reduction in the capillary strength (Drummond 
and Israelachvili 2002; Gupta and Mohanty 2011; Park and Seo 2011). In this case, for a 
sandstone, an increase in water contact angle following rock treatment indicates a wettabil-
ity variation from strongly water-wet to intermediate gas-wet (with the nature and extent of 
the variations depending on the treatment’s specific circumstances). Moreover, the liquid 
blockage around the wellbore area becomes more dramatic in gas-condensate reservoirs 
when bottom hole pressure falls below dew point pressure creating a condensate build up 
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that permanently blocks the pore system in the area around the wellbore (Al-Anazi et al. 
2005) (Bang et al. 2009; Noh and Firoozabadi 2008). The presence of the condensate phase 
in gas reservoirs can lower the relative permeability to gas by more than 90% leading to a 
drastic gas deliverability reduction (Bang et al. 2009).

In early attempts at the above approach, Fahes and Firoozabadi pioneered the use of 
fluorinated compounds to alter rock wettability from liquid-wet to intermediate-wet. Ini-
tially, they used anionic fluoropolymers (FC-759 and FC-722) to achieve hydrophobic and 
oleophobic conditions in low-permeability sandstone samples by evaluating the increase 
in the decane-rock contact angle from 0° to 60° (Fahes and Firoozabadi 2005; Li and 
Firoozabadi 2000). Some of the fluorinated compounds used contain silane moieties that 
can covalently bond to the sandstone pore surface, thus immobilizing the polymer and 
making it a more permanent treatment. These researched obtained favorable wettability 
alteration even under high-temperature conditions of 140 °C. They evaluated that the effect 
of chemical treatment concentration on rock permeability was evaluated showing 4 and 
8% concentrations resulted in a 10 and 80% permeability reduction, respectively. The large 
reduction at the higher concentration is due generally to a decrease in the effective pore 
diameter and not just a wettability alteration. Other researchers have shown that treating 
rock samples with alcohol-based fluorocarbon chemicals can result in wettability changes 
to hydrophobic (to prevent water blocking) or oleophobic (to prevent condensate block) 
condition generated by the wettability alteration (Li et  al. 2011; Noh and Firoozabadi 
2008; Zhang et al. 2014) and that alcohol functionalities seemed to improve the durability 
of the rock treatment. After the introduction of commercial perfluoroosilanes in the early 
2000s, Sharifzade et  al. experimented with a sol–gel reaction between perfluorodecylsi-
lane (FAS17) and tetraethoxysilane (TEOS) to covalently bond the perfluorochain to the 
rock surface and change the surface wettability of the pores. Others have reached super-
hydrophobic and oleophobic conditions over sandstone samples by the use of fluorinated 
nano-components (Franco-Aguirre et  al. 2018; Jin et  al. 2016). For example, Mousavi 
et al. obtained super-hydrophobic conditions by the use of nanostructures synthesized by 
the reaction of nonafluorohydroxyltriethoxy silane (FAS9) and tetraethoxysilane (TEOS) 
resulting in a decane contact angle on a carbonate surface of approximately 61°. The use 
of a perfluorooctyltriclhlorosilane (FAS12) and TEOS reaction reached superoleophobic 
conditions resulting from surface roughness alteration as well.

As revealed by the above studies, fluorinated components can create ideal hydropho-
bic, oleophobic or even super-hydrophobic and superolephobic conditions over the rock 
surface; nonetheless, most of them represent a significant environmental concern. For 
instance, long-chain fluoroalkanes are very stable due to the strength of the molecular car-
bon–fluorine bonds; however, they exhibit environmental toxicity, tend to bio-accumulate, 
and do not readily biodegrade. (Park et al. 2013; Rice 2015; Winkens et al. 2017) Addition-
ally, the complexity of the process associated with the chemical synthesis of a fluorocarbon 
chemical increases its cost making; it is likely to be cost-prohibitive at the scales necessary 
for field deployment in a gas reservoir.

In our previous study, we demonstrated the performance of benzoxazine mono-
mer to alter wettability from strongly water-wet to the intermediate gas-wet condi-
tion (Mauricio Ceron Lopez et  al. 2021). Sandstone samples (i.e., Berea Upper Gray 
(BUG)) with a moderate absolute permeability value of about 130 mD were treated 
with the silane-containing benzoxazine resin monomer, which was then cured (or 
polymerized) at 180 °C. This material is particularly advantageous as the silane moiety 
can react with the surface of a sandstone thus covalently immobilizing it. As proposed 
in the literature, high-temperature curing is ideal for reducing the surface free energy 
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of substrates treated with this class of monomer (Gogoi et al. 2014; Liao et al. 2008; 
Liu et al. 2013; Wang et al. 2006, 2011a). In our previous study, these comparatively 
high permeability samples showed an increase of 22% in gas relative permeability, and 
a decrease of up 10% in water saturation was observed after drainage core flooding 
experiments. However, in some circumstances (if not most), it might not be practical 
or feasible economically to have or obtain such high-temperature conditions around the 
wellbore.

Several researchers have applied different types of benzoxazine resin to alter the 
wettability of different materials such as glass, cotton, and silicon wafers (Gogoi et al. 
2014; Liao et al. 2008; Liu et al. 2013; Wang et al. 2006, 2011a). They obtained hydro-
phobic conditions after treating those materials at a range of curing temperatures; 
nevertheless, they determined that the water contact angle decreases with the tem-
perature reduction (i.e., the extent of the polymerization diminished with temperature 
decrease). Often, the curing temperature exceeds the temperature limit of  the material 
where  the substrate may not be stable at these relatively high temperatures. Moreo-
ver, there is not enough evidence in the literature explaining the curing temperature 
effect on the achievable wettability alteration in porous materials such as rock samples. 
As a continuation of our previous work, in this study, we determined the efficacy of 
this method in low-permeability (approximately 10 to 20 mD) sandstone samples more 
representative of low-permeability reservoirs where water blockage is more common. 
Furthermore, the effect of chemical concentration (2.5 and 8 wt.%) and polymeriza-
tion temperature (110, 125, 150, and 180 °C) was evaluated when treating sandstone 
samples. The wider temperature range used in this study is representative of a more 
extensive set of gas reservoirs.

Recognizing that a high monomer concentration could negatively impact permeabil-
ity through a reduction in porosity, a brief chemical concentration screening technique 
was employed to find a compromise between wettability alteration and impact on abso-
lute gas permeability. With an appropriate concentration chosen, various temperatures 
and curing times were used (recognizing that lower temperatures required longer cur-
ing times which is not an issue given that these resins would be subjected to prolonged 
curing conditions in the subsurface) to optimize the contact angle/wettability altera-
tion. These tests generally depicted intermediate gas-wet conditions. A spontaneous 
imbibition testing procedure was then performed to assess the effect of the chemical 
over capillary imbibition pressure, determining the amount of water that would invade 
the porous space of the rock. Finally, core-flooding experiments were performed at 
elevated pressure and temperature to determine the induced variation in the differential 
pressure and water recovery profiles.

