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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Formate, glycine and acetate were 
tested as wettability modifiers for oil 
recovery. 

• The importance of amino group in 
glycine was investigated. 

• The chelate effect makes glycine an 
effective wettability modifier. 

• Calcite dissolution can trigger the 
wettability alteration by glycine and 
formate.  
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A B S T R A C T   

Previous studies indicated the efficacy of the simplest amino acid, glycine, as a wettability modifier that en
hances the imbibition of water in carbonate reservoirs. The objective of this research was to compare the per
formance of formate, acetate, and glycine as wettability modifiers for carbonate and shale formations. Formate 
and acetate were studied for the first time as novel wettability modifiers. Note that the aminomethyl and amino 
groups are the only structural differences between formate and glycine, and acetate and glycine, respectively. 
The experiments consisted of contact-angle measurements on oil-aged calcite and shale plates, and imbibition 
displacements (spontaneous and forced). The comparison among these additives was made with/without adding 
hydrogen chloride (HCl) for adjusting the pH of the solutions. Amott indexes of glycine and formate + HCl 
solutions were noticeably higher than the rest of the cases in the imbibition experiments. We found that formate 
can be very effective in altering the wettability of carbonate rocks to water-wet state when the pH of the solution 
is reduced. This indicates the synergy of pH adjustment and the attraction of formate to the rock surface, which 
resulted in an improvement of the oil recovery. Glycine showed a superior behavior as a wettability modifier in 
comparison to formate and acetate for all the experimental conditions of this study. This indicated that the amino 
group, in the presence of the carboxyl group, plays a key role in altering the rock wettability. We demonstrated 
that the ability of glycine to alter wettability comes from two factors: one is the chelate effect caused by the 
amino group as an electron donor in the presence of the carboxyl group. The chelate effect makes glycine 

Abbreviations: pI, Isoelectric point; pzc, Point of zero charge; pH, Measure of acidity; pKa, Negative base-10 log of the acid dissociation constant; RB, Reservoir 
Brine; Oil1, Crude oil used with carbonates and calcite chips; Oil2, Crude oil used with Eagle Ford shale. 
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entropically more favorable for binding to calcium cation in the brine, which triggers calcite dissolution, and/or 
attaching directly to the calcite surface. The other factor is the calcite dissolution induced by pH reduction, 
followed by the attraction of glycine to the rock surface.   

1. Introduction 

Waterflooding in carbonate oil reservoirs is generally inefficient 
because the large contrast in permeability between the matrix and 
fracture results in channeling flow. Also, carbonate rocks tend to be oil 
wet, and therefore, spontaneous imbibition of water into the matrix 
from the fracture is not effective in oil recovery. A shift in wettability to 
a more water-wet state is expected to improve oil recovery in oil-wet 
carbonate reservoirs [1]. 

Interactions between rock minerals, brine, and oil affect the rock 
wettability, among other factors. Formation water (or brine) is the initial 
wetting phase in conventional oil reservoirs before the oil migration. 
After the oil migration, brine is still the wetting phase as long as the film 
of brine is stable [2]. When the stability of brine starts changing, the 
connection forms between rock surfaces and oil. This process is followed 
by the adsorption of surface-active components of oil, which results in 
the reduction of water-wetting or even switching the surface to oil-wet. 
It is possible to reverse the wettability from oil-wet to water-wet by 
improving thin brine stability or/and disconnecting adsorbed oil com
ponents from the surface of the rock [3]. 

A widely studied method for alteration of rock wettability is sur
factant injection. Yao et al. provided a comprehensive review of 
wettability alteration using surfactants for carbonate reservoirs [4]. 
However, wettability alteration by surfactants is usually expected to 
occur with a reduction of interfacial tension between oleic and aqueous 
phases [5,6]. However, IFT should not reach an ultralow value (10− 3 

mN/m) in tight formations according to Alvarez et al. [7–9]. Kathel et al. 
also demonstrated that oil recovery was limited by ultralow IFT because 
of reduced surfactant imbibition rate [10]. 

Another wettability alteration method that gained popularity is low- 
salinity waterflooding (LSW) both for sandstone and carbonate reser
voirs. Wettability alteration mechanisms in carbonate reservoirs during 
low salinity waterflooding were reviewed in detail by Sagbana et al. 
[11]. During the waterflooding process, low-salinity water can modify 
the wettability in carbonate rocks by changing their total charge and 
increasing the electric double layer of brine-rock and oil-brine interfaces 
[12]. Multivalent ions, such as CO3

2-, SO4
2-, Ca2+ and Mg2+, are reported 

as potential determining ions, which control the charge of rock surfaces 
[13]. 

The effect of seawater on oil recovery especially in carbonate res
ervoirs was widely investigated by Austad’s research group [14–16]. 
Based on spontaneous imbibition experiments using seawater, a change 
in rock wettability was observed in the presence of sulfate ions, which 
displaced naphthenic acids from carbonate rock surfaces. They also 
found that sulfate ions were aided by calcium and magnesium ions in the 
wettability alteration. 

LSW has been evaluated by coreflooding experiments in the litera
ture [17]. Results from sequentially injecting seawater and its diluted 
solution showed an incremental oil recovery factor of 0.18. The impact 
of ions was studied individually using surface potential experiments [18, 
19]. They demonstrated that the major ions that changed the wettability 
of carbonates were sulfate and calcium. Since surface potential did not 
entirely explain the oil improvement by LSW, Hiorth et al. [20] proposed 
calcite dissolution as one of the potential mechanisms for wettability 
alteration. 

