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Anna Kottsova 

PhD student 
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 Center for Hydrocarbon Recovery 

 

Dear Sir / Madam, 

 

We submit for your consideration the revised manuscript COLSUA-D-20-03864 entitled “Effect of electrostatic 

interaction on the retention and remobilization of colloidal particles in porous media” by Anna K. Kottsova, 

Mohsen Mirzaie Yegane, Alexei A. Tchistiakov and Pacelli L.J. Zitha. We carefully considered valuable 

comments of the reviewers on the initial manuscript and made corresponding revisions in the text.  

In this research we investigated the impact of electrostatic interaction, controlled by pH alteration, on entrapment 

and remobilization of hematite colloidal particles in a sandstone porous medium. It was experimentally found that 

permeability reduction due to external cake build-up can be reversed and the particles captured near the inlet core 

surface can be remobilized, when pH exceeds the point of zero charge and the sign of the particles surface charge 

becomes similar to the one of quartz grains. The research establishes that for colloidal particles the electrostatic 

retention mechanism can dominate over the size-exclusion mechanism, which traditionally serves as an 

explanation of permeability impairment, caused by external fines during water flooding. Therefore, varying pH 

of injected fluid can be applied for targeted external cake build-up control and transportation of colloidal particles 

within a reservoir. The results of this study provide insights into fine-tuning the electrostatic interactions in porous 

media and thus mitigating the permeability reduction as a result of fines migration. The experimentally verified 

technique can be extended to other particles with pH-dependent surface charge, including natural minerals in 

hydrocarbon and geothermal reservoirs. 

 

Thank you very much for your consideration of our article. We look forward to hearing from you. 

 

Sincerely, 

 

Anna Kottsova 

Cover Letter



We thank the reviewers for their careful assessment of our paper COLSUA-D-20-03864 titled “Effect of electrostatic 

interaction on the retention and remobilization of colloidal particles in porous media”. We have carefully considered 

the recommendations and made corresponding revisions in the text that are summarized in the comments below.  

 

Reviewer #1:  

Deposition and detachment of hematite in sandstone are discussed in this manuscript. The authors show that re-

migration of deposited hematite is possible by increasing pH due to the development of electric double layer repulsion. 

While the manuscript seems to have useful information, revision is necessary by addressing the following points. 

 

Reviewer Point P1.1. I strongly suggest the authors to add successive line numbers in all the manuscripts. 

Reply P1.1. The recommendation is applied in the revised manuscript. 

 

Reviewer Point P1.2. page 2, line 4. This paragraph has one sentence. The paragraph structure should be 

reconsidered. 

Reply P1.2. The corresponding correction has been made in the text (page 2). 

 

Reviewer Point P1.3.a page 2, middle part. The authors summarize the effect of electric double layer (EDL) attraction 

between colloidal particles and surface of materials composing porous media on the deposition. With attractive EDL 

force, the deposition does not strongly depend on the magnitude of surface potential controlled by pH 

(e.g. https://doi.org/10.1016/j.colsurfa.2008.09.054 ).  

Reply P1.3.a The introduction was reviewed accordingly (page 3, lines 1-5): 

‘Kumar et al. (2017) has experimentally shown that an increase of pH causes increase of the magnitude of the long-

range repulsion between a SiO2 tip and a silica facet of kaolinite. The experiments were done within the range of pH 

above kaolinite’s PZL and thus no charge reversal occurred. Kobayashi et al. (2009) have investigated the effect of 

pH alteration on retention of latex particles by a zirconia bed and concluded that pH increase had minor effect on the 

retention in comparison with salinity rise.’ 

Reviewer Point P1.3.b 

But, in the later stage of deposition, deposition behavior depend the lateral interaction between deposited particles 

(e.g. https://www.jstage.jst.go.jp/article/jscejam/70/2/70_I_743/_article/-char/ja/). These  points are not discussed. 

Reply P1.3. This phenomenon is considered in the Results and Discussion section 3.3 (page 12, lines 22-25): 

‘The formation of the external filter cake could occur due to electrostatic retention of positively charged hematite 

particles by negatively charged quartz matrix. Although at later stages of deposition, when quart surfaces got 

considerably covered by hematite particles, they could produce lateral repulsion effects (Kobayashi et al., 2014) 

screening the electrostatic attraction of quartz surfaces.’  

 

Reviewer Point P1.4. In the later part of Introduction, the authors describe what they have done. The purpose and 

question of this research are unclear to me. Also, the authors should emphasize the novelty and significance of their 

finding. 

Reply P1.4. The Introduction was reviewed accordingly to highlight the purpose (objective) of our research (page  

3, lines 9-13): 

‘The main objective of this research was to examine the possibility of artificial management of external colloidal 

particles retention by natural sandstone matrix and remobilization by gradual increase of pH of the injected fluid above 

the mineral point of zero charge. In previous studies pressure and effluent data were mainly used for monitoring fines 

migration within rock porous media, in the present study next to differential pressure measurements we applied X-ray 

tomography for tracking the migration of remobilized particles.’ 

The novelty of the results was also emphasized in the General Discussion section (page 15, lines 21-28):   

‘Generally, our work is in agreement with the aforementioned studies on the hypothesis of mobilization of particles 

with a pH-dependent surface charge at a high pH level. As the step forward in the ongoing research we provide a 

detailed theoretical study of colloidal stability of hematite particles and report the effect of surface charge density of 

particles and rock matrix on the electrostatic interaction between them. Moreover, we experimentally established the 

theoretical possibility of external particles remobilization and migration because of their charge reversal caused by 

Revision Letter/Notes

https://doi.org/10.1016/j.colsurfa.2008.09.054
https://www.jstage.jst.go.jp/article/jscejam/70/2/70_I_743/_article/-char/ja/


pH increase, be means of variety of methods, including CT scanning technique that proved to be an effective tool for 

monitoring the migration of colloidal particles in the porous media throughout the experiment.’ 

Reviewer Point P1.5. Does "demi-water" mean deionized water? Using "demi-water" is very rare, I guess. 

Reply P1.5. The proposed change was accepted and implemented in the text.  

 

Reviewer Point P1.6. Eq. (4). "x" should be in italic, and "ln" should not be in italic. 

Reply P1.6. The suggested changes were implemented in the text. 

 

Reviewer Point P1.7. The authors should explain Eq. (7). What is the distance to the shear plane, where zeta potential 

is defined, from the particle surface? 

Reply P1.7. In Eq. (7), we estimate the surface potential from zeta potential by solving the Poisson−Boltzmann 

equation for a distribution of the point charges that decay as a function of the radial distance from the charged particle 

surface1 (zeta-potential is the value of the electrostatic potential on the imaginary slipping plane, also termed the 

surface of hydrodynamic shear, that is the surface where particles interact with one another or with other surfaces2). 

In this equation, it is assumed that the local dielectric constant around a particle is independent of the radial distance 

from the surface, and that the energy required to transport charges in solution depends only on Coulomb interactions.3 

This approach has been discussed in literature1, 3, 4 (see below). 

To provide more clarity, the following has been added to the revised manuscript (page 7, lines 7-9): 

‘Equation 7 is obtained by solving the Poisson−Boltzmann equation for a distribution of the point charges that decay 

as a function of the radial distance from the surface of charged particle.1’ 

 

References 

1. Wijenayaka, L. A.; Ivanov, M. R.; Cheatum, C. M.; Haes, A. J., Improved Parametrization for Extended Derjaguin, 

Landau, Verwey, and Overbeek Predictions of Functionalized Gold Nanosphere Stability. The Journal of Physical 

Chemistry C 2015, 119, (18), 10064-10075. 

2. Lowry, G. V.; Hill, R. J.; Harper, S.; Rawle, A. F.; Hendren, C. O.; Klaessig, F.; Nobbmann, U.; Sayre, P.; Rumble, 

J., Guidance to improve the scientific value of zeta-potential measurements in nanoEHS. Environmental Science: 

Nano 2016, 3, (5), 953-965. 

3. Sonntag, H., Strenge, K., Coagulation Kinetics and Structure Formation. Springer US: New York, 1987. 

4. Ohshima, H., Effective Surface Potential and Double-Layer Interaction of Colloidal Particles. Journal of Colloid 

and Interface Science 1995, 174, (1), 45-52. 

 

Reviewer Point P1.8. Eqs. (9) and (10), SOH should be SiOH, because the authors assume the sandstone is more or 

less silica like. 

Reply P1.8. This equation is based on the surface charge of siliceous minerals (S represents the minerals) due to the 

ionization reactions of the surface OH groups. We agree with the reviewer, that we can change it to Si to make it 

specific for Silica. The suggested changes were implemented in the text (page 9, eq. (10), (11)).  

 

Reviewer Point P1.9. What kind of theoretical equations are used when calculating zeta potential? 

Reply P1.9. The corresponding information is added to the section 2.4.3. (page 6, line 12). 

 

Reviewer Point P1.10. What about the effect of electrolyte concentration on the charge density and zeta potential? 

The charge density and zeta potential (electrophoretic mobility) of silica and hematite vary with pH and salt 

concentration (e.g. https://doi.org/10.1006/jcis.1997.5207  and https://doi.org/10.1021/la046829z). Do the authors 

consider the effect of salt concentration on charging when drawing the potential curves with DLVO theory? What are 

zeta potential at each salt concentration and pH used in the calculation with DLVO theory? 

Reply P1.10. Indeed, we did consider the effect of salt concentration on zeta potential while calculating  the potential 

curves with DLVO theory. The effect of ionic strength on hematite particle interaction at pH 5.8 was shown in Figure 

https://doi.org/10.1006/jcis.1997.5207
https://doi.org/10.1021/la046829z


7a. The impact of increasing electrolyte concentration was reflected in decreasing Debye length (according to  

Equation 6), which results in decreasing the inter-particle interaction potential (Vt). 

Following the reviewer’s comment, we performed additional experiments to measure zeta potential at various ionic 

strength at pH 5.8. Figure 7a has been modified accordingly. However, this has not changed the conclusion of this 

study (page 11, lines 3-5): 

‘Nonetheless, increasing the ionic strength to 50, 85 and 200 mM led to a potential barrier smaller than 15/kBT 

implying that the colloidal stability is not achieved.’ 

Concerning the second question regarding zeta potential values at each salt concentration and pH used in the 

calculation with DLVO theory we would like to mention that Figure 6 shows zeta potential at various pH at 𝐼=1 mM. 

In order to address the comment of the reviewer we have also added a table with corresponding zeta potential values 

in the supplementary materials (Table S2, page 2-3).    

 

Reviewer Point P1.11. page 14-. General discussion. 

Here, the authors discuss aggregate/floc breakup as "deflocculation" of aggregates. I agree with the importance of 

aggregate breakup during transport. Breakup of aggregate/floc is also controlled by hydrodynamic condition and 

aggregate strength (e.g. https://doi.org/10.1016/j.watres.2005.05.037 ). Did the change in flow condition affect 

transport and remigration of particle in this study? 

Reply P1.11. The reviewer raised a valid point and we agree that hydrodynamic force can have an impact on colloidal 

particle transportation. This is acknowledged in the Introduction. However, in this research we concentrated on the 

study of pH effect only and thus maintained the same flow rate for all pH values during the experiments.   

 

Reviewer Point P1.12. The authors also emphasize the importance of charge reversal by changing pH. Hematite 

undergoes charge reversal in the presence of anionic surfactants 

(e.g. https://doi.org/10.1016/j.colsurfa.2016.07.063 ). It might be easier by adding surfactants instead of varying pH. 

So, it is better to discuss other methods inducing charge reversal. 

Reply P1.12. In this article we do not consider the effect of anionic surfactants that have already been discussed, e.g. 

in the referenced article. Anionic surfactants indeed are used in applications listed in article introduction, although 

because of considerable economic constraints their application is rather limited. While we recognize the value of 

theoretical and applied researches on anionic surfactants, we avoided discussing them in detail to keep better focus of 

the scope of our article.  

 

Reviewer Point P1.13. Some figures lack tick marks on the axes. Tick marks should be added. 

Reply P1.13. The corresponding corrections were implemented in the text. 

 

Reviewer Point P1.14. Figs. 5-8. x-axis should be at the bottom and not be inside the graphs. The, zero-line can be 

added later. In some figure, the lines, symbols, and number are overlapped. 

Reply P1.14. The corresponding corrections were implemented in the text 

 

Reviewer Point P1.15. Table 3. The unit "mD" is not familiar to the Journal readers, I guess. It is better to replace 

this unit by SI unit. 

Reply P1.15. mD is a standard unit commonly applied in the industrial applications listed in the introduction of the 

article, therefore we use it in the text. However, acknowledging the reviewer’s comment and multidisciplinary 

auditory of the journal we added conversion to SI units (Tables 1, 3, 4) as well as definition of mD unit below Table 

1.  

 

Reviewer Point P1.16. Table S1. What are used surface potential as a function of pH and salt concentration for DLVO 

theory?  

Reply P1.16. The surface potential was estimated from zeta potential, according to eq. 7. The calculated values of 

surface potential at different pH and salinity were added to Table S2 in the supplementary materials. 

 

 

Reviewer #2:  

https://doi.org/10.1016/j.watres.2005.05.037
https://doi.org/10.1016/j.colsurfa.2016.07.063


This manuscript investigated the effect of pH on electrostatic interaction between hematite colloidal particles and 

Bentheimer sandstone, which regulates the entrapment and remobilization of the particles on porous medium. 

Additionally, detailed experimental characterization and theoretical study have been made to prove the credibility of 

results and conclusion. The employment of CT scanning technology for monitoring the migration behavior of particles 

provides new insight for future studies. Overall, this work is suitable for Colloids and Surfaces A, but some explanation 

and discussion needed to be added. 

 

Reviewer Point P2.1. In the XRD analysis, please illustrate how to calculate the proportion of quartz and kaolinite. 

Reply P2.1. The XRD analysis was performed with the use of a processing software, where the proportion of the 

minerals is calculated as area below the corresponding peaks. The following is also stated in section 2.4.1 (page 5, 

lines 18-19): 

‘The fractions were calculated with Bruker Diffrac.Eva software using the height of the peaks after ka2 stripping and 

the ratio I/Icor from the ICDD PDF-4+ 2020 database.’ 

 

Reviewer Point P2.2. In section 3.3, the author presumed the change of salinity from 5000 to 0 ppm has neglectable 

influence on the colloidal stability. Related researches should be cited and discussed to support this statement. 

