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Abstract

:

Polysaccharide biopolymers have been shown to be alternatives to established dust suppressants. This study investigates the potential of 14 polysaccharides and proteins from diverse botanical (corn, pea, wheat, cellulose, potato, and fava bean) and animal (pig, chicken, and cow) sources as dust suppressants on two mine soils (medium-grained sand and fine-grained silica sand). Results of laboratory tests demonstrate that the type of biopolymer and its concentration have a significant effect on penetration resistance, moisture retention, and crust thickness. Depending on biopolymer type, concentration, and soil type, moisture retention range from 1.0 to 19.5 wt% (control, Cmedium-gr. = 2.5 and Cfine-gr. = 6.9 wt%), penetration resistance from 1.7 to 37.9 N (Cmedium-gr. = 1.5 and Cfine-gr. = 1.7 N), and crust thickness from 0.3 to 18.1 mm (Cmedium-gr. and Cfine-gr. = 0 mm). Proteins form crusts with penetration resistances similar to polysaccharides but mainly require higher concentrations than polysaccharides. Based on the test results, xanthan gum, carboxymethyl cellulose, corn starch, fava bean protein concentrate, and plasma protein exhibit the highest potential to act as dust suppressants. This research contributes to evaluating biopolymers as environmentally friendly soil amendments that may be used to control fugitive dust emissions from large, barren surfaces.
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1. Introduction


Fugitive dust emissions from industries such as mining pose a significant threat to the environment and the health of workers and surrounding communities [1,2,3,4]. These emissions can cause respiratory diseases such as pneumoconiosis, asthma, or chronic obstructive pulmonary disease (COPD) [5], increase vehicle maintenance, and reduce occupational safety by limiting visibility [6,7]. As climate change increases the frequency and severity of extreme weather events [8,9], fugitive dust emissions are expected to rise in the coming decades. This is because prolonged heat waves lead to a faster depletion of soil moisture, increasing the susceptibility of soil particles to be suspended and become fugitive dust. Industries, such as mining, quarrying, construction, and agriculture, constitute the main sources of anthropogenic fugitive industrial (non-combustion) dust [10]. By their very nature, these domains encompass large, barren surfaces with a scarce vegetative cover exposed to frequent windblow and mechanical disturbances. Hence, these industries are challenged to reduce fugitive dust emissions at their sites.



Measures such as (vegetative) barriers or encapsulations reduce fugitive dust emissions but are unsuitable for protecting large, exposed areas or mitigating emissions caused by mechanical disturbance. In mining, the spray-on application of water is the oldest yet-established means for decreasing dust emissions, but its effect rapidly diminishes upon evaporation. Dust suppressants constitute an alternative solution for controlling dust emissions. They act by either agglomerating small particles, making them less prone to be suspended in the air, or are hygroscopic, absorbing moisture from the air to increase soil moisture [11]. However, many traditional dust suppressants, such as chloride salts or petroleum-based products, can adversely affect the environment [12] or are costly, resulting in the need for environmentally friendly and cost-effective alternatives.



Recently, the potential of biopolymers as environmentally friendly alternatives to traditional soil amendments has been increasingly investigated in the fields of soil stabilisation and dust control (e.g., [13,14,15,16,17]). Biopolymers are produced by living organisms, such as plants, microbes, and animals, are biodegradable, and can be classified into polysaccharides, proteins, and polynucleotides (e.g., deoxyribonucleic acid (DNA) and ribonucleic acid (RNA)) [18]. Soil stabilisation refers to the process of mixing soil amendments into the soil to enhance its engineering properties, while dust control refers to the spray-on application of dust suppressants [19]. Table A1 provides a comprehensive review of previous studies on different biopolymer types, and several reviews summarise the current research in the respective fields [20,21,22,23,24].



Based on previous studies (cf. Table A1) and reviews, the current knowledge on biopolymers tested in soil stabilisation and dust control can be summarised as follows. (a) Most research focuses on polysaccharides, with xanthan and guar gum being the most studied, whereas only a few studies investigated proteins. Polynucleotides have not yet been investigated, likely because of their extremely high cost. (b) Many previous studies examined biopolymers from botanical sources native to tropical, arid, and partially temperate climates (e.g., guar, Persian, acacia, and locust bean gum, or soybeans), hindering the ability of regional sourcing in regions with a continental climate, such as central and eastern Europe. (c) Some tested biopolymers are only dissolvable at high temperatures (>80 °C) or in acetic or alkaline solutions. While such properties make these biopolymers more effective or resistant to degradation [25], such dissolution behaviour prevents large-scale field testing and site applications. (d) Most studies have focused on extensive testing with a single or a few biopolymers, with only a few comparative studies analysing multiple biopolymers.



Based on the current knowledge, the following research needs can be identified. (a) Research on underrepresented polysaccharides and especially proteins should be expanded to identify further biopolymers with potential as dust suppressants. (b) Research on biopolymers that can be sourced regionally in areas with continental climates should be increased to identify alternative sources that may be procurable at a lower carbon footprint. (c) Emphasis should be on biopolymers that dissolve readily in water, enabling the conduct of large field tests under real site conditions.



This study aimed to investigate the dust suppression potential of selected polysaccharides and proteins (meeting the needs above) by performing laboratory experiments on local mine soils. Penetrometer tests were performed to measure the penetration resistance of the formed crusts, as it is an established and recommended indicator for evaluating potential dust suppressants [13,17,26,27]. Moisture retention tests were conducted to evaluate the ability of biopolymer-treated soil to retain moisture, which is a further relevant indicator for analysing potential dust suppressants [17,27,28]. Crust thickness measurements were performed to assess the ability of different biopolymer types and concentrations to agglomerate particles and form crusts. The results of this research contribute to the evaluation of polysaccharide and protein biopolymers as environmentally friendly dust suppressants on large, barren surfaces.




2. Materials and Methods


2.1. Materials


2.1.1. Soils


Medium-grained sand. A 2 t bulk sample of medium-grained sand was provided by the Rheinische Baustoffwerke GmbH, which represents a sand and gravel operation located 16 km northeast of Aachen, Germany. The bulk sample is representative of overburden material that is extracted during lignite open-pit mining in the region. The material was air-dried at room temperature and homogenised by coning and quartering. Relevant soil properties (i.e., pH, specific gravity, and soil colour) and grain size distributions were determined at RWTH Aachen University. The particle-size distribution was determined according to DIN EN ISO 17892-4 [29] (Table 1 and Figure 1) and based on the unified soil classification system (USCS); the material can be classified as medium-grained, poorly graded sand (SP). The sample’s geochemistry was determined at ALS Geochemistry (Loughrea, Ireland), which performed whole-rock analysis by X-ray fluorescence spectroscopy (XRF) and inductively coupled plasma mass spectrometry (ICP-MS) with four-acid digestion. Its mineralogy was established by semi-quantitative X-ray diffraction (XRD) using an X’Pert Pro (PANalytical) instrument with a data collector and an X’Pert High Score system equipped with a Co-LFF (Empyrian) tube and an automated divergence slit (Clausthal University of Technology, Germany). The sand primarily consists of quartz with plagioclase, ankerite, and rutile as accessories.