Chemicals other than surfactants have also been studied as wetta
bility modifiers for carbonate reservoirs. Deng et al. [21] reviewed 
different wettability modifiers for carbonate rocks including, but not 
limited to, gemini surfactants, alkalis, and nanoparticles, which are 
low-cost and capable of reducing contact angle significantly. Wang et al. 
[22] evaluated an aqueous solution of 3-pentanone for enhanced oil 
recovery by wettability alteration. They performed a comprehensive 
analysis through contact angle, imbibition, and coreflooding experi
ments. Their results showed a marked improvement in oil recoveries 
with limestone cores after adding 3-pentanone to brine. Argüelles-Vivas 
et al. [23] presented a review of the studies related to 3-pentanone as a 
wettability modifier in tight formations and shales. 

Amino acids have also been studied as another class of wettability 
modifiers. Lara Orozco et al. [24] explored the simplest amino acids and 
introduced glycine as an effective wettability modifier. Surfactants 
synthesized from amino acids were also studied as oil-recovery agents 
and for some other applications [25,26]. These amino acids contain the 
carboxylic (–COOH) and amine (–NH2) groups within the same mole
cule. An important property of glycine is that its overall charge depends 
on the pH of the solution, as shown in Fig. 1. If the solution pH is higher 
than the isoelectric point (pI), which is 5.97 at room temperature, then 
glycine is negatively charged. Otherwise, glycine is positively charged. 
Glycine is effective when the solution pH is between its pI and point of 
zero charge (pzc) of calcite, as in Lara Orozco et al. [24] and the current 
paper. 

The main goal of this research was to investigate the capability of 
carboxylate anions, specifically formate and acetate, to change the 
wettability of carbonate mineral surface from oil-wet to water-wet state. 
This was performed by comparing formate and acetate with glycine, a 
proven wettability modifier, through contact angle and imbibition ex
periments. The aminomethyl and amino groups are the only structural 
difference between formate and glycine, and acetate and glycine, 
respectively (Fig. 2). We also analyzed how these carboxylate anions 
could become more effective for wettability alteration under slightly 
lowered pH. A positive effect of a reduced pH on wettability alteration 
was also observed in low salinity water flooding [27,28]. The negative 
charge of formate and acetate ions may result in wettability alteration 
because of the interaction between positively charged calcite surfaces 
and the carboxyl group. 

Inspired by the results of the comparative study, we also investigated 
the importance of the amino group of glycine for the rock wettability 
alteration and effective enhancement of water imbibition into carbonate 
rocks. The comparison among glycine, formate, and acetate was 

Nomenclature 

Symbols 
L Core length, m 
k◦

rw Endpoint water relative permeability 
Nvc Capillary number 
NRL Rapoport and Leas number 
v Interstitial velocity, m/s 
u Superficial velocity, m/s 
Vo,SI Oil volume produced by spontaneous imbibition, cm3 

Vo,FI Oil volume produced by forced imbibition, cm3 

Iw Amott index to water 

Greek 
θ Oil/water contact angle, degrees 
μo Oil viscosity, Pa s 
μw Water viscosity, Pa s 
σ Water/oil interfacial tension, N/m  
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convenient for studying two possible mechanisms of wettability alter
ation by glycine. One is the chelate effect, which can occur with glycine 
only. The other is the synergy between calcite dissolution and the 
carboxyl group, which is expected to occur also with formate and 
acetate. 

In what follows, Section 2 provides details about the materials used 
and experimental methods. Section 3 discusses and analyzes the 
experimental results. Finally, Section 4 provides the main conclusions 
from this research. 

2. Materials and methods 

The main experiments in this research consisted of contact angle 
measurements with calcite surfaces and Eagle Ford shale plates, and 
spontaneous and forced imbibition tests with Texas Cream Limestone 
core plugs. 

2.1. Materials 

Table 1 presents the properties of the dead crude oil sample used in 
the contact-angle experiments with calcite pieces and limestone cores. 
This oil is referred to as Oil1, and its reservoir temperature is 347 K.  
Table 2 shows the oil used in the contact-angle experiment on Eagle Ford 
shale. This oil is referred to as Oil2 and its reservoir temperature is 
337 K. Reservoir brine (RB) was the same in all experiments as shown in  
Table 3, and its salinity is 68,722 mg/L. X-ray powder diffraction indi
cated that the Eagle Ford shale sample consisted of 75 % calcite, 14 % 
quartz, 4 % dolomite, 2 % kaolinite, 1 % K-spar, 1 % pyrite, and others. 
The Texas Cream Limestone cores consisted of 98 % calcite, 1 % pyrite, 
and other minerals in negligible amounts [23]. 

Glycine, acetate, and formate samples (Sigma-Aldrich) had a purity 
greater than 99 %. Glycine has a pI of 5.97 at room temperature [29]. 
Fig. 2 illustrates the molecular structure of glycine, acetate, and formate. 
The aqueous stability of all three chemicals was confirmed with RB at 
reservoir and room temperatures. 

2.2. Contact angle experiments 

Contact angle experiments were performed on calcite surfaces and 
Eagle Ford shale plates. Contact angle experiments with calcite focused 
on determining an optimal concentration of glycine, formate, and ace
tate while experiments on shale plates were performed to verify the 
efficacy of the solutions with another carbonate-rich rock. After cutting 
the plates in the appropriate sizes, they were polished with a diamond 
grinder to result in a smooth surface. Then, these calcite and shale plates 
were first aged for one day in RB, and then, they were placed in heavy 
crude oil for at least three weeks at 347 K until reaching oil-wet state. 

