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ABSTRACT 

In this study we describe a novel high throughput, micro-macro approach for the identification 

and efficient design of biopolymer stabilised soil systems. At the ‘microscopic’ scale we 
propose a rapid Membrane Enabled Bio-Mineral Affinity Screening (MEBAS) approach 

supported by Mineral Binding Characterization (MBC) (TGA, ATR-FTIR and Zeta Potential), 

while at the ‘macroscopic’ scale, micro scale results are confirmed by Geotechnical 

Verification (GV) through unconfined compression testing. We illustrate the methodology 

using an exemplar mine tailings Fe2O3 – SiO2 system. Five different biopolymers were tested 

against Fe2O3: Locust Bean Gum, Guar Gum, Gellan Gum, Xanthan Gum and Sodium 

Carboxymethyl Cellulose. The screening revealed that Locust Bean Gum and Guar Gum have 

the highest affinity for Fe2O3, which was confirmed by MBC and GV. This affinity is attributed 

to the biopolymer’s ability to form covalent C-O-Fe bonds through β-(1-4)-D-Mannan groups. 

Upon their 1% addition to a ‘macroscopic’ Fe2O3 based exemplar MT system, unconfined 

compressive strengths of 5171 kPa and 3848 kPa were obtained, significantly higher than for 

the other biopolymers and non-Fe systems. In the current study MEBAS gave an approximately 

50-fold increase in rate of assessment compared to GV alone. Application of the proposed 

MEBAS – MBC - GV approach to a broad range of soil/earthwork components and additives 

is discussed. 

 

Keywords. stabilization, solidification, biopolymer,  bio-mineral, micro-macro.  
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1. INTRODUCTION 

  Soil stabilization/solidification is a long-established methodology for improving weak soils 

during the construction of geotechnical structures such as foundations, roadbases, flood 

defences and larger structures such as slope embankments and tailings dams. Typically, 

engineers resort to the use of 7.5-10% Ordinary Portland Cement (OPC) to achieve adequate 

stabilization.1 However cement accounts for 5% of global production of CO2 with one ton of 

cement producing approximately one ton of CO2.
2 As the climate crisis necessitates a move 

towards sustainable solutions, there will be increasing pressure to stabilise soils in many forms, 

whilst curtailing the use of cement. 

  The search for alternative stabilization/solidification mechanisms has attracted a variety of 

candidates, some with more potential than others for large scale use. Examples include the 

addition of; carbon nano-tubes,3 ionic stabilisers,4 polymers,5 geo-polymers,6 lignosulfonates,7 

enzymes,7 microbially induced precipitation,8 biopolymers,9 fungal hyphea,10 and surface 

modification agents.11 

  Enhancements in soil strength have been achieved with these non-traditional additives, 

however some limitations have prevented their large-scale implementation. Reasons include 

the use of potentially environmental toxic precursors (polymers, geopolymers, surface 

modification agents) and the inhospitality of certain soil types, such as mine tailings, to biotic 

based additives (microbially induced precipitation, fungal hyphae). 

  The use of biopolymer additives however, is a promising avenue. Advantageous 

characteristics include; abiotic, aqueous solubility, low energy preparations, low cost, low 

additive quantity required, high strength and CO2 negative production. Potential disadvantages 

include the loss of strength under saturation and a vulnerability to microbial degredation.12 

  Previous investigations have demonstrated biopolymer additives can achieve an unconfined 

compressive strength (UCS) that exceeds cement stabilised soils (a measure often used to 

determine stabilization/solidification potential). Chang et al.13 used 1% (Massadditive / 

Massmaterial) Xanthan Gum, a microbially produced biopolymer, resulting in an 86% increase 

in UCS compared to 10% cement addition to soil material. Muguda et al.14 identified a 30% 

higher UCS using 3% Guar Gum, (a plant derived biopolymer additive), compared to 8% 

cement addition. The ability of biopolymers to sustainably stabilize/solidify soil material is 

attracting a growing amount of civil engineering research. 

  One of the major challenges in exploiting biopolymer additives is that geotechnical lab testing 

is often labor intensive, requires high resource investment, and is frequently based upon trial 

and error investigation. The field would benefit from development of high throughput, 

scientific, systematic approaches to study how biopolymer additives interact with geomaterials 

so that their strengthening properties can be understood, developed and tuned for a particular 

soil system, before scaling up to intensive geotechnical laboratory and field testing. 

  Within this study we demonstrate the power of using a Membrane Enabled Bio-Mineral 

Affinity Screen (MEBAS), for the high throughput identification of strong biopolymer-mineral 

composites, before Geotechnical Verification (GV) lab testing (Figure 1). Previous 

investigations have shown the versatility of membrane based dot blot screening to identify 

interactions in a  range of systems including; peptides-bacteria,15 peptide-particular matter 

(elemental & organic carbon)16 and peptide – nanoparticles (e.g. Au).17 Although membrane 
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immobilization of non-protein biopolymers has been previously achieved,18 to the knowledge 

of the authors, this is the first study to extend the use of membrane assays to screen for  

biopolymer – geomaterial interactions. 

