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Interfacial-active green surfactants
from sugarcane bagasse and its
biochar for enhanced oil recovery
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Sugarcane bagasse (SCB), a primary agricultural waste from sugar production, poses significant
environmental challenges due to its accumulation. This study introduces the direct application of SCB
and its biochar (SCB-B) as cost-effective and eco-friendly agents for Enhanced Oil Recovery (EOR). We
systematically investigated their efficacy in reducing oil-water interfacial tension (IFT) and altering
the wettability of carbonate rocks. Both materials significantly reduced IFT by up to 70% and shifted
strongly oil-wet surfaces towards neutral-wet conditions by up to 47% at very low concentrations.

A pivotal finding was the shift in governing mechanisms at the Critical Micelle Concentration (CMC),
which increased from 16 ppm in distilled water to 70 ppm in saline environments. Interestingly, a
reversal in the performance trends of SCB and SCB-B for wettability alteration was observed precisely
at the CMC, attributed to a concentration-dependent agglomeration behavior of surface functional
groups. While the ultimate IFT reduction is less pronounced than that of pure chemical surfactants or
saponins, the key advantage of our approach lies in utilizing unprocessed agricultural waste directly,
bypassing the need for costly and complex extraction procedures. This work establishes a dual-value
proposition by offering a sustainable strategy for waste management and presenting an economically
viable, green alternative to conventional chemical EOR agents.

Keywords Biochar, Sugarcane bagasse, Enhanced oil recovery, Green surfactants, IFT reduction, Wettability
alteration

Sugarcane is one of the world’s most productive crops, cultivated annually in countries like Brazil, India, China,
and Thailand, contributing billions of dollars to the global economy'. Annually, over 1.9 billion tons of sugarcane
are produced worldwide?. It plays a significant role in the global economy as a primary source of sugar and
various valuable byproducts. However, following sugar extraction, approximately 30% of the sugarcane’s weight
remains as bagasse, a lignocellulosic waste material®. Chemically, bagasse comprises 40-50% cellulose, 20-30%
hemicellulose, and 20-25% lignin, rendering it an ideal feedstock for biochar production®. The fibrous nature of
sugarcane bagasse (SCB) is well-documented, consisting of cellulose surrounded by lignin and hemicellulose,
with lignin being an aromatic biopolymer composed of diverse phenols and acids®. The chemical structures of
these primary components are well-established in the literature>®.

Historically, this waste product was often burned or discarded in landfills, contributing significantly to air
pollution and greenhouse gas emissions’. In contrast, bagasse is now recognized as a cost-effective and abundant
resource for producing biochar—a polyaromatic carbon material generated through the thermochemical
conversion of biomass under limited or no oxygen conditions, a process known as pyrolysis®~!2. Biochar is
widely regarded as an innovative solution for sustainable waste management, environmental remediation,
and resource optimization'*-!. It exhibits unique characteristics, including a high specific surface area, well-
developed porosity, and active functional groups such as carboxyl (-COOH) and hydroxyl (-OH)’. The
properties of biochar can vary significantly depending on the feedstock and production conditions, allowing it
to be engineered for specific applications'®. On a detailed level, many biochar properties stem from disordered
valence sheets, resulting in unpaired electrons and unsaturated valences, typically providing more active sites
compared to the original feedstock!*-2!. The presence of a significant number of non-local n electrons confers a
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negative surface charge, enabling it to act as a Lewis base and adsorb Lewis acids via chemisorption or physical
processes?!. Furthermore, properties such as the ability to form hydrogen bonds, acid-base interactions, and
the presence of surface-active functional groups containing nitrogen and oxygen enhance the performance
of biochars in various fields, particularly as bio-adsorbents®!. Numerous studies have examined the potential
use of sugarcane bagasse-derived biochar (SCB-B) in various industries, highlighting its unique properties
and high efficiency. For instance, recent publications reveal its honeycomb-like structure, which consists of
a network of tiny, interconnected pores, increasing the surface area and enabling effective trapping of heavy
metals??. Moreover, its thermal stability and graphene-like structures contribute to its durability and long-
term effectiveness?>. These properties make it highly effective for soil improvement, pollutant adsorption, and
environmental remediation'®, as well as applications in water treatment and energy'>~%’.

Despite the promising properties and diverse applications of SCB-derived biochar, a critical literature
gap exists, as there is a severe lack of information regarding its potential use in oil and gas-related industries,
particularly for Enhanced Oil Recovery (EOR). In recent decades, declining production from existing reservoirs,
the high cost of discovering new ones, the increasing global demand for fuel resources, and the limitations
of conventional EOR methods have prompted researchers to explore new avenues. Chemical enhanced oil
recovery, which utilizes chemical surface-active agents, is one of the most important EOR methods. Although
chemical surfactants demonstrate a strong ability to reduce interfacial tension, they face challenges such as
environmental concerns, high adsorption losses, and high production costs?8, This has driven the search for
greener alternatives, such as biosurfactants from microorganisms?*~3” and natural surfactants extracted from
plants®-71. Most published articles in the latter category aimed to extract saponin from different plant parts,
which involves complex and costly processes®®>”#1. However, no previous effort has been made to utilize plant-
derived biochar or unprocessed plant waste in the manner proposed in this study for EOR applications. This
work aims to fill this critical gap by exploring, for the first time, the potential of using raw sugarcane bagasse
(SCB) and its biochar (SCB-B) as direct and green agents for enhancing oil recovery.