The pH values of the chemical solutions were measured before and 
after the experiment. To test the impact of solution pH, contact angle 
experiments with calcite surfaces were performed not only with 
different concentrations of formate and acetate, but also with HCl added 
to reach the pH level of glycine. 

The chemical solutions were made in glass chambers and placed in 
an oven at 363 K to degas them for at least one day. RB was made first by 
adding salts and adjusting the total mass of the solution to 1 kg with 
deionized water. Then, an appropriate amount of either glycine, 

formate, or acetate was added to reach the desired concentration. For 
solutions with HCl, HCl was added to solutions of formate and acetate at 
room temperature while stirring slowly. The final pH level was adjusted 
to correspond to the glycine solution at the same concentration. After 
aqueous solutions were prepared and degassed, they were placed in an 
oven at the desired reservoir temperature (347 K for calcite and 337 for 
Eagle Ford shale). Table 4 summarizes the aqueous solutions tested. 

After being aged in heavy oil for at least 3 weeks, the calcite or shale 
pieces were retrieved, and the excess oil was removed from the surfaces 
carefully. To start the experiment, the rock pieces were immersed in the 
chambers containing the corresponding solutions and then oil droplets 
were placed on the bottom of the rock pieces. The chambers were put in 
the oven at reservoir temperature and images of the oil droplets were 
taken every day until equilibration. The second and the third oil droplets 
were placed on days 7 and 12, respectively. Then, images of the new oil 
droplets were taken until angles equilibrated. The equilibrium contact 
angles of the new oil droplets were smaller than the equilibrium contact 
angle of the first oil droplet indicating the change in wettability of the 
calcite surface. The setup for contact angle experiments is shown in  
Fig. 3. Contact angles were measured from photos with the on-screen 
protractor software. 

A similar procedure was followed for another set of experiments with 
Eagle Ford shale plates. Five cases (5 wt% glycine, 5 wt% acetate, 5 wt% 
acetate + HCl, 5 wt% formate, and 5 wt% formate + HCl) were used to 
test the impact of HCl (pH adjustment) on the wettability alteration 
mechanism of formate and acetate. Only two oil droplets were placed on 
the bottom of shale plates (at days 0 and 3). There was no need for the 
third oil droplet because the contact angle change was already observed 
with the second oil droplet placed on day 3. 

2.3. Spontaneous imbibition 

Spontaneous imbibition tests were carried out with glycine, formate, 
and acetate. The impact of the solution pH was also tested for formate 
and acetate. The Amott cell used was approximately 15 cm in height and 
5 cm in diameter as shown in Fig. 4. The Amott cell’s neck was gradu
ated, and the graduation was calibrated to the actual volume before 
starting the experiments. 

The Texas Cream limestone core plugs used were 38 mm in diameter 
and 92 mm in length. Cores were evacuated with a vacuum pump for 
30 min and then, brine was injected at a constant pressure of 689 kPa 
(100 psig) to saturate cores fully with brine. This was carried out under 
room temperature. Then, the porosity and permeability of the core plugs 
were measured with RB. The experimental setup consisted of two ac
cumulators (RB and Oil1), one vacuum pump, one pump, one manual 
hydraulic pump to maintain the overburden, one Hassler-type core 
holder, one differential pressure gauge, and one oven. 

Then, Oil1 was injected into the core at a constant rate of 60 cm3/ 
hour. This was performed under room temperature and without any 
backpressure; that is, the effluent side was open to the atmospheric 
pressure. After the oil breakthrough, the rate was increased to 100 cm3/ 
h to minimize the capillary end effect with a capillary number of 
approximately 2 × 10− 5. The oil injection continued until no brine was 
produced at the effluent, from which the residual water saturation, Swr, 
was determined. Tables 5 and 6 summarize the rock properties for each 
core used in spontaneous and forced imbibition experiments. The 

Fig. 1. Molecular structure of different forms of glycine.  

I. Baghishov et al.                                                                                                                                                                                                                               



Colloids and Surfaces A: Physicochemical and Engineering Aspects 652 (2022) 129849

4

measured rock properties were similar to those reported in the literature 
[30]. 

The four cores given in Table 5 were used for imbibition experiments 
with the following solutions: Reservoir Brine (RB), 5 wt% glycine in RB, 
5 wt% acetate in RB, and 5 wt% formate in RB. To test the impact of the 
solution pH, the six cores given in Table 6 were used with the following 
solutions: RB, RB + HCl, 2.5 wt% glycine, 5 wt% formate + HCl, and 
5 wt% acetate + HCl. The acetate + HCl was repeated for two experi
ments because the first attempt resulted in an unexpectedly small 
amount of oil recovery. 

After being saturated with Oil1, the four cores given in Table 5 and 
the six cores given in Table 6 were placed in a glass chamber filled with 
Oil1 for 30 days. However, the former set of cores was aged at room 
temperature for 10 days and at 347 K for the rest of 30 days. The latter 
set of cores was aged at 347 K for the entire 30 days. The difference in 
the aging temperature affected the initial oil wetness for the two sets, as 
will be shown in Section 3.2. Therefore, the RB case was used as a 
control experiment for the two sets of cores given in Tables 5 and 6. 

The solutions were placed in an oven at 363 K for one day for 
degassing and then, they were placed in the oven at 347 K (the experi
mental temperature). Oil-saturated cores were then introduced into the 
Amott cell. Immediately after that, an aqueous solution was poured 
carefully so that the bubble formation was avoided. Note that this Amott 
test was initiated with all materials heated at 347 K to avoid the thermal 
expansion/shrinkage of the oil. Atmospheric pressure was maintained 
inside of the cell throughout the experiment. Finally, oil recovery was 
monitored every day. 