Reply P2.2. In general. salinity change indeed has strong influence on colloidal stability. Theoretically, the abrupt 

concentration raise at the propagation front of demineralized water-based hematite suspension in the rock pore 

channels could have caused coagulation of the particles. However, this has not been experimentally detected. In order 

to avoid any confusion and misunderstanding, following the comment, the text was reviewed (page 11, lines 25-29):  

‘Although the initial contact of the suspension with brine could theoretically have provoked aggregation of hematite 

particles at the sample inlet, we did not detect any feasible indication of its occurrence. This can be explained by too 

little ion diffusion speed relative to the speed of the water front propagation. In any case, the possible particle 

flocculation at the initial phase of the test does not affect our further interpretation and conclusions regarding effect 

of pH increase.’   

 

Reviewer Point P2.3. In the section 3.4, the authors did not explain why the pressure change in the middle and outlet 

section is weaker than that of inlet section during the alteration of pH of injected water. Please explain. 

Reply P2.3. The following explanation was added to the section (page 14, lines 8-10):  

‘The observed pressure response to the pH increase in the middle and outlet sections in both tests was much less than 

in the inlet section, because the most injected colloidal particles were retained at the core inlet surface or within the 

first section.’ 

 

Reviewer #3:  

The subject treated in this manuscript is practically important. However, the paper contains logically fatal point in 

the description with regard to the potential between macroscopic bodies. In this point major revisions are still needed. 

Reviewer Point P3.1. So far, plenty of publications are reported on the deposition of colloidal particle in the porous 

media. It is a basis of so-called colloid facilitated transportation in the ground water and soil. Wel-known reports of 

Elimelech et al, have dedicated effort on the deposition process which is similar to coagulation. In this case, the 

approach of colloidal particles to the substrate is limited by the transportation and interaction between the substrate 

and particle. DLVO type for hetero-coagulation will be very useful. Analysis on the basis of potential will be very 

useful for the prediction of the rate of deposition. 

On the other hand, the process of detachment is less studied. Difficulty exists that the prediction on the basis of two 

macroscopic bodies (particle and substrate); DLVO predict infinitely large attraction when they touch each other; 

the gap distance is zero. Under this situation nobody can predict the detachment by means of DLVO even though we 

recharge the surface by the chemical shift of pH. That is, once contact is formed, if this attraction is larger than 

repulsive force, they will stand for the repulsion. Nevertheless, the author concluded their result is explained by this 

theory. Authors are strongly requested why we can use DLVO starting from proximate contact. Expression of authors' 

viewpoint in this respect is necessary. 

Reply P3.1.We thank the reviewer for the extensive comments as well as recommendations. Some of them can be 

considered for implementation in future study. We also fully support the significance of the Elimelech et al results 



that are referenced in our paper. However, two major points need to be clarified with regard to the research presented 

in our paper.  

In our research, we used DLVO modelling to study the colloidal stability of hematite particles in the suspension at 

various pH and salinity. This was presented as a preliminary step, to explain why we inject hematite suspension in 

demineralized water and not in brine. Additionally the DLVO theory can be evoked to describe the interaction of the 

suspended particles and the pore walls. 

As for detachment process of the particles, it also involves hydrodynamic drag forces. These forces will effectively 

mobilize the particles provided that the interaction potential has been lowered enough. 

 

Reviewer Point P3.2. One more minor issue, formation damage or permeability damage is not usual expression. 

Reply P3.2. Formation damage term is often used in the reservoir engineering domain. It means permeability 

reduction due to particles migration and deposition in rock porous medium. Following the reviewer’s comment and 

acknowledging the diverse background of the journal readers, we have substituted the term formation damage with 

‘permeability impairment’ or ‘permeability reduction’. 
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  11 

Abstract 12 

We investigate the effect of pH on external hematite colloidal particles entrapment and remobilization by 13 

core-flood experiments combined with X ray computed tomography. Suspensions of calibrated hematite colloidal 14 

particles were injected into Bentheimer sandstones sample, composed mainly of well-sorted quartz and small clay 15 

fraction (up to 1 wt%), consisting mainly of kaolinite. We have found that permeability impairment due to an 16 

external cake build-up can be reversed when pH exceeds the point of zero charge of hematite particles. This effect 17 

could be successfully interpreted by the switching of the surface charge of hematite particles from positive to the 18 

negative, similar to the rock surface. The experimentally verified pH-controlled electrostatic retention and 19 

remobilization technique can be extended to other colloidal particles, having pH-dependent surface charge, 20 

including natural clay minerals in hydrocarbon and geothermal reservoirs.  Therefore, varying pH of injected fluid 21 

can be applied for targeted external cake build-up and transportation of colloidal particles within a reservoir. 22 

 23 

1. Introduction 24 

Colloidal fines migration is a common phenomenon in various industrial processes relying on fluid flow in 25 

porous media, including hydrology (McDowell-Boyer et al., 1986; Torkzaban et al., 2007), geothermal 26 

engineering (Mahmoudi et al., 2010; Rosenbrand et al., 2015), gas production from hydrate-bearing sediments 27 

(Jung et al., 2012), well-bore drilling (Byrne et al., 2007; Civan, 2007), and enhanced oil recovery (EOR), where 28 

low salinity water injection emerged as a new approach to mobilize additional oil (Alshakhs & Kovscek, 2016; 29 

Iglauer et al., 2010; Nasralla et al., 2013; Pooryousefy et al., 2018; Xie et al., 2016).  Water injection applied 30 

within these processes can cause impairment of permeability due to blockage of pores at the borehole walls by 31 

Revised Manuscript [Unmarked Text]
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particles, suspended in the water, or due to entrapment of migrating in-situ clay particles in pore throats within 1 

the reservoir.  2 

Fines migration in porous media has been intensively investigated in the last few decades (Lei et al., 2017; 3 

Yu et al., 2019). It was established that attachment or detachment of colloidal particles from pore walls and 4 

following up their migration in porous media are determined by the balance of forces acting between the particles 5 

and the rock mineral grains surfaces. The attachment occurs thanks to London – van der Waals attraction forces. 6 

The detachment can be triggered by combined effect of repulsive forces such as the electrostatic repulsion of 7 

overlapping electrical double layers (EDL), if the surface charge of clay particles and the rock matrix has the same 8 

sign, structural forces of bound water, hydrodynamic drive of flowing fluid. (Vaidya & Fogler, 1990; Elimelech 9 

(1991, 1995); Tchistiakov, 2000; Kalantariasl & Bedrikovetsky, 2014, Kobayashi, 2005).  10 

The electrostatic repulsion considerably depends on the fluid salinity as the latter changes ζ-potentials of the 11 

interacting surfaces. The repulsion between a clay particle and a pore wall decreases with the rise of ionic strength 12 

of the pore aqueous solution and increases when the fluid salinity drops. It was experimentally demonstrated, that 13 

at low salinity of the injected fluid in-situ particles could be detached from the rock matrix surface and deposited 14 

downstream that led to significant reduction of the rock permeability (Kia et al., 1987; Vaidya & Fogler, 1990; 15 

Tchistiakov, 2000; Rosenbrand et al., 2015; Alshakhs, & Kovscek, 2016; A. Al-Sarihi et al., 2018; Borazjani et 16 

al., 2018;). 17 

Besides salinity, the electrostatic interaction between clay particles and the rock mineral matrix is controlled 18 

by the pore fluid pH (Kia et al., 1987; Vaidya & Fogler, 1990, 1992; ; Mietta et al., 2009; Kobayashi et al., 2009; 19 

You et al., 2012; Kumar et al., 2017 ). It was experimentally confirmed that an increase of pH above a certain 20 

critical value causes charge reversal of natural clay ζ-potential from positive to negative. The critical pH value, 21 

when ζ-potential becomes zero, is called point of zero charge (Olphen H. van, 1963; Osipov V. I, 1979; Mitchell, 22 

1993). For clay particles, the point of zero charge (PZC) can vary significantly depending on their mineralogy and 23 

crystal structure, however at pH values feasible for sandstone formations it is always larger than the point of zero 24 

charge of quartz that is commonly a predominant component of the sandstones matrix (Churcher et al., 2015; 25 

Didier et al., 2015; Kosmulski, 2016; Schroth, 1997, Osipov 1979). This means that at certain pH values, in-situ 26 

clay particles as well as external colloidal particles, present in the fluid injected in the formation, can have a 27 

surface charge of the same or opposite sign with the charge of the rock pore surface. This means that we can 28 

theoretically manage migration and retention of in-situ and external colloidal particles within a reservoir porous 29 

medium by varying pH. Some research on this subject has already been done. For example Kumar et al. (2017) 30 
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has experimentally shown that an increase of pH causes increase of the magnitude of the long-range repulsion 1 

between a SiO2 tip and a silica facet of kaolinite. The experiments were done within the range of pH above 2 

kaolinite’s PZL and thus no charge reversal occurred. Kobayashi et al. (2009) have investigated the effect of pH 3 

alteration on retention of latex particles by a zirconia bed and concluded that pH increase had minor effect on the 4 

retention in comparison with salinity rise. 5 

 Although considerable efforts have been made to investigate the effect of pH variation on external particle 6 

migration and retention by different materials today we still do not have confident and experimentally confirmed 7 

methodology of these process management in natural reservoirs.  8 

The main objective of this research was to examine the possibility of artificial management of external 9 

colloidal particles retention by natural sandstone matrix and remobilization by gradual increase of pH of the 10 

injected fluid above the mineral point of zero charge. In previous studies pressure and effluent data were mainly 11 

used for monitoring fines migration within rock porous media, in the present study next to differential pressure 12 

measurements we applied X-ray tomography for tracking the migration of remobilized particles. Hematite 13 

particles were chosen as model particles because of their pH-dependent surface charge, distinguishable red color, 14 

and high density and X-ray attenuation capacity, which make them detectable for CT-assisted core-flood 15 

experiments. Bentheimer sandstone was used as the model porous medium. Prior to core-flood experiments, 16 

characterization of the rock and particles properties was performed and colloidal stability of the hematite 17 

suspension at various ionic strength and pH was studied by the DLVO theory.  For core-flood experiments, a 18 

suspension of hematite particles was injected to deposit the particles within the porous media. Thereafter, 19 

deionized water with gradually increasing pH above the IEP of hematite particles was injected to give rise to a 20 

repulsion term between particles and sandstone surface and consequently to remobilize the deposited particles. 21 

We establish theoretical and experimental conclusions that presumably can be extended to other minerals with 22 

pH-dependent surface charge, including natural minerals in porous media.  23 

The paper proceeds with description of materials and methods used for the experiments, where both 24 

preparation steps and experimental methodology are illustrated. Then, the experimental results are shown, 25 

followed by the general discussion and conclusions. 26 

2. Materials and methods 27 

2.1 Porous medium 28 

The core-flood experiments were performed with Bentheimer sandstone of Early Cretaceous age from the 29 

south-western part of the Lower Saxony Basin. Bentheimer sandstone outcrop samples are often used as model 30 
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natural porous medium for laboratory studies because of their lateral continuity and block scale homogeneous 1 

nature (Peksa et al., 2017). The high permeability and large pore size of Bentheimer samples make it an appealing 2 

candidate to study the migration of colloidal particles in porous media and the ensuing permeability reduction. 3 

Bentheimer sandstone, consists of more than 85% of pore throats have a size larger than 10 µm and only 5% of 4 

them are smaller than 5 µm (Peksa et al., 2015). Table 1 shows the physical properties of Bentheimer core samples 5 

used to conduct the core-flood experiments. After cutting and drying the cores in an oven for up to 48 hours at 60 6 

± 1 ᵒC, the cores were placed in molds and encased in an epoxy resin to prevent bypassing the flow alongside the 7 

core. The penetration depth of the resin into the core was nearly 1.0 mm. Thereafter, the cores were precisely 8 

machined to an effective diameter of 3.8 ± 0.1 cm and a length of 17.0 ± 0.1 cm. The machined samples were 9 

dried for 15 hours in an oven at 40 ± 1 °C. The porosities of the core samples were measured by the Helium gas 10 

expansion method. The permeability of the cores was estimated using Darcy’s law, by flowing 5000 ppm NaCl 11 

brine at different rates within the core and recording the pressure drop. It should be noted that the characterization 12 

of the rock with XRD analysis and potentiometric titration measurements were performed on the rock sample 13 

pulverized to 1 μm powder.  14 

2.2 Chemicals 15 

Hematite (α-Fe2O3 with density equal to 5.24 g/cm3) particles were supplied by Sigma-Aldrich in powder 16 

form with. The high density of the particles results in high attenuation of X-rays relative to quartz, the main 17 

component of the sandstone. The diameter of an individual particle was < 50 nm, as reported by the manufacturer, 18 

which was obtained from BET; however, they had a strong tendency to aggregate and form larger particles, 19 

therefore in this study we further refer to them as colloidal particles. Moreover, as mentioned, hematite particles 20 

had a distinguishable red color that simplified their detection in effluent and during the microscopic examination 21 

of the sample slab after core-flood experiments. Sodium chloride (NaCl) used for brine preparation was purchased 22 

from Sigma-Aldrich as well. The base (1 M NaOH) and acid (1 M HCl) used for pH adjustment, were supplied 23 

by Merck KGaA.  24 

Aqueous suspensions of hematite were used to deposit particles inside the rock porous media. Earlier studies 25 

have shown that aggregation of hematite particles increases drastically with the addition of a small quantity of 26 

salt into the aqueous solution (Dickson et al., 2012; He et al., 2008). This is supported by our analysis of the 27 

colloidal stability of hematite suspensions. Therefore, in these experiments, we use hematite suspension in 28 

ultrapure deionized water (DI water). As for initial saturation of the core, 5000 ppm NaCl brine was used to 29 

prevent clogging of pores with released in-situ clay particles before the beginning of the experiment.  30 
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2.3 Preparation of hematite suspension 1 

In order to avoid air entrapment inside of the hematite aggregates and produce an air-free stable suspension 2 

of hematite particles, the following preparation procedure was applied. First, the particles were placed into a 3 

vacuum, then saturated with CO2 and after secondary vacuuming mixed with deionized water and stirred (Figure 4 

1). This was followed by sonication at the power of 550W, 20 kHz, and an amplitude of 20%. The applied 5 

procedure allowed preparing a colloidally stable suspension with no observable sedimentation. The pH of the 6 

prepared suspension was measured to be 5.8 ± 0.1. Hematite suspension of 250 ppm concentration prepared in 7 

deionized water was applied in flooding tests. During the core-flood experiments, the suspension in the tank was 8 

continuously stirred in order to maintain its homogeneity. 9 

2.4 Characterization of rock and hematite particles 10 

2.4.1 XRD analysis 11 

XRD analysis was performed to determine the composition of the rock. The XRD data were obtained on a 12 