  We then outline a secondary Mineral Binding Characterization (MBC) step to further 

elucidate the binding mechanisms associated with high affinity bio–mineral composites at the 

molecular level. 

Figure 1. A schematic representing a cross-disciplinary, micro-macro approach to determine 

additive recipes for the stabilization/solidification of soil systems. Field systems are first 

investigated to determine experimental material properties. A simple, high throughput, 

MEBAS is then carried out upon the selected mineral in order to determine lead biopolymer 

additives for up-scale investigations. Geotechnical Verification (GV) is then performed to 

confirm superior stabilization/solidification. This process allows for the quick design of 

sustainable additive solutions for stabilization/solidification. A secondary step using Mineral 

Binding Characterization (MBC) is further outlined to both confirm binding observed via 

MEBAS and also understand the binding mechanism associated with high affinity bio-mineral 

interactions. This step provides information towards the mechanisms underlying those 

observed in the upscaled GV tests. 

 

  Mine Tailing (MT) geotechnical structures are adopted as an exemplar application for this 

study. A significant proportion of mine waste is stored using tailing dam facilities. Current 

yearly production of mine waste exceeds 100 billion tonnes.19 Due to increasing mineral 

demands and grade ore quality falling (as high-grade ores are depleted), this number is expected 

to exponentially rise.20 At least one major tailings dam disaster occurs each year, for example 
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in 2019 a failure in Brumadinho, Brazil resulted in the release of 11.7 million m3 of mining 

mud, causing at least 220 deaths and devastating environmental damage to over 600km of the 

Rio Paraopeba.21, 22 Stabilization/solidification is a key MT disaster mitigation strategy. 

A simplified MT system based on iron-oxides has been selected due to its universal abundance 

(Figure S1) and more reactive chemistry, making it an important candidate for biopolymer 

additive binding.23 Surprisingly there is very little literature with respect to utilization of iron 

minerals for stabilization/solidification.  

Although MT systems often comprise a high proportion of gangue SiO2 material (Figure S1), 

previous literature has reported the lack of direct chemical interaction between biopolymers 

and the SiO2 mineral surface.24, 25 This study therefore aims to demonstrate the power of the 

proposed rapid, micro-macro, MEBAS-MBC-GV framework for the identification and 

understanding of biopolymer stabilization/solidification additive recipes, utilizing the iron-

oxide component of an MT system as an exemplar application. 

 

2. EXPERIMENTAL DESIGN AND SAMPLE PREPARATION 

2.1. MT Exemplar Experimental Parameters. SiO2 was the major constituent (50-82%) in 

all of the literature sampled MTs (Figure S1). Iron oxide content was found to be the next most 

common constituent with Fe2O3 comprising 10.91% ±/-3.4%. Al2O3 and CaO components were 

disregarded from the exemplar MT system as they are in smaller and inconsistent quantities 

across the MT available literature and to maintain simplicity in the model system. Typical MT 

materials exhibit high proportions of silt (2-63 𝜇m) and very-fine sand (63-125 𝜇m). Gorakhi 

et al.26 provided examples of typical MT particle size distribution curves. 

  In order to probe the bio-mineral interface a simplified artificial MT exemplar was adopted, 

comprising 90% relatively bio-minerally inactive SiO2, and 10% Fe2O3. The red color of Fe2O3 

(Hematite) particles renders them ideal for visualization against the white Nitrocellulose 

membranes used in this study. The particle size of both components (SiO2 = 90-150𝜇m, Fe2O3 

= 224nm +/- 119nm) was selected to match the data available for real MT samples. This 

simplified system allows for controlled investigation of the bio-mineral interface within a 

defined set up. 

  The pH of fresh MT is typically between pH 7-8 (Figure S1). As a result, pH 7 was selected 

for the ‘macroscopic’ studies, as it is critical that there is strength at this pH. For initial high 

throughput ‘microscopic’ studies a pH range of 4-8 has been selected. This is to account for 

the likelihood of acid generation by oxidizing minerals, resulting in the importance that 

strength is not lost at a lower pH as the MT ages. 

2.2. Biopolymer Experimental Parameters. Cornell et al.27 highlighted the ability of ligands 

within biomolecules, to act as multi-site coordination complexes forming bridges between iron 

particles. Polysaccharides in particular can facilitate this process at metal oxide surfaces 

through acid-base reactions, and were therefore selected as the focus for this study. Locust 

Bean Gum (LB), Guar Gum (GG), Xanthan Gum (XG), Sodium Carboxy Methyl Cellulose 

(CMC) and High Acyl Gellan Gum (Ge) were selected due to their differing chemical 

characteristics (Figure S2). 

  Through preliminary results an optimum initial water content of 27.5% (Masswater/Masssand) 

has been determined (Figure S3). Initial experiments using GG (Figure S4). determined 1% 
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(Massbiopolymer/Masssand) as the optimum additive addition quantity. In order to compare Fe2O3 

binding potential, molarity (0.2M, determined from GG) has been used to ascertain LB, XG, 

CMC and Ge addition quantities. Biopolymer molar masses were determined via average sugar 

monomer molecular weight (Figure S5). 