Subsequently, the outputs of the above core flooding experiments (along with those 
from our previous study (Mauricio Ceron Lopez et  al. 2021)) using Sendra software 
(Prores AS) were history matched using a 1D core-scale simulation technique to obtain 
the relative permeability curve before and after treatment. This procedure provides a 
realistic understanding of the effect of rock permeability when water blockage occurs 
and how a benzoxazine monomer can improve deliverability by shifting wettability. 
We then use these data in a numerical box model of the near-wellbore region in a res-
ervoir to understand the impact of our proposed treatment on water saturation and gas 
deliverability. The effects of different absolute rock permeabilities and different treat-
ment radii around the wellbore were assessed to evaluate the efficacy of benzoxazine 
resin treatment in mitigating water blockage in gas reservoirs under a range of applica-
tion conditions.
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2 � Materials, Experimental Details and Numerical Simulation Methods

2.1 � Materials

The proposed benzoxazine monomer was synthesized using p-cresol, paraformaldehyde, 
and 3-amipropyltrimethoxysilane, following the steps available in the literature (Liu et al. 
2013; Lopez et al. 2021). This monomer’s silane moiety is covalently attached to the rock 
surface via a silylation reaction (Arjomand et al. 2020). Furthermore, readily available and 
inexpensive alcohol solvent (i.e., isopropanol) was used to dilute the monomer for injection 
into the rock samples for treatment. In our previous work (Lopez et al. 2021), the applica-
tion of 8–10 wt. % benzoxazine solution in a sandstone sample (approximately permeabil-
ity of 150 md) was able to alter rock wettability to intermediate-wet conditions. For this 
study, we used lower permeability samples (i.e., 5 to 25 mD). Therefore, a more suitable 
benzoxazine concentration was analyzed to minimize possible blockage or porous space 
reduction.

Before and after rock treatment, the absolute permeability variation was observed in 
Carbon Tan sandstone samples (15–20 md). The low-permeability CT samples were 
sourced from a commercial distributor (Kocurek Industries, USA). They were cleaned in 
a temperature-controlled Dean-Stark setup with methanol and toluene to remove any pos-
sible contaminants present in their pore space and then dried in an oven at 70 °C for 24 h. 
Porosity and permeability data were measured on cleaned and dried samples using an auto-
mated gas porosi-permeameter(Arjomand et al. 2020). It is worth noting that contact angle 
measurements used thin rock disks (~ 5 mm thick) cut from the end of some core samples, 
which were cleaned and dried using a similar technique as described above. Table 1 also 
details the treatment applied to each of the tested samples. A relevant description of these 
data will be provided in the upcoming sections of the manuscript.

For all experiments involving brine, a synthetic brine was prepared using 15.5 g NaCl 
in 1 L of deionized water (1.5 wt.% concentration of salt). In line with our previous work, 
an air-brine system was used to perform the spontaneous imbibition tests and contact angle 
measurements. Similarly, nitrogen was used to simulate the gas phase during core flood-
ing tests to determine the effect of the chemical treatment on the multiphase flow char-
acteristics of the system. The core flooding experiments were conducted under the same 
elevated pressure and temperature conditions used in our previous work (i.e., 10.35 MPa 
and 60 °C).

Table 1   Physical characteristics of Carbon Tan sandstone samples, the treatment conditions and permeabil-
ity variation before and after treatment

Sample ID Diameter Length Resin conc Curing 
temp

Curing 
time

Gas permeability 
(mD)

Gas per-
meability 
reduction 
(%)(m) (m) (wt.%) (°C) (hrs) Before 

treat
After treat

CT1 0.038 0.0763 8 180 2 21.1 16.2 22.2
CT2 0.0379 0.0762 2.5 125 2 18.4 16.5 10.3
CT3 0.0379 0.0764 2.5 150 2 21.3 20.2 6.1
CT4 0.038 0.0765 2.5 180 2 17.5 15.8 10.7
CT5 0.0385 0.0761 2.5 110 48 6.8 6.5 3
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2.2 � Chemical Functionalisation 

When it comes to the chemical concentration used to treat core samples, there is a bal-
ance between the level of surface wettability change (i.e., higher concentrations will 
have better coverage and a more wettability change) and the effect on absolute perme-
ability (i.e., higher concentrations will start to fill the rock pore space leading to a deg-
radation in absolute permeability). As a result, it is required to find a compromise on the 
concentration that would have balanced effects. Therefore, to determine the monomer 
concentration more suited for the treatment of low-permeability samples, two different 
chemical solutions with 8 and 2.5 wt.% concentrations were used to treat samples CT1 
and CT2-CT5, respectively (Table  1). The first concentration is based on the results 
obtained during our previous analysis, while a lower concentration of 2.5% was deter-
mined that can mitigate the effects of pore diameter alteration. The core saturation and 
treatment process are detailed in our previous study (Mauricio Ceron Lopez et al. 2021). 
Subsequently, for samples CT2-CT4, curing temperatures ranging from 125 to 180 °C 
were used over curing times of 2 h. For sample CT5, we explored whether an extending 
curing time could balance out the lower curing temperature of 110 °C and yield desir-
able results. Following the curing process, rock samples were subjected to Dean-Stark 
extraction with methanol for 24 h to remove any polymeric material that did not react 
with the rock surface and remained loose in the pores. The cleaned samples were dried 
in the oven at 70 °C for 24 h before performing the planned laboratory evaluations. The 
impact of the chemical concentration over absolute permeability was determined, and 
then after choosing the more suited concentration (i.e., having a lower negative impact 
on permeability), the effect of different curing temperatures over the possible wettabil-
ity alteration was evaluated using contact angle measurements conducted on rock sub-
strates, as well as spontaneous imbibition and core flooding tests performed on core 
samples. The procedures for contact angle measurements, spontaneous imbibition tests, 
and core flooding experiments were identical to those used in our previous study. The 
use of identical procedures allowed for the comparison of results (Lopez et al. 2021); 
the procedures for the spontaneous imbibition and core flooding experiments are briefly 
summarized below.

2.3 � Spontaneous Brine Imbibition Experiments

Contact angle measurements and spontaneous imbibition experiments were conducted 
at ambient conditions (i.e., 0.1 MPa and 25 °C) for initial assessment of the wettabil-
ity alteration over the sandstone rock samples. The rock–fluid interaction was set up 
as a water–air-rock system to physically observe and determine the contact angle and 
the volume of brine (1.5 wt.% NaCl concentration) spontaneously imbibed by the rock 
sample. A sessile drop arrangement was used to obtain optical measurements from a 
high-resolution camera (see Fig. 1a) to analyze the contact points between the fluid sys-
tem interaction and the untreated rock surface. Later, the rock samples were treated with 
the chemical solution followed by a curing process in the oven at different temperatures 
and times, as shown in Table  1. After the polymerisation treatment of the rock sam-
ples, contact angle measurements were repeated 10 times to obtain an average result for 
each sample. Once initial wettability analysis was obtained, it was required to assess the 
effect of the chemical solution in the porous space. Therefore, spontaneous imbibition 
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analysis, using a high-resolution balance to record the weight of the rock sample when 
immersed in a beaker filled with water, was performed using untreated and treated rock 
samples, as shown in Fig. 1b.