Bruker D8 Advance diffractometer equipped with a Bragg-Brentano geometry and Lynxeye position sensitive 13 

detector and using Cu Kα radiation. The pulverized rock was placed into an appropriate holder and its surface was 14 

made as flat as possible prior to the analysis. The scans were done with rotation on, at 45 kV and 40 mA. The 15 

measurement was performed with a coupled θ -2θ scan with a step size of 0.025ο and time per step of 2 seconds. 16 

The Semi-quantitative (S-Q) approach was used to approximate the fractions of the identified phases. The 17 

fractions were calculated with Bruker Diffrac.Eva software using the height of the peaks after ka2 stripping and 18 

the ratio I/Icor from the ICDD PDF-4+ 2020 database.  19 

2.4.2 Potentiometric mass titration 20 

The potentiometric mass titration (PMT) method was used to identify the point of zero charge (PZC) of the 21 

rock. 100 mL of 1,500 ppm NaCl (~ 0.025 mM) solution, as the background solution, was put into three different 22 

flasks. The pulverized rock with different masses of 2.5, 5.0, and 10.0 g was transferred to each flask. A blank 23 

solution without the addition of rock powder was also prepared. Before the experiment, the suspensions were 24 

stirred with a Teflon magnetic stirrer for 24 h to reach an equilibrium. Then potentiometric titrations were 25 

performed in a nitrogen atmosphere. First, 5 mL of 0.1 M NaOH was added to all flasks to deprotonate a significant 26 

portion of the surface sites, causing the surface to be negative. Next, each of these suspensions and the blank 27 

sample were titrated by addition of 0.1 M HCl to the cell in 10 – 15 steps. The samples were continuously stirred, 28 

except when the pH was recorded after every 2 – 5 min while the stirrer was switched off.  29 
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The pH-dependent surface charge density (𝜎0) was determined based on the measured PMT data,  according to 1 

the following equation (Lützenkirchen et al., 2012):  2 

𝜎0(𝑝𝐻) =
𝐹. (𝛥𝑛𝑠𝑜𝑙,𝐻+(𝑝𝐻) − 𝛥𝑛0)

𝑚𝑆𝐵𝐸𝑇

 (1) 

where 𝐹 is the Faraday constant (𝐹 = 96500 C/mol), 𝑚 is the mass of the sample, 𝑆𝐵𝐸𝑇  is the rock specific surface 3 

area and 𝛥𝑛0 is the pH-dependent amount of acid which is consumed on a sample with a very small mass 4 

(extrapolated to zero mass). The dissolution effect (𝛥𝑛𝑠𝑜𝑙,𝐻+) is obtained by comparison of the balance of protons 5 

ions in the potentiometric titration of suspensions with the blank potentiometric titration results according to the 6 

following equation: 7 

𝛥𝑛𝑠𝑜𝑙,𝐻+ = 𝛥𝑛𝑎𝑐𝑖𝑑(𝑆)(𝑝𝐻) − 𝛥𝑛𝑎𝑐𝑖𝑑(𝐵)(𝑝𝐻) 
(2) 

where 𝛥𝑛𝑎𝑐𝑖𝑑(𝑆)(𝑝𝐻) and 𝛥𝑛𝑎𝑐𝑖𝑑(𝐵)(𝑝𝐻) represent the balance of protons ions needed to be consumed to reach a 8 

certain pH for the suspension and blank respectively. 9 

2.4.3 Zeta potential and particle size distribution 10 

The zeta potential and hematite particles size distribution (PSD) in deionized water were measured using a 11 

Malvern Zetasizer Nano ZS at 25 ℃. Zeta potential is calculated by means of Henry’s equation from the measured 12 

electrophoretic mobility. In order to enable measurements on this instrument the particles concentration was 13 

adjusted to provide a count rate of ca. 500 kcps . Samples were run in triplicate in the auto mode and the average 14 

was recorded. There was a pause of 30 – 60 sec between each run, for relaxation of the sample.  15 

 16 

2.5 Hematite inter-particle interactions  17 

Dispersed particles are subject to Brownian motion which causes frequent inter-particle collisions. The 18 

balance between inter-particle interactions determines whether the dispersion of hematite particles is colloidally 19 

stable. According to the DLVO theory (Hotze et al., 2012; Mirzaie Yegane et al., 2020; Skoglund et al., 2013), 20 

the total energy for the interaction between two unmodified spherical particles (𝑉𝑡) with radius 𝑅, at separation 21 

distance ℎ is given by the sum of van der Waals (𝑉𝑣) and electrostatic (𝑉𝑒) potentials: 22 

𝑉𝑡(𝑥) = 𝑉𝑣(𝑥) + 𝑉𝑒(𝑥) 
(3) 

where 𝑥 is the normalized separation distance equal to ℎ/𝑅. The van der Waals potential is (Israelachvili, 2011):  23 

𝑉𝑣(𝑥)

𝑘𝐵𝑇
= −

(√𝐴𝐻 − √𝐴𝑊)
2

6𝑘𝐵𝑇
{

2

𝑥(𝑥 + 4)
+

2

(𝑥 + 2)2
+ ln [

𝑥(𝑥 + 4)

(𝑥 + 2)2
]} 

(4) 
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where 𝐴𝐻 and 𝐴𝑊 are Hamaker constants for hematite particle and water, as the medium, respectively (Raghavan 1 

et al., 2000), 𝑘𝐵 is the Boltzmann’s constant and 𝑇 is the absolute temperature. The electrostatic potential is 2 

described (Oshima, 1995) by:  3 

𝑉𝑒(𝑥)

𝑘𝐵𝑇
=

2𝜋𝜀0𝜀𝑟𝜓0
2𝑅

𝑘𝐵𝑇
ln[1 + exp (−𝜅𝑅𝑥) ] (5) 

where 𝜀0 is the vacuum permittivity, 𝜀𝑟  is the medium relative permittivity, 𝜓0 is the surface potential and 𝜅−1 is 4 

Debye length which is given by: 5 

𝜅−1 = (
𝜀0𝜀𝑟𝑘𝐵𝑇

2𝑁𝐴𝑒2𝐼
)

0.5

 (6) 

where 𝑒 is the electronic charge, 𝑁𝐴 is the Avogadro’s number, and 𝐼 is the medium ionic strength (Tadros, 2014). 6 

Surface potential is estimated based on the zeta potential (ζ ) using Equation 7. The Equation is obtained by 7 

solving the Poisson−Boltzmann equation for a distribution of the point charges that decay as a function of the 8 

radial distance from the surface of charged particle (Wijenayaka et al., 2015): 9 

𝜓0 = 𝜁 (1 +
1

𝜅𝑅
) exp(1) (7) 

The pH-dependent surface charge density (𝜎0) can be calculated according to Equations 8-9 (Plaza et al., 10 

2001): 11 

𝜎0 =
2𝜀0𝜀𝑟𝜅𝑘𝐵𝑇

𝑒
sin ℎ (

𝑒𝜓0

2𝑘𝐵𝑇
) × [1 +

1

𝜅𝑅
𝐹(𝑇) +

1

(𝜅𝑅)2
𝐺(𝑇)]

1/2

 (8) 

𝐹(𝑇) =
2

cos ℎ2 (
𝑒𝜓0

4𝑘𝐵𝑇
) 

;   𝐺(𝑇) =
8𝑙𝑛 [cos ℎ (

𝑒𝜓0

4𝑘𝐵𝑇
)]

(
𝑒𝜓0

2𝑘𝐵𝑇
) 

 (9) 

Dispersions of particles stay kinetically stable if the potential barrier (𝑉𝑚𝑎𝑥) is larger than ~16/𝑘𝐵𝑇 (Berg, 12 

2010; Mirzae Yegane et al., 2020; Moskovits et al., 2005). 13 

It should be noted that the terms point of zero charge and isoelectric point are often used interchangeably, 14 

isoelectric point corresponds to the results obtained by the electrokinetic method, while the point of zero charge 15 

value is obtained by titration (Kosmulski et al., 2016). Plaza et al. (2010). observed that for hematite particles, the 16 

pH (𝜁 = 0) and pH (𝜓0 = 0) are almost identical. Alvarez-Silva et al. (2010) also noted that PZC and IEP can be 17 

considered equal if no other specific adsorption of potential-determining ions happens. To avoid confusion 18 

between the surface potential of rock matrix surface and hematite particles, throughout this study we will refer to 19 

this as the point of zero charge which is where the surface charge density is zero. 20 

2.6 Core-flood experimental setup 21 
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The core-flood experiment setup is shown in Figure 2. The setup was placed on the couch of the CT scanner 1 

to enable monitoring of external particles migration during the core-flood experiments. A core sample was placed 2 

into a poly-ether-ether-ketone core holder, which is transparent to X-rays , and positioned in the gantry of the 3 

scanner. The core holder is oriented vertically in order to mitigate the effect of gravity on particles distribution 4 

within the injected fluid stream as well as within the core. The core holder had three differential pressure 5 

transducers (KEMA03 ATEX 1561) with ± 300 mbar range and ± 1 mbar accuracy to monitor pressure drop along 6 

the core during the experiment. Differential pressure was measured during core-flood experiments at the inlet, 7 

middle and outlet sections of the sample with lengths 4.1 ± 0.1 cm, 8.8 ± 0.1 cm, and 4.0 ± 0.1 cm accordingly. 8 

Pressure drop over the core was also monitored using inlet and outlet pressure transducers, while the outlet 9 

pressure was set using a backpressure regulator (BPR). Fluids were injected into the core using a Quizix pump, 10 

which was operated at a constant flow rate. A fraction collector (GE Frac 920) was used for sampling the effluents 11 

at the core-holder outlet for visual detection and physical-chemical analysis of hematite particles at the outlet.  12 

2.7 Core-flood experimental procedure  13 

A set of core-flood experiments was performed for this study. For the discussion in the current paper we 14 

present the results of the two most representative experiments, further referred to as Experiment 1 and Experiment 15 

2. The same experimental procedure was applied to all tests. During Exp. 1, we investigated the effect of a gradual 16 

rise in pH from neutral up to pH 10 and during Exp. 2 a steeper rise from neutral to pH 12 was studied in order to 17 

investigate the effect of pH values further from PZC of hematite on the remobilization of the particles.  18 

The tests were performed in three stages. First, the core sample was saturated with 5000 ppm NaCl brine and 19 

its permeability to brine was determined using Darcy’s law (Darcy, 1856). Then hematite suspension in deionized 20 

water was injected at sufficiently high flow rate (25 mL/min)to prevent the gravitational segregation of the 21 

particles (Dickson et al., 2012; He et al., 2008). 60 pore volumes (PV) of hematite suspension were injected in 22 

Experiment 1, and 30 PV in Experiment 2. Lower volume injected in Exp. 2 was dictated by the significantly 23 

higher differential pressure observed during the experiment because of lower permeability of the core (as will be 24 

discussed in more detail in Section 3.4)  25 

Finally, the core was subjected to the injection of deionized water at gradually increasing pH. In Exp. 1,  pH 26 

steps were 7, 8, 9, 10, in the second one 7, 9, 11, and 12. The deionized water injection rate in both tests was 10 27 

mL/min. The other experimental parameters are summarized in Table 2. Before the core-flood experiments, the 28 

deionized water was passed through 0.5 μm filter in order to prevent the effect of any solid impurities.  29 
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2.8 X-ray CT scanning 1 

X-ray CT scanning was performed throughout the injection of both hematite suspension and deionized water 2 

in order to build hematite distribution profiles and track the movement of particles. Siemens SOMATOM 3 

Definition Dual Energy CT scanner with slice number of 64 slices per second and a resolution of 0.25 mm is used 4 

in this study. The scanning was performed at 140 KeV and 250 mA. To enable a quantitative analysis of hematite 5 

distribution along the core during core-flood experiments, we first established the calibration curve for CT scan 6 

number against hematite concentration by measuring the measured CT attenuation value (CT number) for 7 

hematite suspensions for solid phase concentrations ranging from 0 to 40,000 ppm. The resulting curve shown in 8 

Figure 3 show that the CT attenuation varies linearly with hematite concentration.  9 

3. Results and discussion 10 

3.1 Sandstone characterization 11 

The characteristics of Bentheimer sandstone were extensively discussed in the literature (Al-Yaseri et al., 12 

2015; Dubelaar et al., 2015; Peksa et.al 2015, 2017). Here, we only highlight the important aspects which are 13 

relevant to our study. As can be seen in Figure 4, the XRD analysis on the pulverized Bentheimer sample which 14 

was used for core-flood experiments shows, that it consists dominantly of quartz with very small fractions of 15 

kaolinite (99.3 ± 0.1wt% and 0.7 ± 0.1 wt% respectively). This is in very good agreement with observations of 16 

Farooq et al. (2011) and Al-Yaseri et al. (2015) who found that the fraction of quartz in Bentheimer sandstone is 17 

approximately 98 and 99 wt% respectively with a small fraction of kaolinite (0.5 and 0.7 wt% respectively). It 18 

should be noted that in our XRD analysis, a few very small peaks were not identified. Thus, there might be some 19 

phases present, which are not included in the fraction calculation. 20 

The dielectric behavior of the Bentheimer sample was assessed based on the alteration in surface charge as 21 

a result of the change in the pH. The surface charge of silica, as the main component of the Bentheimer sandstone, 22 

is due to adsorption or dissociation of protons on the surface and the consequent ionization of the silanol groups 23 

represented by the following reactions (Davis et al., 1978; Lecourtier et al., 1990):  24 

𝑆𝑖𝑂𝐻 + 𝐻+ →  𝑆𝑖𝑂𝐻2
+ (10) 

𝑆𝑖𝑂𝐻 + 𝑂𝐻− →  𝑆𝑖𝑂− + 𝐻+ (11) 

Based on the PMT method, the point of zero charge (PZC) of the Bentheimer sample was found to be 3.4 ± 25 

0.1 (see Figure S1 in the supplementary materials). This is in agreement with the finding of Farooq et al. (2011) 26 

who also used the PMT method and whose Bentheimer sample had a quartz fraction of approximately 98 wt%. 27 
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However, the value of PZC measured in this study differs from the observation of Peksa et al. (2015) whose 1 

Bentheimer sample had a quartz fraction of approximately 92 wt% and measured a PZC of nearly 8. They 2 

attributed this unexpected high PZC to the presence of clay (~ 2.7 wt%) and iron particles (0.2 wt%) distributed 3 

in the sample. Further work on this matter is not within the scope of this study. Figure 5 indicates the surface 4 

charge density and proton balance related to the dissolution effects based on the PMT data. Above the PZC, the 5 

sandstone surface was dominated by SiO- sites and as a result, it became negatively charged. The magnitude of 6 

negative surface charge density increases with increasing pH due to the dissociation of silanol groups. Such an 7 

increase is more pronounced at pH > 7. Lecourtier and Chauveteau (1990) cautioned interpreting the data at pH 8 