Through preliminary investigation suitable additive preparation conditions utilizing a moderate 

temperature (40℃, 10 minutes) whilst simultaneously stirring (300 rpm), followed by ultra-

sonication (10 minutes) was determined (Figure S4). This methodology was used to avoid 

higher temperature, energy intensive preparation conditions typically used within the literature 

(Figure S6). 

3. MATERIAL AND METHODS 

3.1. Materials and Reagents. Reagent-grade chemicals; Locust Bean Gum (LB), Guar Gum 

(GG), Xanthan Gum (XG), Gellan Gum (Ge), Sodium Carboxymethyl Cellulose (CMC), were 

purchased from Sigma Aldrich/Merck and used without further purification. Fe2O3 was 

acquired from Mineral Waters Ltd and used as supplied. AmershamTM ProtranTM 0.2𝜇m 

Nitrocellulose Blotting Membrane was purchased from GE Healthcare Life science. SiO2 

Fraction E (90-150𝜇m) was purchased from David Ball sand specialists. 

3.2. Biopolymer additive solution preparation. All biopolymer additive solutions were 

prepared using the same methodology. Biopolymer average monomer molecular weight was 

used to achieve a target concentration. Powdered biopolymer was first added to a temperature 

controlled (40°C) ultra-pure water solution whilst simultaneously agitating with a magnetic 

stirrer (GV 300 rpm, MEBAS-MBC 600 rpm). Solutions were then incubated (10 minutes, 

40°C) and subsequently sonicated (10 minutes) using a VWR Ultrasonic water bath. Once 

prepared, solutions were stored in darkness and used within 24 hours of preparation. 

3.3. Membrane Enabled Bio-Mineral Affinity Screening (MEBAS). MEBAS was carried 

out using nitrocellulose (0.2𝜇m pore size) membranes. 5𝜇𝑙 of each prepared biopolymer 

solution (0.04M) was arrayed onto a nitrocellulose membrane in triplicate (Figure S7, A). After 

air drying, the membrane was submerged in a 3% wt/vol bovine serum albumin solution for 1 

h to saturate any available nitrocellulose not covered by the arrayed biopolymers. The 

membrane was then washed with ultrapure water before being subjected to an EDTA 10mM 

wash for 1h to ensure any bound metal cations are removed.  

  Membranes were then subjected to a final wash (5 times, 2 mins) with an aqueous solution 

characteristic of the conditions used for the subsequent binding experiment (over a pH range 

of 4-8). All pH adjustments were made using NH4OH (0.5M)/HCl (0.5M). Fe2O3 (3 mg) 

particles were added to ultra-pure water (35ml) and the pH adjusted to the desired value. Fe2O3 

suspensions were then sonicated (2 minutes, 8 kHz, 50:10 impulses). The prepared membrane 

was then submerged in the suspension (Figure S7, B) for 4 h whilst mixing. The membranes 

were then washed twice for 10 minutes using pH adjusted ultra-pure water. A Chemi-Doc gel 

documentation system (Bio-Rad, UK) was used to visualize and photograph the membranes 

and quantify the Fe2O3 screening intensities (Figure, S7, C) via densitometry. 

3.4. Fe2O3 Particle Characterisation. Power XRD patterns of dry Fe2O3 particles were 

collected using a standard X-ray diffractometer with Bragg–Brentano geometry (Bruker D8, 

CuKα radiation, 𝜆 = 1.54178 Å). Scattering angle 2θ was scanned in a range of 20–70° at 0.022° 

increments. 
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  A Tecnai T12 Spirit Transmission Electron Microscope, equipped with a camera, was used 

to image Fe2O3 particles. Samples were prepared by dropping 10 𝜇L of 1mg/mL Fe2O3 

suspension onto a carbon coated, copper, TEM grid. The grid was then left to dry for 1 hour 

before imaging. TEM images were analysed using Image-J software (v1.52 a, public domain, 

National Institute of Health, Md, USA). 200 particles were randomly selected and measured to 

determine a particle size distribution. 

3.5. Mineral Binding Characterization (MBC). 0.01 M solutions of each biopolymer were 

prepared in ultra-pure water. Fe2O3 (64 mg, 0.02M) particles were then added and dispersed 

via sonication (10mins, VWR Ultrasonic water bath). The solution pH was then adjusted to pH 

7 using NH4OH (0.5M)/HCl (0.5M) where necessary. The solutions were then rotated for 30 

minutes using a Lab net Mini LabrollerTM. Biopolymer coated particles were separated using 

centrifugation (4000rpm, 10 mins) and washed using ultra-pure water to remove excess non-

bound biopolymers (4 repeats). Particles were then left to dry at room temperature, ready for 

analysis. 

  Particle organic coating masses were determined using a PerkinElmer Pyris 1 Thermal 

Gravimetric Analyzer (TGA). Dry Bio-Fe2O3 particles were exposed to a temperature range of 

20-800℃ under a 2/3 N2, 1/3 O2 atmosphere. Biopolymer mass loss (%) was determined 

between 200-400℃. 
  Surface functional groups were determined using a Perker Elmer Frontier Fourier Transform 

Infrared (FTIR) and Golden Gate Diamond Attenuated Total Reflection (ATR) spectrometer. 