We hypothesize that the inherent amphiphilic nature, surface chemistry, and functional groups of SCB and
SCB-B could enable them to act as effective green surfactants, facilitating adsorption at the oil-water interface
and rock surface. This would reduce interfacial tension and alter wettability towards neutral conditions—two
fundamental mechanisms in chemical EOR. Therefore, the primary objective of this study is to conduct a
fundamental laboratory investigation into the EOR potential of SCB and SCB-B. The specific aims are to: (1)
characterize the physicochemical and structural properties of SCB and SCB-B; (2) quantify their ability to reduce
oil-water IFT and determine their Critical Micelle Concentration (CMC) under both non-saline and saline
conditions; (3) evaluate their efficacy in altering the wettability of carbonate rocks from both water-wet and
oil-wet states; and (4) elucidate the underlying mechanisms governing their performance, with particular focus
on the effects of salinity and concentration. In this regard, sugarcane bagasse was subjected to pyrolysis after
preparation. The resulting biochar, along with the raw bagasse, underwent initial tests to determine their structures
and chemical characteristics. Subsequently, the two main parameters governing chemical EOR, interfacial
tension (IFT) and wettability, were evaluated in the presence of SCB and SCB-B at different concentrations under
non-saline conditions. In the final part of the research, the effect of salinity was investigated by adding different
concentrations of NaCl and MgCl,, representing mono- and divalent salts. Optimal conditions were identified
for both non-saline and saline environments. Finally, the underlying mechanisms were interpreted in detail.

Materials and methods

Materials

Preparation of sugarcane bagasse and its biochar

In this research, sugarcane bagasse (SCB) was first washed several times with deionized water to remove
impurities, then dried at 60 °C for 48 h and subsequently ground using a mechanical grinder. The crushed
samples were then pyrolyzed in an electric furnace under oxygen-limited conditions for 3 h at 350 °C. The
produced biochar (SCB-B) was passed through a 2 mm sieve and stored in plastic containers for testing. The
reproducibility of the synthesis process was confirmed by producing two separate batches.

Elemental analysis (carbon, hydrogen, and nitrogen) of the biomass and biochar samples was determined
using a CHNS analyzer (vario MACRO CHNS). Additionally, the specific surface area of the materials was
investigated using the Brunauer-Emmett-Teller (BET) method (Belsorp mini II, Microtrac Bel Corp, Japan).
Finally, additional characteristics of both SCB and SCB-B were assessed by Fourier Transform Infrared
Spectroscopy (FTIR; TENSOR II from Bruker). The results are presented in Table 1; Fig. 1, respectively.

The data presented in Table 1 show that the percentage of carbon in the resulting biochar increases. In
contrast, the percentage of oxygen decreases, resulting in an O/C ratio in the biochar that is somewhat lower
than that of the initial sugarcane bagasse. Published articles indicate that this ratio is directly related to the
hydrophilicity of the sample under study, which suggests the amount of polar functional groups present in the
sample; however, violations in this regard have also been reported in the literature’>”3. In addition, the H/C ratio
indicates the degree of carbonization and aromaticity in the samples studied®”%%. Some articles point out that an
H/C ratio above 0.7 can indicate the presence of aromatic substances with a structure similar to that of lignin
and cellulose®.

Additionally, Fig. 1 displays the FTIR spectra of raw sugarcane bagasse (SCB) and its pyrolyzed derivative,
sugarcane bagasse biochar (SCB-B), highlighting key transformations in surface chemistry that directly influence
their hydrophilic/hydrophobic behavior, particularly under conditions relevant to oil recovery.

In the raw SCB spectrum, the presence of strong absorption bands around 2930 cm™' and 2850 cm™,
corresponding to the C-H stretching vibrations of aliphatic -CH, and ~CH, groups, indicates a high content
of non-polar, hydrophobic moieties typical of lignocellulosic biomass. These aliphatic chains, derived from
hemicellulose, cellulose, and lignin, are well-known for imparting hydrophobic character to biomass surfaces.
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Properties SCB | SCB-B
C (%) 39.5 | 5142
H (%) 5.4 1.6
N (%) 057 | 1.1
EC(dsm™1)* | 1.28 | 2.9
O (%) 54.62 | 49.1
K (%) 1.85 | 0.63
C/N 82.15 | 62.11
o/C 1.21 | 0.97
H/C 1.72 | 0.81
Sppr (m*g™!) | 4.8 | 85.6

Table 1. Physicochemical and elemental characteristics of sugarcane bagasse (SCB) and sugarcane bagasse
biochar (SCB-B). *1:10 sample/deionized water ratio.
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Fig. 1. Fourier transform infrared spectroscopy (FTIR) of SCB and SCB-B.

Upon pyrolysis, these aliphatic bands are strongly attenuated or even disappear, confirming the thermal
degradation and volatilization of hydrophobic aliphatic compounds. Simultaneously, although some hydroxyl
(O-H, ~3400 cm™) and ether (C-O, ~ 1048 cm™) groups are also lost, the spectrum of SCB-B shows a sharper
and more prominent peak at 1436 cm™!, assigned to carboxylate (COO~) or oxygenated aromatic groups. This
suggests that during pyrolysis, part of the oxygen-containing functionalities is not eliminated but are transformed
and stabilized in more thermally resistant forms.