> 7 because of possible silica dissolution. Nonetheless, it is generally accepted that with increasing pH beyond 9 

the PZC, more and more negative charges become available on the sandstone surface. The estimated values for 10 

the surface charge density in this study were in good agreement with the observation of Behrens and Grier (2001) 11 

who estimated the surface charge density of a silica sample.  12 

3.2 Colloidal stability of hematite particles 13 

To study the colloidal stability of hematite particles, first, their zeta potential at various pH was measured in 14 

a medium with very low ionic strength (𝐼 = 1 mM, equivalent to 60 ppm NaCl). As shown in Figure 6, , the PZC 15 

of hematite particles was approximately 8.5 in good agreement with measurements reported by others (Kosmulski 16 

et al., 2016; Plaza et al., 2010). At pH values above the PZC, the zeta potential values of the particles became 17 

more negative, reaching values close to −22 mV at pH 12. The measured zeta potential and PZC of the hematite 18 

particles agree well with values reported in the literature (He et al., 2008; Kosmulski, 2002, 2006; Nattich-Rak et 19 

al., 2012; Xu et al., 2015; Zhou et al., 2014). 20 

The relative contributions of the surface forces to particles interactions were predicted by estimating the van 21 

der Waals and electrostatic potentials using the DLVO theory (see Section 2.5). Moreover, as will be seen below, 22 

the calculations provide insights needed to choose an appropriate ionic strength and pH for the hematite 23 

suspension used in the core-floods . For this purpose, the colloidal stability of hematite particles was studied by 24 

varying (a) ionic strength and (b) pH. As shown in Equation 4, to estimate the van der Waals potential, the 25 

Hamaker constant for hematite (𝐴𝐻) must be known. The Hamaker constant for hematite particles interacting with 26 

each other across the water, as the medium, can be calculated from the Lifshitz theory, assuming small differences 27 

in dielectric and magnetic properties (Faure et al., 2011). A Hamaker constant of 25×10-20 J was used for the 28 

DLVO calculations in this study (Rohem Peçanha et al., 2019). The list of other parameters used in the calculations 29 

is given in Table S1 in the supplementary materials.  30 
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Figure 7a shows the total inter-particle interaction potential as a function of particle separation distance for 1 

hematite particles at pH 5.8 by varying the ionic strength. At very low ionic strength (𝐼 = 1 mM), the potential 2 

barrier was approximately 110/𝑘𝐵𝑇. This implies that colloidal stability is ensured. Nonetheless, increasing the 3 

ionic strength to 50, 85 and 200 mM led to a potential barrier smaller than 16/𝑘𝐵𝑇 implying that the colloidal 4 

stability is not achieved. It should be noted that 𝐼 = 85 mM is equivalent to 5,000 ppm NaCl solution which is 5 

used to saturate the core prior to injection of hematite suspension. 6 

The effect of pH on the colloidal stability of hematite particles was investigated by varying the pH from 4 to 7 

12. As can be seen in Figure 7b, for pH 4, 5.8, and 12 the potential barrier is larger than 16/𝑘𝐵𝑇; however, for 8 

pH 8 and 10 the potential barrier was found to be smaller than 16/𝑘𝐵𝑇. This is attributed to the density of charges 9 

on the surface of hematite particles. At pH close to the PZC of hematite particles, the density of charges is low 10 

and the van der Waals potential is dominant over the electrostatic potential. Nonetheless, at pH far away from 11 

PZC, as it is also evident from zeta potential measurements, the charges density is high enough to make the 12 

electrostatic potential larger than the van der Waals potential. This ensures the colloidal stability of hematite 13 

particles. The change in colloidal stability as a function of pH is also noticeable from visual inspection and PSD 14 

measurement (see Figure S2 and S3 in the supplementary materials which shows the suspension of hematite 15 

particles at various pH and their PSD respectively) and only the suspensions with pH far away from the PZC are 16 

colloidally stable.   17 

3.3 Deposition of hematite particles in porous media  18 

Based on the results of the above analysis of stability of the suspension of hematite colloidal particles, we 19 

chose to work with hematite particles dispersed in deionized water at pH 5.8 as it indicated sufficient colloidal 20 

stability. As hematite particles have a strong tendency to aggregate and form larger particles even in a very short 21 

time scale (He et al., 2008), the suspension was continuously stirred prior to injection to the core. 22 

We injected suspensions with hematite concentration of 250 ppm in deionized water into the core which was 23 

saturated with 5000 ppm NaCl solution. It should be noted that with such approach pH and salinity are changed 24 

simultaneously. Although the initial contact of the suspension with brine could theoretically have provoked 25 

aggregation of hematite particles at the sample inlet, we did not detect any feasible indication of its occurrence. 26 

This can be explained by too little ion diffusion speed relative to the speed of the water front propagation. In any 27 

case, the possible particle flocculation at the initial phase of the test does not affect our further interpretation and 28 

conclusions regarding the effect of pH increase.   29 
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The estimated charge density shown in Figure 8 reveals that in the pH ranging from 3.4 ± 0.1 to 8.5 ± 0.1, the 1 

hematite and rock surface have opposite charges and consequently their interaction between the particles and rock 2 

surface is dominated by electrostatic attraction whereas at pH > 8.5 ± 0.1 it is mainly by electrostatic repulsion. 3 

Therefore, by the injection of deionized water-based suspension with pH 5.8, the interaction between particles 4 

and pore walls can be expected to be dominated by an electrostatic attraction.  5 

Flooding with deionized water-based suspension triggered predictable in-situ clay particles detachment and 6 

migration due to salinity drop. Even though clay represented only less than 1 wt% of the dry sandstone, their 7 

presence was visually detected in the effluent as a turbidity, sampled during the first 2 PV injected (see Figure S4 8 

in the supplementary materials). Since the transparency of the effluent was restored upon injection of 5 PV, for 9 

the overall interpretation of the experiments we consider that such low clay content does not influence the results 10 

of the study. 11 

In our experiments, it was observed that hematite nanoparticles affect permeability mainly in  the porous 12 

medium near the inlet of the samples. Figure 9 shows the differential pressures obtained in Exp. 1. The differential 13 

pressure in the first section rose above other sections consistently with the build-up of a filter cake due to a higher 14 

amount of particles retained and then increased almost linearly. The filter cake observed at the core inlet after the 15 

experiments is shown in Figure 10. On the other hand, a successively smaller permeability decrease was observed 16 

in the middle and outlet section of the cores. Upon injection of 32 PV in Exp. 1 and 14 PV in the second one, 17 

hematite particles appeared in the effluent (see Figure S4 in the supplementary material). Their concentration in 18 

the effluent consistently increased in both tests until the end of hematite suspension injection (60 PV in 19 

Experiment 1 and 30PV in the second). Different time of filter cake build-up and particles penetration to the outlet 20 

is attributed to the difference in the core properties, permeability in particular. 21 

The formation of the external filter cake could occur due to electrostatic retention of positively charged 22 

hematite particles by negatively charged quartz matrix. Although at later stages of deposition, when quart surfaces 23 

got considerably covered by hematite particles, they could produce lateral repulsion effects (Kobayashi et al., 24 

2014) screening the electrostatic attraction of quartz surfaces.  At this stage size-exclusion interception of hematite 25 

micro-aggregates, formed in the suspension, could become dominant.  It is believed that size-exclusion occurs if 26 

infiltrated fines size exceeds 1/6 of the mean pore diameter (Civan, 2016).  The contact of deionized water-based 27 

suspension with NaCl brine during its initial displacement could contribute to the aggregation of hematite particles 28 

at the core inlet. However, ion diffusion speed was theoretically predicted to be several orders of magnitude lower 29 
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than the speed of concentration front propagation into the core and in our opinion this effect has negligible 1 

influence on the results of our study. 2 

Analysis of CT-derived hematite concentration along the core during the suspension injection confirmed 3 

gradual propagation of the particles through the core, although their maximum concentration occurred within the 4 

external filter cake at the inlet surface of the cores (Figure 11). At the horizontal axis of the graph, zero coordinate 5 

corresponds to the inlet surface of the sample, negative coordinates correspond to the accumulating external filter 6 

cake, and positive coordinates correspond to measurements within the core. The CT-derived particles distribution 7 

along the samples was in agreement with high-resolution images of the sample slab along its length, made upon 8 

completing the flooding tests (Figure 12). Saturation of the reddish color, the characteristic of hematite particles, 9 

was maximum at the inlet side (left) of the cores and gradually decreased towards their outlet sides (right). 10 

3.4 Mobilization of hematite fine particles by pH increase 11 

Upon completing the injection of the hematite suspension, the core was subjected to flooding with deionized 12 

water of increasingly higher pH to initiate hematite particles transport inside the porous medium. The change in 13 

differential pressure upon switching from suspension to deionized water observed in Figure 9 was caused by the 14 

reduction of the flow rate from 25 mL/min to 10 mL/min. In Exp. 1, the flooding with water with the pH increasing 15 

from 7 to 9 caused a gradual rise of differential pressure and consequent decrease of permeability within the inlet 16 

sections. In Exp. 2, the rise of differential pressure at same pH levels was noticeably higher. Slight differential 17 

pressure rise was also observed within the middle and outlet sections during Exp. 2. The build-up of the differential 18 

pressure in the inlet sections is believed to be mainly caused by compaction of the filter cake under the 19 

hydrodynamic pressure as well as possible partial flushing particles into the rock and increased clogging of pore 20 

throats within the core inlet section. The more pronounced pressure raise in the middle and outlet sections of the 21 

second core can be attributed to either penetration of hematite particles or migration of in-situ clays that may 22 

disperse from sand grains due to treatment with low concentrated NaOH, that was used for adjusting the pH of 23 

the fluids (Osipov 1979).  24 

The increase of the injected water pH from 9 to 10 in Experiment 1 resulted in differential pressure decline 25 

within the inlet section. The differential pressure continuously decreased during the injection of the first 5 PV and 26 

stabilized upon the injection of 6 PV (Figure 9). Differential pressure in the middle and outlet section of the core, 27 

on the other hand, started slightly rising after 5 PV injected. However, in both tests no hematite presence was 28 
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detected in the effluent, meaning that all released particles were still retained within the core even after the 1 

injection of a large number of PVs.  2 

Further increase in the pH of the injected deionized water from 9 to 11 in Exp. 2 resulted in a steep decrease 3 

in the differential pressure drop in the inlet section of the core (Figure 9). Pressure in the middle and outlet sections 4 

remained unchanged. Further increase of pH from 11 to 12 resulted in a consistent decline of the differential 5 

pressure in the inlet section and a much less pronounced rise of differential pressure in the middle and outlet 6 

sections of the core. The differential pressure decline in the inlet section persisted even upon injection of 10 PV 7 

while rising asymptotically to a final value in the middle and outlet sections. The observed pressure response to 8 

the pH increase in the middle and outlet sections in both tests was much less than in the inlet section, because the 9 

most injected colloidal particles were retained at the core inlet surface or within the first section.   10 

The concentration of particles inside the core was monitored at different stages of both tests with CT-scan. 11 

Analysis of the CT-data showed that up to the PZC of hematite particles, the signal from the filter cake was 12 

increasing (see Figure S5 in supplementary materials). This is in agreement with differential pressure data that 13 

indicated consolidation of the filter cake under the hydrodynamic force. After pH increased above the PZC CT-14 

derived concentration profiles confirmed the decrease of particle concentration in the inlet core section. It should 15 

be mentioned that care must be taken to minimize unavoidable artifacts associated with CT scanning to perform 16 

reliable quantitative analysis. 17 

4. General discussion 18 

The purpose of this work was to study the effect of pH alteration on entrapment and remobilization of 19 

hematite colloidal particles in porous media. We investigated the charge reversal of the particles above their point 20 

of zero charge as a technique to remobilize the deposited particles and transport them in porous media. 21 

The retention of particles and their further transport was primarily observed by the differential pressure 22 

measurements at different lengths of the core. During the hematite deposition stage, the pressure data suggested 23 

subsequent deposition of the particles in all sections of the core and formation of a filter cake in the inlet section. 24 

Injection of deionized water with pH lower than the point of zero charge of hematite particles (i.e. pH 8.5 ± 0.1) 25 

did not trigger any particles migration as the electrostatic interaction between positively charged hematite particles 26 

and negatively charged quartz grains of the rock matrix surface was attractive. Injection of deionized water at pH 27 

9, which is slightly above the point of zero charge of hematite particles, also did not cause particles mobilization 28 

suggesting that the density of negative charges on the particles surface was not high enough to ensure an adequate 29 

electrostatic repulsion between particles and rock matrix surface that cause detachment of particles (see Figure 8 30 
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for surface charge density of hematite particles and rock matrix at various pH). Increasing pH to 10, however, led 1 

to a decrease of differential pressure in the inlet section and its build-up downstream, indicating the start of the 2 

migration of the particles from the inlet surface further inside the core. Further increase in pH, according to the 3 

surface charge measurements, led to giving rise to a larger electrostatic repulsion term due to the increase of 4 

surface charge density of both hematite and quartz particles. The increase in surface charge density could also 5 

contribute to the deflocculation of hematite aggregates formed at the core inlet and penetration of the dispersed 6 

particles into the rock. However, the permeability restoration occurred only partially which suggests that the size-7 

exclusion retention of the coagulated hematite particles remained, while the electrostatic retention was eliminated. 8 

Analysis of the CT-derived concentration profiles of the hematite also showed the migration of the particles 9 

associated with increasing pH. 10 

The observed results prove the premise that above the point of zero charge, hematite particles came into 11 

repulsive interaction with the rock matrix surface which resulted in their detachment and further penetration into 12 

the core. However, we found that apart from the sign, the density of charges also plays an important role and at 13 

pH values higher but close to the point of zero charge, the density of negative charges on the surface of particles 14 

was too small to cause their remobilization.  15 

The discussed hypothesis was previously reviewed in several studies. In the work of Vaidya and Fogler 16 