Fine-grained silica sand. A 1.5 t bulk sample of fine-grained silica sand was obtained from the Quarzwerke Frechen open-pit mine, which represents a silica sand operation located 8 km west of Cologne, Germany. The sand can be classified as medium- to fine-grained, poorly graded sand (SP) and its properties, as well as its geochemistry, are listed in Table 1. Semi-quantitative XRD showed that the sand primarily consists of quartz with ankerite and clinochlore as accessories.




2.1.2. Biopolymers


Selection methodology. Fourteen different biopolymers (seven polysaccharides and seven proteins) were selected for this study (Table 1). The polysaccharides, xanthan gum (XG), and sodium lignosulfonate (NLS) were preselected because they have already been studied in detail by previous works [13,17,33], and hence experimental results can be compared. Three qualitative criteria were used to select biopolymers relevant to this study:




	
The biopolymer should be able to be sourced regionally within central European countries where continental climate prevails.



	
The biopolymer should be commercially available at a relatively low cost compared to biopolymers investigated in previous studies, such as agar gum (avg. 18 USD/kg), alginates (avg. 12 USD/kg), carrageenan (avg. 10.5 USD/kg), chitosan (avg. 35 USD/kg), or pectin (avg. 15 USD/kg) [34,35,36].



	
The biopolymer should be readily soluble in water to enable large-scale field testing and potential industrial implementation. Such a requirement precludes biopolymers, whose dissolution would rely on either high temperature (e.g., agar or gellan gum) or acetic/alkaline solutions (e.g., chitosan or casein).








Selected biopolymers. Selected proteins and polysaccharides and relevant product information were obtained from the manufacturers (Table 2). Due to commercial sensitivity, the manufacturers did not allow the disclosure of their products’ bulk prices. Thus, indicative bulk prices obtained from other articles are provided below. The polysaccharides used include carboxymethyl cellulose (CMC, ~1.4 USD/kg), NLS (0.2–0.5 USD/kg), XG (~2.0–3.0 USD/kg), and four different modified starches (corn, pea, potato, and wheat, typically <1.0 USD/kg in bulk) [20,37,38,39,40]. The chosen proteins comprise the plant-based fava bean protein concentrate (FBPC, ~1.4–2.5 USD/kg) and wheat protein (WP, ~1.4–2.5 USD/kg) and the animal-based proteins hen egg albumen (HEA, ~6.0–8.0 €/kg), porcine haemoglobin protein (HG, ~0.7–1.0 USD/kg), porcine plasma protein (PP, ~3.5–4.5 USD/kg), technical gelatine (TG, ~4–6 USD/kg), and whey protein concentrate (WPC, ~5.5 USD/kg) [41,42]. While technical gelatine does not strictly meet criterion (c), it was still selected because the temperature required to dissolve it (40 °C) is still modest.





2.2. Laboratory Experiments


All experiments were conducted on two substrates (medium-grained sand and fine-grained silica sand), using replicates (3x) and control (distilled water) samples and 14 different biopolymers at a fixed application rate and two different concentrations. The fixed application rate was set at 1.6 L/m2 (20.3 mL per sample), and the biopolymer concentrations were chosen as 1.0 and 2.0 wt%. These values were chosen as they are within the range recommended by the literature and have been used in previous studies [12,13,16,17,46]. XG was applied at only 0.25 and 0.50 wt% because higher concentrations yield too viscous solutions for spraying. Each sample was subject to (a) moisture retention tests, (b) penetrometer testing, and (c) crust weight and thickness measurements.



2.2.1. Sample Preparation


Overall, 174 substrate samples were prepared and tested. Air-dried soil was placed into acryl glass cylinder moulds (127 mm diameter, 50 mm height, 126.7 cm2 sample surface area). Samples were gently shaken to ensure slight and uniform compaction. Subsequently, sample surfaces were levelled with a ruler so that they were flush with the edge of the acryl glass cups. The resulting medium-grained sand samples weighed, on average, 1027 g (SD = 40.6 g) and the fine-grained silica sand samples 1109 g (SD = 38.6 g) (Figure 2a).



The calculation of the biopolymer mass required for the preparation of the individual solutions also accounted for the biopolymers’ respective dry mass (Table 2). The biopolymer powders were dissolved at room temperature in distilled water at the specified concentrations for 10 min using a magnetic stirrer until fully dissolved (Figure 2b). To avoid clumping of the biopolymers, powders were slowly added to the distilled water through a sieve. The TG solution required preparation in 40 °C warm water.



The biopolymer solutions were sprayed onto the samples using a trigger sprayer with a nozzle suitable for viscous solutions (Ballistol hand atomizer, standard nozzle, Figure 2c). Uniform and accurate spray-on application was achieved by placing the untreated samples on a precision scale (Kern PES 4200-2M, 0.001 g resolution) and spraying the solution until the required application rate was achieved. Changes in solution density caused by the addition of biopolymer were considered negligible, so a fixed solution density of 1.0 g/mL was assumed for converting the required volumetric application rate (20.3 mL) to the gravimetric application rate (20.3 g). A 3D-printed splash guard was used to prevent the biopolymer solution from inadvertently touching the scale’s weighing plate and thus distorting the scale readings (Figure 2c). After achieving the required application rate, the edges of the cylinder moulds were wiped dry. In the sample preparation process, the following weight measurements were recorded: weight of the empty sample moulds, dry sample weight, and total sample weight after biopolymer application.




2.2.2. Moisture Retention Tests


The ability of a biopolymer to enhance the soil moisture retention capacity is one determinant of its potential as a dust suppressant. Soil with increased moisture retention capacity can bind water over longer periods and slow the evaporation effect [47]. Moisture makes soil particles heavier and enhances the interparticle binding force [17], causing it to be less susceptible to being suspended in the atmosphere by erosive forces.



For the moisture retention tests performed in this study, the weights of the samples were recorded before and immediately after the biopolymer application. The treated samples were then cured in the laboratory (RWTH Aachen, spring) for four days (96 h) at ambient temperature (21 ± 1 °C) and humidity (45 ± 2.5%), their weights were recorded every 24 h (t = 0, 24, 48, 72, and 96 h post application). The moisture retention, ω (wt%), was calculated as the proportion of the initial moisture applied at t = 0 h that was retained in the sample at t = 96 h and was calculated according to Equation (1):


  ω =    m 1  −  m  d r y        m 0  −  m  d r y       × 100  



(1)




where m1 denotes the sample weight after 96 h of curing (g), m0 is the sample weight after application of the biopolymer solution (g), and mdry represents the dry sample weight prior to the application of the biopolymer solution (g).




2.2.3. Penetrometer Tests


Penetrometer tests allow measuring the maximum penetration resistance of soil crusts under controlled conditions. This analytical approach has already been applied by numerous studies investigating dust control agents [13,14,16,17,28,33,48,49]. A penetrometer is a stationary loading machine mounted with a pin to penetrate the soil crust at a set penetration angle and rate, continuously recording the penetration force and depth. Ding et al. [13] concluded that penetration resistance is a good indicator for predicting the dust control performance of a biopolymer and is even better suited than the UCS. In addition, Toufigh and Ghassemi [17] reported a strong correlation between results from the penetrometer and wind tunnel tests. Thus, penetrometer tests are a recommended and established method for evaluating potential dust suppressants.