Contrary to the common assumption that biochars are always more hydrophobic due to increased aromaticity,
the removal of hydrophobic aliphatic chains and the retention or restructuring of polar, oxygenated groups on
the surface of SCB-B can increase its net hydrophilicity, especially in aqueous or saline environments.
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In summary, the hydrophobicity of raw SCB is primarily driven by its abundant aliphatic content. At the same
time, the pyrolysis process disrupts this structure, reducing hydrophobic groups and exposing or concentrating
certain hydrophilic functionalities.

Properties of crude oil

Ilam crude oil, Bangestan formation, obtained from Ahwaz, Iran, was used for all tests.To provide a
comprehensive characterization of the reservoir fluid, key physicochemical properties of the crude oil used in
this study are presented in Table 2. All experiments were conducted under ambient laboratory conditions (25 °C
and atmospheric pressure) as a fundamental proof-of-concept investigation.

Methods

IFT measurements

In the first stage of this study, dynamic IFT measurements and CMC calculations were performed using different
SCB and SCB-B concentrations, ranging from 0 to 200 ppm, specifically at 5, 10, 16, 30, 50, 70, 80, and 100 ppm.
All IFT measurements were conducted at ambient conditions (25 °C) using the pendant drop method with
a DSA 100 instrument (KRUSS GmbH, Germany). Each measurement was performed in triplicate, and the
average values are reported. The CMC values were evaluated based on the prepared dynamic IFT curves for each
compound and used for subsequent experiments under non-saline conditions.

Additionally, to assess the effect of salinity (from mono- and divalent salts) on the results, IFT values were
re-measured at different concentrations of NaCl and MgCl, (0, 1000, 2000, 5000, and 50,000 ppm), representing
various salinity conditions prevalent in oil reservoirs. The new CMC was determined based on the obtained
dynamic IFT curves in the presence of different salinities and used for the next part of the experiments. In this
stage, the concentration of both SCB and SCB-B was varied simultaneously with the salt concentration across
the range of 0, 5, 15, 30, 70, 80, 100, and 200 ppm. NaCl and MgCl2 were procured from Merck KGaA, Germany.

Contact angle measurements

To evaluate the effect of SCB and SCB-B on the wettability of the oil/water/rock system, contact angle
measurements were performed on both clean (water-wet) carbonate rock slab surfaces and oil-aged carbonate
rocks (considered oil-wet surfaces). The preparation steps for both rock surface types were as follows:

o Water-wet surfaces: First, the carbonate rock surfaces were washed twice with distilled water and then
completely dried at a constant temperature of 80 °C. The cleaned surfaces were then immersed in a solution
containing the sample under investigation for 15 days®. Finally, their contact angle was determined using a
DSA 100 instrument (KRUSS GmbH, Germany).

o Oil-wet surfaces: First, the surfaces were placed in an ultrasonic bath for 2 h at 125 watts to remove cutting
debris and other foreign materials from the surface and internal pores. Afterward, they were completely dried
at a constant temperature of 80 °C. The cores were then placed in sealed vessels containing crude oil for 22
days to render the rock surfaces oil-wet®>7>78, This 22-day aging period was selected based on established
protocols in the literature to ensure consistent and stable oil-wet conditions. Finally, the cores were cleaned
and used for contact angle measurements following the same procedure as for the water-wet surfaces.

All contact angle measurements were performed in triplicate under ambient conditions. The standard
deviation for these measurements was less than 3°, indicating good reproducibility.

Colloidal characterization: particle size and surface charge analysis

Particle size (hydrodynamic diameter) and surface charge (zeta potential) analyses were conducted to investigate
the aggregation behavior and interfacial properties of SCB and SCB-B dispersions. The measurements were
performed using a Dynamic Light Scattering instrument (Model: SZ-100, Horiba, Japan) equipped with a
solid-state laser operating at a wavelength of 532 nm and a power of 10 mW. Measurements were performed
at a scattering angle of 13° for optimal determination of both particle size and zeta potential. The instrument

Property Value | Method/standard
API gravity 234 | ASTM D70
Asphaltene content (%) 5.7 1P 143

Resin content (%) 18.0 SARA analysis
Saturates (%) 45.1 SARA analysis
Aromatics (%) 31.2 SARA analysis
Viscosity @ 25 °C (cP) 42.5 ASTM D445
Density @ 25 °C (g/cm?) 0.912 | ASTM D4052
Total Acid Number (TAN, mg KOH/g) | 0.35 ASTM D664
Baseline IFT vs. water (mN/m) 30.1 Pendant drop

Table 2. Physicochemical properties of the Ilam crude oil (Ilam field) used in this study.
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measures the electrophoretic mobility of particles, which is converted to zeta potential using the Smoluchowski
equation.

Sample suspensions were prepared at specific concentrations (10 ppm and 200 ppm) in deionized water. Each
suspension was homogenized using a probe sonicator operating at 30% amplitude for 5 min immediately prior
to analysis to ensure dispersion. All measurements were performed at a constant temperature of 25 °C.