2.4 � Drainage Core Flooding Experiments

Core-flooding experiments were conducted on three different Carbon Tan samples to 
assess the effect of wettability alteration (and inevitable permeability changes) on mul-
tiphase flow characteristics of the fluid-rock system after chemical treatment. Figure 2 
provides a schematic of the core-flooding system used in this research. The flooding 
procedure was performed at 60  °C, 10.4  MPa pore pressure, and 17.2  MPa confining 
pressure. The reservoir conditions were selected to assess dynamic conditions before 
and after treatment, considering that the chemical is initially tested at static conditions 
at elevated temperatures from 120 to 180 °C. Therefore, the chemical resistance is not 
a limitation as it can work adequately below 180 °C; we mainly focused on assessing 
the dynamic conditions of these core flooding conditions. Extensive details about the 
core-flooding procedure used can be found in our previous published work (Lopez et al. 
2021).

Fig.1   Experimental setups: a contact angle measurement; b spontaneous brine imbibition measurement

Fig.2   Schematic of the core-flooding setup used during flow displacement
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2.5 � Core‑scale Numerical Simulations

At the core scale, a 1D numerical model was built for each core sample with 100 grid cells 
along its axis, having overall dimensions of 0.076 m (length) by 0.038 m (diameter). In 
this grid system, a drainage process was then simulated in which nitrogen gas displaced 
the fully brine-saturated core. Once initialized, a water production and differential pres-
sure history matching was performed on the experimentally measured data using a rigor-
ous iterative procedure in Sendra v2018.1 (Prores AS). The iterative procedure follows the 
equations and rules set in various analytical relative permeability models (e.g., proposed by 
Corey, Sigmund & McCaffery). To ascertain the effects of the benzoxazine treatment on 
the relative permeability characteristics, history matching was conducted on the differential 
pressure and water recovery data from the drainage core-flooding experiment (from cores 
before and after chemical treatment). We have also incorporated the data from our previous 
study (Lopez et al. 2021), which examined the effects of benzoxazine treatment on higher 
permeability samples (i.e., BUG samples of approximately 130 mD) to allow comparison 
with the results of this study which focuses on low-permeability cores. In our case and 
under both sample conditions, the Sigmund & McCaffery model provided a very close fit 
generating the relative permeability curves as the output. These data were then extended 
into the numerical reservoir simulator to build the box model that allowed us to assess the 
effect of wettability alteration treatment on gas deliverability at a wellbore scale.

2.6 � Wellbore‑scale Numerical Simulations

A homogeneous box model with overall dimensions of 1219 × 1219 × 26 m (in x, y, and 
z directions, respectively) representing the initial wellbore conditions (with the effects of 
water blockage) was created using a commercial numerical reservoir simulator (T-Naviga-
tor v20.1). A grid of 100 × 100 × 8 cells (in x, y, and z directions, respectively) was gener-
ated to populate with different rock and fluid properties (e.g., porosity, permeability, initial 
water saturation). Moreover, local grid refinement was applied around the well trajectory to 
better model the fluid characteristics and pressure drawdown around the wellbore (Table 2).

The in  situ conditions of the Paddy sandstone member, a relatively low-permeability 
member (< 100mD) of the Peace River Formation in the northwestern part of Alberta 
– Canada, were selected for this case study. Furthermore this formation has a mineralogy 
(i.e., approximately 64 % quartz) and a low permeability very similar to the Carbon Tan 
rock samples (Diana 2013). The Paddy member is a quartz arenite sandstone rock com-
posed of more than 40% quartz, formed by transported and deposited sediments in an estu-
arine bay complex (Leckie 1994). Average porosity, depth, reservoir thickness, and pres-
sure from the Paddy formation were considered during the laboratory analysis to reproduce 

Table 2   Box model—grid 
dimensions in X, Y, and Z 
directions and number of cells

Direction Length (m) No. of cells No. of local 
grid refine-
ments

X 1219 100 6
Y 1219 100 6
Z 26 8 1
Total 80,000 288
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the sensitivity of this formation for aqueous fluid invasion (Bennion et al. 1994; Cimolai 
et al. 1993). The mentioned parameters were adopted to generate the initial conditions in a 
vertically homogeneous and radially symmetric wellbore model, as shown in Table 3.

Water injection was simulated at the early stage of production, intending to reproduce 
the condition created by the invasion of the water phase into the wellbore region. For sen-
sitivity analysis, three invasion radii of 4, 10, and 16 m were considered while using Eq. 1 
to calculate the amount of chemical solution to be injected. This volume is directly propor-
tional to the square difference of the invasion diameter (dinv) and wellbore diameter (dwell) 
at a determined reservoir thickness (Z). For every simulation scenario, the invasion radius 
defines the region or area over which the relative permeability properties are altered, while 
the rest of the reservoir would maintain its initial value. This arrangement reflects that 
water blockage occurs only in the vicinity of the wellbore. Therefore, three relative per-
meability cases and water saturation levels were created to represent the initial condition 
of the reservoir and the altered zone region effect of water blockage. Figure 3 shows the 
water saturation model principally characterizing the area around the wellbore with a water 
saturation value of 80% (Swc), while the rest of the reservoir has an initial water saturation 
of 40% (Swi), which is a typical irreducible water saturation as reported in the literature 
(Bennion et al. 2000a).

After the well setup, different production simulation scenarios were established at a 
constant flow rate of 1500 Mscf/day for thirty months. The minimum bottom hole flowing 
pressure was set at 10 MPa. The entire reservoir interval (25 m) was considered open to 
flow. Broadly categorized, we considered two sets of scenarios in our box model simula-
tion runs, one with and one without the water blockage effect, with details of each set pre-
sented below:

2.6.1 � Initial Reservoir Scenario

This is an ideal scenario representing the initial conditions of the reservoir with no water 
blockage effect considered. Accurately measuring initial water saturation is a complex 
challenge requiring special coring techniques using hydrocarbon or water-based muds with 
some chemical tracers. Benion defined a permeability and initial water saturation relation-
ship with the aqueous phase trap index (APT), which mainly defines the trapping sensitiv-
ity effect. An APT between 0.8 and 1 is a zone of potential damage; therefore, a value of 
1 is assumed for initial water saturation (Swi) (Eq. 2) and relative permeability to gas (krg) 
(Eq. 3) (Bennion et al. 1996c).