(1992) migration of in-situ kaolinite particles was observed as a function of pH and severe permeability 17 

impairment was observed after the charge reversal of the particles due to particles mobilization. A more recent 18 

work of Mahmoudi et al. (2016) also observed kaolinite migration in the sandstone at high pH values. In both 19 

these studies change of salinity and pH conditions were performed and observed simultaneously whereas in our 20 

study we analyzed the influence of pH only. Generally, our work is in agreement with the aforementioned studies 21 

on the hypothesis of mobilization of particles with a pH-dependent surface charge at a high pH level. As the step 22 

forward in the ongoing research we provide a detailed theoretical study of colloidal stability of hematite particles 23 

and report the effect of surface charge density of particles and rock matrix on the electrostatic interaction between 24 

them. Moreover, we experimentally established the theoretical possibility of external particles remobilization and 25 

migration because of their charge reversal caused by pH increase, be means of variety of methods, including CT 26 

scanning technique that proved to be an effective tool for monitoring the migration of colloidal particles in the 27 

porous media throughout the experiment.  28 

The following limitations of this work must be acknowledged. The strong tendency of hematite colloidal 29 

particles to aggregate needs to be taken into account in all stages of the particles characterization and core-flood 30 
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experiments. For instance, particles tend to sediment shortly after preparation, therefore the analysis of their 1 

particle size distribution, determined by dynamic light scattering, should be done with caution. Besides, 2 

limitations of CT scanning include minimization of experimental artifacts for the quantitative analysis. These 3 

artifacts can appear on CT images as an effect of the core position inside the scanner and selected scanning 4 

parameters and they need to be minimized at the preparation stage and during image analysis. Also, the 5 

interpretation of the core-flood experiments in our study was primarily focused on the interactions between 6 

particles and rock surface. Further theoretical studies which include both rock-particle and particle-particle 7 

interactions are recommended.  8 

As mentioned before, hematite particles were chosen for the study specifically because they have pH-9 

dependent surface charge and are traceable under CT scan. However, we believe that the conclusions of this study 10 

can be extrapolated to real field-case applications of natural clastic reservoirs. The main mineral of such reservoirs 11 

is quartz, similar to the rock in our studies. Since the point of zero charge of quartz is lower than the naturally 12 

occurring pH, the sand grains surfaces are usually negatively charged in clastic reservoirs. Clay minerals, usually 13 

presented in the natural rocks, have very different and complex mineralogy and crystal structure, therefore their 14 

PZC can vary significantly. At the same time clay minerals, similar to colloidal particles of hematite used in this 15 

study, are hydrated in water and therefore respond to the changes in the surrounding environment. At naturally 16 

occurring pH clay particles are electrostatically attracted to quartz grains and an increase in pH can reverse their 17 

surface charge and initiate migration, as it was shown in the works mentioned above (Mahmoudi et al., 2016; 18 

Vaidya &Fogler, 1992). Therefore, we suggest that the mechanism of particle charge reversal due to an increase 19 

of pH over the PZC can result in the same behavior for clay minerals in the natural clastic rocks and other minerals 20 

with pH-dependent surface charge. This suggestion is a foundation for further detailed and comparative research. 21 

5. Conclusions  22 

In this work, the impact of pH alteration on entrapment and remobilization of hematite particles in a sandstone 23 

porous medium was investigated. The experiments showed that the rock surface was negatively charged at pH 24 

values higher than ~3.4 while the surface of hematite particles became negatively charged only at pH values 25 

higher than ~8.5. Injection of the hematite suspension at original pH 5.8 into the sandstone core led to the 26 

formation of a filter cake in the inlet due to the combined effect of electrostatic retention of positively charged 27 

hematite particles on negatively rock surface and size-exclusion interception of hematite micro-aggregates formed 28 

in the suspension. During the injection of deionized water with pH values up to 9, no indication of hematite 29 

particles mobilization in the filter cake was observed. At pH values higher than 9, however, a decrease of 30 
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differential pressure in the inlet section was noticed, indicating the start of the migration of the particles from the 1 

inlet surface further inside the core and partial destruction of the filter cake. This was due to a change of surface 2 

charge of hematite particles from positive to negative giving rise to a repulsion term when they interact with 3 

negatively charged rock surface which ceases electrostatic retention of hematite particles and enables their further 4 

penetration into the rock porous network. Analysis of the CT-derived concentration profiles also showed the 5 

decrease of particle concentration in the inlet core section at pH values higher than 9. The results of this study 6 

provide insights into fine-tuning the electrostatic interactions in porous media and thus mitigating the permeability 7 

reduction as a result of fines migration for particles with pH-dependent surface charge.  8 
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1. Figures and Tables 1 

 2 

 3 

Figure 1 – Setup for preparation of hematite suspension. The hematite powder was vacuumed through valve 1 4 

and CO2 and water were further added through valves 2 and 3 respectively. 5 

 6 

Figure 2 – a) The schematic drawing of the experimental setup used to perform the core-flood experiments.  7 

DP = differential pressure, BP = back pressure; b) photo of the setup. 8 

 

Figure 3 – Calibration curve of CT value as a function of hematite concentration. The concentration ranging 

from 0 to 40,000 was used. The dashed line represents the linear trend line of the concentration. 
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 1 

Figure 4 – XRD pattern of the pulverized Bentheimer sample used for Exp.1 1. Based on the semi-2 

quantitative approach, silica was found to be the main compound in the rock (99.3 ± 0.1 wt%). There was also a 3 

small fraction of kaolinite (0.7 ± 0.1 wt%) 4 

 5 

Figure 5 – Estimation of the dissolution rate and surface charge density as a function of pH for the 6 

Bentheimer sample used in the core-flood experiments based on the potentiometric mass titration data. Above 7 

the PZC=3.4 ± 0.1, the rock surface is negatively charged 8 

 9 

Figure 6 – Zeta potential measurements at various pH to identify the PZC of hematite particles. The PZC 10 

was found at pH 8.5 ± 0.1 11 
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 1 

Figure 7 – Inter-particle interaction potential (Vt) as a function of particle separation distance (h) calculated 2 

by DLVO theory: a) Effect of ionic strength on hematite particle interaction at pH 5.8; b) Effect of pH on 3 

hematite particle interaction at 𝐼=1 mM using zeta potential values given in Figure 6 4 

 5 

Figure 8 – The estimated surface charge density for the hematite particles and the Bentheimer sample used 6 

in the core-flood experiments. In the pH ranging from 3.4 ± 0.1 to 8.5 ± 0.1, the interaction between the 7 

particles and rock surface is dominated by the electrostatic attraction whereas at pH > 8.5 ± 0.1 is dominated by 8 

electrostatic repulsion.  9 

 10 

Figure 9 – Pressure gradient as the function of PV injected during core-flood experiments in three sections 11 

of the core: a) Exp. 1, injection of hematite suspension and deionized water with pH 7-10, b) Exp. 2 injection of 12 

hematite suspension and deionized water with pH 7-12 13 

 14 
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Figure 10 – Filter cake observed at the core inlet as a result of injection of hematite suspension (Exp. 1) 

 

Figure 11 – Hematite concentration as a function of distance from core inlet: a) Exp. 1, from 9 PV to 60 PV, 

b) Exp. 2, from 3 PV to 30 PV. All the data shown correspond to section 1 of the cores. 

  

Figure 12 –Microscopic image of the core after core-flood experiments: a) Exp. 1, b) Exp. 2. 

 

Table 1 – Properties of Bentheimer core samples 1 

Components  

Quartz Kaolinite 

99.3 ± 0.1 wt% 0.7 ± 0.1 wt% 

Porosity 24.4 ± 0.2 % 

Initial Permeability 
Exp. 1 Exp. 2 

1770 ± 20 mD 1400 ± 20 mD  

Darcy (D) - permeability of the porous medium through which the flow of 1cm3 of fluid with viscosity of 1 cp 2 

in 1 sec under the differential pressure of 1 atm, where the porous medium has cross-sectional area of 1 cm2 and 3 

length of 1 cm. 1 mD  1 m210-3. 4 
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 1 

Table 2 – Parameters of the experiments 2 

 Permeability Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 

Exp. 1 1770  20 mD 

Hematite suspension 

Deionized water 

pH 7 pH 8 pH 9 pH 10 

Q = 25 mL/min Q = 10 mL/min Q = 10 mL/min Q = 10 mL/min Q = 10 mL/min 

V = 60 PV V = 10 PV V = 6 PV V = 8 PV V = 10 PV 

Exp. 2 1400  20 mD 

Hematite suspension 

Deionized water 

pH 7 pH 9 pH 11 pH 12 

Q = 25 mL/min Q = 10 mL/min Q = 10 mL/min Q = 10 mL/min Q = 10 mL/min 

V = 30 PV V = 8 PV V = 6 PV V = 10 PV V = 20 PV 

 3 

Table 3 – Permeability of the core sample before and after Exp. 1 4 

 
Permeability before, 

mD (m2103) 

Permeability after, mD 

mD (m2103) 
Permeability impairment 

Total 1770 590 67 % 

Section 1 1760 270 85 % 

Section 2 1780 1010 43 % 

Section 3 1760 950 46 % 

 5 

Table 4 – Permeability of the core sample before and after Exp. 2 6 

 
Permeability before, 

mD (m2103) 

Permeability after, 

mD (m2103) 
Permeability impairment 

Total 1460 240 84 % 

Section 1 1470 90 94 % 

Section 2 1460 500 66 % 

Section 3 1450 430 70 % 

 7 
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  11 

Abstract 12 

We investigate the effect of pH on external hematite colloidal particles entrapment and remobilization by 13 

core-flood experiments combined with X ray computed tomography. Suspensions of calibrated hematite colloidal 14 

particles were injected into Bentheimer sandstones sample, composed mainly of well-sorted quartz and small clay 15 

fraction (up to 1 wt%), consisting mainly of kaolinite. We have found that permeability impairment due to an 16 

external cake build-up can be reversed when pH exceeds the point of zero charge of hematite particles. This effect 17 

could be successfully interpreted by the switching of the surface charge of hematit e particles from positive to the 18 

negative, similar to the rock surface. The experimentally verified pH-controlled electrostatic retention and 19 

remobilization technique can be extended to other colloidal particles, having pH-dependent surface charge, 20 

including natural clay minerals in hydrocarbon and geothermal reservoirs.  Therefore, varying pH of injected fluid 21 

can be applied for targeted external cake build-up and transportation of colloidal particles within a reservoir. 22 

 23 

1. Introduction 24 

Colloidal fines migration is a common phenomenon in various industrial processes relying on fluid flow in 25 

porous media, including hydrology (McDowell-Boyer et al., 1986; Torkzaban et al., 2007), geothermal 26 

engineering (Mahmoudi et al., 2010; Rosenbrand et al., 2015), gas production from hydrate-bearing sediments 27 

(Jung et al., 2012), well-bore drilling (Byrne et al., 2007; Civan, 2007), and enhanced oil recovery (EOR), where 28 

low salinity water injection emerged as a new approach to mobilize additional oil (Alshakhs & Kovscek, 20 16; 29 

Iglauer et al., 2010; Nasralla et al., 2013; Pooryousefy et al., 2018; Xie et al., 2016).  Water injection applied 30 

within these processes can cause impairment of permeability due to blockage of pores at the borehole walls by 31 
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particles, suspended in the water, or due to entrapment of migrating in-situ clay particles in pore throats within 1 

the reservoir.  2 

Fines migration in porous media has been intensively investigated in the last few decades (Lei et al., 2017; 3 

Yu et al., 2019). It was established that attachment or detachment of colloidal particles from pore walls and 4 

following up their migration in porous media are determined by the balance of forces acting between the particles 5 

and the rock mineral grains surfaces. The attachment occurs thanks to London – van der Waals attraction forces. 6 

The detachment can be triggered by combined effect of repulsive forces such as the electrostatic repulsion of 7 

overlapping electrical double layers (EDL), if the surface charge of clay particles and the rock matrix has the same 8 

sign, structural forces of bound water, hydrodynamic drive of flowing fluid. (Vaidya & Fogler, 1990; Elimelech 9 

(1991, 1995); Tchistiakov, 2000; Kalantariasl & Bedrikovetsky, 2014, Kobayashi, 2005).  10 

The electrostatic repulsion considerably depends on the fluid salinity as the latter changes ζ-potentials of the 11 

interacting surfaces. The repulsion between a clay particle and a pore wall decreases with the rise of ionic strength 12 

of the pore aqueous solution and increases when the fluid salinity drops. It was experimentally demonstrated, that 13 

at low salinity of the injected fluid in-situ particles could be detached from the rock matrix surface and deposited 14 

downstream that led to significant reduction of the rock permeability (Kia et al., 1987; Vaidya & Fogler, 1990; 15 

Tchistiakov, 2000; Rosenbrand et al., 2015; Alshakhs, & Kovscek, 2016; A. Al-Sarihi et al., 2018; Borazjani et 16 

al., 2018;). 17 

Besides salinity, the electrostatic interaction between clay particles and the rock mineral matrix is controlled 18 

by the pore fluid pH (Kia et al., 1987; Vaidya & Fogler, 1990, 1992; ; Mietta et al., 2009; Kobayashi et al., 2009; 19 

You et al., 2012; Kumar et al., 2017 ). It was experimentally confirmed that an increase of pH above a certain 20 

critical value causes charge reversal of natural clay ζ-potential from positive to negative. The critical pH value, 21 

when ζ-potential becomes zero, is called point of zero charge (Olphen H. van, 1963; Osipov V. I, 1979; Mitchell, 22 

1993). For clay particles, the point of zero charge (PZC) can vary significantly depending on their mineralogy and 23 

crystal structure, however at pH values feasible for sandstone formations it is always larger than the point of zero 24 

charge of quartz that is commonly a predominant component of the sandstones matrix (Churcher et al., 2015; 25 

Didier et al., 2015; Kosmulski, 2016; Schroth, 1997, Osipov 1979). This means that at certain pH values, in -situ 26 

clay particles as well as external colloidal particles, present in the fluid injected in the formation, can have a 27 

surface charge of the same or opposite sign with the charge of the rock pore surface. This means that we can 28 

theoretically manage migration and retention of in-situ and external colloidal particles within a reservoir porous 29 

medium by varying pH. Some research on this subject has already been done. For example Kumar et al. (2017) 30 
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has experimentally shown that an increase of pH causes increase of the magnitude of the long-range repulsion 1 

between a SiO2 tip and a silica facet of kaolinite. The experiments were done within the range of pH above 2 

kaolinite’s PZC and thus no charge reversal occurred. Kobayashi et al. (2009) have investigated the effect of pH 3 

alteration on retention of latex particles by a zirconia bed and concluded that pH increase had minor effect on the 4 

retention in comparison with salinity rise. 5 

 Although considerable efforts have been made to investigate the effect of pH variation on external particle 6 

migration and retention by different materials today we still do not have confident and experimentally confirmed 7 

methodology of these process management in natural reservoirs.  8 

The main objective of this research was to examine the possibility of artificial management of external 9 

colloidal particles retention by natural sandstone matrix and remobilization by gradual increase of pH of the 10 

injected fluid above the mineral point of zero charge. In previous studies pressure and effluent data were mainly 11 

used for monitoring fines migration within rock porous media, in the present stud y next to differential pressure 12 

measurements we applied X-ray tomography for tracking the migration of remobilized particles.  Hematite 13 

particles were chosen as model particles because of their pH-dependent surface charge, distinguishable red color, 14 

and high density and X-ray attenuation capacity, which make them detectable for CT-assisted core-flood 15 

experiments. Bentheimer sandstone was used as the model porous medium. Prior to core-flood experiments, 16 

characterization of the rock and particles properties was performed and colloidal stability of the hematite 17 

suspension at various ionic strength and pH was studied by the DLVO theory.  For core -flood experiments, a 18 

suspension of hematite particles was injected to deposit the particles within the porous media. Thereafter, 19 

deionized water with gradually increasing pH above the PZC of hematite particles was injected to give rise to a 20 

repulsion term between particles and sandstone surface and consequently to remobilize the deposited particles. 21 