Data collection and analysis was performed using SpectrumTM 10. Scans were made between 

4000cm-1 and 400 cm-1. Baseline correction was performed on all spectra. 

  Zeta potentials were determined using a Brookhaven BI-900AT. Bio-Fe2O3 particles were 

ground using a pestle and mortar and dispersed (0.01 g/ml) via sonication (10 minutes, VWR 

Ultrasonic water bath) in a KNO3 (10 mM) solution. The solution pH was adjusted using NaOH 

(0.5M)/ HCl (0.5M) to pH 7. Samples were scanned 5 times at 25℃ and data analysed using 

Malvern ZetaPlus software.  

3.6. Biopolymer Circular Dichroism. Circular dichroism is technique utilizing circularly 

polarized light to determine structural information about biomolecules, such as the 

polysaccharides used within this study. A Jasco J-810 instrument was used to collect CD 

spectra. Biopolymer solutions were prepared to a concentration of 0.04 M. Serial dilutions were 

then carried out using ultra-pure water to achieve concentrations 0.02, 0.01, 0.005, 0.0025M. 

The biopolymer solution was then transferred to a cuvette with a 2mm pathlength. The 

wavelength was scanned between 190-220nm with a 1nm slit width at 1s intervals at 20℃. 

Scans were repeated 4 times per sample, the results averaged, and an aqueous baseline 

subtracted. 

3.7. Geotechnical Verification (GV). SiO2 fraction E (144g, 90-150𝜇m) was first mixed with 

Fe2O3 (16g, 224nm +/- 119nm) to achieve a simplified tailings equivalent synthetic material. 

Powdered biopolymer was added to 44ml (27.5%, Masswater/Masssand) of ultra-pure water, 

following the biopolymer solution preparation procedure previous outlined, to achieve a 

concentration of 0.2 M +/- 0.02 M. Solutions were then immediately mixed through 160g of 

material until a homogenous mix was achieved. 
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  The resulting composite was then divided into 3 equal parts and compacted using a cylindrical 

drop hammer (2.1103 Kg, 246 mm × 37 mm) via 10, 126 mm drops, within a 202 mm × 42 

mm hollow cylindrical sample mold. Samples were then extruded and left to cure for 7 days at 

20℃). All sample series (Fe and non Fe systems) were prepared and cured at the same time to 

ensure identical curing conditions. The 7 day sample moisture contents were closely similar 

for all biopolymer treated samples at 9-11% (Figure S8). A digital Tri-test ELE was then used 

to perform unconfined compressional strength tests following the ASTM D2166 standard 

method.28 A rate of displacement of 1.5mm min-1 was utilized throughout all testing. Load (N) 

and displacement (mm) data were collected during tri-axial tests. The UCS (kPa) at failure of 

each sample was determined as the peak applied axial load (N), per cross sectional area. Further 

to unconfined compressive strength tests at 7 days, samples were fully submerged within ultra-

pure water for 24 hours to qualitatively determine the effects of aqueous saturation. 

 

4. RESULTS 

4.1. Fe2O3 Particle Characterization. Fe2O3 particles were characterized using XRD, TEM, 

ATR-FTIR and Zeta potential and the particle size distribution determined (Figure S9).  

All analyses indicated the presence of 𝛼-Fe2O3 with a size distribution of 224nm +/- 119nm 

(Mean +/- SD), and without any significant contamination of alternative iron oxide phases.29, 

30, 31  

4.2. MEBAS: Biopolymer-Fe2O3 Affinity between MT relevant pH (4-8) range. All 

additives were spotted in triplicate onto a membrane and Fe2O3 particles were introduced to 

rapidly screen their binding propensity (Figure 2). 

  Overall LB, GG, XG and CMC all showed Fe2O3 binding affinities within the MT relevant 

pH range (4-8), peaking at pH 4 (Figure 2, A). Ge showed no binding throughout the full pH 

range. At neutral pH 7, LB and GG (neutral polyols) exhibit a significantly higher affinity than 

the other 3 additives (Figure 2, B). This is important as pH 7 is the relevant pH for freshly 

extracted MT’s. It is beneficial that binding intensity increases upon a decrease in pH, which 

may occur as aging MT acidify, improving Fe2O3 binding affinity over time.  

  XG and CMC (anionic polyelectrolytes) showed a low binding affinity through the neutral 

pH range (5-8) indicating their unsuitability for use as MT stabilization/solidification additives 

in fresh tailings. However, within acidic conditions (pH 4) both additives show Fe2O3 binding 

(Figure 2, A).  
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Figure 2. MEBAS analysis. A) Graph showing biopolymer-Fe2O3 binding intensities through 

mine tailing’s relevant pH range (4-8). B) Graph showing binding intensity of biopolymer 

(0.004M) - Fe2O3 (0.06mg/ml) affinity at pH 7. Binding intensities were determined via the 

subtraction of a local control background reading. Membrane images are displayed in figure 

S10.  