To ensure statistical reliability and reproducibility, each particle size (DLS) measurement was repeated nine
times (n=9), and each zeta potential measurement was repeated four times (n=4) for every sample condition.
The mean values, along with the standard deviation, are reported. These data provide direct evidence for the
concentration-dependent aggregation and conformational changes discussed in “Investigating the reversal in
colloidal behavior ofSCB and SCB-B across the CMC”.

Results and discussion

Dynamic IFT measurements and CMC calculations

Dynamic IFT curves obtained from IFT measurements at different concentrations of SCB and SCB-B are
depicted in Fig. 2.

As shown in Fig. 2, the interfacial tension decreases from an initial value of approximately 30 mN/m to final
values of 12.98 mN/m and 15.45 mN/m for SCB and SCB-B, respectively. This reduction demonstrates that
both SCB and SCB-B can be classified as new natural (green) surfactants. While their performance is within
the acceptable range observed for other plant-based and microbial-based surfactants!~3343537:546781-87 greater
IFT reductions have been reported in the literature using purely extracted saponin from plants or chemical
surfactants*®8!,

As noted earlier, although chemical surfactants can reduce IFT to much lower values (even below 1 mN/m),
limitations such as environmental concerns, high costs, and significant adsorption drive the search for new
candidates. The performance of SCB and SCB-B is comparable to other natural surfactants; for instance, a
crude biosurfactant from Bacillus Stearothermophilus SUCPM#14 reduced IFT from 30 mN/m to 14.5 mN/m?,
whereas Enterobacter Cloacae lowered it to about 1.5 mN/m'.

Similarly, studies on plant-derived surfactants report comparable performance. Chhetri et al. (2009)
observed a reduction in IFT from 19 mN/m to 2.5 mN/m using a natural surfactant extracted from soapnut
tree leaves®. Ahmadi et al. (2012) reported a 69% IFT reduction using a surfactant from Glycyrrhiza Glabra®’,
and Deymeh et al. (2012) demonstrated IFT reduction from 32 mN/m to 9 mN/m above CMC using a natural
cationic surfactant®®. The key advantage of using raw SCB and SCB-B lies in their origin as low-cost agricultural
wastes requiring minimal processing, offering a significant economic and environmental benefit despite a
potentially lower performance compared to purified agents. In other words, the innovation of this study is that
using agricultural waste directly, without extensive processing, yields a satisfactory IFT reduction. It is important
to note that IFT reduction is not the sole factor in enhancing oil recovery; parameters like wettability alteration
can have an even more substantial impact®.

Notably, raw SCB achieves a greater IFT reduction than SCB-derived biochar. This can be attributed to
the reduction of aliphatic functional groups on the biochar surface during pyrolysis, as confirmed by FTIR
analysis. Since the hydrophobicity of biochars is directly proportional to their aliphatic group content®>-%,
SCB-B possesses fewer of these groups than raw bagasse, making it more hydrophilic. Consequently, the more
hydrophobic raw bagasse has a higher tendency to migrate from the aqueous phase to the oil/water interface,
leading to a greater IFT reduction.

Furthermore, the IFT stabilizes at concentrations above 16 ppm, indicating the Critical Micelle Concentration
(CMC) under non-saline conditions. This low CMC value is an advantage for SCB and SCB-B, as other plant-
derived surfactants often require significantly higher concentrations to reach their CMC®-81,
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Fig. 2. Dynamic IFT measurements of SCB and SCB-B at concentrations ranging from 0 to 200 ppm in
deionized water at 25 °C. Typical experimental variability ranges from +0.2 to 0.3 mN/m across measured IFT
values.
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Wettability alteration of water-wet and oil-wet carbonated surfaces

Figures 3 and 4 show wettability alteration caused by SCB and SCB-B for water-wet and oil-wet rock surfaces,
respectively. All contact angle values are the average of at least three measurements on different spots of the rock
samples.

The results of these two figures show significant alterations in wettability induced by both SCB and SCB-B for
both water-wet and oil-wet rock surfaces. This means that, in both types of surfaces, by using a very low amount
of materials prepared at negligible or zero cost, the wettability of both oil-wet and water-wet surfaces approaches
neutrally wet conditions.

A key point to consider for a better interpretation of the graphs is that, for water-wet surfaces, the goal is
to increase the wettability of the surface to naturally wet conditions; whereas, for oil-wet types, it should be
decreased. Therefore, in Fig. 3, the higher value in the graph represents better wettability, while in Fig. 5, the
lower value observed in the chart shows higher wettability alteration.

Therefore, it can be deduced that at low concentrations (below the CMC), bagasse biochar generally performs
better for water-wet surfaces, while raw sugarcane bagasse yields better results for oil-wet types. However, the
difference in the obtained results is not considerable. However, at high concentrations (concentrations higher
than CMC), the conclusion is reversed. This means that, at higher concentrations, raw sugarcane bagasse (SCB)
performs better on water-wet surfaces, and its biochar generally yields better results on oil-wet surfaces. In other
words, although the amount of differences in the results obtained, in some cases, is minimal, surprisingly, results
show that for both water-wet and oil-wet surfaces, the trend observed in the results changes at the CMC, which
declares a switch in dominant governing mechanisms.