We establish theoretical and experimental conclusions that presumably can be extended to other minerals with 22 

pH-dependent surface charge, including natural minerals in porous media.  23 

The paper proceeds with description of materials and methods used for the experiments, where both 24 

preparation steps and experimental methodology are illustrated. Then, the experimental results are shown, 25 

followed by the general discussion and conclusions. 26 

2. Materials and methods 27 

2.1 Porous medium 28 

The core-flood experiments were performed with Bentheimer sandstone of Early Cretaceous age from the 29 

south-western part of the Lower Saxony Basin. Bentheimer sandstone outcrop samples are often used as model 30 
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natural porous medium for laboratory studies because of their lateral continuity and block scale homogeneous 1 

nature (Peksa et al., 2017). The high permeability and large pore size of Bentheimer samples make it an appealing 2 

candidate to study the migration of colloidal particles in porous media and the ensuing permeability reduction. 3 

Bentheimer sandstone, consists of more than 85% of pore throats have a size larger than 10 µm and only 5% of 4 

them are smaller than 5 µm (Peksa et al., 2015). Table 1 shows the physical properties of Bentheimer core samples 5 

used to conduct the core-flood experiments. After cutting and drying the cores in an oven for up to 48 hours at 60 6 

± 1 ᵒC, the cores were placed in molds and encased in an epoxy resin to prevent bypassing the flow alongside the 7 

core. The penetration depth of the resin into the core was nearly 1.0 mm. Thereafter, the cores were precisely 8 

machined to an effective diameter of 3.8 ± 0.1 cm and a length of 17.0 ± 0.1 cm. The machined samples were 9 

dried for 15 hours in an oven at 40 ± 1 °C. The porosities of the core samples were measured by the Helium gas 10 

expansion method. The permeability of the cores was estimated using Darcy’s law, by flowing 5000 ppm NaCl 11 

brine at different rates within the core and recording the pressure drop. It should be noted that the characterization 12 

of the rock with XRD analysis and potentiometric titration measurements were performed on the rock sample 13 

pulverized to 1 μm powder.  14 

2.2 Chemicals 15 

Hematite (α-Fe2O3 with density equal to 5.24 g/cm3) particles were supplied by Sigma-Aldrich in powder 16 

form with. The high density of the particles results in high attenuation of X-rays relative to quartz, the main 17 

component of the sandstone. The diameter of an individual particle was < 50 nm, as reported by the manufacturer, 18 

which was obtained from BET; however, they had a strong tendency to aggregate and form larger particles, 19 

therefore in this study we further refer to them as colloidal particles. Moreover, as mentioned, hematite particles 20 

had a distinguishable red color that simplified their detection in effluent and during the microscopic examination 21 

of the sample slab after core-flood experiments. Sodium chloride (NaCl) used for brine preparation was purchased 22 

from Sigma-Aldrich as well. The base (1 M NaOH) and acid (1 M HCl) used for pH adjustment, were supplied 23 

by Merck KGaA.  24 

Aqueous suspensions of hematite were used to deposit particles inside the rock porous media. Earlier studies 25 

have shown that aggregation of hematite particles increases drastically with the addition of a small quantity of 26 

salt into the aqueous solution (Dickson et al., 2012; He et al., 2008). This is supported by our analysis of the 27 

colloidal stability of hematite suspensions. Therefore, in these experiments, we use hematite sus pension in 28 

ultrapure deionized water (DI water). As for initial saturation of the core, 5000 ppm NaCl brine was used to 29 

prevent clogging of pores with released in-situ clay particles before the beginning of the experiment.  30 
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2.3 Preparation of hematite suspension 1 

In order to avoid air entrapment inside of the hematite aggregates and produce an air-free stable suspension 2 

of hematite particles, the following preparation procedure was applied. First, the particles were placed into a 3 

vacuum, then saturated with CO2 and after secondary vacuuming mixed with deionized water and stirred (Figure 4 

1). This was followed by sonication at the power of 550W, 20 kHz, and an amplitude of 20%. The applied 5 

procedure allowed preparing a colloidally stable suspension with no observab le sedimentation. The pH of the 6 

prepared suspension was measured to be 5.8 ± 0.1. Hematite suspension of 250 ppm concentration prepared in 7 

deionized water was applied in flooding tests. During the core-flood experiments, the suspension in the tank was 8 

continuously stirred in order to maintain its homogeneity. 9 

2.4 Characterization of rock and hematite particles 10 

2.4.1 XRD analysis 11 

XRD analysis was performed to determine the composition of the rock. The XRD data were obtained on a 12 

Bruker D8 Advance diffractometer equipped with a Bragg-Brentano geometry and Lynxeye position sensitive 13 

detector and using Cu Kα radiation. The pulverized rock was placed into an appropriate holder and its surface was 14 

made as flat as possible prior to the analysis. The scans were done with rotation on, at 45 kV and 40 mA. The 15 

measurement was performed with a coupled θ -2θ scan with a step size of 0.025ο and time per step of 2 seconds. 16 

The Semi-quantitative (S-Q) approach was used to approximate the fractions of the identified phases. The 17 

fractions were calculated with Bruker Diffrac.Eva software using the height of the peaks after ka2 stripping and 18 

the ratio I/Icor from the ICDD PDF-4+ 2020 database.  19 

2.4.2 Potentiometric mass titration 20 

The potentiometric mass titration (PMT) method was used to identify the point of zero charge (PZC) of the 21 

rock. 100 mL of 1,500 ppm NaCl (~ 0.025 mM) solution, as the background solution, was put into three different 22 

flasks. The pulverized rock with different masses of 2.5, 5.0, and 10.0 g was transferred to each flask. A blank 23 

solution without the addition of rock powder was also prepared. Before the experiment, the suspensions were 24 

stirred with a Teflon magnetic stirrer for 24 h to reach an equilibrium. Then potentiometric titrations were 25 

performed in a nitrogen atmosphere. First, 5 mL of 0.1 M NaOH was added to all flasks to deprotonate a significant 26 

portion of the surface sites, causing the surface to be negative. Next, each of these suspensions and the blank 27 

sample were titrated by addition of 0.1 M HCl to the cell in 10 – 15 steps. The samples were continuously stirred, 28 

except when the pH was recorded after every 2 – 5 min while the stirrer was switched off.  29 
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The pH-dependent surface charge density (𝜎0) was determined based on the measured PMT data,  according to 1 

the following equation (Lützenkirchen et al., 2012):  2 

𝜎0(𝑝𝐻) =
𝐹. (𝛥𝑛𝑠𝑜𝑙,𝐻+(𝑝𝐻) − 𝛥𝑛0)

𝑚𝑆𝐵𝐸𝑇

 (1) 

where 𝐹 is the Faraday constant (𝐹 = 96500 C/mol), 𝑚 is the mass of the sample, 𝑆𝐵𝐸𝑇 is the rock specific surface 3 

area and 𝛥𝑛0 is the pH-dependent amount of acid which is consumed on a sample with a very small mass 4 

(extrapolated to zero mass). The dissolution effect (𝛥𝑛𝑠𝑜𝑙,𝐻+) is obtained by comparison of the balance of protons 5 

ions in the potentiometric titration of suspensions with the blank potentiometric titration results according to the 6 

following equation: 7 

𝛥𝑛𝑠𝑜𝑙,𝐻+ = 𝛥𝑛𝑎𝑐𝑖𝑑(𝑆)(𝑝𝐻) − 𝛥𝑛𝑎𝑐𝑖𝑑(𝐵)(𝑝𝐻) 
(2) 

where 𝛥𝑛𝑎𝑐𝑖𝑑(𝑆)(𝑝𝐻) and 𝛥𝑛𝑎𝑐𝑖𝑑(𝐵)(𝑝𝐻) represent the balance of protons ions needed to be consumed to reach a 8 

certain pH for the suspension and blank respectively. 9 

2.4.3 Zeta potential and particle size distribution 10 

The zeta potential and hematite particles size distribution (PSD) in deionized water were measured using a 11 

Malvern Zetasizer Nano ZS at 25 ℃. Zeta potential is calculated by means of Henry’s equation from the measured 12 

electrophoretic mobility. In order to enable measurements on this instrument the particles concentration was 13 

adjusted to provide a count rate of ca. 500 kcps . Samples were run in triplicate in the auto mode and the average 14 

was recorded. There was a pause of 30 – 60 sec between each run, for relaxation of the sample.  15 

 16 

2.5 Hematite inter-particle interactions  17 

Dispersed particles are subject to Brownian motion which causes frequent inter -particle collisions. The 18 

balance between inter-particle interactions determines whether the dispersion of hematite particles is colloidally 19 

stable. According to the DLVO theory (Hotze et al., 2012; Mirzaie Yegane et al., 2020; Skoglund et al., 2013), 20 

the total energy for the interaction between two unmodified spherical particles (𝑉𝑡) with radius 𝑅, at separation 21 

distance ℎ is given by the sum of van der Waals (𝑉𝑣) and electrostatic (𝑉𝑒) potentials: 22 

𝑉𝑡(𝑥) = 𝑉𝑣(𝑥) + 𝑉𝑒(𝑥) 
(3) 

where 𝑥 is the normalized separation distance equal to ℎ/𝑅. The van der Waals potential is (Israelachvili, 2011):  23 

𝑉𝑣(𝑥)

𝑘𝐵𝑇
= −

(√𝐴𝐻 − √𝐴𝑊)
2

6𝑘𝐵𝑇
{

2

𝑥(𝑥 + 4)
+

2

(𝑥 + 2)2
+ ln [

𝑥(𝑥 + 4)

(𝑥 + 2)2
]} 

(4) 
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where 𝐴𝐻 and 𝐴𝑊 are Hamaker constants for hematite particle and water, as the medium, respectively (Raghavan 1 

et al., 2000), 𝑘𝐵 is the Boltzmann’s constant and 𝑇 is the absolute temperature. The electrostatic potential is 2 

described (Oshima, 1995) by:  3 

𝑉𝑒(𝑥)

𝑘𝐵𝑇
=

2𝜋𝜀0𝜀𝑟𝜓0
2𝑅

𝑘𝐵𝑇
ln[1 + exp (−𝜅𝑅𝑥) ] (5) 

where 𝜀0 is the vacuum permittivity, 𝜀𝑟  is the medium relative permittivity, 𝜓0 is the surface potential and 𝜅−1 is 4 

Debye length which is given by: 5 

𝜅−1 = (
𝜀0𝜀𝑟𝑘𝐵𝑇

2𝑁𝐴𝑒2𝐼
)

0.5

 (6) 

where 𝑒 is the electronic charge, 𝑁𝐴 is the Avogadro’s number, and 𝐼 is the medium ionic strength (Tadros, 2014). 6 

Surface potential is estimated based on the zeta potential (ζ ) using Equation 7. The Equation is obtained by 7 

solving the Poisson−Boltzmann equation for a distribution of the point charges that decay as a function of the 8 

radial distance from the surface of charged particle (Wijenayaka et al., 2015):   9 

𝜓0 = 𝜁 (1 +
1

𝜅𝑅
) exp(1) (7) 

The pH-dependent surface charge density (𝜎0) can be calculated according to Equations 8-9 (Plaza et al., 10 

2001): 11 

𝜎0 =
2𝜀0𝜀𝑟𝜅𝑘𝐵𝑇

𝑒
sin ℎ (

𝑒𝜓0

2𝑘𝐵𝑇
) × [1 +

1

𝜅𝑅
𝐹(𝑇) +

1

(𝜅𝑅)2
𝐺(𝑇)]

1/2

 (8) 

𝐹(𝑇) =
2

cos ℎ2 (
𝑒𝜓0

4𝑘𝐵𝑇
) 

;   𝐺(𝑇) =
8ln [cos ℎ (

𝑒𝜓0

4𝑘𝐵𝑇
)]

(
𝑒𝜓0

2𝑘𝐵𝑇
) 

 (9) 

Dispersions of particles stay kinetically stable if the potential barrier  (𝑉𝑚𝑎𝑥) is larger than ~16/𝑘𝐵𝑇 (Berg, 12 

2010; Mirzae Yegane et al., 2020; Moskovits et al., 2005). 13 

It should be noted that the terms point of zero charge and isoelectric point are often used interchangeably, 14 

isoelectric point corresponds to the results obtained by the electrokinetic method, while the point of zero charge 15 

value is obtained by titration (Kosmulski et al., 2016). Plaza et al. (2010). observed that for hematite particles, the 16 

pH (𝜁 = 0) and pH (𝜓0 = 0) are almost identical. Alvarez-Silva et al. (2010) also noted that PZC and IEP can be 17 

considered equal if no other specific adsorption of potential-determining ions happens. To avoid confusion 18 

between the surface potential of rock matrix surface and hematite particles, throughout this study we r efer to this 19 

as the point of zero charge which is where the surface charge density is zero.  20 

2.6 Core-flood experimental setup 21 
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The core-flood experiment setup is shown in Figure 2. The setup was placed on the couch of the CT scanner 1 

to enable monitoring of external particles migration during the core-flood experiments. A core sample was placed 2 

into a poly-ether-ether-ketone core holder, which is transparent to X-rays , and positioned in the gantry of the 3 

scanner. The core holder is oriented vertically in order to mitigate the effect of gravity on particles distribution 4 

within the injected fluid stream as well as within the core. The core holder had three differential pressure 5 

transducers (KEMA03 ATEX 1561) with ± 300 mbar range and ± 1 mbar accuracy to monitor pressure drop along 6 

the core during the experiment. Differential pressure was measured during core-flood experiments at the inlet, 7 

middle and outlet sections of the sample with lengths 4.1 ± 0.1 cm, 8.8 ± 0.1 cm, and 4.0 ± 0.1 cm accordingly.  8 