 

 4.3. MBC: Thermal Gravimetric Analysis (TGA) of Biopolymer Coated Fe2O3 Particles. 

TGA can be used to determine the quantity of organic coating on a mineral particle. All mass 

loss occurred between 200-400℃ (Figure S11) which indicates the combustion of organic 

surface species. This can be directly attributed to the amount of biopolymer bound to the Fe2O3 

surface.32, 33 

  At pH 7 (Figure 3, A), Fe control (no coating) Ge, CMC and XG exhibited a negligible mass 

loss of 0.87%. 0.69%, 0.39% and 0.27% respectively. LB and GG produced significantly larger 

mass loss of 8.6% and 4.5% respectively. These results confirm the findings from the screening 

experiment, and identify LB and GG as lead biopolymers for further analysis.  

4.4. MBC: Zeta Potential of Biopolymer Coated Fe2O3 particles. Zeta potential is a 

technique used to characterize surface charge at the solid/liquid interface. It is often used to 

determine the surface charge of metal oxides as a function of pH. 

  LB-Fe2O3 and GG-Fe2O3 show zeta potentials of -9.72 and -11.36 respectively (Figure 3, B). 

The significant reduction in negative surface charge relative to Fe2O3 control particles (-24.31 

mV) is attributed to the presence of LB/GG biopolymer surface coating. LB and GG exhibit a 

similar surface charge which suggests a similar type of coating. The surface charge for both 

LB/GG-Fe2O3 particles is within the ‘threshold for aggregation’34 (+/- 15), meaning 

aggregation between bio-Fe2O3 particles is likely to occur. This could explain the formation of 

visible aggregates during LB/GG-Fe2O3 particle preparations. 

  XG, CMC and Ge treated Fe2O3 particles all show small changes in surface charge to -

30.10mv, -32.21mv, and -28.18mv respectively (Figure 3, B). These shifts suggest a very small 

quantity of biopolymer is present on the Fe2O3 surface 

4.5. MBC: ATR FTIR of Biopolymer Coated Fe2O3 particles. Attenuated Total Reflectance 

Fourier Transform InfraRed spectroscopy (ATR-FTIR) was used to probe the chemical 

interactions associated with the adsorption of organic molecules at the bio-mineral interface.35 

  The Fe2O3 control, LB-Fe2O3 and GG-Fe2O3 samples all produced peaks at 433 cm-1 and 518 

cm-1, consistent with the Fe-O bonds of Fe2O3 (Figure 3, C).30 LB and GG  produced peaks at 

873 cm-1 and 811 cm-1  corresponding to the anomeric C-H groups of galactose and mannose 

respectively. Within the OH bending region (1200-780cm-1) Fe2O3 peaks are found at 914 cm-

1 and 1155 cm-1(Figure 3, C), which are attributed to Fe-OH surface groups31. LB and GG 

control spectra  both exhibit; C-O-Cbend at 1146 cm-1 and 1142 cm-1
 , Galactose C-OHbend at 

1054 cm-1  and 1062 cm-1 and Mannose C-OHbend at 1015 cm-1, and 1016 cm-1.36  
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  Upon equilibrating with Fe2O3, both LB and GG C-OHstretch and C-OHbend peaks shift to a 

higher wavenumber and a loss in absorption intensity is seen (Figure 3, C). This is attributed 

to the loss of C-OH groups due to the formation of C-O-Fe at the Fe2O3 surface. No change in 

surface spectra was seen for XG, CMC and Ge coated Fe2O3 particles (Figure S12).  

 

Figure 3. MBC analysis of Bio-Fe2O3 (0.01M:0.02M) particles at pH 7. A) TGA of Bio-Fe2O3 

particles. Mass loss (% of total mass) upon a temperature gradient (200-400°C). B) Zeta 

potential (mV) of Bio-Fe2O3 particles (0.01mg/ml) dispersed within a KNO3 (10mM) solution 

at pH 7. C) ATR-FTIR of Fe2O3 control, LB control, LB-Fe2O3, GG Control and GG-Fe2O3 

particles. Major Fe-O peaks (433, 518), stretch (3600-3000𝜐) and bend regions (1200-780𝜐) 

have been identified and labelled. Major shifts in wavenumber (𝜐) peak shifts and absorbance 

intensity have been highlighted.  

4.6. GV: Biopolymer Stabilization/Solidification Characteristics. Due to the cementation 

induced by biopolymer addition, testing was performed using an unconfined compression test 

(UCS) typically used for stabilised/solidified soils.  

  Qureshi et al.37 found the addition of 10% cement to SiO2 sand (D90 = 200𝜇m) achieved a 

UCS of 1767 kPa after 7 days curing, and was used as a comparison in this study. Upon the 

addition of biopolymer additive (0.2M +/- 0.02M) to control SiO2 (100%) samples, (Figure 4, 
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A) a UCS (after 7 days curing at 20℃) of; CMC (2475 kPa), XG (2975 kPa), GG (2878 kPa) 

and LB (1979 kPa) was achieved. A negligible UCS was observed for Ge (35 kPa) stabilised 

samples.  