(1)Vwb =
� ×

(

dinv − dwell
)2

4
× Z

Table 3   Simulated reservoir—
wellbore parameters

Reservoir parameters Value Unit

Depth 1700 m
Reservoir pressure 10.4 MPa
Formation thickness 25 m
Average porosity 15 %
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where krg’ is the relative permeability end-point of the non-wetting phase, which is 
assumed to be double the relative permeability end-point measured in the laboratory before 
the rock treatment (Bennion et al. 1996c, 2000a, b). This was done by simply extrapolat-
ing the relative permeability to gas before treatment as determined experimentally. The m 
value represents the relative permeability shape factor, which is typically a value higher 
than 1. The Sn value represents the normalized water saturation, Swmax is the maximum 
water saturation value, and Swmin is the minimum water saturation. Additionally, when 
modeling the low-permeability scenario, the calculated initial water saturation has been 

(2)Swi =
APT − 0.25Log

10
(kabs)

2.2

(3)krg
(

Sw
)

= kr�
g
×
(

Se
)x

(4)Sn =
Swmax − Sw

Swmax − Swmin

Fig.3   Map of the initial water saturation conditions – the area around the well with water blockage effect 
(blue colored) and beyond the wellbore region with no water blockage (red color)
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increased by 25% to simulate a pessimistic scenario, which will prevent us from overesti-
mating the final result.

2.6.2 � Water Invasion Scenarios

Three well production scenarios examining the water blockage effect with different ben-
zoxazine treatment radii (of 4, 10, and 16 m) were simulated with identical initial satu-
ration conditions. Figure  4 shows a schematic of the different scenarios with the corre-
sponding water saturation conditions. Similar scenario setups were then used to illustrate 
the enhanced productivity effect of the wettability alteration caused by benzoxazine treat-
ment. The main input data in simulating the above scenarios were the relative permeability 
curves obtained from the 1D core-scale analysis to upscale the experimental core-flooding 
results to the wellbore box model.

It is worth noting that different permeability values of 15 mD (this study) and 130 mD 
(our previous study (Lopez et al. 2021)) were used in separate models to investigate the 
effect of absolute permeability on the achievable productivity enhancement resulting from 
wettability alteration.

3 � Results and Discussion

This section describes the most relevant characteristics of the benzoxazine treatment 
at different static and dynamic conditions. Initially, the chemical polymerization tem-
perature was tested between 120 and 180 °C, and ambient condition contact angle meas-
urements were conducted to optimize the curing temperature/monomer concentration. 
Spontaneous imbibition experiments were also conducted to evaluate these effects as 
well on rock samples with initial permeability values less than 20 mD. Following this, 
core flooding experiments using realistic reservoir conditions (e.g., low permeability, 
low chemical concentration) were conducted at elevated pressure/temperature values. 
Following this, a wellbore model was built to assess the effect of the chemical treatment 

Fig. 4   Schematic diagram of the initial water saturation (Swi), residual water saturation before treatment 
(Swr_BT), and residual water saturation after treatment (Swr_AT) for three different water invasion sce-
narios
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around the wellbore area at different treatment conditions, such as invasion radius and 
rock permeability. The effect of chemical concentration on rock permeability was also 
evaluated.

In our previous study (Lopez et al. 2021), which used moderate permeability BUG 
sandstone (~ 130 mD), a 10 wt.% solution of benzoxazine resin monomer was applied 
using a curing temperature of 180 °C. Given the reasonable permeability of these sam-
ples, there was less concern around permeability loss due to treatment. As reported, our 
investigation revealed only a very subtle (on average ~ 5%) decrease in sample perme-
abilities after treatment. However, given the low permeability of CT samples used in the 
current study, there was a genuine concern about the significant effect of treatment on 
sample permeabilities if the same high concentration was used here. Therefore, it was 
deemed necessary to optimize the chemical concentration so we would strike a balance 
between adequate surface coverage to induce necessary wettability alteration and the 
negative effect on permeability.

A detailed description of how our novel benzoxazine would work was provided in our 
previous work (Lopez et  al. 2021). However, in brief, at an elevated temperature (i.e., 
180 °C or lower, as examined later in this manuscript), the benzoxazine monomer structure 
undergoes ring-opening polymerization leading to the formation of intramolecular forces 
between polymer chains, thus decreasing the surface energy of the rock and the associated 
capillary strength of the pores. This effect can be manifested in a reduction in the rock’s 
spontaneous brine imbibition rate, as discussed in more detail in our previous study. There-
fore, a decision was made first to perform a preliminary investigation into the effectiveness 
of a reduced benzoxazine concentration (i.e., 2.5 wt.%) in changing spontaneous imbibition 
characteristics of the CT sandstone when compared with that of a much higher concentra-
tion (i.e., 8%). Spontaneous imbibition experiments were conducted over a longer period 
of time relative to the contact angle measurements (time duration 30 min to 1 h). In doing 
the above evaluation because, as discussed in our previous work (Lopez et al. 2021), the 
former technique is done at the larger core scale as compared with contact angles that may 
be considered highly localized property of a surface conducted over a very small surface 
portion of a substrate. Furthermore, the spontaneous imbibition process can also be consid-
ered much more insightful in relating to the dynamics of the rock–fluid system as they are 
impacted by the pore network and wide pore size distribution in a core sample.

Initially, samples CT1 and CT4 were treated with 8 and 2.5 wt.% monomer concentra-
tions, respectively, while curing conditions remained similar (180 °C for 1 h). The purpose 
of using this considerable difference in benzoxazine concentration was first to compare the 
effect of a high benzoxazine concentration value (closely similar to the concentration used 
in our previous research analysis, as well as other researchers’ chemical concentration used 
for rock sample treatment) versus a low concentration, which can avoid a possible pore 
diameter reduction due to chemical adsorption and presence in the porous space. As evi-
dent from the data plotted in Fig. 5, both samples behaved similarly regarding the rate and 
eventual level of water that spontaneously imbibed into their pore spaces before treatment. 
However, as expected, the treated sample CT1 exhibited a considerably larger reduction 
in brine imbibition rate in comparison with CT4. Furthermore, when the samples reached 
equilibrium, CT4 had imbibed four times more water than CT1 (see Fig. 5). These results 
suggest that the degree of wettability alteration is directly proportional to the chemical con-
centration present in the solution. Nevertheless, the result obtained for sample CT4 was 
still considered positively significant, as will be demonstrated further by the results of the 
core flooding experiments discussed later. Therefore, our attention was shifted to the effect 
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of the chemical concentration on the pore network and the absolute permeability of CT 
sandstone.