Pressure drop over the core was also monitored using inlet and outlet pressure transducers, while the outlet 9 

pressure was set using a backpressure regulator (BPR). Fluids were injected into the core using a Quizix pump, 10 

which was operated at a constant flow rate. A fraction collector (GE Frac 920) was used for sampling the effluents 11 

at the core-holder outlet for visual detection and physical-chemical analysis of hematite particles at the outlet.  12 

2.7 Core-flood experimental procedure  13 

A set of core-flood experiments was performed for this study. For the discussion in the current paper we 14 

present the results of the two most representative experiments, further referred to as Experiment 1 and Experiment 15 

2. The same experimental procedure was applied to all tests. During Exp. 1, we investigated the effect of a gradual 16 

rise in pH from neutral up to pH 10 and during Exp. 2 a steeper rise from neutral to pH 12 was studied in order to 17 

investigate the effect of pH values further from PZC of hematite on the remobilization of the particle s.  18 

The tests were performed in three stages. First, the core sample was saturated with 5000 ppm NaCl brine and 19 

its permeability to brine was determined using Darcy’s law (Darcy, 1856). Then hematite suspension in deionized 20 

water was injected at sufficiently high flow rate (25 mL/min)to prevent the gravitational segregation of the 21 

particles (Dickson et al., 2012; He et al., 2008). 60 pore volumes (PV) of hematite suspension were injected in 22 

Experiment 1, and 30 PV in Experiment 2. Lower volume injected in Exp. 2 was dictated by the significantly 23 

higher differential pressure observed during the experiment because of lower permeability of the core (as will be 24 

discussed in more detail in Section 3.4)  25 

Finally, the core was subjected to the injection of deionized water at gradually increasing pH. In Exp. 1,  pH 26 

steps were 7, 8, 9, 10, in the second one 7, 9, 11, and 12. The deionized water injection rate in both tests was 10 27 

mL/min. The other experimental parameters are summarized in Table 2. Before the core-flood experiments, the 28 

deionized water was passed through 0.5 μm filter in order to prevent the effect of any solid impurities.  29 
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2.8 X-ray CT scanning 1 

X-ray CT scanning was performed throughout the injection of both hematite suspension and deionized water 2 

in order to build hematite distribution profiles and track the movement of particles. Siemens SOMATOM 3 

Definition Dual Energy CT scanner with slice number of 64 slices per second and a resolution of 0.25 mm is used 4 

in this study. The scanning was performed at 140 KeV and 250 mA. To enable a quantitative analysis of hematite 5 

distribution along the core during core-flood experiments, we first established the calibration curve for CT scan 6 

number against hematite concentration by measuring the measured CT attenuation value (CT number) for 7 

hematite suspensions for solid phase concentrations ranging from 0 to 40,000 ppm. The resulting curve shown in 8 

Figure 3 show that the CT attenuation varies linearly with hematite concentration.  9 

3. Results and discussion 10 

3.1 Sandstone characterization 11 

The characteristics of Bentheimer sandstone were extensively discussed in the literature (Al -Yaseri et al., 12 

2015; Dubelaar et al., 2015; Peksa et.al 2015, 2017). Here, we only highlight t he important aspects which are 13 

relevant to our study. As can be seen in Figure 4, the XRD analysis on the pulverized Bentheimer sample which 14 

was used for core-flood experiments shows, that it consists dominantly of quartz with very small fractions of 15 

kaolinite (99.3 ± 0.1wt% and 0.7 ± 0.1 wt% respectively). This is in very good agreement with observations of 16 

Farooq et al. (2011) and Al-Yaseri et al. (2015) who found that the fraction of quartz in Bentheimer sandstone is 17 

approximately 98 and 99 wt% respectively with a small fraction of kaolinite (0.5 and 0.7 wt% respectively). It 18 

should be noted that in our XRD analysis, a few very small peaks were not identified. Thus, there might be some 19 

phases present, which are not included in the fraction calculation. 20 

The dielectric behavior of the Bentheimer sample was assessed based on the alteration in surface charge as 21 

a result of the change in the pH. The surface charge of silica, as the main component of the Bentheimer sandstone, 22 

is due to adsorption or dissociation of protons on the surface and the consequent ionization of the silanol groups 23 

represented by the following reactions (Davis et al., 1978; Lecourtier et al., 1990):  24 

𝑆𝑖𝑆𝑖𝑂𝐻 + 𝐻+ →  𝑆𝑖𝑆𝑖𝑂𝐻2
+ (10) 

𝑆𝑖𝑆𝑖𝑂𝐻 + 𝑂𝐻− →  𝑆𝑖𝑆𝑖𝑂− + 𝐻+ (11) 

Based on the PMT method, the point of zero charge (PZC) of the Bentheimer sample was found to be 3.4 ± 25 

0.1 (see Figure S1 in the supplementary materials). This is in agreement with the finding of Farooq et al. (2011) 26 

who also used the PMT method and whose Bentheimer sample had a quartz fraction of approximately 98 wt%. 27 
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However, the value of PZC measured in this study differs from the observation of Peksa et al. (2015) whose 1 

Bentheimer sample had a quartz fraction of approximately 92 wt% and measured a PZC o f nearly 8. They 2 

attributed this unexpected high PZC to the presence of clay (~ 2.7 wt%) and iron particles (0.2 wt%) distributed 3 

in the sample. Further work on this matter is not within the scope of this study. Figure 5  indicates the surface 4 

charge density and proton balance related to the dissolution effects based on the PMT data. Above the PZC, the 5 

sandstone surface was dominated by SiO- sites and as a result, it became negatively charged. The magnitude of 6 

negative surface charge density increases with increasing pH due to the dissociation of silanol groups. Such an 7 

increase is more pronounced at pH > 7. Lecourtier and Chauveteau (1990) cautioned interpreting the data at pH 8 

> 7 because of possible silica dissolution. Nonetheless, it is generally accepted that with increasing pH beyond 9 

the PZC, more and more negative charges become available on the sandstone surface. The estimated values for 10 

the surface charge density in this study were in good agreement with the observation of Behrens and Grier (2001) 11 

who estimated the surface charge density of a silica sample.  12 

3.2 Colloidal stability of hematite particles 13 

To study the colloidal stability of hematite particles, first, their zeta potential at various pH was measured in 14 

a medium with very low ionic strength (𝐼 = 1 mM, equivalent to 60 ppm NaCl). As shown in Figure 6, , the PZC 15 

of hematite particles was approximately 8.5 in good agreement with measurements reported by others (Kosmulski 16 

et al., 2016; Plaza et al., 2010). At pH values above the PZC, the zeta potential values of the particles became 17 

more negative, reaching values close to −22 mV at pH 12. The measured zeta potential and PZC of the hematite 18 

particles agree well with values reported in the literature (He et al., 2008; Kosmulski, 2002, 2006; Nattich-Rak et 19 

al., 2012; Xu et al., 2015; Zhou et al., 2014). 20 

The relative contributions of the surface forces to particles interactions were predicted by estimating the van 21 

der Waals and electrostatic potentials using the DLVO theory (see Section 2.5). Moreover, as  will be seen below, 22 

the calculations provide insights needed to choose an appropriate ionic strength and pH for the hematite 23 

suspension used in the core-floods . For this purpose, the colloidal stability of hematite particles was studied by 24 

varying (a) ionic strength and (b) pH. As shown in Equation 4, to estimate the van der Waals potential, the 25 

Hamaker constant for hematite (𝐴𝐻) must be known. The Hamaker constant for hematite particles interacting with 26 

each other across the water, as the medium, can be calculated from the Lifshitz theory, assuming small differences 27 

in dielectric and magnetic properties (Faure et al., 2011). A Hamaker constant of 25×10 -20 J was used for the 28 

DLVO calculations in this study (Rohem Peçanha et al., 2019). The list of other parameters used in the calculations 29 

is given in Table S1 in the supplementary materials.  30 
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Figure 7a shows the total inter-particle interaction potential as a function of particle separation distance for 1 

hematite particles at pH 5.8 by varying the ionic strength. At very low ionic strength (𝐼 = 1 mM), the potential 2 

barrier was approximately 110/𝑘𝐵𝑇. This implies that colloidal stability is ensured. Nonetheless, increasing the 3 

ionic strength to 50, 85 and 200 mM led to a potential barrier smaller than 16/𝑘𝐵𝑇 implying that the colloidal 4 

stability is not achieved. It should be noted that 𝐼 = 85 mM is equivalent to 5,000 ppm NaCl solution which is 5 

used to saturate the core prior to injection of hematite suspension. 6 

The effect of pH on the colloidal stability of hematite particles was investigated by varying the pH from 4 to 7 

12. As can be seen in Figure 7b, for pH 4, 5.8, and 12 the potential barrier is larger than 16/𝑘𝐵𝑇; however, for 8 

pH 8 and 10 the potential barrier was found to be smaller than 16/𝑘𝐵𝑇. This is attributed to the density of charges 9 

on the surface of hematite particles. At pH close to the PZC of hematite particles, the density of charges is low 10 

and the van der Waals potential is dominant over the electrostatic potential. Nonetheless, a t pH far away from 11 

PZC, as it is also evident from zeta potential measurements, the charges density is high enough to make the 12 

electrostatic potential larger than the van der Waals potential. This ensures the colloidal stability of hematite 13 

particles. The change in colloidal stability as a function of pH is also noticeable from visual inspection and PSD 14 

measurement (see Figure S2 and S3 in the supplementary materials which shows the suspension of hematite 15 

particles at various pH and their PSD respectively) and only the suspensions with pH far away from the PZC are 16 

colloidally stable.   17 

3.3 Deposition of hematite particles in porous media  18 

Based on the results of the above analysis of stability of the suspension of hematite colloidal particles, we 19 

chose to work with hematite particles dispersed in deionized water at pH 5.8 as it indicated sufficient colloidal 20 

stability. As hematite particles have a strong tendency to aggregate and form larger particles even in a very short 21 

time scale (He et al., 2008), the suspension was continuously stirred prior to injection to the core.  22 

We injected suspensions with hematite concentration of 250 ppm in deionized water into the core which was 23 

saturated with 5000 ppm NaCl solution. It should be noted that with such approach pH and salinity are changed 24 

simultaneously. Although the initial contact of the suspension with brine could theoretically have provoked 25 

aggregation of hematite particles at the sample inlet, we did not detect any feasible indication of its occurrence. 26 

This can be explained by too little ion diffusion speed relative to the speed of the water front propagation. In any 27 

case, the possible particle flocculation at the initial phase of the test does not affect our further interpretation and 28 

conclusions regarding the effect of pH increase.    29 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



12 

 

 

The estimated charge density shown in Figure 8 reveals that in the pH ranging from 3.4 ± 0.1 to 8.5 ± 0.1, 1 

the hematite and rock surface have opposite charges and consequently their interaction between the particles and 2 

rock surface is dominated by electrostatic attraction whereas at pH > 8.5 ± 0.1 it is mainly by electrostatic 3 

repulsion. Therefore, by the injection of  deionized water -based suspension with pH 5.8, the interaction between 4 

particles and pore walls can be expected to be dominated by an electrostatic attraction.  5 

Flooding with  deionized water -based suspension triggered predictable in-situ clay particles detachment and 6 

migration due to salinity drop. Even though clay represented only less than 1 wt% of the dry sandstone , their 7 

presence was visually detected in the effluent as a turbidity, sampled during the first 2 PV injected (see Figure S4 8 

in the supplementary materials). Since the transparency of the effluent was restored upon injection of 5 PV, for 9 

the overall interpretation of the experiments we consider that such low clay content does not influence the results 10 

of the study. 11 

In our experiments, it was observed that hematite nanoparticles affect permeability mainly in  the porous 12 

medium near the inlet of the samples. Figure 9 shows the differential pressures obtained in Exp. 1. The differential 13 

pressure in the first section rose above other sections consistently with the build-up of a filter cake due to a higher 14 

amount of particles retained and then increased almost linearly. The filter cake observed at the core inlet after the 15 

experiments is shown in Figure 10. On the other hand, a successively smaller permeability decrease was observed 16 

in the middle and outlet section of the cores. Upon injection of 32 PV in Exp. 1 and 14 PV in the second one, 17 

hematite particles appeared in the effluent (see Figure S4 in the supplementary material). Their concentration in 18 

the effluent consistently increased in both tests until the end of hematite suspension injection (60 PV in 19 

Experiment 1 and 30PV in the second). Different time of filter cake build-up and particles penetration to the outlet 20 

is attributed to the difference in the core properties, permeability in particular.  21 

The formation of the external filter cake could occur due to electrostatic retention of positively charged 22 

hematite particles by negatively charged quartz matrix. Although at later stages of deposition, when quart surfaces 23 

got considerably covered by hematite particles, they could produce lateral repulsion effects (Ko bayashi et al., 24 

2014) screening the electrostatic attraction of quartz surfaces.  At this stage size-exclusion interception of hematite 25 

micro-aggregates, formed in the suspension, could become dominant.  It is believed that size-exclusion occurs if 26 

infiltrated fines size exceeds 1/6 of the mean pore diameter (Civan, 2016).  The contact of  deionized water-based 27 

suspension with NaCl brine during its initial displacement could contribute to the aggregation of hematite particles 28 

at the core inlet. However, ion diffusion speed was theoretically predicted to be several orders of magnitude lower 29 
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than the speed of concentration front propagation into the core and in our opinion this effect has negligible 1 

influence on the results of our study. 2 

Analysis of CT-derived hematite concentration along the core during the suspension injection confirmed 3 

gradual propagation of the particles through the core, although their maximum concentration occurred within the 4 

external filter cake at the inlet surface of the cores (Figure 11). At the horizontal axis of the graph, zero coordinate 5 

corresponds to the inlet surface of the sample, negative coordinates correspond to the accumulating external filter 6 

cake, and positive coordinates correspond to measurements within the core. The CT-derived particles distribution 7 

along the samples was in agreement with high-resolution images of the sample slab along its length, made upon 8 

completing the flooding tests (Figure 12). Saturation of the reddish color, the characteristic of hematite particles, 9 

was maximum at the inlet side (left) of the cores and gradually decreased towards their outlet sid es (right). 10 