2.4. Forced imbibition 

The Amott cell was cooled down after the spontaneous imbibition 
experiment and then, oil and brine (or other solution) were recovered 
from the cells using a glass pipette and their volumes were measured. 
The core was retrieved from the Amott cell and placed immediately in a 
core holder for forced imbibition. 

Fig. 5 shows the experimental set-up for forced imbibition. The 
experiment was performed at 347 K. There was no backpressure; that is, 
the effluent side was open to the atmospheric pressure during the 
experiment. The corresponding solution for each case was injected at a 
constant flow rate of 100 cm3/hr. The flow rate was increased to 
300 cm3/hr after no more oil was produced, to minimize the capillary 
end effect. Produced fluids were collected in vials to calculate oil 
recovery. 

Results were used to estimate the Amott index to water Iw as follows 
[31]: 

Iw =
Vo,SI

Vo,SI + Vo,FI
, (1)  

where Vo,SI and Vo,FI are the oil volumes recovered by the spontaneous 
imbibition and forced imbibition experiments, respectively. 

The rate for the forced imbibition experiment was chosen similarly to 
the core saturation procedure. The rate was set to give a capillary 
number of 2 × 10− 5. The equation for capillary number Nvc used in this 
research is as follows: 

Nvc =
vμw

k◦

rwσcosθ
, (2)  

where v is interstitial velocity, μw is water viscosity, k
◦

rw is endpoint 
water relative permeability, σ is water/oil interfacial tension, and θ is 
oil/water contact angle. It was assumed that k

◦

rwσcosθ = 1mN/m, as 
given commonly in the literature for water-wet media [32]. 

The increased injection rate for minimizing the capillary end effect 
was based on a Rapoport and Leas number (NRL) of 2.5 cp-cm2/min or 
greater. This value was recommended by Lake et al. [30]. NRL in [cp •

Fig. 2. Molecular structure of chemicals used in this research: (a) formate anion, (b) acetate anion, and (c) glycine.  

Table 1 
Properties of crude oil “Oil1′′ used in the contact angle experiments with calcite 
and in the imbibition experiments.  

Molecular weight, g/mol 210 
Density, kg/m3 878 (at 293 K) 

849.6 (at 347 K) 
Viscosity, cP 2.6 (at 347 K) 
SARA, wt% Saturates 71.6 

Aromatics 24.8 
Resins 3.0 
Asphaltenes (pentane insoluble) < 0.1  

Table 2 
Properties of crude oil “Oil2′′ used in the contact angle experiments with shale 
plates.  

Molecular weight, g/mol 239 
Density, kg/m3 821.3 (at 295 K) 
Viscosity, cP 1.09 (at 338 K) 
SARA, wt% Saturates 86.1 

Aromatics 9.8 
Resins < 4.3 
Asphaltenes (pentane insoluble) < 0.1  

Table 3 
Composition of reservoir brine (RB) used in this research.  

Cations ppm Anions ppm 

Na+ 25,170 Cl- 41,756 
K+ 210 SO4

2- 108 
Ca2+ 1292   
Mg2+ 187    

Table 4 
Summary of solutions tested in contact angle experiments with calcite.  

Solution name Solution Concentrations in RB (wt%) 

RB Reservoir Brine – 
RB + HCl pH adjusted Reservoir Brine – 
Glycine Glycine 0.5, 1, 2.5, 5 
Formate Sodium Formate 0.5, 1, 2.5, 5 
Acetate Sodium Acetate 0.5, 1, 2.5, 5 
Formate + HCl pH adjusted Sodium Formate 0.5, 1, 2.5, 5 
Acetate + HCl pH adjusted Sodium Acetate 0.5, 1, 2.5, 5  
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cm2/min] is given as follows [33]: 

NRL = Luμo, (3)  

where L is core length, u is superficial velocity, and μo is water viscosity. 

3. Results and discussion 

This section discusses the experimental results from contact angle 
and imbibition experiments. The contact angle experiments consisted of 
two sets: calcite and Eagle Ford shale pieces. The imbibition experiments 
consisted of spontaneous and forced imbibition. 

3.1. Contact angle experiment 

The overall charge of glycine depends on the pH of the solution 
(Fig. 1). An overall negative charge occurs if the pH is greater than the pI 
of glycine, i.e., 5.97. Calcite’s pzc is reported to be 8.8 [34]. Therefore, 
glycine is expected to alter the wettability if the solution pH is between 
5.97 and 8.8, as explained and confirmed by Lara Orozco et al. [24].  
Table 7 summarizes the solution pH measured before and after the 
contact angle experiments for all the cases. This table shows that the pH 
values for all glycine cases were within the pH window for wettability 
alteration. The acetate and formate solutions were basic, unlike the 
glycine solutions. 

Photos of oil droplets from contact angle experiments with calcite 
surfaces in RB and different concentrations of glycine, acetate, and 
formate (with and without HCl) are shown in Figs. 6 through 9. Mean
while, Figs. 10 through 13 present the graphs of measured contact angle 
values for the same experiments. The y-axis represents equilibrium 
contact angles and the x-axis is the day when this oil droplet was placed 
under the rock piece. For example, the contact angle reported on day 7 is 
the equilibrium contact angle for the oil droplet placed on day 7 (not 
necessarily a contact angle measured at day 7, equilibrium can be 
reached on anytime form day 8–10). A significant reduction in contact 
angle was observed over time for most glycine cases. For example, it 
reached nearly 40◦ at the glycine concentrations of 2.5 and 5 wt% 
(Fig. 7). However, the RB and acetate cases without HCl did not 
significantly reduce the contact angle. The formate cases without HCl 
resulted in a slightly water-wet state with contact angles of approxi
mately 80◦ (Fig. 9). 