   The same test was then conducted on the exemplar MT system of 90% SiO2 and 10% Fe2O3. 

LB and GG improved the UCS of the MT system remarkably, with values of 5171 kPa and 

3848 kPa respectively, a significant improvement over biopolymer stabilised SiO2 (100%) 

samples (Figure 4, B). The addition of biopolymer additives to the MT system resulted in UCS 

of CMC (2261 kPa), XG (2925 kPa) and Ge (54 kPa), a non-significant change in strength 

characteristics compared to biopolymer stabilised SiO2 (100%) samples. The addition of Fe2O3 

(10%) resulted in a small increase in UCS (83kPa) when compared to SiO2 (100%) control 

samples, however both control samples exhibited weak strength characteristics. The low UCS 

(kPa) achieved for control samples and comparable moisture content retention (day 7) 

exhibited by biopolymer stabilized samples demonstrated that water-mineral capillary suction 

effects were comparatively negligible in this study (Figure S8).  

Figure 4. Summary graph of UCS at failure and strength increase upon the addition of Fe2O3 

(10%). A) UCS (kPa) of biopolymer (0.2M, 27.5% Masswater/Masssolution) stabilised samples 

determined following 7 days of curing at 20℃. The UCS of a cement (10%) stabilised 

equivalent system is presented.84 SiO2 (100%) systems are labeled as biopolymer additive + 

SiO2. SiO2 (90%) + Fe2O3 (10%) samples are labeled as SiO2 + Fe. B) UCS (kPa) difference 

between biopolymer additive (0.202M, 27.5% (Masswater/Masssolution) stabilised SiO2 (100%) 

and SiO2 (90%) + Fe2O3 (10%) artificial MT samples.  

5. DISCUSSION 

  First we discuss the use of the MEBAS-MBC-GV framework within the context of a 

simplified MT exemplar system, outlining the understanding it provides. The implications of 

biopolymer-mineral interactions on both the micro and macroscopic properties are then 

outlined. Finally we discuss the individual MEBAS-MBC techniques and their potential use 

for future studies. 

5.1. Biopolymer Stabilization/Solidification of a SiO2 (100%) system. 

Stabilization/solidification was first carried out in a simple, SiO2 (100%) system to determine 

baseline biopolymer strength implications. Upon the addition of 0.2M (~ 1%, 
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Massbiopolymer/Masssand) biopolymer additive to SiO2 (100%), not only was there a significant 

increase in strength relative to the negligible UCS exhibited by SiO2 alone, but for all 

biopolymers (except Ge) the strength exceeded the UCS achieved by an 10% cement mixture.  

  Although the focus of this paper was the study of the more reactive Fe2O3 mineral surfaces, 

it is useful to consider the interactions occurring in the  biopolymer-SiO2 controls. The UCS 

improvements seen within SiO2 (100%) systems upon biopolymer addition are attributed to 

electrostatic adsorption of biopolymer additives to negatively charged SiO2 surfaces, facilitated 

by aqueous molecules (Figure S13, A, C).38, 39 The inability of biopolymers to form direct 

interactions with the SiO2 surface is attributed to strong interfacial aqueous interactions at the 

SiO2 surface.40 The non-specificity of the electrostatic and hydrogen bonding explains why a 

similar UCS improvement is seen with CMC, XG and GG (~ 2725 kPa ± 250 kPa). These 

biopolymer additives contain primarily hydrophilic groups which can participate in aqueous 

mediated electrostatic interactions. LB however exhibits a lower UCS.  This is attributed to the 

high proportion of exposed hydrophobic 𝛽-(1-4)-D-Mannan groups on the LB backbone. 

These groups are more likely to bind to one another to minimise aqueous interactions. This 

highlights the interplay between hydrophilic/hydrophobic and electron double layer 

interactions, which needs close consideration when selecting biopolymers for 

stabilization/solidification. 

5.2 XG and CMC Biopolymer Stabilization/Solidification of a MT Exemplar System. Due 

to its universal abundance within MT and higher surface reactivity (relative to SiO2) a Fe2O3 

based MT exemplar system (SiO2 90%, Fe2O3 10%) has been investigated. Fe2O3 was first 

taken through the MEBAS-MBC framework to both identify lead biopolymer stabilization/ 

solidification additives and to understand their mineral binding mechanisms before GV. 

  Throughout the MEBAS-MBC investigations, XG and CMC biopolymer additives show a 

negligible binding interaction for Fe2O3 particles at pH 7. XG and CMC’s pKa is 3.1 and 3.6 
respectively.41, 42 Therefore, within neutral conditions (pH > pKa) carboxyl side chains are 

deprotonated. This produces negatively charged groups along the polymer side chains. Fe2O3 

particles exhibit negative surface charges (-24.31mv) at pH 7. Therefore, the lack of Fe2O3 

binding in the MEBAS-MBC investigations could be attributed to repulsion between 

negatively charged mineral surface groups and negatively charged biopolymer additive side 

chains. At pH 4 XG and CMC both exhibit Fe2O3 binding within MEBAS. This can be ascribed 

to protonation of the XG and CMC side chains, reducing negative charged repulsions at the 

bio-mineral interface. This highlights the importance of pH in bio-mineral interactions. MT 

systems often vary in pH over time and space due to the oxidization of minerals.43 MEBAS has 

the advantage of allowing the high throughput, simultaneous screening of multiple bio-mineral 

interactions at different pH conditions.  