3.4 Mobilization of hematite fine particles by pH increase 11 

Upon completing the injection of the hematite suspension, the core was subjected to flooding with deionized 12 

water of increasingly higher pH to initiate hematite particles transport inside the porous medium. The change in 13 

differential pressure upon switching from suspension to deionized water observed in Figure 9 was caused by the 14 

reduction of the flow rate from 25 mL/min to 10 mL/min. In Exp. 1, the flooding with water with the pH increasing 15 

from 7 to 9 caused a gradual rise of differential pressure and consequent decrease of permeability within the inlet 16 

sections. In Exp. 2, the rise of differential pressure at same pH levels was noticeably higher. Slight differential 17 

pressure rise was also observed within the middle and outlet sections during Exp. 2. The build-up of the differential 18 

pressure in the inlet sections is believed to be mainly caused by compaction of the filter cake under the 19 

hydrodynamic pressure as well as possible partial flushing particles into the rock and increased clogging of pore 20 

throats within the core inlet section. The more pronounced pressure raise in the middle and outlet sections of the 21 

second core can be attributed to either penetration of hematite particles or migration of in-situ clays that may 22 

disperse from sand grains due to treatment with low concentrated NaOH, that was used for adjusting the pH of 23 

the fluids (Osipov 1979).  24 

The increase of the injected water pH from 9 to 10 in Experiment 1 resulted in differenti al pressure decline 25 

within the inlet section. The differential pressure continuously decreased during the injection of the first 5 PV and 26 

stabilized upon the injection of 6 PV (Figure 9). Differential pressure in the middle and outlet section of the core, 27 

on the other hand, started slightly rising after 5 PV injected. However, in both tests no hematite presence was 28 
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detected in the effluent, meaning that all released particles were still retained within the core even after the 1 

injection of a large number of PVs.  2 

Further increase in the pH of the injected deionized water from 9 to 11 in Exp. 2 resulted in a steep decrease 3 

in the differential pressure drop in the inlet section of the core (Figure 9). Pressure in the middle and outlet sections 4 

remained unchanged. Further increase of pH from 11 to 12 resulted in a consistent decline of the differential 5 

pressure in the inlet section and a much less pronounced rise of differential pressure in the middle and outlet 6 

sections of the core. The differential pressure decline in the inlet section persisted even upon injection of 10 PV 7 

while rising asymptotically to a final value in the middle and outlet sections. The observed pressure response to 8 

the pH increase in the middle and outlet sections in both tests was much less  than in the inlet section, because the 9 

most injected colloidal particles were retained at the core inlet surface or within the first section.    10 

The concentration of particles inside the core was monitored at different stages of both tests with CT-scan. 11 

Analysis of the CT-data showed that up to the PZC of hematite particles, the signal from the filter cake was 12 

increasing (see Figure S5 in supplementary materials). This is in agreement with differential pressure data that 13 

indicated consolidation of the filter cake under the hydrodynamic force. After pH increased above the PZC CT-14 

derived concentration profiles confirmed the decrease of particle concentration in the inlet core section. It should 15 

be mentioned that care must be taken to minimize unavoidable artifacts associated with CT scanning to perform 16 

reliable quantitative analysis. 17 

4. General discussion 18 

The purpose of this work was to study the effect of pH alteration on entrapment and remobilization of 19 

hematite colloidal particles in porous media. We investigated the charge reversal of the particles above their point 20 

of zero charge as a technique to remobilize the deposited particles and transport them in porous media.  21 

The retention of particles and their further transport was primarily observed by the differential pressure 22 

measurements at different lengths of the core. During the hematite deposition stage, the pressure data suggested 23 

subsequent deposition of the particles in all sections of the core and formation of a filter cake in the inlet section. 24 

Injection of deionized water with pH lower than the point of zero charge of hematite particles (i.e. pH 8.5 ± 0.1) 25 

did not trigger any particles migration as the electrostatic interaction between positively charged hematite particles 26 

and negatively charged quartz grains of the rock matrix surface was attractive. Injection of deionized water at pH 27 

9, which is slightly above the point of zero charge of hematite particles, also did not cause particles mobilization 28 

suggesting that the density of negative charges on the particles surface was not high enough to ensure an adequate 29 

electrostatic repulsion between particles and rock matrix surface that cause detachment of particles (see Figure 8 30 
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for surface charge density of hematite particles and rock matrix at various pH). Increasing pH to 10, however, led 1 

to a decrease of differential pressure in the inlet section and its build-up downstream, indicating the start of the 2 

migration of the particles from the inlet surface further inside the core. Further increase in p H, according to the 3 

surface charge measurements, led to giving rise to a larger electrostatic repulsion term due to the increase of 4 

surface charge density of both hematite and quartz particles. The increase in surface charge density could also 5 

contribute to the deflocculation of hematite aggregates formed at the core inlet and penetration of the dispersed 6 

particles into the rock. However, the permeability restoration occurred only partially which suggests that the size -7 

exclusion retention of the coagulated hematite particles remained, while the electrostatic retention was eliminated. 8 

Analysis of the CT-derived concentration profiles of the hematite also showed the migration of the particles 9 

associated with increasing pH. 10 

The observed results prove the premise that above the point of zero charge, hematite particles came into 11 

repulsive interaction with the rock matrix surface which resulted in their detachment and further penetration into 12 

the core. However, we found that apart from the sign, the density of charges also plays an important role and at 13 

pH values higher but close to the point of zero charge, the density of negative charges on the surface of particles 14 

was too small to cause their remobilization.  15 

The discussed hypothesis was previously reviewed in several studies. In the work of Vaidya and Fogler 16 

(1992) migration of in-situ kaolinite particles was observed as a function of pH and severe permeability 17 

impairment was observed after the charge reversal of the particles due to particles mobilization. A more recent 18 

work of Mahmoudi et al. (2016) also observed kaolinite migration in the sandstone at high pH values. In both 19 

these studies change of salinity and pH conditions were performed and observed simultaneously whereas in our 20 

study we analyzed the influence of pH only. Generally, our work is in agreement with the aforementioned studies 21 

on the hypothesis of mobilization of particles with a pH-dependent surface charge at a high pH level. As the step 22 

forward in the ongoing research we provide a detailed theoretical study of colloidal stability of hematite particles 23 

and report the effect of surface charge density of particles and rock matrix on the electrostatic interaction between 24 

them. Moreover, we experimentally established the theoretical possibility of external particles remobilization and 25 

migration because of their charge reversal caused by pH increase, be means of variety of methods, including CT 26 

scanning technique that proved to be an effective tool for monitoring the migration of colloidal particles in the 27 

porous media throughout the experiment.    28 

The following limitations of this work must be acknowledged. The strong tendency of hematite colloidal 29 

particles to aggregate needs to be taken into account in all stages of the particles characterization and core-flood 30 
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experiments. For instance, particles tend to sediment shortly after preparation, therefore the analysis of their 1 

particle size distribution, determined by dynamic light scattering, should be done with caution. Besides, 2 

limitations of CT scanning include minimization of experimental artifacts for the quantitative analysis. These 3 

artifacts can appear on CT images as an effect of the core position inside the scanner and selected scanning 4 

parameters and they need to be minimized at the preparation stage and during image analysis. Also, the 5 

interpretation of the core-flood experiments in our study was primarily focused on the interactions between 6 

particles and rock surface. Further theoretical studies which include both rock-particle and particle-particle 7 

interactions are recommended.  8 

As mentioned before, hematite particles were chosen for the study specifically because they have pH-9 

dependent surface charge and are traceable under CT scan. However, we believe that the conclusions of this study 10 

can be extrapolated to real field-case applications of natural clastic reservoirs. The main mineral of such reservoirs 11 

is quartz, similar to the rock in our studies. Since the point of zero charge of quartz is lower than the naturally 12 

occurring pH, the sand grains surfaces are usually negatively charged in clastic reservoirs. Clay minerals, usually 13 

presented in the natural rocks, have very different and complex mineralogy and crystal structure, therefore their 14 

PZC can vary significantly. At the same time clay minerals, similar to colloidal particles of hematite used in this 15 

study, are hydrated in water and therefore respond to the changes in the surrounding environment. At naturally 16 

occurring pH clay particles are electrostatically attracted to quartz grains and an increase in pH can reverse their 17 

surface charge and initiate migration, as it was shown in the works mentioned above (Mahmoudi et al., 2016; 18 

Vaidya &Fogler, 1992). Therefore, we suggest that the mechanism of particle charge reversal due to an increase 19 

of pH over the PZC can result in the same behavior for clay minerals in the natural clastic rocks and other minerals 20 

with pH-dependent surface charge. This suggestion is a foundation for further detailed and comparative research.  21 

5. Conclusions  22 

In this work, the impact of pH alteration on entrapment and remobilization of hematite particles in a sandstone 23 

porous medium was investigated. The experiments showed that the rock surface was negatively charged at pH 24 

values higher than ~3.4 while the surface of hematite particles became negatively charged only at pH values 25 

higher than ~8.5. Injection of the hematite suspension at original pH 5.8 into the sandstone core led to the 26 

formation of a filter cake in the inlet due to the combined effect of electrostatic retention of positively charged 27 

hematite particles on negatively rock surface and size-exclusion interception of hematite micro-aggregates formed 28 

in the suspension. During the injection of deionized water with pH values up to 9, no indication of hematite 29 

particles mobilization in the filter cake was observed. At pH values higher than 9, however, a decrease of 30 
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differential pressure in the inlet section was noticed, indicating the start of the migration of the particles from the 1 

inlet surface further inside the core and partial destruction of the filter cake. This was due to a change of surface 2 

charge of hematite particles from positive to negative giving rise to a repulsion term when they interact with 3 

negatively charged rock surface which ceases electrostatic retention of hematite particles and enables their further 4 

penetration into the rock porous network. Analysis of the CT-derived concentration profiles also showed the 5 

decrease of particle concentration in the inlet core section at pH values higher than 9. The resul ts of this study 6 

provide insights into fine-tuning the electrostatic interactions in porous media and thus mitigating the permeability 7 

reduction as a result of fines migration for particles with pH-dependent surface charge.  8 
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1. Figures and Tables 1 

 2 

 3 

Figure 1 – Setup for preparation of hematite suspension. The hematite powder was vacuumed through valve 1 4 

and CO2 and water were further added through valves 2 and 3 respectively.  5 

 6 

Figure 2 – a) The schematic drawing of the experimental setup used to perform the core-flood experiments.  7 

DP = differential pressure, BP = back pressure; b) photo of the setup. 8 

 

Figure 3 – Calibration curve of CT value as a function of hematite concentration. The concentration ranging 

from 0 to 40,000 was used. The dashed line represents the linear trend line of the concentration.  
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 1 

Figure 4 – XRD pattern of the pulverized Bentheimer sample used for Exp.1 1. Based on the semi -2 

quantitative approach, silica was found to be the main compound in the rock (99.3 ± 0.1 wt%). There was also a 3 

small fraction of kaolinite (0.7 ± 0.1 wt%) 4 

 5 

Figure 5 – Estimation of the dissolution rate and surface charge density as a function of pH for the 6 

Bentheimer sample used in the core-flood experiments based on the potentiometric mass titration data. Above 7 

the PZC=3.4 ± 0.1, the rock surface is negatively charged 8 

 9 

Figure 6 – Zeta potential measurements at various pH to identify the PZC of hematite particles. The PZC 10 

was found at pH 8.5 ± 0.1 11 
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 1 

Figure 7 – Inter-particle interaction potential (Vt) as a function of particle separation distance (h) calculated 2 

by DLVO theory: a) Effect of ionic strength on hematite particle interaction at pH 5.8; b) Effect of pH on 3 

hematite particle interaction at 𝐼 = 1 mM using zeta potential values given in Figure 6 4 

 5 

Figure 8 – The estimated surface charge density for the hematite particles and the Bentheimer sample used 6 

in the core-flood experiments. In the pH ranging from 3.4 ± 0.1 to 8.5 ± 0.1, the interaction between the 7 

particles and rock surface is dominated by the electrostatic attraction whereas at pH > 8.5 ± 0.1 is dominated by 8 

electrostatic repulsion.  9 

 10 

Figure 9 – Pressure gradient as the function of PV injected during core-flood experiments in three sections 11 

of the core: a) Exp. 1, injection of hematite suspension and deionized water with pH 7-10, b) Exp. 2 injection of 12 

hematite suspension and deionized water with pH 7-12 13 

 14 
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Figure 10 – Filter cake observed at the core inlet as a result of injection of hematite suspension (Exp. 1)  

 

Figure 11 – Hematite concentration as a function of distance from core inlet: a) Exp. 1, from 9 PV to 60 PV, 

b) Exp. 2, from 3 PV to 30 PV. All the data shown correspond to section 1 of the cores.  

  

Figure 12 –Microscopic image of the core after core-flood experiments: a) Exp. 1, b) Exp. 2. 

 

Table 1 – Properties of Bentheimer core samples 1 

Components  

Quartz Kaolinite 

99.3 ± 0.1 wt% 0.7 ± 0.1 wt% 

Porosity 24.4 ± 0.2 % 

Initial Permeability 
Exp. 1 Exp. 2 

1770 ± 20 mD 1400 ± 20 mD  

Darcy (D) - permeability of the porous medium through which the flow of 1cm3 of fluid with viscosity of 1 cp 2 

in 1 sec under the differential pressure of 1 atm, where the porous medium has cross -sectional area of 1 cm2 and 3 

length of 1 cm. 1 mD  1 m210-3. 4 
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 1 

Table 2 – Parameters of the experiments 2 

 Permeability Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 

Exp. 1 1770  20 mD 

Hematite suspension 

 Deionized water 

pH 7 pH 8 pH 9 pH 10 

Q = 25 mL/min Q = 10 mL/min Q = 10 mL/min Q = 10 mL/min Q = 10 mL/min 

V = 60 PV V = 10 PV V = 6 PV V = 8 PV V = 10 PV 

Exp. 2 1400  20 mD 

Hematite suspension 

 Deionized water 

pH 7 pH 9 pH 11 pH 12 

Q = 25 mL/min Q = 10 mL/min Q = 10 mL/min Q = 10 mL/min Q = 10 mL/min 

V = 30 PV V = 8 PV V = 6 PV V = 10 PV V = 20 PV 

 3 

Table 3 – Permeability of the core sample before and after Exp. 1 4 

 
Permeability before, 

mD (m2103) 

Permeability after, mD 

mD (m2103) 
 Permeability impairment 

Total 1770 590 67 % 

Section 1 1760 270 85 % 

Section 2 1780 1010 43 % 

Section 3 1760 950 46 % 

 5 

Table 4 – Permeability of the core sample before and after Exp. 2 6 

 
Permeability before, 

mD (m2103) 

Permeability after, 

mD (m2103) 
 Permeability impairment 

Total 1460 240 84 % 

Section 1 1470 90 94 % 

Section 2 1460 500 66 % 

Section 3 1450 430 70 % 

 7 
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