The reason can be found in the fact that, at concentrations lower than CMC, SCB-B with a hydrophilic
surface has a better performance in changing the wettability of the water-wet surfaces, and in contrast, SCB with
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Fig. 3. Contact angle measurements on water-wet surfaces at different concentrations of raw bagasse and
bagasse biochar.
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Fig. 4. Contact angle measurements on oil-wet surfaces at different concentrations of raw bagasse and bagasse
biochar. Error bars represent the typical experimental variability, which ranges from + 1° to 3° across the
measured contact angle values.

a higher hydrophobicity has a better performance in changing the wettability of the oil-wet types. However, the
opposite trend observed at concentrations higher than CMC can be attributed to the agglomeration of aliphatic
groups on the surface of adjacent biochar molecules due to the increase in the concentration of biochar. In more
detail, as stated, the aliphatic groups on the surface of biochar are the primary factor in the hydrophobicity of
these molecules. As the SCB-B concentration increases in an aqueous medium, the aliphatic groups on the
surface of adjacent molecules can interact with each other, accumulating, clumping, and eventually separating
from the biochar’s surface, which reduces the hydrophobicity. This phenomenon continues to the point where
the hydrophobicity of the biochar surface decreases to the point where it is less than that of raw bagasse. In this
case, bagasse will be a more hydrophobic material, and the bagasse biochar will be a more hydrophilic one. This
phenomenon results in a shift in the role of these two materials at high concentrations. A similar phenomenon
was observed in several articles regarding protein folding in aqueous media, resulting from agglomeration of
aliphatic side chains®”$8,

Investigating the reversal in colloidal behavior of SCB and SCB-B across the CMC

To directly validate the hypothesis of aliphatic group agglomeration and to provide a unified colloidal-scale
explanation for the behavioral shifts in both SCB and SCB-B, comprehensive particle size (Dynamic Light
Scattering-DLS) and zeta potential analyses were conducted across the critical concentration range. The results
are presented in Table 3.

The data in Table 3 reveal a fundamental divergence in the colloidal response of SCB and SCB-B to increasing
concentration. For SCB, increasing the concentration from 10 ppm to 200 ppm resulted in a significant increase
in surface charge negativity (from — 23.33 mV to — 33.60 mV) concurrent with a decrease in hydrodynamic
diameter (from 274.3 nm to 232.1 nm). This phenomenon is characteristic of molecular uncoiling and surface
reorganization®%°. At low concentrations, the flexible lignocellulosic polymers of SCB can adopt a coiled
conformation in the aqueous phase, trapping polar groups and presenting a larger hydrodynamic volume
with a less negative effective surface charge. Upon exceeding the CMC, the thermodynamic drive for interface
stabilization prompts the molecules to unfold, exposing a greater number of ionizable, negatively charged
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Fig. 5. Effect of salinity on IFT reduction by SCB and SCB-B: (a) SCB + NaCl, (b) SCB +MgCl,, (c)
SCB-B +NaCl, (d) SCB-B + MgCl,. Typical experimental variability ranges from 0.2 to 0.3 mN/m across
measured IFT values.

functional groups to the aqueous environment, thereby increasing the zeta potential and leading to a more
compact hydrodynamic structure’’.

In stark contrast, SCB-B exhibited the opposite trend. Its hydrodynamic diameter increased markedly from
268.9 nm to 474.0 nm with increasing concentration, while its zeta potential showed a definitive decrease in
negativity (from — 31.30 mV to — 29.4 mV). This behavior is indicative of a colloidal agglomeration mechanism
driven by hydrophobic interactions. The pyrolysis process creates a rigid, aromatic carbon structure in SCB-B,
as evidenced by the significant increase in surface area (S, from 4.8 to 85.6 m?/g, Table 1) and the sharp
decrease in the H/C ratio (from 1.72 to 0.81, Table 1), confirming advanced carbonization and loss of aliphatic
moieties’>!. The FTIR analysis (Fig. 1) further confirms the attenuation of aliphatic C-H stretches (~ 2930
cm™!) in SCB-B compared to SCB. However, the residual aliphatic groups on the rigid biochar surface become
dominant at high concentrations (> CMC). The proximity of adjacent SCB-B particles facilitates hydrophobic
interactions between these residual aliphatic chains, leading to agglomeration and an increase in apparent
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Fig. 5. (continued)

Sample | Concentration (ppm) | Hydrodynamic diameter (nm) | Zeta potential (mV)
10 274.3+15.2 -2333+15
SCB
200 232.1+£12.8 —33.60+2.1
10 268.9+14.6 -31.30+1.8
SCB-B
200 474.0+£24.3 -29.4%0.6

Table 3. Hydrodynamic diameter and zeta potential of SCB and SCB-B dispersions below and above CMC
under salt-free conditions. DLS measurements were repeated nine times (n=9) and zeta potential analyses
were conducted with four replicates (n=4) for each sample. Values represent mean + standard deviation.

particle size3>86. This agglomeration partially shields the underlying negatively charged aromatic surfaces,
resulting in the observed slight reduction in zeta potential magnitude.

This mechanistic divergence—uncoiling for flexible SCB chains versus agglomeration for rigid SCB-B
particles—provides a robust explanation for the reversal of their performance in altering the wettability of oil-
wet and water-wet surfaces above the CMC, as detailed in the previous section. The unfolding of SCB exposes
more hydrophilic groups, enhancing its interaction with water-wet surfaces. Conversely, the agglomeration of
SCB-B reduces its surface hydrophobicity, favoring its interaction with and alteration of oil-wet surfaces. These
insights bridge the gap between molecular-scale surface chemistry and macroscopic interfacial phenomena.