  Within the GV investigations, upon the addition of XG and CMC to exemplar MT material 

no significant change in UCS relative to the SiO2 stabilised samples (Figure 4) is seen. This is 

attributed to both Fe2O3 and SiO2 having a negative surface charge of -24.31mv and -47mv44 

respectively, resulting in the biopolymers’ ability to interact through the same aqueously 

mediated, electrostatic coordination mechanism with both surfaces (Figure S13, C). The small 

amount of biopolymer observed on the iron-oxide surface with TGA analysis and no change in 

surface bonding seen within ATR-FTIR spectra (Figure S12, A, B) supports this hypothesis. 

5.3 Ge Biopolymer Stabilization/Solidification of MT Exemplar System. Upon the addition 
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of Ge to geotechnical samples, substantially lower UCS values are achieved relative to other 

biopolymers. Furthermore, although it is poly-anionic with a pKa 3.6, unlike CMC and XG, it 

does not bind Fe2O3 at pH 4 during MEBAS.45 Ge however is the only biopolymer additive 

within this study which is known to produce a sol-gel transition without the further addition of 

reagents (Figure S14, A, B).46 Gelation has been observed using Circular Dichroism (Figure 

S14, B). It is hypothesized that upon gelation intra-molecular interactions shield biopolymer 

functional groups, rendering them unavailable for Fe2O3 binding. Particles are thus suspended 

(not bound) within the biopolymer gelatinous matrix which becomes the basis of the strength 

characteristics (Figure S13, B). This shows the power of utilizing the MEBAS-MBC-GV 

framework to understand, hypothesize and investigate biopolymer stabilization/solidification 

additives. Furthermore, the potential limitations of gel forming biopolymer additives are 

highlighted.  

5.4. LB and GG Biopolymer Stabilization/Solidification of MT Exemplar System. Relative 

to biopolymer stabilised SiO2 (100%) samples, the highest increase in UCS for the exemplar 

MT material (with the addition of 10% Fe2O3) achieved during GV was found with LB (3192 

kPa) and GG (991 kPa) (Figure 4, B). The resulting UCS of 5171 kPa and 3848 kPa give a 

293% and 218% increase in strength compared to that achieved by a 10% cement addition. 

This increase in strength highlights the power of identifying strong bio-mineral composites 

through MEBAS and also further emphasises that not only do biopolymers exhibit desirable 

environmental characteristics but also an improved stabilization performance, at much lower 

concentrations, when compared to cement stabilization/solidification of soils.   

  Through MBC it is clear that binding of LB and GG changes the Fe2O3 particles surface 

functionality. The presence of shifted biopolymer O-Hstretch, C-OHbend and C-Obend peaks within 

the Bio-Fe2O3 FTIR, signifies the involvement of these groups within the bio-mineral 

interaction. We hypothesize that 𝛽-(1-4)-D-Mannan groups, which are unable to form 

aqueously mediated electrostatic interactions with SiO2 particles due to their hydrophobicity, 

when exposed to Fe2O3 particles, are able to form specific covalent interactions through 

acid/base reactions, forming C-O-Fe bonds. A shift in surface charge to within the ‘threshold 
of aggregation’ (-15mv) indicates a further electrostatic contribution to the binding interaction. 

Therefore, it is proposed that LB and GG form a matrix with the Fe2O3 particles through a 

combination of specific covalent and non-specific electrostatic interactions (Figure S13, A), 

increasing the macroscopic stabilization/solidification effect. This agrees with previous 

hypothesized GG-Fe2O3 binding models.47, 48 

5.5. Effect of LB/GG-Fe2O3 interactions upon Biopolymer Stabilization/Solidification 

disadvantages.  A common pitfall with previous biopolymer stabilization examples is their 

tendency to disintegrate following submersion in water, reducing the scope of their 

applications12. Since the current MEBAS experiments are performed under saturation, this 

provides indications about which bio-mineral interactions outcompete bio-water and mineral-

water interactions.  In our case, when submerging LB stabilized SiO2 (100%), a loss in sample 

structural integrity was observed (Figure S15, B). This is attributed to the extension of the 

electron double layer under saturation, resulting in the reduction of electrostatic and hydrogen 

bond bio-mineral interactions previously outlined (5.1).49 In contrast, upon the addition of LB 

to Fe2O3-SiO2 mixtures, better retention of sample structural integrity was seen (Figure S15, 
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A). This is tentatively ascribed to the resistance of the specific polymer-mineral interactions to 

rehydration, and is an area requiring further study. 