The penetrometer tests were performed with a 6.4 mm (1/4 inch) diameter flat-ended cylindrical penetrometer pin that was mounted to a Wille UL 60/100 loading machine equipped with a 0.001 N resolution calibrated load cell (Institute of Geomechanics and Underground Technology, RWTH Aachen University, Germany). One penetration test was performed in the centre of each sample, pursuing a 4 mm penetration depth at an advance rate of 2 mm/min, a data logging interval of 5 Hz, and a fixed penetration angle of 90° (Figure 3). Since the penetrometer records penetration resistance alongside the penetration depth, the crusts’ modulus of elasticity (Me, kN m−1) could be calculated by dividing the maximum penetration resistance (N) by the penetration depth reached at the moment of rupture.




2.2.4. Crust Thickness Measurements


After penetration testing, the weight and thickness of every crust were measured. Therefore, crusts were carefully removed from the sample mould using a small spatula (Figure 4a,b). Depending on crust strength and brittleness, crusts could either be recovered in one piece, broken down into multiple recoverable pieces, or were very thin, weak, and brittle and thus barely recoverable. The samples were weighed again after the removal of the crusts, which allowed the calculation of the crust weight (Figure 4c). Together with the weight recordings and known dimensions of every sample mould, each crust’s average density and thickness were established.




2.2.5. Statistical Analysis


Two-way analysis of variance (ANOVA) with α = .05 was performed to analyse whether biopolymer type and concentration had a significant effect on the measured parameters. Two-way ANOVA is a statistical method used to analyse whether two individual independent variables (i.e., biopolymer type and concentration), as well as their interaction (biopolymer type * concentration), have a significant effect on one dependent variable (i.e., moisture retention, penetration resistance, and crust thickness) or not. If the resulting p-value is < .05, it can be concluded that the corresponding independent variable or their interaction has a significant effect on the analysed dependent variable. Separate statistical analyses were performed for the polysaccharides and proteins, medium-grained sand, and fine-grained silica sand. As recommended by the literature, any percentage data (moisture retention tests) were subject to square-root data transformation before performing the two-way ANOVA [50].






3. Results


3.1. Moisture Retention Tests


3.1.1. Medium-Grained Sand


Results of the moisture retention tests are shown in Figure 5 (exact values are appended in Table A2). Four days (96 h) after treatment, the control sample, which was treated with water, contained 6.9% (SD = 1.2) of the initially applied 20.3 g water. In the following, results of the polysaccharide and protein applications on the medium-grained sand are presented and compared.



Polysaccharides. Compared to the control, the 1 wt% (XG = 0.25 wt%) treatments either increased or decreased the samples’ moisture retention. A slight reduction in moisture retention was observed for samples treated with CMC, POS, WS, and XG, whereas it increased for samples treated with CS, NLS, and PES. Relative to the 1 wt% treatment, the application of 2 wt% resulted in the samples’ moisture retention either decreasing, increasing, or changing negligibly. It decreased slightly for CMC and CS and significantly for PES, while no change was observed for POS. By contrast, it moderately increased for NLS and XG and even doubled for WS-amended samples.



Proteins. Protein applications at 1 wt% concentration reduced the moisture retention for samples amended with PP and WPC relative to the control group, while a negligible effect was observed for HG. Doubling the concentration decreased moisture retention for HG- and PP-treated samples, increased it for FBPC-, TG-, and WP-amended samples and had a negligible effect on applications with HEA and WP.



Comparison of polysaccharide and protein treatments. At the 1 wt% concentration, the polysaccharide-treated samples had, on average, higher moisture retention than the protein-amended samples. Doubling the concentration resulted in a slight increase in the average moisture retention of polysaccharide and protein-treated substrate. A direct comparison of the polysaccharide and protein amendments that resulted in the highest moisture retention shows that the material treated with proteins achieved higher moisture retention regardless of the concentration tested.



Statistical analysis. Results of the two-way ANOVA (Table 3) show that the types of polysaccharide (p < .001) and protein (p < .001) have a significant effect on moisture retention, whereby no general trend could be identified: whether the treatments increase or decrease moisture retention. Doubling the concentration has no significant effect on moisture retention among polysaccharide- (p = .596) and protein-amended samples (p = .470), and there is no general trend, whether doubling the concentration results in the moisture retention to increase or decrease.



Conclusions. On medium-grained sand, the type of biopolymers has a significant effect on the samples’ moisture retention, whereby some biopolymers significantly increased moisture retention. In contrast, others have a negligible effect or even decrease moisture retention relative to the control sample treated with water. The biopolymer’s concentration does not have a significant effect on the moisture retention of the treated samples.




3.1.2. Fine-Grained Silica Sand


Results of moisture retention tests are depicted in Figure 6 (exact values are appended in Table A2). Four days (96 h) after treatment, the control sample, which was treated with water, contained 2.5% (SD = 0.7) of the initially applied 20.3 g of water. In the following, results of the polysaccharide and protein applications to the fine-grained silica sand are presented and compared.



Polysaccharides. In relation to the control sample, a 1 wt% (XG = 0.25 wt%) biopolymer treatment decreased the moisture retention of substrates treated with CS, NLS, PES, and POS, whereas an increase was observed for samples amended with CMC, WS, and XG. Increasing the concentration to 2 wt% (XG = 0.50 wt%) significantly decreased the moisture retention of XG-treated samples, and CMC had a negligible effect. By contrast, significant increases in moisture retention were observed for samples subject to applications with CS, NLS, PES, POS, and WS.



Proteins. Biopolymer applications at 1 wt% reduced the moisture retention for samples amended with HEA, PP, WP, and WPC compared to the control group. At the same time, significant increases were observed for FBPC, HG, and TG, respectively. When the concentration was doubled to 2 wt%, the moisture retention of the TG-treated silica sand decreased slightly, while the remaining proteins increased moisture retention.



Comparison of polysaccharide and protein treatments. At both tested biopolymer concentrations, the protein-treated samples, on average, showed significantly higher moisture retention than the polysaccharide-amended soils. A comparison of the polysaccharide- and protein-treated silica sand samples that achieved the highest moisture retention shows that the proteins performed better regardless of the tested concentration.



Statistical analysis. Results of the two-way ANOVA (Table 3) show that the types of polysaccharide (p < .001) and protein (p < .001) have a significant effect on moisture retention, with some biopolymers having a negligible effect, others decreasing moisture retention, and some resulting in the retention rate increasing significantly. Doubling the biopolymer concentration slightly or even considerably increases moisture retention for all biopolymers except XG and TG. A significant effect of concentration on moisture retention is only indicated for the tested proteins (p < .001) and not for the polysaccharides (p = .052).



Conclusions. On fine-grained silica sand, the biopolymer type has a significant effect on the samples’ moisture retention, with some biopolymers increasing moisture retention, whereas others only result in minor changes or even decrease it relative to the control sample treated with water. Moisture retention of the treated silica sand is significantly influenced by the protein concentration.





3.2. Penetrometer Tests


3.2.1. Medium-Grained Sand


On medium-grained sand, all tested biopolymer applications formed crusts, and the results of the penetrometer tests are shown in Figure 7 (exact penetration resistance values and the results of the modulus of elasticity calculations are appended in Table A3 and Table A4, respectively). Four days after treatment, the control group, treated with water, endured a maximum penetration resistance of 1.5 N (SD = 0.1).