Table 7 indicates that the initial solution pH of glycine was smaller 

than that of formate and acetate. With the lowered pH, calcite dissolu
tion reaction might have occurred for the glycine cases, as also shown by 
Lara Orozco et al. [24]. Calcite dissolution may cause absorbed polar 
components to be released from the rock surface [35]. Then, wettability 
alteration is possible if negatively charged ions are attracted by the 

Fig. 3. Contact angle setup used in the research.  

Fig. 4. Amott cell used in the research. An oil aged core was placed in the 
Amott cell and then the solution to be tested was poured slowly into the Amott 
cell. All components were at reservoir temperature (347 K) while setting up the 
experiment to avoid fluid expansion. The produced oil was accumulated at the 
top and its volume was measured from the grating available on the Amott cell. 
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positively charged calcite surface, as is the case with glycine at pH be
tween its pI and the surface pzc. 

We further hypothesized that wettability alteration to water-wet 
state could be enhanced when formate or acetate anions were present 

in the solution, after calcite dissolution occurred. This is because 
formate and acetate anions could be attached to a positively charged 
calcite surface once calcite dissolution resulted in a release of oil mol
ecules from the calcite surface. Table 7 shows that the cases of acetate 
and formate with HCl had pH values close to the pH of glycine solution 
at the same concentration. Reducing the solution pH for the formate and 
acetate cases enhanced the wettability alteration as shown in Figs. 10 
through 13. In particular, a significant improvement was observed with 
formate; the contact angle was reduced to 50 – 60◦ with the formate 
cases with HCl. Even though the lowered pH improved the RB case as 
well, the contact angle was still around 80◦. This observation confirms 
that it is essential to have negatively charged ions (e.g., glycine with pH 
value above its pI and carboxylate anions) along with calcite dissolution 
for a greater wettability alteration. 

As mentioned in Section 2.2, five cases (5 wt% glycine, 5 wt% ace
tate, 5 wt% acetate + HCl, 5 wt% formate, and 5 wt% formate + HCl) 
were tested with Eagle Ford shale rock surfaces in the contact angle 
experiment as shown in Fig. 14. This was done to reconfirm that addition 

Table 5 
Petrophysical properties of the first set of Texas Cream limestone cores.  

Core 
number 

Porosity, 
% 

Absolute permeability (with 
brine), mD 

Residual water 
saturation, % 

1 30.1  14.47 29.5 
2 30.3  17.11 29.2 
3 28.3  11.12 27.0 
4 29.2  16.08 30.4  

Table 6 
Petrophysical properties of the second set of Texas Cream limestone cores.  

Core 
number 

Porosity, 
% 

Absolute permeability (with 
brine), mD 

Residual water 
saturation, % 

1 27.1  12.4 28.1 
2 27.7  14.4 29.2 
3 28.0  14.0 29.2 
4 28.9  15.7 28.9 
5 27.9  13.5 28.7 
6 31.1  18.7 31.1  

Fig. 5. Diagram of the experimental set-up used for forced imbibition.  

Table 7 
pH measurements before and after the contact angle experiments with calcite (at 
room temperature).   

0 wt% 0.5 wt% 1 wt% 2.5 wt% 5 wt% Solution 

Before 6.82     RB 
After 7.78     
Before 6.08     RB + HCl 
After 7.89     
Before  6.68 6.42 6.24 6.10 Glycine 
After  7.94 7.73 7.53 7.62 
Before  8.15 8.31 8.44 8.64 Acetate 
After  8.04 7.89 7.87 7.85 
Before  8.07 7.96 8.12 8.11 Formate 
After  8.26 8.22 8.05 7.96 
Before  6.67 6.40 6.23 6.10 Acetate + HCl 
After  7.66 7.50 7.28 7.11 
Before  6.71 6.39 6.23 6.10 Formate + HCl 
After  7.80 7.83 7.87 8.07  

Fig. 6. Photos of oil droplets from RB contact angle experiments with calcite.  

Fig. 7. Photos of oil droplets from glycine contact angle experiments 
with calcite. 
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of HCl improves the wettability alteration of formate and acetate with 
other calcite-bearing rocks like shales. In contrast to previous contact 
angle figures, x-axis in Fig. 14 represents the day when contact angle 
was measured. First oil droplet was placed on day 0 and then it equili
brated the next day (day 1), following this, the second droplet was 
placed on day 3 and then equilibrated on day 4. Essentially, contact 
angle measurements from day 0 and 1 correspond to the first oil droplet, 
and measurements from day 3 and 4 correspond to the second oil 
droplet. The figure shows that the final contact angles of formate and 
acetate reduced to approximately 60◦ with HCl and to about 80◦ without 
HCl. Reducing the pH of the carboxylate solution (formate and acetate) 
made the wettability alteration strength similar to that of glycine, which 

also resulted in a contact angle reduction to 60◦. 

3.2. Spontaneous and forced imbibition experiments 

The contact angle experiment indicated wettability alteration; 
however, further testing of the additives at a core scale was performed to 
verify the observed wettability alteration. As described in Section 2.3, 
the first set of experiments used RB, 5 wt% glycine, 5 wt% acetate, and 
5 wt% formate with no HCl for the four cores given in Table 5. The 
second set of experiments used RB, RB + HCl, 2.5 wt% glycine, 5 wt% 
formate + HCl, and 5 wt% acetate + HCl for the six cores given in 
Table 6. These concentrations were chosen because they performed best 

Fig. 8. Photos of oil droplets from acetate contact angle experiments with calcite: (a) 0.5 wt% acetate solution, (b) 1 wt% acetate solution, (c) 2.5 wt% acetate 
solution, and (d) 5 wt% acetate solution. 