With the positive effects of the chemical treatment on the spontaneous imbibition 
results being evident at the proposed chemical concentrations, we evaluated the perme-
ability loss associated with both concentrations in samples CT1 and CT4. As evident 
from data presented in Table 1, 8 wt.% concentration reduced CT1 permeability from 
21.1 to 16.2 mD, translated to 22.2% of its initial permeability, which is a consider-
ably unacceptable amount for an already low-permeability rock. The significance of the 
above reduction may become more apparent, knowing that in our previous work, a 10 
wt.% concentration tried with moderate permeability rocks (~ 130 mD) only induced 
a 2.3–6.2% permeability reduction. In comparison, the 2.5 wt.% concentration caused 
only a 10.7% reduction in the permeability of sample CT4, which shows negligible 
results of permeability reduction that would not mean a drastic alteration of the pore 
diameter in size reduction/increment as previously analyzed by other researchers (Fahes 
and Firoozabadi 2005; Noh and Firoozabadi 2008). They found a maximum absolute 
permeability reduction of around 8 to 19% in rock samples with absolute gas perme-
abilities between 2 and 10 mD after chemical treatment with a fluorinated concentration 
range between 4 and 8 wt.%. Fahes et al. 2005 discarded samples treated with 8% fluori-
nated chemical solution due to a drastic permeability reduction of around 80%. The high 
amount of the chemical present in the pore system could drastically alter the flowing 
conditions through the rock sample. Furthermore, Noh et al. 2008 discarded rock sam-
ples treated with 2 to 4 wt.% fluorinated chemical due to a more than 22% absolute 
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permeability reduction after rock treatment. Therefore, in this study, the most suitable 
benzoxazine concentration during rock treatment was established as 2.5 wt.% to main-
tain a lower than 10% permeability reduction, to minimize the effect of chemical polym-
erization in the pore system by any possible blockage of the pore throat or reduction of 
the pore diameter in Carbon Tan rock samples between 10 and 20 mD. After thermal 
polymerization, rock samples were washed with a solvent (e.g., methanol) followed by a 
substantial water displacement at high pressure of 10 MPa, to minimize the presence of 
the remaining polymer that did not create a covalent bond with the surface of the rock.

3.1 � Effect of Curing Temperature on Contact Angle and Spontaneous Imbibition 
Results

After determining that a 2.5 wt.% treatment solution would produce acceptable wettability 
alteration without a significant adverse effect on rock permeability, our attention turned 
to the possibility of reducing the curing temperature, which would expand the application 
envelope of our novel benzoxazine treatment to a lower-temperature (e.g., shallower) res-
ervoirs. This section of the manuscript will present and discuss the results of the contact 
angle measurements and spontaneous imbibition tests performed in pursuing the above 
possibility.

Based on our previous study, contact angle values between 90° and 110° could be 
achieved, indicating intermediate wettability conditions and the ability to alleviate part of 
the damage associated with water blockage (Mauricio Ceron Lopez et al. 2021). Further-
more, values in this range are consistent with those obtained for the same resin cured on 
glass surfaces (Liu et al. 2013). Table 4 shows the average water contact angle measured 
under ambient conditions over substrates cut from rock samples CT2, CT3, and CT4 that 
were all treated using 2.5 wt.% concentration but at 125, 150, and 180  °C curing tem-
peratures, respectively. As can be seen, the most favorable result obtained was 108° when 
the polymerization temperature reached 180 °C, while lower 89° and 99° were obtained at 
milder curing temperatures of 150 °C and 125 °C, respectively. Besides the above investi-
gation, with sample CT5, we also explored the possibility of achieving acceptable results 
by reducing the curing temperature further to 110 °C but extending the curing time to 48 h. 
As reported in Table 4, although this treatment managed to shift the wettability toward less 
water-wet conditions, the contact angle remained in the range of 50–60°, suggesting that at 
this highly reduced temperature, the monomer had very likely attached to the rock surface 
through the silane moiety. Extensive polymerization had not occurred; therefore, surface 

Table 4   Contact angle results for 2.5 wt.% treated samples at different polymerization temperatures

PV pore volume

Rock sample Curing 
temperature, 
(°C)

Curing 
time (hrs)

Resin 
conc. 
(wt.%)

Contact angle (°) Brine imbibed 
(PV)

Change brine 
imbibed (%)

Before After Before After

CT2 125 2 2.50 0 99 0.65 0.58 10.90
CT3 150 2 2.50 0 89 0.65 0.53 18.50
CT4 180 2 2.50 0 108 0.66 0.55 16.60
CT5 110 48 2.50 0 50–60 – – –
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energy could not be reduced to the necessary low levels. Given this unsuccessful outcome, 
the treatment conducted on CT5 was excluded from subsequent evaluations to evaluate the 
benzoxazine treatment’s performance at reduced curing temperatures. It is worth noting 
that the contact angle values reported in Table 4 are average values of 10 separate measure-
ments conducted on a rock substrate at the experimental condition specified in the table.

Intermediate wettability conditions for the two-phase system are obtained when the 
water contact angle is in the range of 75 to 105°. (Anderson 1986; Wang et  al. 2011b) 
Based on this classification, researchers investigating the application of fluorinated chemi-
cals to alter rock wettability have typically reached values between 112° and 150° under 
similar conditions. (Al-Anazi et  al. 2007; Fahes and Firoozabadi 2005; Franco-Aguirre 
et al. 2018; Li et al. 2011; Mousavi et al. 2013; Noh and Firoozabadi 2008; Zhang et al. 
2014) In comparison, our results clearly demonstrate that the benzoxazine monomer can 
alter the surface of the rock from strongly water-wet to intermediate gas-wet conditions at 
even reduced polymerization temperatures during the treatment process. While the contact 
angle results were promising, as mentioned earlier, the spontaneous imbibition tests could 
be more insightful in revealing the performance of the benzoxazine treatment at reduced 
curing temperatures. The impure compounds in the synthesis process also affect the feasi-
bility of polymerizing the benzoxazine resins based on the ring-opening process. Research-
ers evidenced that a non-catalytic polymerization in some benzoxazine types can occur 
even at 30 to 40 °C due to the phenolic impurities present in the synthesis process (Akkus 
et al. 2020; Han et al. 2017).
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For a monomer concentration of 2.5 wt.%, Fig. 6 compares the pre- and post-treatment 
spontaneous brine imbibition results for samples CT2, CT3, and CT4 cured at 125, 150, 
and 180  °C, respectively. Overall, all three samples behaved similarly before treatment, 
reaching a plateau of about 65% spontaneously imbibed brine saturation at 16.7 h (Fig. 6). 
Although a similar data set looks more scattered for the three samples after treatment, the 
water uptake plateau decreased to an average value of about 55% at 16.7 h mark. These 
results suggest that the reduced 2.5 wt.% monomer concentration can still alter the rock 
wettability, producing an effect in the porous space to reduce the capillary strength while 
having only a tiny impact on the absolute permeability.

The contact angle data recorded for all curing temperatures explored (Table 4) do not 
follow the expected decreasing trend with a reduction in the polymerization temperature of 
the benzoxazine monomer as suggested elsewhere (Liu et al. 2013). A similar unconform-
ity is evident among the spontaneous brine imbibition results reported in Fig.  6, where 
one may expect that a water-wet rock’s initial strength to imbibe water would be more pre-
served with a decrease in curing temperature. However, the above abnormal behavior may 
not seem highly unexpected considering the difficulties associated with achieving desir-
able outcomes when treating natural porous rocks with complex pore networks and internal 
pore surface systems as opposed to the treatments done on highly ideal and uniform sur-
faces as that of glass (Liu et al. 2013).