Polysaccharides. Compared to the control, 1 wt% (XG = 0.25 wt%) treatments with NLS had a negligible effect on the penetration resistance. By contrast, treatments with POS resulted in a slight increase in penetration resistance, whereas the remainder of the tested polysaccharide applications showed significant increases in penetration resistance. When the concentration was increased to 2 wt% (XG = 0.50 wt%), the penetration resistance of substrate amended with WS slightly increased, while all other tested polysaccharides showed significant increases, with CS and XG achieving the highest penetration resistances among all tested biopolymers.



Proteins. The application at a concentration of 1 wt% slightly increased the penetration resistance of sand treated with HEA, HG, PP, WP, and WPC compared to the control group treated with water. By contrast, substrates amended with FBPC and TG exhibited significantly higher penetration resistances. Relative to 1 wt%, the 2 wt% protein applications increased the maximum penetration resistance of all treated samples, except for WPC. Applications with HG, PP, and TG displayed the greatest increases in penetration resistance.



Comparison of polysaccharide and protein treatments. When biopolymers were applied at concentrations of 1 wt% (XG = 0.25 wt%), polysaccharide-induced crusts were, on average, more than twice as resistant to penetration than protein-induced crusts. Doubling the concentration to 2 wt% (XG = 0.50 wt%) resulted in a disproportionate increase in the penetration resistance of the protein-induced crusts compared to the polysaccharide-induced crusts, with the polysaccharide treatments still achieving higher absolute penetration resistances.



Statistical analysis. Results of the two-way ANOVA (Table 4) show that the types of polysaccharide and protein have a significant effect on the penetration resistance (p < .001), with some biopolymer treatments achieving significantly higher penetration resistances than others. Among the proteins and polysaccharides, the concentration has a significant effect (p < .001) on the penetration resistance, whereby higher concentrations mostly enhanced the penetration resistance significantly.



Conclusions. On medium-grained sand, the type of biopolymer and concentration have a significant effect on the resulting penetration resistance of the cured crusts. Some biopolymers enhanced the penetration resistance only slightly or negligibly, while others had a considerable effect. For most biopolymers, doubling the concentration increased the achieved penetration resistance considerably.




3.2.2. Fine-Grained Silica Sand


Results of the penetrometer tests performed on fine-grained silica sand samples are shown in Figure 8 (exact values are appended in Table A3). Four days after treatment, the water-treated control group had a maximum penetration resistance of 1.7 N (SD = 0.2).



Polysaccharides. At biopolymer concentrations of 1 wt% (XG = 0.25 wt%), all tested polysaccharide types formed crusts with considerably enhanced penetration resistances compared to the control group treated with water. Increasing the concentration significantly enhanced the penetration resistance of all tested polysaccharides, except for WS and XG, whose penetration resistance decreased.



Proteins. Relative to the control group treated with water, all protein admixtures applied at 1 wt% concentration formed crusts with significantly increased penetration resistances. Compared to treatments at 1 wt% concentration, applications at 2 wt% resulted in the penetration resistance of all tested proteins increasing significantly, with FBPC, TG, and WP experiencing the most significant increases.



Comparison of polysaccharide and protein treatments. For amendments at 1 wt% concentration, polysaccharide-induced crusts, on average, endured slightly higher penetration resistances than protein-induced crusts. While doubling the concentration significantly increased the penetration resistance of almost all samples, the penetration resistance of protein-induced crusts displayed a disproportionate increase relative to polysaccharide crusts. At the higher biopolymer concentration, the protein-treated substrates, on average, showed higher penetration resistances than the polysaccharides.



Statistical analysis. Results of the two-way ANOVA (Table 4) show that the types of polysaccharide (p < .001) and protein (p < .001) have a significant effect on the penetration resistance, with some biopolymers forming significantly stronger crusts than others. The concentration also has a significant effect on the penetration resistance (polysaccharide: p = .026, proteins: p < .001), whereby doubling the concentration significantly increased the penetration resistance of most tested amendments.



Conclusions. On fine-grained silica sand, all biopolymers produced crusts with significantly increased penetration resistances relative to the control group, with the biopolymer type having a significant effect on the resulting penetration resistance. The effect of doubling the concentration strongly depends on the biopolymer type, whereby most biopolymer treatments exhibited significant increases.





3.3. Crust Thickness Measurements


3.3.1. Medium-Grained Sand


The results of the crust thickness measurements are shown in Figure 9 (exact values are appended in Table A5). Figure 10 and Figure 11 show exemplary pictures of upside-down-facing crusts formed by the tested biopolymer amendments (visual classification appended in Table A6). While the control group, treated with water, formed no recoverable crust, all tested biopolymers formed crusts of varying thicknesses.



Polysaccharides. Treatments at 1 wt% (XG = 0.25 wt%) produced crusts ranging from 2 to 7.2 mm in thickness. While amendments with NLS and POS formed relatively thin to medium-thick crusts, the remaining polysaccharide applications yielded thick crusts on medium-grained sand. Compared to the 1 wt% treatment, doubling the concentration decreased the crust thickness for substrate treated with XG, CS, and WS, while crusts resulting from amendments with CMC and PES displayed a slight, and NLS and POS a significant, increase in thickness, respectively.



Proteins. Protein applications at 1 wt% concentration produced crusts of varying thickness. While treatments with HEA and HG formed fragile, brittle, and barely recoverable crusts, TG already formed slightly thicker crusts. Thick crusts formed on medium-grained sand amended with PP, WP, WPC, and FBPC, with the latter resulting in the thickest crusts of all biopolymers tested at 1 wt%. At the higher tested concentration, the crust thicknesses of all treatments increased, whereby HEA, TG, and HG displayed the most significant increases.



Comparison of polysaccharide and protein treatments. At treatments with 1 wt% (XG = 0.25 wt%) biopolymer concentration, medium-grained sand amended with polysaccharides, on average, formed slightly thicker crusts than applications with proteins. Doubling the concentration to 2 wt% (XG = 0.50 wt%) resulted in the thickness of polysaccharide-induced crusts to increase slightly, while protein-induced crusts displayed significant increases.



Statistical analysis. Results of the two-way ANOVA (Table 5) show that the types of polysaccharide (p < .001) and protein (p < .001) have a significant effect on the crust thickness, with some biopolymers forming only very thin crusts and others thick crusts. Increasing the concentration only had a significant effect on the crust thickness of protein amendments (p < .001), whereby increasing the concentration caused the crust thickness of all protein-treated samples to increase.



Conclusions. On medium-grained sand, all biopolymer treatments formed crusts, with the resulting crust thickness varying significantly among the biopolymers tested. For most polysaccharides, doubling the concentration only slightly increased the crust thickness, whereas most protein treatments exhibited significant increases in crust thickness.




3.3.2. Fine-Grained Silica Sand


The results of the crust thickness calculation are shown in Figure 12 (exact values are appended in Table A5). Exemplary depictions of the cured crusts are displayed in Figure 10 and Figure 11. The control group formed no recoverable crust, whereas all tested biopolymers formed crusts of varying thicknesses.



Polysaccharides. Polysaccharide applications at 1 wt% (XG = 0.25 wt%) formed crusts of varying thickness. WS formed only very thin and rather ductile crusts, while the remainder of the tested polysaccharide applications yielded significantly thicker crusts. Doubling the concentration increased the thickness of silica sand crusts amended with NLS and POS, while the other tested polysaccharide applications displayed decreased crust thicknesses. Notably, crusts formed because of treatment with WS even curled up throughout the curing period (Figure 10).