Results of IFT reduction in the presence of salinity

In this stage, NaCl and MgCl2 with concentrations of 0, 1000, 2000, 5000, and 50,000 ppm were utilized to
investigate IFT reduction with different concentrations of SCB and SCB-B in the range of 0, 15, 30, 50, 70, 80,
100, and 200 ppm in the presence of salinity (see Fig. 5 parts a to d). Data points in the figure represent the mean
values from triplicate experiments.

Based on all parts of this figure, the optimum salinity of about 2000 ppm for both types of materials in the
presence of both NaCl and MgCl, can be observed. In other words, SCB and SCB-B in the presence of NaCl
and MgCl, show a decreasing-increasing trend in IFT. This means that by increasing the salt concentration,
IFT reduces from its initial value, equal to the no-salinity condition, up to 2000 ppm salinity, and then it starts
to increase. Meanwhile, in high salinity conditions (50,000 ppm), IFT approaches the value of the no-salinity
condition. This trend has been observed in several articles*””74, For example, Lashkarboluki and his coworkers
investigated the IFT reduction of an acidic oil containing asphaltene by several salts, such as Na,SO, and MgSO ,,
at different concentrations. Their results show an optimum salinity of 15,000 ppm for these salts in obtaining the
minimum IFT reduction’. Additionally, Razzaghi-Koolaee et al. in 2022 investigated the effect of other types of
salinity on a plant-derived surfactant (ARPE), and the same trend was observed in the IFT reduction curves®.

This observed trend in IFT reduction can be explained by several mechanisms. At lower salinities, the
salting-in effect can be an important mechanism. In more detail, the salting-in effect, which occurs due to the
presence of special ions, such as Na* and Mg?*, resulting from the dissolution of NaCl and MgCl, in water, and
subsequent saponification, enhances the solvation of polar compounds like SCB and SCB-B®. Also, it is proven
that the presence of salinity improves the SCB and SCB-B molecular mobility (acting as new surfactants) and
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subsequently promotes migration of these molecules from the bulk into the oil/water interface®>”*. Moreover,
the presence of salt in the aqueous bulk can cause compression of the double layer, resulting in the molecules of
SCB and SCB-B being placed at a much closer distance to each other at the oil/water interface, which leads to a
reduction in IFT>3.

However, at higher salt concentrations, the salting-out effect dominates any fluid/fluid interaction, i.e., SCB
and SCB-B, which are polar compounds, tend to transfer toward the oil phase; therefore, their solubility in the
water phase is diminished®®. Additionally, salinity disrupts the hydrated shield surrounding the ions present on
the surface of SCB and SCB-B, which alters the balance at the water/oil interface, leading to an increase in the
obtained IFT*,

Another point that can be observed from these figures is that, in all cases, the IFT does not change considerably
at concentrations higher than approximately 70 ppm. Therefore, this concentration can be considered the
evaluated CMC in the presence of salinity for both SCB and SCB-B. However, as shown in the previous section,
in no-salinity conditions, the calculated CMC is equal to 16 ppm. This indicates that the addition of salinity, even
at low concentrations, increases the CMC value to approximately 70 ppm, demonstrating a dual effect of salinity
on the reduction of interfacial tension for both SCB and SCB-B. In other words, by finding the optimal salinity,
the interfacial tension can decrease, but the CMC increases.

In the next stage, to investigate the exact effect of salt type on the IFT reduction of both examined compounds,
IFT results at optimum salinity (2000 ppm) in the presence of both SCB and SCB-B with NaCl and MgCl, are
refigured and shown in Fig. 6.

As shown in this figure, at low concentrations of SCB and SCB-B (below the CMC), the difference in
the calculated interfacial tension is more pronounced. In this condition, SCB in the presence of MgCl, and
SCB-B in the presence of NaCl give the best and worst IFT reduction, respectively. However, with increasing
concentrations of the materials (above the CMC value), the difference in ultimate IFT results decreases. Notably,
at 200 ppm of the materials, raw bagasse in the presence of MgCl, leads to the highest IFT reduction, with a very
small difference from the others, while the remaining conditions yield almost the same result.

In several articles, the greater ability of divalent cations (such as Mg?*") compared to monovalent cations
(like Na*) in helping to further reduce interfacial tension by surfactants or other similar materials has been
observed’*-3%92, For example, Lashkarboluki et al. investigated the effect of different salts on the interfacial
tension of acid oil containing asphaltene and concluded that divalent ions have a greater ability to reduce
interfacial tension than monovalent ones.