3.2 � Core Flooding Results

To further understand the implication of the induced wettability alteration, core flooding 
experiments were conducted under elevated pressure and temperature before and after ben-
zoxazine treatment on samples CT2, CT3 and CT4.
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As a sample dataset, Fig. 7 compares the pre- and post-treatment differential pressure 
data (colored data points) recorded for the primary drainage floods conducted on CT3 
during which gas displaced the initial brine-saturated sample. As can be seen, the treat-
ment resulted in a reduction in the differential pressure data, which is more evident during 
post-breakthrough times. This reduction is attributed to improved gas relative permeability 
caused by enhanced brine removal from the sample’s pore space. These effects are desira-
ble outcomes of the induced wettability alteration, and they agree with the results published 
by other researchers who treated rock samples with wettability-altering fluorinated chemi-
cals (Aminnaji et al. 2015; Erfani Gahrooei and Ghazanfari 2017; Fahes and Firoozabadi 
2005; Fahimpour et al. 2012; Jiang et al. 2013; Noh and Firoozabadi 2008). For example, 
Noh and Firoozabadi demonstrated a 24% reduction in differential pressure when applying 
a 4 wt.% concentration of a fluorinated chemical(Noh and Firoozabadi 2008).

The above outcome is taken as further evidence that benzoxazine treatment can alter 
the wettability of sandstone rocks from strongly water-wet to intermediate gas-wetting 
resulting in improved gas mobility by alleviating water blockage in low-permeability rocks. 
What is more, the above may be considered more significant than similar conclusions 
drawn from earlier discussed contact angle and spontaneous imbibition tests as the core 
flooding data (e.g., those reported in Fig. 7) were measured under fully dynamic fluid flow 
and elevated pressure and temperature conditions.

The brine recovery data recorded during primary drainage floods (Fig. 8 and Table 5) 
indicate that the benzoxazine treatment (across all curing temperatures explored) resulted 
in an average of 6.5% additional brine recovery. All these results align with the conclusions 
reported by Li et  al. (2011) where they demonstrated that a fluorinated chemical could 
increase water recovery by around 15% during gas displacement in a sandstone rock. The 
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observed enhancement in water recovery supports the earlier discussion presented around 
the shift in differential pressures (Fig. 7) and is seen as added evidence that our treatment 
approach can result in promising outcomes under dynamic fluid flow conditions. This 
increase in water recovery combined with the decrease in differential pressure agrees with 
the benzoxazine treatment’s wettability alteration mechanism we have proposed. The incre-
mental brine recoveries obtained in this study are comparable with those reported in our 
previous study, in which we treated intermediate permeability samples with a much higher 
monomer concentration (10 wt.%) cured at 180 °C (Mauricio Ceron Lopez et  al. 2021). 
This may demonstrate the outstanding effectiveness of the treatment in low-permeability 
rocks, as achieving enhanced recovery is more challenging under low-permeability con-
ditions. Moreover, the additional brine recoveries obtained in the current work for either 
125 or 150 °C curing temperatures are almost the same as that achieved for the optimal 
curing temperature of 180 °C (Fig. 8 and Table 5), demonstrating that this approach can 
be successfully applied under temperatures as low as 125 °C. In other words, although it is 
known that during polymerization, an increase in temperature enhances the strength of the 
intramolecular forces resulting in a further decrease in the surface free energy (i.e., higher 
level of wettability alteration), adequate results can still be obtained at the lower end of the 
temperature range.

To further elaborate on the alleviating effect that benzoxazine treatment can have on 
water blockage, Table  6 compares the end-point relative permeability values before and 
after treatment and the corresponding residual brine saturations for samples CT2, CT3 and 
CT4. As can be observed, CT4 (treated at 180 °C) exhibits a 20% improvement in the end-
point relative permeability to gas and a 12% reduction in residual water saturation. While 
data reported for samples CT2 and CT3 reveal reductions in residual brine saturation 
(~ 11%) similar to that seen for CT4, their resultant enhancement in end-point gas relative 
permeability is similar (~ 7%) but considerably less than for CT4. Two factors occur during 
polymerization at elevated temperatures (ring opening and cross-linkage (Liu et al. 2013)), 

Table 5   A summary of brine recovery results during the primary drainage flood conducted on samples 
CT2, CT3 and CT4

Rock sample Before treatment After treatment Increment

Water pro-
duction

Recovery factor Water pro-
duction

Recovery factor Water pro-
duction (%)

Recovery 
factor 
(%)

CT2 (125 °C) 5.2 0.42 5.9 0.48 13.5 6.3
CT3 (150 °C) 4.9 0.41 5.6 0.48 14.3 6.4
CT4 (180 °C) 5.4 0.43 6.2 0.50 15.9 6.9

Table 6   End-point relative permeability and residual water saturation core-flooding results

Sample ID Curing 
temp 
(°C)

Before treatment After treatment krg(@Swir) 
increase 
(%)

Swir Reduction (%)

krg(@Swir) Swir (frac.) krg(@Swir) Swir (frac.)

CT2 125 0.099 0.582 0.106 0.519 7.1  − 10.8
CT3 150 0.107 0.586 0.111 0.522 4.0  − 10.9
CT4 180 0.110 0.574 0.132 0.505 20.0  − 12.0
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making this process simple and dependent on the curing conditions (temperature and time). 
The curing time remained constant to assess curing temperature, obtaining slightly better 
results on the CT4 in terms of end-point relative permeability and recovery factor. At the 
selected temperatures, the silane moiety creates a linkage between the benzoxazine mono-
mer and the rock surface, reaching suitable chemical adsorption, while the ring opening of 
the benzoxazine monomer provides a reduced surface tension at values closer to 180 °C. At 
lower temperatures, the efficiency of the ring-opening process decreases during polymeri-
zation, leading to less favorable surface tension conditions of the treated rock sample (Liu 
et al. 2006, 2013).

The above results may not be as significant as those reported in the literature for fluori-
nated chemical treatments. However, the observed trends are in line with those seen for 
these chemicals (Li et al. 2011; Noh and Firoozabadi 2008). As elaborated in our previ-
ous work (Mauricio Ceron Lopez et al. 2021), it is also important to highlight that benzo-
xazine resin is significantly cheaper and less harmful to the environment than fluorinated 
compounds.

The earlier discussed shift in the post-treatment end-point gas relative permeability is 
evident across almost the entire relative permeability curves, as observed from the data 
in Fig.  9. This figure compares pre- and post-treatment relative permeability curves for 
the drainage floods conducted on sample CT3. Generally, the relative permeability to gas 
is higher after treatment with the monomer for fixed water saturation. The Sigmund and 
McCaffery set of equations (Eqs. 5, 6, 7) were used to perform the iterative process of his-
tory matching the pressure differential (Fig. 7—where DP_BT_SIM curve represents the 
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differential pressure before treatment and the DP_AT_SIM represents the after treatment 
generated during the matching procedure) and brine recovery during the unsteady-state 
fluid displacement to finally determine the relative permeability of gas and brine based on 
the different procedures (Saeedi et  al. 2016; Sigmund and McCaffery 1979). Compared 
with other models, such as Corey, the mentioned model seemed to capture better the com-
plexity of the gas phase mobility, lower density, capillary-viscous ratio, and the shape of 
the relative permeability curves.