Proteins. Treatments at 1 wt% produced crusts of similar thicknesses, whereby amendments with FBPC, HEA, and TG formed the thickest crusts among the proteins tested. Doubling the concentration slightly decreased the thickness of crusts formed after treatment with FBPC, TG, and HG, whereas the other protein applications displayed slight increases in crust thickness.



Comparison of polysaccharide and protein treatments. At a biopolymer concentration of 1 wt% (XG = 0.25 wt%), protein amendments, on average, formed slightly thicker crusts than polysaccharide treatments. Doubling the concentration had a similar effect for most biopolymer applications, only slightly reducing or increasing the resulting crust thickness.



Statistical analysis. Two-way ANOVA (Table 4) shows that the biopolymer type has a significant effect on crust thickness among polysaccharides (p < .001) and proteins (p < .001), whereby the crust thickness differs significantly depending on the biopolymer type. By contrast, doubling the concentration has no significant effect (polysaccharides: p = .288, proteins: p = .075) on the resulting crust thickness, as it only slightly increased or even decreased the crust thickness.



Conclusions. All biopolymers tested formed crusts on fine-grained silica sand. While the crust thicknesses were relatively uniform among the tested proteins, the tested polysaccharide amendments resulted in a greater variability. For all biopolymers, doubling the concentration had only a small effect on the resulting crust thickness.






4. Discussion


4.1. Moisture Retention Tests


Several studies have investigated the effect of different biopolymer types and concentrations on moisture retention of biopolymer-treated soils [17,28,46,47,49,51,52]. The studies found that biopolymer treatments enhance soil moisture retention, with the biopolymer type having a significant effect on the resulting moisture retention. Most studies concluded that moisture retention increases at higher biopolymer concentrations [17,28,49], although one study did not confirm this effect [46]. Soil type also appears to significantly influence the moisture retention that can be achieved by a biopolymer amendment [17]. In the following, the key trends of this study’s results are discussed in the context of the previous literature. A more detailed discussion is limited by the significant differences in soil, treatment, and experimental setup among the studies.



4.1.1. Effect of Biopolymer Type


Medium-grained sand. The water-treated control group exhibited a higher moisture retention than several biopolymer treatments, which is not consistent with the existing literature [17,46,49,53]. It is assumed that the relatively low viscosity of water allowed it to penetrate deeper into the medium-grained sand, making it less prone to evaporation. By contrast, the more viscous biopolymer solutions did not infiltrate as deeply into the sample, resulting in a higher evaporation rate.



Some biopolymer treatments significantly increased moisture retention (Figure 5), which is consistent with the findings of other studies examining the ability of biopolymers to improve soil moisture retention [17,25,28,46,49,54,55]. This increase is likely due to the high water-absorption capacity of the biopolymers, as well as the effects of the solution viscosity, bio-clogging, and crust formation. Low solution viscosity allows water molecules to infiltrate deeper into the soil, making them less susceptible to evaporation. Bio-clogging occurs when hydrated biopolymers clog the soil’s pore space, reducing capillary conductivity and, thus, the evaporation rate [52,56]. Additionally, biopolymer-induced surface crusts may act as barriers between moisture and air, slowing the evaporation rate [47,57]. Biopolymers such as XG, PP, POS, and CMC did not significantly affect moisture retention (Figure 5), which does not correspond with the published literature [17,28,49]. Conversely to the biopolymer treatments that increased the moisture retention of medium-grained sand, it is likely that a low water-absorption capacity (PP and POS) or a relatively high viscosity (XG and CMC) contributed to a faster evaporation rate and thus lower moisture retention.



Fine-grained silica sand. Similar trends in moisture retention were found on fine-grained silica sand as on medium-grained sand, with some biopolymers decreasing it, some having no effect, and some increasing it significantly compared to the water-treated control group (Figure 6). In addition, as found for medium-grained sand, the control did not have the lowest moisture retention. The same reasons as identified for medium-grained sand likely caused these results.



Comparison of polysaccharides and proteins. On average, the well-performing proteins, such as FBPC, HEA, WP, and HG, achieved a higher moisture retention capacity than the well-performing polysaccharides, such as CS, NLS, and WS (Figure 5 and Figure 6). It is likely that this trend has been caused by the lower viscosity exhibited by most protein solutions and potentially a higher water-absorption capacity.




4.1.2. Effect of Biopolymer Concentration


Medium-grained sand. Increasing the biopolymer concentration had no significant effect on moisture retention (Figure 5 and Table 3). The published literature also reported mixed findings, with most studies concluding that higher biopolymer concentrations increase moisture retention [17,28,49], while one study could not confirm this observation [46]. For biopolymer applications that increased moisture retention (Figure 5), it is assumed that doubling the concentration amplified the effects of water absorption capacity, bio-clogging [52,56], and crust formation [47,57] (as discussed in Section 4.1.1).



For some biopolymers, doubling the concentration had little effect on moisture retention or even caused it to decrease. Ding et al. [28] reported similar results when testing applications of lignosulfonates on red sand, with moisture retention only increasing noticeably up to a certain concentration. This suggests that each biopolymer has a specific threshold concentration, beyond which only minor changes or even a decrease in soil moisture retention occurs. This trend is likely related to an increase in biopolymer viscosity, which reduces infiltration depth and increases evaporation rate, resulting in the adverse effects of higher viscosity outweighing the positive effects of increased water absorption capacity, bio-clogging, and crust formation (see Section 4.1.1).



Fine-grained silica sand. On fine-grained silica sand, doubling the concentration resulted in a slight increase in moisture retention for most tested biopolymers (Figure 6 and Table 3), which agrees with previous studies [17,28,49]. It is believed that the same factors assumed for medium-grained sand caused these trends on fine-grained silica sand. Samples treated with XG and TG exhibited decreased moisture retention when the concentration was doubled, likely because of an increase in viscosity that limited the infiltration depth and, thus, increased the evaporation rate. CMC-treated samples showed no significant change, assumably because of the balancing of positive effects (e.g., increased water absorption, bio-clogging, and crust formation) and the negative effect of higher viscosity. Fine-grained silica sand samples, on average, exhibited a lower moisture-retention capacity than medium-grained sand samples (Figure 5) because of the higher hydraulic conductivity of medium-grained sand that enhanced the infiltration depth and decreased evaporation throughout the curing period.





4.2. Penetrometer Tests


Multiple studies performed penetrometer tests to investigate the effects of different biopolymers and concentrations on the penetration resistance of biopolymer-induced soil crusts [13,14,16,17,28,33,48,49]. A compilation of these studies’ experimental results has been appended in Table A7 and Table A8. The results suggest that the biopolymer type has a significant effect on the crusts’ penetration resistance, with some biopolymers forming firmer crusts than others. Increasing the concentration generally increases the penetration resistance [33,46,49], although one study found that this relationship plateaus at a specific concentration [16]. On sandy soil, biopolymers act by coating and binding sand particles together, forming a cross-linked 3D network that increases inter-particle cohesion [21]. In the following sections, the key trends of this study’s results are discussed in the context of the previous literature, as a more detailed discussion is limited by the significant differences in soil, treatment, and experimental setup among the studies.



4.2.1. Effect of Biopolymer Type


Medium-grained sand. Penetrometer test results showed that all tested biopolymers formed crusts with differing penetration resistances, with the biopolymer type significantly affecting the penetration resistance (Table 4 and Figure 7). The water-treated control group formed no crust and endured a very low penetration resistance. These trends are consistent with findings from previous studies (Table A7 and Table A8), which also showed that the water-treated control endured low penetration resistances relative to the biopolymer-treated samples.