As concluded from the IFT reduction of SCB and SCB-B in salt-free conditions, SCB exhibits a greater
ability to reduce interfacial tension due to its inherently higher content of surface functional groups, particularly
hydroxyl (OH") groups, as indicated by FTIR analysis (Fig. 2). These negatively charged hydroxyl groups interact
with the positive cations (Na* and Mg?*) from dissolved salts, thereby reducing the overall negative charge on
the SCB surface. Additionally, since the boundary layer of oil and water has a negative charge, SCB molecules
with a lower negative charge on their surface can more effectively approach the interface and reduce the IFT.
However, divalent Mg?* has a greater ability to change the surface charge of sugarcane bagasse because each Mg?*
ion simultaneously enters into ionic interaction with two adjacent hydroxyl groups on the surface of SCB, while
each Na* interacts with one hydroxyl group (OH"). The same phenomenon also occurs in the case of bagasse

35
I
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m SCB-MgCI12:2000ppm
25
SCB-NaCl:2000ppm
E 20 m SCB-B-MgCI12:2000ppm
£
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0
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Fig. 6. Effect of different types of salinity on SCB and SCB-B induced IFT reduction at optimum salinity of
2000 ppm. Typical experimental variability ranges from +0.2 to 0.3 mN/m across measured IFT values.
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biochar; however, as the FTIR test results showed, during the pyrolysis process, the number of hydroxyl groups
in the resulting SCB-B molecules is reduced. This leads to a lower ability of Na* and Mg?* ions to change the
negative surface charge of SCB-B compared with SCB. The interaction of positively charged ions with hydroxyl
ions present in bagasse biochar has been previously reported®. The explained electrostatic interaction can be
considered one of the possible mechanisms for the interaction between the surface of SCB and SCB-B and the
ions present upon the addition of salts. The ion exchange phenomenon can also be effective in this regard. As
reported, the ion exchange phenomenon between the C=0O double bond present in bagasse biochar and the
original raw bagasse can play a crucial role in removing positive ions from an aqueous environment®.

Finally, the reason for the reduction in final IFT difference at high concentrations of SCB and SCB-B can be
attributed to the phenomenon of interaction between the aliphatic groups of adjacent molecules present on the
surface of SCB and SCB-B as they come closer together at higher concentrations. This phenomenon, described
in detail in the section on wettability alteration, leads to the elimination of the main factor causing the difference
in hydrophobicity between SCB and SCB-B, which is the presence of aliphatic groups. Subsequently, the two
materials exhibit similar behavior in reducing interfacial tension.

A schematic diagram of the governing mechanisms in interactions of SCB and SCB-B with cationic ions in
the medium containing NaCl and MgCl, is presented in Fig. 7.

Investigating the effect of salinity on the SCB/SCB-B induced wettability of Oil-Wet
carbonated surfaces

Finally, the effect of NaCl and MgCl, in the range of 0, 1000, and 5000 ppm at higher CMC concentrations of SCB
and SCB-B was examined on the wettability alteration of oil-wet surfaces (see Figs. 8 and 9). All measurements
were performed in triplicate to ensure reproducibility. As observed, both NaCl and MgCl, exhibit an inhibitory
effect on the SCB and SCB-B induced wettability alteration at all concentrations. In contrast, a higher degree of
wettability alteration was observed under salt-free conditions. This can be attributed to the presence of positively
charged Mg** and Na* ions (from the dissolution of MgCl, and NaCl) and their subsequent electrostatic
interactions with the negatively charged oil-wetted carbonate surface. More specifically, these ions are attracted
to active sites on the negatively charged surface; as a result, the adsorption and electrostatic interaction of both
SCB and SCB-B with the surface decrease. Therefore, less wettability change occurs in the presence of the
examined salts. Notably, although salinity reduces the degree of wettability alteration, the results remain very
promising. Both compounds change the surface’s contact angle from its original value of 154° to less than 90°,
which represents the optimal condition for oil recovery from a wettability perspective. It should be emphasized

Fig. 7. Schematic diagram of probable mechanisms of SCB and SCB-B interaction in an aqueous medium
containing NaCl and MgCl,, including the agglomeration of aliphatic groups at high concentrations.
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Fig. 8. Effect of NaCl and MgCl, at different concentrations on wettability alteration by SCB-B. Error bars
represent the typical experimental variability, which ranges from + 1° to 3° across the measured contact angle
values.
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Fig. 9. Effect of NaCl and MgCl, at different concentrations on wettability alteration by SCB. Error bars
represent the typical experimental variability, which ranges from + 1° to 3° across the measured contact angle
values.

that adding only 70 ppm of a low-to-zero cost waste material, which also helps address waste disposal issues,
leads to significant improvements in key oil recovery parameters. Therefore, this process, being environmentally
friendly and low-to-zero cost, shows great promise for the application of these materials in oil-related industries.

Moreover, the figures show that within the CMC range (70-100 ppm of SCB and SCB-B), wettability changes
are more pronounced, and beyond this range, the alteration occurs more slowly. However, a different trend in
wettability alteration can be observed under salt-free conditions for both SCB and SCB-B compared to saline
conditions.

Finally, to further investigate the exact effect of the two salts on SCB and SCB-B induced wettability alteration,
the ultimate changes in contact angle from the initial value at 200 ppm are shown in Fig. 10. Notably, greater
changes in contact angle in this figure indicate a higher ability to alter wettability.