  A further concern associated with the use of biopolymers as stabilization/solidification 

additives is their vulnerability to microbial attack. However a recent study by Landlorde et al.50 

found that 21% ± 8.6% of organic carbon within sediments are associated with reactive iron 

phases. Further investigation by Barber et al.51 found that this phenomena was driven by the 

formation of irreversible covalent C-O-Fe complexes, such as LB/GG-Fe2O3 interactions found 

within this study, which reduce both the biopolymer enzymatic hydrolysis and biodegradation. 

The implications of this phenomena upon LB/GG degradation and its implication on long term 

stabilization/ solidification potential are additional promising areas for further study.   

5.6. Utilizing MEBAS-MBC-GV framework for the development of Biopolymer 

Stabilization/Solidification additive recipes. This study has demonstrated the successful 

utilization of a micro-macro, MEBAS-MBC-GV framework for the identification and 

understanding of biopolymer stabilization/solidification additives for a MT exemplar system. 

It is worth however discussing the use of individual MEBAS-MBC-GV methodologies.  

  Similar trends are seen between the microscopic MEBAS and macroscopic TGA results, 

however, the correlation between the microscopic TGA and macroscopic GV results are 

remarkably aligned. This is to be expected when one considers that the materials used in both 

the GV and TGA are in more similar environments (biopolymer coated Fe2O3 particles), 

whereas the MEBAS results are obtained from particles interacting with a 2D biopolymer 

surface. However, when considering the results per day between MEBAS (36 – with potential 

for scale up) and GV (0.75), MBC:TGA (2) and MBC:ATR-FTIR/Zeta Potential (2) the 

capacity of MEBAS as a high throughput tool for quick identification of strong bio-mineral 

composites is highlighted (Figure S16) and was estimated to provide an approximate 50-fold 

increase in the rate of assessment compared to GV alone in this study.  

  It is worth noting that MEBAS-GV on its own has the ability to identify lead biopolymer 

stabilization/solidification additives. The MBC step should be employed when a greater 

understanding is either required or desired and when the suitable chemical analytic equipment 

is available.   

5.7. Future Use of the MEBAS-MBC-GV framework. This study has shown that 

‘microscopic’ high throughput analysis can predict significant ‘macroscopic’ improvements in 
physical characteristics . By using this framework, a 293% and 218% increase in the failure 

strength over an 10% cement addition has been demonstrated for just 1% LB and GG addition 

respectively. This increase highlights the power of identifying strong bio-mineral composites 

as superior sustainable alternatives to e.g. cement stabilization/solidification of soils. 

Furthermore, through MBC the significance of biopolymer functional groups, mineral surface 

charge and reactivity has been highlighted. This has allowed the development of bio-mineral 

binding models for a MT exemplar system, highlighting, for example, LB/GG’s ability to form 
strong bio-mineral interactions through a combination of covalent C-O-Fe bonds and non-

specific electrostatic biopolymer-SiO2 interactions. 

  It should be possible to extend MEBAS to screen a vast catalogue of biopolymer additives 

against mineral and ion components across a full range of conditions such as temperature, pH, 

electrical conductivity and aerobic/anaerobic conditions typically found within soil systems, to 

produce specialised biopolymer additive ‘recipes’. Additionally, variables can be screened 



 16 

concurrently to replicate more complex ‘real world’ systems. It is worth noting that in order to 
screen light colored minerals such as Al2O3 (Kaolin) and CaO (CaCO3) it would be important 

to select a contrasting membrane color to allow for MEBAS imaging and quantification steps.    

A MBC step can then further be utilized to decode interactions to build an understanding about 

the driving mechanisms associated with strong bio-mineral interactions.    

 In summary, it is anticipated that the proposed framework will contribute to the provision of 

an efficient, systematic methodology in selecting lead biopolymer candidates for the design of 

new sustainable geotechnical solutions. 
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The Supporting Information contains 16 figures (Figure S1-S16).  

 

  Typical Mine Tailing ore, mineral composition and pH (Figure S1); LB, GG, XG, Ge, CMC 

biopolymer characteristics (Figure S2); UCS of LB & GG stabilised samples upon a variation 

in initial moisture content (Figure S3); UCS of GG stabilised samples upon a variation in 

additive solution preparation conditions and curing times (Figure S4); Example method to 

determine biopolymer average monomer molecular weight (Figure S5); Typical biopolymer 

additive solution preparation conditions (Figure S6); Schematic showing  MEBAS 

methodology used to quantify bio-mineral interactions (Figure S7); Moisture Content 

Retention (%) of biopolymer stabilized samples (Figure S8); Fe2O3 particle characterization 

(Figure S9); Chemi Doc membrane images post Fe2O3 MEBAS experiments (Figure S10); 

Individual bio-Fe2O3 TGA curves (Figure S11); XG, CMC and Ge bio-Fe2O3 ATR-FTIR 

(Figure S12); Schematic showing bio-mineral binding models determined via the MEBAS-

MBC framework (Figure S13); Circular dichroism of Ge biopolymer solutions (Figure S14); 

Qualitative analysis of LB stabilised samples strength under saturation (Figure S15); Table 

highlighting expected ‘results per day’ using individual MEBAS-MBC-GV techniques. 

(Figure S16) (PDF).
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