Comparison with previous studies on XG, NLS, and CMC [17,33] (cf. Table A7 and Table A8) reveals that XG forms stronger crusts than NLS, which agrees with this study’s results (Figure 7). By contrast, Toufigh and Ghassemi [17] reported that CMC tends to form firmer crusts than XG, which contradicts the results of this study. This discrepancy may be due to the different XG types used in the two studies. The XG used in this study formed highly viscous, not-sprayable gels at concentrations >0.5 wt%, while Toufigh and Ghassemi tested XG up to 1.5 wt% without reporting issues regarding the solution viscosity and spray-ability. Hence, it is likely that the XG used in this study had a higher gel strength and viscosity than the one tested by Toufigh and Ghassemi.



The starches (CS, POS, PES, and WS) also formed crusts, some with high penetration resistances. While the penetration resistance of starch-treated soil has not yet been investigated, other studies have already demonstrated their ability to improve soil mechanical properties. A wind tunnel study found that starch-treated soil exhibited reduced wind erosion [58], while other studies reported that starches and starch–xanthan blends enhanced the soil’s geotechnical properties [59,60,61].



All tested proteins formed crusts, some of which had high penetration resistances (Figure 7). While previous studies have not investigated the crust strength of protein-treated soils, some studies demonstrated proteins’ ability to enhance geotechnical soil properties [47,62,63,64]. Analogous to PP, bovine plasma protein was found to increase the compressive strength of biopolymer-bound soil composites [62]; while corresponding to WPC, cottage cheese whey was found to improve aggregate stability and reduce furrow erosion [64]. Likewise, gelatine has been used as a constituent in the formulation of dust suppressants because of its film-forming properties [47,63]. The remaining proteins tested in this study have not yet been tested regarding their ability to enhance soil properties but are commonly used in the food industry for their thickening, gelling, or water-retention abilities [65,66].



Fine-grained silica sand. The penetrometer tests revealed that all biopolymer treatments formed crusts, with the biopolymer type significantly affecting the penetration resistance (Figure 8 and Table 4). This trend corresponds with previous research (Table A7 and Table A8). Compared to medium-grained sand, crusts on fine-grained silica sand, on average, had a higher penetration resistance. This can be attributed to the silica sands’ smaller particle size, which results in a larger surface area, tighter packing, and lower hydraulic conductivity. As a result, the biopolymers coat a larger surface area, must bridge shorter distances between particles, and do not infiltrate as deep into the soil, and thus form a stronger crust.




4.2.2. Effect of Biopolymer Concentration


Medium-grained sand. Penetrometer test results showed that doubling the concentration significantly increased the penetration resistance of most biopolymers tested (Figure 7 and Table 4). This trend corresponds with previous research (Table A7 and Table A8) [14,17,28,33]. As stated by Owji et al. [14], this is because higher biopolymer concentrations increase the thickness of the inter-particle bonds forming between the coated sand particles, which causes the crust strength to increase. Doubling the concentration of WS and WPC only slightly increased the penetration resistance (Figure 7). The minor effect of WPC suggests that it generally has limited potential to enhance soil properties. Regarding WS, it is likely that its high viscosity limited the infiltration depth, leading to the presence of more biopolymer molecules in the pores than required to form a stable 3D network. Thus, for WS doubling, the concentration likely exceeded a threshold concentration, beyond which only minor increases in crust strength occur. This corresponds with findings of Lemboye et al. [16], who observed that applications of sodium alginate and pectin only increased penetration resistance up to 2 or 3 wt%.



Fine-grained silica sand. Doubling the concentration increased the penetration resistance of most biopolymers tested (Figure 8), similar to the findings on medium-grained sand (Figure 7) and the published literature (Table A7 and Table A8). WS and XG exhibit a different trend, as doubling their concentration resulted in decreased penetration resistances. This can be attributed to the high viscosities of their respective solutions, which limited infiltration depth and crust thickness, causing the crust to endure less load. For WS, the low infiltration and high local biopolymer concentration even caused the crust to curl up because of tension forces that occurred as the swollen biopolymers dehydrated and shrank (Figure 10).



Comparison of polysaccharides and proteins. On average, protein-treated samples exhibited larger incremental increases in penetration resistance than polysaccharide-treated samples upon doubling the concentration (Figure 7 and Figure 8). Thereby, on medium-grained sand, some protein treatments only formed stable crusts at 2 wt%, while most tested polysaccharides formed stable crusts at 1 wt% on both soils (XG = 0.25 wt%). This suggests that for the tested polysaccharides, doubling the concentration likely surpassed a threshold beyond which only small increases in crust strength occur. As a result, proteins must be applied at higher concentrations to achieve comparable penetration resistances as polysaccharide-induced crusts on medium-grained sand.





4.3. Crust Thickness Measurements


Several studies have shown that the type and concentration of biopolymers significantly affect the thickness of biopolymer-induced soil crusts, and a compilation of their results has been appended for reference (Table A9) [13,14,16,28,46,67]. Thereby, viscosity and the ability to enhance inter-particle cohesion influence the resulting crust thickness and depend on the biopolymer type and concentration. In the following, the main trends of this study’s results are discussed in the context of previous studies. A more detailed discussion is limited by the significantly different soil types, treatments, and experimental setups used in previous studies.



4.3.1. Effect of Biopolymer Type


Medium-grained sand. The crust thickness measurements showed that all tested biopolymers produced crusts, with the biopolymer type significantly affecting the resulting crust thickness (Figure 9 and Table 5). These findings correspond with the published literature (Table A9). In contrast to the other biopolymers, NLS, HEA, HG, and TG partially formed very thin and brittle crusts (Figure 10 and Figure 11). Regarding NLS, this can be explained as previous studies found that lignosulfonates must be applied at concentrations >2 wt% to enhance soil mechanical properties effectively [19,33,68]. The ability of HEA and HG to enhance soil mechanical properties has not yet been studied, but their treatments at 1 wt% and 2 wt% (only HEA) did not increase inter-particle cohesion sufficiently to form a competent crust.



Fine-grained silica sand. The test results showed that the biopolymer type significantly affects the crust thickness (Figure 12 and Table 5), which agrees with the existing literature (Table A9). Compared to the other tested biopolymers, NLS, POS, HEA, and PP formed relatively thick crusts, likely because of a favourable combination of viscosity and bonding strength, allowing for a high infiltration depth and sufficient inter-particle cohesion to form a thick crust. By contrast, WS and XG only formed thin crusts because of their high viscosity. Hence, on fine-grained silica sand, biopolymer viscosity is a limiting factor regarding the achievable crust thickness. Treatments on fine-grained silica sand generally formed thicker crusts than on medium-grained sand, as the finer particle size and tighter packing of the silica sand favour particle agglomeration and crust formation. In this context, NLS, HG, and HEA exhibited significant differences, forming only thin and brittle crusts on medium-grained sand but achieving considerably higher crust thicknesses on fine-grained silica sand.




4.3.2. Effect of Biopolymer Concentration


Medium-grained sand. The results of crust thickness measurements revealed that doubling the biopolymer concentration significantly affected crust thickness (Figure 9 and Table 5). For most polysaccharides, crust thickness only increased slightly or even decreased upon doubling the concentration, which corresponds with the published literature (Table A9). This is likely because the increased viscosity limited the infiltration depth, resulting in a thinner crust. By contrast, NLS and POS treatment benefitted significantly from doubling the concentration, which increased the inter-particle cohesion sufficiently to form a thick crust.