Fig. 9. Photos of oil droplets from formate contact angle experiments with calcite: (a) 0.5 wt% formate solution, (b) 1 wt% formate solution, (c) 2.5 wt% formate 
solution, and (d) 5 wt% formate solution. 
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for glycine and formate. In the case of acetate, 5 wt% was also selected 
since this concentration reduced the contact angle on shale plates 
similarly to the rest of the chemicals. 

IFT values between Oil1 and four solutions were also measured 
(Table 8) to verify that the oil recovery improvement was because of 
wettability alteration, not a reduced IFT. Even though the IFT values for 
carboxylate solutions/oil1 are slightly lower than those for RB and 
glycine solutions, this small difference does not lead to a reduction of 
capillary pressure by an order of magnitude. 

In addition to rock properties, it is important to consider the units 
used for oil recovery calculations as was shown by Li et al. [36] and 
verified by Argüelles-Vivas et al. [30]. Therefore, Figs. 15a− 18a show 

the oil recovery in the units of Original Oil In Place (OOIP), and 
Figs. 15b− 18b display the oil recovery in terms of the Pore Volume (PV). 

Fig. 15 shows the oil recovery factors from the spontaneous imbi
bition experiments. The differences between the core properties require 
the oil recovery data to be corrected with the Leverett factor, 

̅̅̅̅̅̅̅̅
k/φ

√
, for 

a fair comparison [37,38]. Each experiment was terminated when a 
plateau was reached. Glycine outperformed the other cases, reaching a 
recovery factor of 32 % in spontaneous imbibition. The oil recovery 
factors of acetate and formate were 20 % and 23 %, respectively, which 
is close to RB recovery of 22 % (Fig. 11a). 

The forced imbibition experiments were carried out immediately 
after the spontaneous imbibition. Fig. 16 shows oil recoveries during the 
forced imbibition experiments with respect to the pore volumes of in
jection. Even though final oil recoveries were similar between the cases, 
early-time responses (e.g., 1 PV) showed that glycine was superior to the 
other chemicals. Table 9 shows Amott indexes to water, and the water 
saturation at the beginning of the experiments, after spontaneous 
imbibition, and after forced imbibition, for the first set of cores (see 
Table 5). The Amott index to water for glycine was significantly higher 
than those for RB, formate, and acetate, indicating that the glycine case 
became more water wet. These results are consistent with the contact 
angle results presented in the previous section. 

Fig. 17 presents the oil recoveries from spontaneous imbibition for 
the second set of experiments. As expected from the contact angle 
experiment, the wettability alteration by formate was enhanced by the 
reduced pH. The formate solution with HCl was comparable to 2.5 wt% 
glycine, which recovered more than twice greater than RB or RB + HCl. 
This observation reconfirmed the synergy of the solution pH effect and 
the negatively charged carboxyl group. However, this synergy was not 
observed in two duplicated experiments for the acetate case. The first 

Fig. 10. Results of RB contact angle experiments with calcite.  

Fig. 11. Results of glycine contact angle experiment with calcite: (a) 0.5 wt% glycine solution, (b) 1 wt% glycine solution, (c) 2.5 wt% glycine solution, and (d) 5 wt 
% glycine solution. 
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attempt of 5 wt% acetate + HCl resulted in a similar amount of oil to RB, 
and the second attempt resulted in a slightly smaller amount of oil re
covery. The lower oil recovery from core #6 of the second attempt can 
be because of the longer aging time, which resulted in a stronger oil-wet 
state. These two experiments do not indicate that acetate will be an 
effective wettability modifier for enhanced oil recovery. 

Fig. 18 shows the oil recoveries from forced imbibition for the second 
set of experiments. Since the core used for the first attempt of 5 wt% of 

acetate was discarded before reaching a plateau in spontaneous imbi
bition, it was not possible to continue with forced imbibition. Therefore, 
Fig. 14 illustrates the results of only the second attempt for acetate.  
Table 10 shows Amott indexes to water, and the water saturation at the 
beginning of the experiments, after spontaneous imbibition, and after 
forced imbibition, for the second set of cores (see Table 6). The 2.5 wt% 
glycine case has the greatest value of Amott index and is slightly greater 
than the 5 wt% formate + HCl case. Comparison between “RB + HCl” 

Fig. 12. Results of acetate contact angle experiment with calcite: (a) 0.5 wt% acetate solution, (b) 1 wt% acetate solution, (c) 2.5 wt% acetate solution and (d) 5 wt% 
acetate solution. 

Fig. 13. Results of formate contact angle experiment with calcite: (a) 0.5 wt% formate solution, (b) 1 wt% formate solution, (c) 2.5 wt% formate solution and (d) 
5 wt% formate solution. 
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and “5 % formate + HCl” demonstrates the importance of the carboxyl 
group in the wettability alteration (i.e., calcite dissolution alone was not 
effective). Furthermore, the comparison between “5 wt% formate” and 
“5 wt% formate + HCl” shows the importance of the addition of HCl (i. 
e., the presence of carboxylate anions alone was not effective). It was 
hypothesized that the carboxyl group interacted with the rock surfaces 

after calcite dissolution by the reduced solution pH as explained in 
Section 3.1. However, it is not entirely clear why the addition of HCl did 
not enhance the acetate case. Further investigation is necessary to un
derstand the details of the binding of ions on the rock surface at different 
scales, for example, ab initio, molecular dynamics, and surface 
complexation modeling. 