The values krw and krg are the relative permeability values of the wetting and non-wet-
ting phase, respectively. Se is the normalized water saturation value, while krw’ and krg’ 
represent the relative permeability end-points of the wetting and non-wetting phases. The 
empirical constants Nw, Ng, A, and B were iteratively determined by different trials for 
history matching the differential pressure and displaced brine recovery. The Nw and Ng 
are values that minimize the error function between the observed and calculated pressure 
differential and displaced fluid recovery. In this process, the model also incorporates the 
capillary pressure effect into the relative permeability calculation, leading to a more suit-
able relative permeability calculation for the wetting and non-wetting phase that could be 
used in further analysis at the wellbore scale. Finally, the capillary pressure term has been 
obtained during the core-scale simulation modeling by the use of the commercial Sendra 
software by the use of Eq.  8 to, later on, use the corresponding capillary Eq.  9 to con-
vert the capillary pressure values from laboratory conditions to a more real wellbore scale. 
These results were calculated before and after treatment to input the values in the wellbore 
model. The Cw, Co, aw, and ao are constant and non-negative parameters, where Cw, Co 
are expressed in units of pressure, while So represents the hydrocarbon phase saturation 
(Andersen et al. 2020).

Overall, the experimental procedure of water imbibition and flow displacement 
depicted moderate improvements in water recovery and relative permeability to gas 
compared with other researchers’ results using non-fluorinated and fluorinated chemi-
cals. The flow displacement showed an increment of the end-point relative permeability 
values of 4 to 20%, while the residual water saturation decreased from 10 to 12% when 
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treating the samples with a 2.5% chemical solution. The improvement mainly relies on 
the polymerization conditions of the chemical (curing temperature and time) and the 
purity of the raw chemical materials during the synthesis process of the benzoxazine 
resin. On the other hand, there are limited studies providing results associated with 
using non-fluorinated compounds to alter wettability; for example, a non-fluorinated 
analysis proposed by Arjomand, 2020 proposed a non-fluorinated silylation procedure 
at 60  °C to alter the wettability of a CO2-brine-rock system (Arjomand et  al. 2020). 
This study showed that the chemical could increase 60% of the end-point CO2 relative 
permeability to obtain more than 25% water recovery. This procedure involved the use 
of CO2 as a solvent and carrier fluid. Our analysis focused on investigating an environ-
mentally friendly chemical treatment that does not degrade or decrease its performance 
when increasing temperature; therefore, the hydrophobic characteristics increase, espe-
cially when reaching high polymerization temperatures such as 180  °C, which is the 
ideal curing temperature of the monomer.

On the other hand, extensive research has been conducted on applying fluorinated com-
pounds to alter rock wettability. The results reveal that fluorinated compounds are the most 
effective alternative to alter wettability. For example, Noh, 2008 in his flow test analy-
sis, obtained a 60 to 70% increment in water mobility using fluorinated chemicals and a 
drastic reduction of 90% approximately in the volume imbibed by the treated rock sample 
(Noh and Firoozabadi 2008). Those results surpass the effects of benzoxazine resin. When 
comparing the results of the benzoxazine resin with any of the fluorinated compounds, it 
is evident that the performance is not at the same level; the fluorinated compounds can 
lower the surface free energy of the rock considerably, reaching values lower than 5 mJ/m2 
when applying fluorinated nano-silica components (Erfani Gahrooei and Ghazanfari 2017). 
Those results were obtained due to the characteristic of the chemical solution to modify the 
surface roughness and lower the surface free energy of the sample.

Additional analysis on the change of wettability from oil-wet to less oil-wet has been 
performed using the benzoxazine monomer to treat sandstone and carbonate rock samples. 
Therefore, the same procedure proposed in our analysis was performed for a gas-conden-
sate-rock system using decane and hexadecane as the fluid phase. Additionally, a solution 
composed of benzoxazine and FAS was assessed to demonstrate that using a short-chain 
fluoropolymer is not enough to reach oleophobic results. When assessing the solutions pro-
posed, the contact angle could not reach more than 5° in less than a minute during contact 
angle measurement. During spontaneous imbibition, the chemical solutions were unable to 
reduce the imbibition rate to any extent. Finally, the flow test analysis, using sandstone and 
carbonate rock samples, did not show any further improvement during water and gas dis-
placement over the treated samples. Therefore, the surface free energy of the treated surface 
is not enough to repeal the liquid phase, as the surface tension of the liquids (decane and 
hexadecane) are 24 and 28 mJ/m2, respectively (Zisman 1964). In our previous research, 
we showed an approximated surface free energy of 34 mJ/m2, which is not enough to mod-
ify the wettability of the rock from oil-wet to less oil-wet (Mauricio Ceron Lopez et  al. 
2021). Based on the work done by Lui et al., glass surface with benzoxazine resin is treated 
to obtain less than 20 mJ/m2. This research demonstrates that oleophobic characteristics 
could alter wettability in glass surfaces (Liu et al. 2013). In our research, such conditions 
could not be achieved when treating glass and rock samples ranging from 10 to 130 mD. 
Curing time between 1 and 180  h and curing temperatures up to 180  °C were assessed 
to obtain lower surface free energy values; nevertheless, results did not depict promising 
results compared with those obtained by Liu. During the synthesis process, the phenolic 
impurities could probably affect the ring opening during thermal polymerization, leading 
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to a drastic increment of the surface free energy value. Nevertheless, reaching such surface 
conditions is considerably low, benzoxazine can be used for water blockage applications.

3.3 � Box Model Numerical Simulation Results

3.3.1 � Effect of Invasion Radius Around the Wellbore

Figure  10 compares the pre- and post-treatment numerically simulated gas produc-
tion profiles (over seven years) for a 15 mD rock formation assuming different radii 
of water invasion (4, 10, and 16 m). For further comparison, this figure also includes 
an additional curve representing the unaffected productivity of the same formation 
(i.e., no water invasion or ‘Initial Conditions’). As can be seen, the water invasion sup-
presses the gas productivity with a larger radius causing a more significant effect. The 
subsequent chemical treatment improves productivity across all cases explored, with its 
impact becoming more significant with an increase in the water invasion radius. The 
above comparison becomes more evident using the data included in Fig. 11, which com-
pares the effects of water blockage on final simulated gas recovery for the above three 
water invasion radii and then reveals how much improvement the benzoxazine treatment 
can make across all explored cases. The figure shows that productivity loss ranges from 
12.4 to 23.6% as the water invasion radius increases from 4 to 16 m, respectively. The 
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Fig. 10   Gas recovery profiles for various scenarios, including initial conditions (i.e., no water invasion), 
different radii of water invasion (4 (Case 1), 10 (Case 2), and 16 m (Case 3)), and after chemical treatment 
as generated using box model numerical simulation under an absolute permeability of 15 mD (BT: before 
treatment, AT: after treatment)
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chemical treatment then results in more remarkable incremental improvement for higher 
invasion radii increasing productivity between 2.9 and 10.6%.