In contrast to the polysaccharide treatments, doubling the concentration significantly increased the thickness of protein-induced crusts. This is because doubling the concentration increased inter-particle cohesion without limiting the infiltration depth. While most polysaccharides formed relatively thick crusts at 1 wt%, most proteins required concentrations of 2 wt% to achieve crusts of similar thickness. Thus, proteins must be applied at higher concentrations to achieve similar crust thicknesses as polysaccharide treatments.



Fine-grained silica sand. Results showed that doubling the concentration had no significant effect on the resulting crust thickness, leading only to slight increases or decreases (Figure 12 and Table 5). It appears that concentrations of 1 wt% are already sufficient to form a thick, stable crust, so doubling the concentration mainly resulted in adverse effects caused by the increase in viscosity.





4.4. Evaluation of Tested Biopolymers as Dust Suppressants


This study found that the tested biopolymers formed crusts with significantly increased penetration resistances relative to the water-treated control and, in part, enhanced moisture retention. As penetration resistance [13,17,26] and moisture retention [28] are commonly used indicators for assessing potential dust suppressants, it is concluded that most tested polysaccharides and proteins show potential as dust suppressants. XG was incorporated as a benchmark in the study, as it is the most widely studied biopolymer in soil stabilisation and dust control [22,69]. The results on both tested soil types showed that some polysaccharides (CMC, CS, and WS) and proteins (FBPC, PP, and WP) achieved similar crust penetration resistances as XG (Figure 7 and Figure 8). However, it must be considered that XG was only tested at a quarter of the concentration of the other biopolymers.



Commercially available dust control products, such as chloride salts, petroleum-based products, and synthetic polymers, are effective dust suppressants but remain costly and can have adverse environmental effects [12,70]. Thus, there is a need for affordable, environmentally friendly alternatives that are easy to apply. While approaches such as microbially induced carbonate precipitation show potential to mitigate wind erosion [71,72,73], their cultivation and application are challenging [23], rendering them not easy-to-apply off-the-shelf solutions. Alternatively, by-products and wastes from food processing have shown potential as dust suppressants [74,75], but their inconsistent composition and dry-matter content may limit their application potential. By contrast, biopolymers show potential to meet the needs mentioned above.



This study and previous research [13,14,15,16] have shown that biopolymers have potential as dust suppressants. Moreover, they are biodegradable [76], well-studied, and frequently applied in the food industry and medical applications [40,66,77]. The tested biopolymers have relatively low cost, are easily dissolvable in water, and can be applied using conventional water-spraying equipment. In addition, the tested biopolymers originate from botanical (corn, pea, wheat, cellulose, potato, and fava bean) and animal (pig, chicken, and cow) sources that are widely cultivated and bred. Consequently, biopolymers show potential as environmentally benign, readily available, low-cost, and easy-to-use alternatives to traditional dust suppressants. Further laboratory and field studies are needed to investigate their potential at different dosages and under realistic operating conditions to raise industry awareness.





5. Conclusions


This study examined the potential of 14 polysaccharides and proteins as dust suppressants by testing spray-on treatments at two different biopolymer concentrations on a medium-grained sand and a fine-grained silica sand. Moisture retention tests, penetrometer tests, and crust thickness measurements were performed, and the following conclusions were drawn:




	
Penetrometer test results on biopolymer-treated medium-grained sand ranged from 1.7 to 34.0 N (control = 1.5 N) and on fine-grained silica sand from 6.7 to 37.9 N (control = 1.7 N), respectively. The results showed that all tested biopolymers formed crusts with significantly differing penetration resistances depending on the biopolymer type (p < .05). Increasing the biopolymer concentration significantly increased the penetration resistance on medium-grained sand (p < .001). In contrast, on fine-grained silica sand, it only increased the penetration resistance of protein treatments significantly (p < .001). Proteins achieved similar penetration resistances as polysaccharides but required higher concentrations.



	
Moisture-retention test results on medium-grained sand ranged from 3.4 to 19.5 wt% (control = 6.9 wt%) and on fine-grained silica sand from 1.0 to 18.2 wt% (control = 2.5 wt%). On both tested soil types, the biopolymer type had a significant effect (p < .001) on the samples’ moisture retention, resulting in it decreasing or increasing relative to the water-treated control. Increasing the concentration increased moisture retention of protein-treated fine-grained silica sand samples significantly (p < .001).



	
The thicknesses of crusts formed on biopolymer-amended medium-grained sand samples ranged from 0.3 to 8.8 mm (control = 0 mm) and on fine-grained silica sand from 3.2 to 18.1 mm (control = 0 mm). The results showed that the different biopolymers formed crusts of varying thicknesses, with the biopolymer type significantly affecting the crust thickness (p < .001). On medium-grained sand, doubling the concentration only had a significant effect for protein amendments (p < .001) and resulted in the crust thickness increasing. On fine-grained sand, increasing the concentration slightly reduced the crust thickness of most treatments because of a lower infiltration depth.








The results of this study demonstrate that the tested polysaccharides and proteins have the potential to be applied as dust suppressants in industries such as mining. Thereby, biopolymers can contribute to reducing the industry’s environmental and human health impacts.
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Table A1. Compilation of previous studies investigating biopolymer applications in the disciplines of soil stabilisation and dust control.
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Biopolymer

	
Source

	
Solubility

	
Type of Application

	
References






	
Polysaccharides




	
Arabic gum (Acacia gum)

	
Exudate from acacia trees

	
Cold-water soluble

	
Spray-on (dust control)

	
[16]




	

	
Mix-in (soil stabilisation)

	
[16,78]




	
Agar gum

	
Red algae (Gelidium and Gracilaria)

	
Hot-water soluble (>86 °C)

	
Mix-in (soil stabilisation)

	
[25,79,80]




	
β-glucan

	
Extracted from cells of yeast, fungi, certain bacteria and cereals

	
Cold-water soluble

	
Mix-in (soil stabilisation)

	
[25,81,82,83,84,85,86]




	
Carrageenan

	
Red algae (Chondracanthus)

	
Cold-water soluble

	
Spray-on (dust control)

	
[87,88]




	

	
Mix-in (soil stabilisation)

	
[58,88]




	
Chitosan

	
Chitin shells of crustaceans

	
Soluble in acetic solutions

	
Mix-in (soil stabilisation)

	
[55,89,90,91,92,93]




	

	
Spray-on (dust control)

	
[87,94,95]




	
Carboxymethyl cellulose

	
Cellulose derivative

	
Cold-water soluble

	
Mix-in (soil stabilisation)

	
[96,97,98,99]




	

	
Spray-on (dust control)

	
[14,17]




	
Dextran

	
Microbial

	

	
Mix-in (soil stabilisation)

	
[100]




	

	
Spray-on (dust control)

	
[101]




	
Gellan gum

	
Bacteria

	
Poor solubility at low temperature (fully dissolvable > 80 °C)

	
Mix-in (soil stabilisation)

	
[37,96,102,103,104,105,106]




	
Guar gum

	
Guar beans

	
Cold-water soluble

	
Mix-in (soil stabilisation)

	
e.g., [13,33,82,83,96,107,108,109,110,111]