3.3. Discussion 

Results show that glycine was more effective than formate and ace
tate with/without controlling the solution pH. It is reasonable to attri
bute this to the amino group of glycine, which is the structural difference 
between glycine and acetate, in the presence of the carboxyl group. That 
is, other than the negatively charged carboxylate side, the electron- 
donating amino group of glycine plays a key role in oil recovery 
improvement via wettability alteration. 

This electron-donating group of the glycine makes it a chelating 
ligand, or more specifically, a bidentate ligand that can interact with 

Fig. 14. Results of contact angle experiments with Eagle Ford shale plates.  

Table 8 
IFT measurements between Oil1 and four brine solutions.  

Sample IFT (mN/m) Standard deviation 

Oil1 and RB  8.388  0.167 
Oil1 and 5 wt% glycine  8.079  0.211 
Oil1 and 5 wt% acetate + HCl  6.730  0.120 
Oil1 and 5 wt% formate + HCl  7.137  0.115  

Fig. 15. Results of the first set of spontaneous imbibition experiments with 
Texas Cream limestone cores: (a) oil recovery in terms of OOIP, (b) oil recovery 
in terms of pore volume (PV). 

Fig. 16. Results of the first set of forced imbibition experiments with Texas 
Cream limestone cores: (a) oil recovery in terms of OOIP, (b) oil recovery in 
terms of PV. 

Table 9 
Final core saturation after the forced imbibition experiment along with the 
Amott index to water (first set of cores).   

Swr, 

% 

Sw after spontaneous 
imbibition, % 

Sw after forced 
imbibition (1-Sor), 
% 

Amott 
index to 
water 

RB 29.5 45.3 71.6  0.377 
5 wt% 

glycine 
29.2 51.7 73.8  0.505 

5 wt% 
formate 

30.4 46.7 72.5  0.387 

5 wt% 
acetate 

27.0 42.7 73.3  0.339  
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calcium cation in the solution and/or calcite surface with two functional 
groups in the molecule. Chelating ligands have a higher affinity for 
metal ions than analogous monodentate ligands, which are only capable 
of interacting with one functional group [39]. 

The chelate property of glycine that makes it possible to bind to 
calcite via two mechanisms was also verified by Tang et al. [40]. Fig. 19 
presents two ways for calcium cation to bind to glycine [40]. We hy
pothesize that glycine can bind to calcium and magnesium cations in 
brine, and then the rock surface tends to compensate for these seques
tered cations to restore equilibrium. This process will cause calcite 
dissolution, resulting in the wettability alteration towards a more 
water-wet state, since oil molecules are released from the calcite sur
faces as the cations are released. This hypothesis was firstly tested by 
Mahmoud and Abdelgawad [41] for chelating agents such as ethyl
enediaminetetraacetic acid (EDTA), hydroxyethylethylenediaminetri
acetic acid (HEDTA), and diethylenetriaminepentaacetic acid (DTPA). 
These chelating agents were able to enhance oil recovery better than low 
salinity brine [41]. Moreover, Fazary et al. demonstrated the positive 
global stability of calcium-glycine complex and reported that a 
maximum complex formation was achieved in slightly acidic media (pH 
values from 5 to 6) as in our experiments with a pH of 6.1 [42]. 

Furthermore, we hypothesize that glycine is entropically more 
favorable to getting attached to the calcite surface than naphthenic acids 
from oil, which are only capable of interacting with calcite surfaces via 
the carboxyl group. This mechanism is illustrated in Fig. 20. This higher 
affinity of calcite surface towards glycine due to the chelate effect 
compared to carboxylate ions can be one of the reasons why glycine 
alters wettability more significantly than the carboxylate ions tested. 

In order to test the hypothesis, we measured zeta potential of glycine 
and formate solutions with calcite pieces as shown in Table 11. First, 

measurements with NaCl brine demonstrated an increase in zeta po
tential when formate and glycine was added to the brine which can be 
attributed to the adsorption of these chemicals to the surface of calcite. 
The zeta potential for 5 wt% glycine in NaCl brine with calcite increased 
to 1.24 mV with respect to − 15.68 mV for NaCl brine with calcite. The 
increase in zeta potential of 5 wt% glycine was more significant than 
that of 4.5 wt% formate, which increased to − 3.35 mV. This observa
tion confirms our hypothesis that glycine is more favorable to get 
adsorbed than formate due to the chelate effect. As expected for complex 
brines, zeta potential measurements with RB had large standard de
viations; therefore, those experimental results are not considered in the 
explanation here. 

To reconfirm the adsorption of formate to the surface of a rock, we 
performed a coreflooding experiment where 0.865 PVs of 1.09 wt% 
formate solution in RB was injected into a Texas Cream Limestone (TCL) 
core, and followed by injection of 3.89 PVs of RB. Tables 12 and 13 
present the core properties and experimental conditions respectively.  

Fig. 17. Results of the second set of spontaneous imbibition experiments with 
Texas Cream limestone cores: (a) oil recovery in terms of OOIP, (b) oil recovery 
in terms of PV. 

Fig. 18. Results of the second set of forced imbibition experiments with Texas 
Cream limestone cores: (a) oil recovery in terms of OOIP, (b) oil recovery in 
terms of PV. 

Table 10 
Final core saturation after the forced imbibition experiment along with the 
Amott index to water (second set of cores).   