3.3.2 � Effect of Absolute Rock Permeability

To evaluate the effect of absolute rock permeability on the performance of benzoxazine 
treatment as revealed by the box model simulations, we have used the relative perme-
ability curves for CT2 from the current work and similar data generated for a BUG 
sample (~ 130 mD) from our previous study (Mauricio Ceron Lopez et al. 2021) in two 
separate simulation models. For this investigation, we have considered the intermediate 
water invasion radius of 10 m. As noted earlier, when the reservoir permeability is low, 
given the higher capillary strength, the reservoir is prone to a more pronounced water 
blockage effect.

The numerical simulation results in Fig. 12 show that, as indicated above, the nega-
tive effect of water blockage diminishes from 17.5% to a mere 0.6% when permeability 
increases from 15 to 130 mD. The same figure also indicates that upon treating the two 
rock types with benzoxazine, a recovery enhancement of 5.8% may be expected for the 
case of low-permeability rock compared with a negligible 0.1% effect for the case of 
higher permeability rock formation. This trend, resulting from the box model simula-
tion, highlights that low-permeability formations are more prone to water blockage, pre-
senting a higher potential for water blockage removal using the wettability alteration 
technique such as that developed in this research.

Fig. 11   Percentage of recovery factor reduction due to water blockage at three cases of water invasion (4, 
10, and 16 m) (blue color) and subsequent incremental improvement in recovery for the same invasion radii 
as caused by benzoxazine treatment (orange color) – Box model simulation under an absolute permeability 
of 15 mD
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4 � Summary and Conclusions

The effect of water blockage on gas deliverability is a significant concern in low-per-
meability reservoirs. Wettability alteration from a strong water-wet to an intermediate 
gas-wet condition using chemical treatments is a feasible remedial measure for this 
issue. The results reported in this manuscript complement those we reported in our pre-
vious study in showing benzoxazine resin to be a suitable alternative to previously tried 
fluorinated compounds in achieving the sought wettability shift under low-permeability 
conditions. Moreover, benzoxazine is an eco-friendly and cost-effective chemical com-
pared with its fluorinated counterparts that exhibit environmental toxicity and tend to 
bio-accumulate as they do not readily biodegrade. The current results also demonstrate 
that our novel chemical treatment can alter wettability in low-permeability reservoirs 
at polymerization temperatures lower than the optimal value of 180 ºC, expanding the 
application envelope of the treatment to lower-temperature reservoirs. These effects 
were demonstrated by a combination of experimental analyses, which included contact 
angle measurements, spontaneous imbibition tests, and core-flooding experiments.

When treating a low-permeability sample with a concentration of 2.5 wt.% of the benzo-
xazine monomer, the absolute rock permeability decreases 3–10 wt.% of its initial value at 
different polymerization temperatures (125–180 °C). The spontaneous imbibition analysis 
demonstrated that the chemical could delay the water intake into the sample by decreas-
ing the imbibition rate. Similarly, the contact angle after rock treatment increased from 0 
to values between 89° and 108° at different polymerization temperatures. Therefore, the 
chemical solution can alter the surface free energy of the rock without drastically reducing 
the absolute gas permeability.

The core-flooding tests conducted at elevated pressure and temperature further vali-
dated the promising results of other experimental techniques. The results of these dynam-
ics experiments indicated residual water saturation reduction of 10.8–12% after treatment 
when brine-saturated samples were flooded with gas. Furthermore, improvements in 

Fig. 12   Percentage of recovery factor reduction due to water blockage at water invasion radius of 10 m for 
two absolute permeabilities of 15 and 130 mD (blue color) and subsequent incremental improvement in 
recovery for the same invasion radius and permeability values as caused by benzoxazine treatment (orange 
color) – results of box model numerical simulation
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end-point gas relative permeability of 4–20% were also achieved. These results demon-
strate that the benzoxazine resin could be potentially used to treat reservoirs with tempera-
tures between 125 and 150 °C resulting in desirable outcomes.

The core-flooding tests conducted at elevated pressure and temperature further vali-
dated the promising results of other experimental techniques. The results of these dynam-
ics experiments indicated residual water saturation reduction of 10.8–12% after treatment 
when brine-saturated samples were flooded with gas. Furthermore, improvements in end-
point gas relative permeability of 4–20% were also achieved. These results demonstrate 
that the benzoxazine resin could be potentially used to treat reservoirs with temperatures 
between 125 and 150 °C resulting in desirable outcomes.

The application of the benzoxazine resin is primarily for reservoirs with high tem-
peratures, such as deep gas reservoirs. The benzoxazine resin treatment can decrease the 
residual water saturation, while the gas relative permeability increases as well as water 
production. Those parameters are influenced by polymerization temperature during rock 
treatment, incrementing residual water saturation when the polymerization temperature 
increases, producing an improvement in relative permeability to gas. Those results demon-
strate that the benzoxazine resin could be potentially used to treat reservoirs with tempera-
tures between 125 and 150 °C.

Box model numerical simulations were used to upscale the results from core to well-
bore scale. For this purpose, the simulation runs used the relative permeability data derived 
from core-flooding tests. The simulation results show that under low-permeability condi-
tions (15 mD), productivity loss ranges from 12.4 to 23.6% as the water invasion radius 
increases from 4 to 16  m, respectively. The chemical treatment then resulted in greater 
incremental improvement for higher invasion radii increasing productivity between 2.9 
and 10.6%. Our simulation results also indicated that low-permeability formations are 
more susceptible to water blockage, as demonstrated by gas recovery reductions of 17.5% 
to 0.6% obtained under 15 and 130 mD permeabilities (water invasion radius of 10  m), 
respectively. However, such formations are more suitable for water blockage removal using 
the wettability alteration technique such as the one developed in this research. For example, 
our simulation results indicate a 5.8% post-treatment increase in gas recovery under 15 mD 
formation permeability compared with a mere 0.1% increase under 130 mD.

Further to our previous work, the current coupled experimental and numerical study 
performed at two different scales (core vs. wellbore region) demonstrates the potential 
effectiveness of our novel chemical treatment in improving gas productivity under a wide 
range of application conditions.

The overall result of the benzoxazine monomer treatment to alter wettability in a 
gas–water-rock system is of great importance in achieving a non-fluorinated alternative to 
remediate water blockage; in this paper, a more realistic condition of permeability, chemi-
cal concentration, and polymerization temperature has been selected as the conditions to 
assess the chemical treatment. Moreover, a wellbore condition provided promising results 
in our trial to alter wettability. Further work could be done in synthesizing the monomer to 
improve thermal polymerization while maintaining or improving the surface free energy 
characteristics. It could lead to a more promising application to remove condensate block-
age, which is considered challenging to alleviate without the implication of fluorinated 
compounds.
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