This graph shows that the salinity level did not significantly affect the final wettability alteration, as the
results obtained for the low salinity condition (1000 ppm) are not substantially different from those for the high
salinity condition (50,000 ppm). However, in the absence of salinity, completely different results are obtained
compared to these two saline conditions. Additionally, bagasse biochar (SCB-B) induces the greatest change in
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Fig. 10. Effect of NaCl and MgCl, on SCB and SCB-B induced wettability alteration at 200 ppm of compound.
Error bars represent the typical experimental variability, which ranges from + 1° to 3° across the measured
contact angle values.

the wettability of oil-wetted surfaces in the presence of both types of salinity. Since this graph is based on 200
ppm of SCB and SCB-B, the results are consistent with the prevailing mechanism of wettability change under
salt-free conditions at high concentrations. In other words, as observed, at concentrations higher than CMC,
the interaction of aliphatic groups on the surfaces of adjacent bagasse biochar molecules, and their eventual
agglomeration and potential separation from the surface, reduces the hydrophobicity of this material. Therefore,
SCB-B has a greater ability to alter the wettability of oil-wet surfaces at 200 ppm.

Subsequently, raw bagasse in the presence of NaCl shows better wettability alteration than in the presence of
MgCl,, albeit with a small difference. This can be attributed to the greater ability of divalent Mg** ions compared
to Na* to inhibit the wettability alteration caused by the materials under study, as described earlier.

In total, it can be concluded that the highest degree of wettability alteration was about 47% in the presence of
SCB-B under salt-free conditions and 44% in the presence of SCB-B with NaCl/MgCl, under saline conditions.
These values are significant compared to other reported wettability changes caused by plant-derived natural
surfactants and even many chemical surfactants or biosurfactants. For example, in 2020, Nowrouzi et al.
observed a wettability change of approximately 20% when using Anabasis Setifera as a natural surfactant on
carbonate surfaces under optimal salinity conditions of 2000 ppm from formation water®. Additionally, a
wettability change of approximately 17.6% was observed on carbonate surfaces in the presence of oil and 15,000
ppm NaCl salinity using a cedar natural surfactant by Sofla and colleagues in 2016%!.

Implications for sustainability and circular economy

Beyond the interfacial mechanisms investigated, this work proposes a sustainable pathway aligned with
circular economy principles. The primary feedstock, sugarcane bagasse, is a major agricultural residue whose
conventional disposal (e.g., open burning or landfilling) contributes to environmental pollution and greenhouse
gas emissions™’. By repurposing it directly or via a simple pyrolysis process into a functional EOR agent, we
demonstrate a waste-to-resource strategy that simultaneously addresses waste management challenges and
reduces reliance on synthetic chemicals. Although a comprehensive life-cycle assessment (LCA) is beyond the
scope of this foundational study, the inherent advantages are evident: the raw material is abundant, low-cost,
and renewable, and its application circumvents the energy- and solvent-intensive extraction processes required
for many purified plant-based surfactants®*®!. Thus, while the direct long-term environmental footprint in
reservoir conditions warrants further investigation, the use of SCB and SCB-B presents a conceptually greener
and economically attractive alternative rooted in biomass valorization for the oilfield industry.

Conclusion

This study investigated the novel application of raw sugarcane bagasse (SCB) and its pyrolyzed biochar (SCB-B)
as sustainable, low-cost surfactants for enhanced oil recovery (EOR). The research demonstrates that these
agricultural waste materials can effectively modify key interfacial parameters—interfacial tension (IFT) and
carbonate rock wettability—under both freshwater and saline conditions.

A critical finding was the identification of a distinct Critical Micelle Concentration (CMC), which served
as a pivotal point for a mechanistic reversal in the behavior of both materials. The CMC was determined to
be 16 ppm in the absence of salinity, increasing to 70 ppm in saline environments. Around this concentration,
a notable inversion in wettability alteration efficacy was observed: SCB-B became more effective on oil-wet
surfaces, while SCB performed better on water-wet surfaces at concentrations above the CMC.
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Direct evidence from DLS and zeta potential analyses provided fundamental insights into this phenomenon.
For SCB, a concurrent decrease in hydrodynamic diameter and increase in surface charge negativity above the
CMC supports a molecular uncoiling and rearrangement mechanism, exposing more hydrophilic groups. In
contrast, for SCB-B, a significant increase in particle size alongside a slight decrease in zeta potential confirms
a colloidal agglomeration mechanism. This agglomeration is driven by hydrophobic interactions between the
residual aliphatic groups on the rigid biochar surface, ultimately reducing its effective hydrophobicity and
altering its interfacial affinity.

The introduction of salinity (NaCl and MgCl,) introduced a complex influence. While an optimal salinity of
2000 ppm minimized IFT, salinity generally raised the CMC and exhibited a mild inhibitory effect on wettability
alteration by occupying active sites on the rock surface. Divalent Mg?* ions were more effective than monovalent
Na* in enhancing IFT reduction, likely due to stronger interactions with the negatively charged functional
groups on the biomass.

In summary, this work successfully establishes a direct link between the macroscopic performance of SCB/
SCB-B in EOR-related processes and their nanoscale colloidal behavior. The discovery of the CMC-dependent
mechanistic switch, validated by particle-level characterization, moves beyond mere performance reporting and
offers a predictive framework for utilizing heterogeneous biomass-derived materials. The results highlight the
dual promise of valorizing agricultural waste and providing an environmentally benign alternative to synthetic
chemical surfactants in petroleum production. As this foundational study was conducted under ambient
conditions, future work should focus on evaluating the long-term stability and oil displacement efficiency
of these materials through core-flooding experiments under simulated reservoir conditions (e.g., elevated
temperature and pressure).
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