Swr, 

% 

Sw after 
spontaneous 
imbibition, % 

Sw after forced 
imbibition (1-Sor), 
% 

Amott 
index to 
water 

RB 28.1 31.6 66.6  0.090 
RB + HCl 29.2 32.8 67.6  0.094 
2.5 wt% 

glycine 
29.2 36.0 66.5  0.184 

5 wt% 
formate +
HCl 

28.9 34.6 65.3  0.158 

5 wt% 
acetate +
HCl 

31.1 33.1 62.7  0.063  
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Fig. 21 illustrates the concentration of formate in effluent with respect to 
the pore volumes injected. It was found that 0.11 mg of formate was 
adsorbed per gram of TCL, as shown in Table 14. In comparison to 
anionic surfactant 2-EH-4PO-15EO with 0.334 mg/g adsorption in TCL, 
formate’s adsorption is lower; however, it is comparable to the 
adsorption of 3-pentanone with 0.10 mg/g of adsorption in TCL [23]. 

To recap, results in this research indicate the efficacy of formate in 
wettability alteration under slightly reduced pH due to a synergy be
tween calcite dissolution and attraction of carboxyl group to calcite surface. The results also showed the importance of the amino group for 

the wettability alteration by glycine, which is clearly more effective than 
acetate with/without pH adjustment. We attribute this primarily to the 
presence of amino group along with the carboxyl group making glycine a 
chelating ligand. 

4. Conclusions 

The main objectives of this research were to investigate, for the first 
time, formate and acetate anions as wettability modifiers for carbonate 
rocks and to clarify the importance of the amino group of glycine. 

Fig. 19. Two possible mechanisms of calcium binding to Glycine: (a) Calcium binding to carboxyl group, (b) Calcium binding to carboxyl group and amino group. 
Calcium is shown in green, carbon in grey, nitrogen in blue, hydrogen in white, and oxygen in red. The schematics were taken from Tang et al. [35]. 

Fig. 20. Illustration of amino group’s role in superiority of glycine (on the left) 
to adsorb on calcite surface over carboxylate anions (on the right) because of 
the chelate effect. Glycine is attracted to calcite surface via both amino and 
carboxyl group which makes it entropically more favorable than carboxylate 
anions, such as formate or acetate, which only interact via carboxyl group. 

Table 11 
Zeta potential measurements.   

Mean (mV) Standard Deviation (mV) 

NaCl brine -15.68  2.00 
NaCl brine + 5 wt% glycine -3.35  5.05 
NaCl brine + 4.5 wt% formate 1.24  6.36 
RB -3.18  7.27 
RB + 5 wt% glycine -4.40  5.26 
RB + 4.5 wt% formate 2.44  4.70  

Table 12 
Properties of the cores used in formate adsorption experiments.  

Core Texas Cream Limestone 

D (inches) 0.86 
L (inches) 6.93 
φ (%) 32.3 
k (mD) 79.2 
Pore Volume (mL) 21.43 
Weight of core (g) 126.48  

Table 13 
Conditions for formate adsorption experiments.  

Temperature, ◦C 23.1 
Pressure, psi atmospheric 
Flow rate, cc/hr 5.41 
Swi, % 100 
Injection scheme 0.865 PVI of Formate in RB 

3.89 PVI of RB 
Concentration of formate in injection brine, wt% 1.09 
Volume of chemical slug, mL 18.545 (0.865PVI)  

Fig. 21. Formate concentration in effluent samples collected during the in
jection of formate in reservoir brine slug, followed by the injection of reservoir 
brine into a Texas Cream Limestone (TCL) core. 

Table 14 
Results of formate adsorption experiments.  

Texas Cream Limestone Mass of Formate injected (g)  0.2023 
Mass of Formate produced (g)  0.1882 
Mass of Formate adsorbed (g)  0.0141 
Mass of Formate adsorbed (mg/g of TCL core)  0.1113  
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Results from contact-angle and imbibition experiments with these three 
chemicals were compared and analyzed. The main conclusions are as 
follows:  

• The contact angle experiments with oil-aged calcite surfaces and 
with Eagle Ford shale plates showed significant superiority of glycine 
to acetate and slight superiority to formate. This was also recon
firmed by the subsequent Amott tests with Texas Cream limestone 
cores, clarifying the importance of the amino group of glycine.  

• We hypothesize that the key role of the amino group to alter 
wettability comes from the chelate effect, which occurs with glycine, 
not with formate and acetate. In addition to the carboxyl group, the 
amino group acts as a binding functional group (electron donor 
group) for the chelate effect to occur. This makes the glycine a 
bidentate ligand and entropically more favorable to get attached to 
calcium cation, triggering additional calcite dissolution, and/or to 
get directly attached to the calcite surface with both amino and 
carboxyl groups. This property of glycine will result in a wettability 
alteration greater than that of acetate or formate, which are only 
capable of interacting via the carboxyl group.  

• Acetate and formate became more effective in reducing the contact 
angle of oil droplets on the shale plates when the solution pH was 
lowered to the same level as glycine. RB with the reduced pH was not 
effective in reducing the contact angle of oil droplets on calcite 
surfaces. This indicates the importance of the synergy between the 
carboxyl group and the solution pH. In comparison to acetate, 
formate was better in its ability to alter the wettability.  

• The imbibition tests showed the synergy of calcite dissolution and 
the attraction to the rock surface with glycine (via the chelate effect) 
and formate (via the carboxyl group). Amott indexes of glycine and 
formate + HCl solutions were noticeably higher than those of the 
other cases. It is not clear why the acetate cases were not enhanced 
by the addition of HCl in the imbibition tests, which suggests that 
further investigation is needed.  

• The points mentioned above suggest using formate species at 
reduced pH for wettability alteration of oil-wet carbonate rocks and 
thus for enhanced oil recovery because of its ability to enhance the 
water imbibition. 
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