	

	
Spray-on (dust control)

	
[14,15,46]




	
Lignosulfonate

	
By-product of wood pulp production

	
Cold-water soluble

	
Spray-on (dust control)

	
[19,26,33,112]




	
Locust bean gum

	
Carob tree seeds

	

	
Mix-in (soil stabilisation)

	
[113]




	
Pectin

	
Citrus fruit lamella and cell walls

	
Cold-water soluble

	
Spray-on (dust control)

	
[16]




	
Persian gum

	
Exudate from almond tree trunk and branches

	
Cold-water soluble

(30% soluble, 70% insoluble)

	
Mix-in (soil stabilisation)

	
[114]




	
Sodium alginate

	
Brown algae

	
Cold-water soluble

	
Spray-on (dust control)

	
[15,16,67,115]




	

	
Mix-in (soil stabilisation)

	
[16,91,116,117,118,119,120]




	
Starch

	

	

	

	




	
Corn

	
Corn

	
Cold-water soluble

	
Spray-on (dust control)

	
[121]




	

	
Mix-in (soil stabilisation)

	
[58,80]




	
Potato

	
Potato

	
Cold-water soluble

	
Spray-on (dust control)

	
[47]




	
Xanthan gum

	
Bacteria

	
Cold-water soluble

	
Spray-on (dust control)

	
[17,122]




	

	
Mix-in (soil stabilisation)

	
e.g., [82,107,123,124,125,126,127,128]




	
Proteins




	
Casein

	
Milk

	
Soluble in alkaline solutions

	
Mix-in (soil stabilisation)

	
[129,130,131,132,133,134]




	
Bovine blood plasma

	
Bovine blood

	

	

	
[62]




	
Gelatin

	
Collagen from animal bones and tissues

	
Warm-water soluble (>40 °C)

	
Spray-on (dust control)

	
[47,63]




	
Soybean

	
Soybean

	
Cold-water soluble

	
Spray-on (dust control)

	
[135,136]
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Table A2. Moisture retention of medium-grained sand and fine-grained silica sand samples treated at biopolymer concentrations of 1 and 2 wt% (XG = 0.25 and 0.50 wt%). Tests were performed in triplicates (n = 3), with M = mean and SD = standard deviation. On medium-grained sand the water-treated control group achieved a mean moisture retention of 6.9 wt% (SD = 1.2) and on fine-grained silica sand 2.5 wt% (SD = 0.7).






Table A2. Moisture retention of medium-grained sand and fine-grained silica sand samples treated at biopolymer concentrations of 1 and 2 wt% (XG = 0.25 and 0.50 wt%). Tests were performed in triplicates (n = 3), with M = mean and SD = standard deviation. On medium-grained sand the water-treated control group achieved a mean moisture retention of 6.9 wt% (SD = 1.2) and on fine-grained silica sand 2.5 wt% (SD = 0.7).





	

	
Moisture Retention (wt%)




	

	
Medium-Grained Sand

	
Fine-Grained Silica Sand




	

	
1 wt%

	
2 wt%

	
1 wt%

	
2 wt%




	

	
M

	
SD

	
M

	
SD

	
M

	
SD

	
M

	
SD






	
Polysaccharides




	
 Carboxymethyl cellulose

	
6.3

	
3.1

	
5.8

	
0.5

	
4.0

	
0.9

	
4.1

	
0.1




	
 Corn starch

	
16.1

	
3.6

	
13.6

	
1.0

	
1.5

	
0.5

	
2.7

	
0.1




	
 Sodium lignosulfonate

	
9.2

	
2.7

	
11.2

	
1.6

	
1.7

	
0.3

	
3.7

	
1.2




	
 Pea starch

	
7.8

	
0.9

	
4.6

	
0.2

	
1.0

	
0.3

	
2.1

	
0.8




	
 Potato starch

	
5.3

	
0.5

	
5.3

	
0.7

	
1.5

	
0.1

	
2.5

	
0.1




	
 Wheat starch

	
6.2

	
0.5

	
12.3

	
1.7

	
5.1

	
0.9

	
7.2

	
1.5




	
 Xanthan gum

	
3.4

	
0.2

	
4.0

	
0.9

	
6.2

	
0.9

	
2.5

	
0.3




	
 Average

	
7.8

	
3.8

	
8.1

	
3.8

	
3.0

	
1.9

	
3.6

	
1.6




	
Proteins




	
 Fava bean protein concentrate

	
12.7

	
3.7

	
14.5

	
1.2

	
14.0

	
1.0

	
17.2

	
0.8




	
 Hen egg albumen

	
12.3

	
2.0

	
12.4

	
1.7

	
1.6

	
0.2

	
2.3

	
0.0




	
 Haemoglobin protein

	
7.0

	
1.9

	
4.9

	
3.2

	
13.1

	
2.4

	
18.2

	
2.0




	
 Plasma protein

	
3.2

	
0.4

	
2.4

	
0.1

	
1.4

	
0.2

	
2.1

	
0.0




	
 Technical gelatin

	
17.9

	
0.9

	
19.5

	
3.0

	
14.0

	
1.2

	
12.7

	
0.6




	
 Wheat protein

	
15.6

	
1.0

	
19.0

	
2.7

	
2.0

	
0.4

	
2.1

	
0.2




	
 Whey protein concentrate

	
5.2

	
2.0

	
5.3

	
2.1

	
1.2

	
0.1

	
2.8

	
0.1




	
 Average

	
10.5

	
5.1

	
11.1

	
6.5

	
6.7

	
6.0

	
8.2

	
7.0
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Table A3. Penetration resistance of medium-grained and fine-grained silica sand samples treated at biopolymer concentrations of 1 and 2 wt% (XG = 0.25 and 0.50 wt%). Tests were performed in triplicates (n = 3), with M = mean and SD = standard deviation. The water-treated control group achieved a penetration resistance of 1.5 N (SD = 0.1) on medium-grained sand and 1.7 N (SD = 0.2) on fine-grained silica sand.






Table A3. Penetration resistance of medium-grained and fine-grained silica sand samples treated at biopolymer concentrations of 1 and 2 wt% (XG = 0.25 and 0.50 wt%). Tests were performed in triplicates (n = 3), with M = mean and SD = standard deviation. The water-treated control group achieved a penetration resistance of 1.5 N (SD = 0.1) on medium-grained sand and 1.7 N (SD = 0.2) on fine-grained silica sand.





	

	
Penetration Resistance (N)




	

	
Medium-Grained Sand

	
Fine-Grained Silica Sand




	

	
1 wt%

	
2 wt%

	
1 wt%

	
2 wt%




	

	
M

	
SD

	
M

	
SD

	
M

	
SD

	
M

	
SD






	
Polysaccharides




	
 Carboxymethyl cellulose

	
11.5

	
2.0

	
21.1

	
3.6

	
14.9

	
3.2

	
16.4

	
2.9




	
 Corn starch

	
14.2

	
2.0

	
27.4

	
4.4

	
18.0

	
4.8

	
25.4

	
8.6




	
 Sodium lignosulfonate

	
1.7

	
0.2

	
4.3

	
1.3

	
14.2

	
3.1

	
21.1

	
3.1




	
 Pea starch

	
8.0

	
1.2

	
20.1

	
4.3

	
10.8

	
2.2

	
14.4

	
1.1




	
 Potato starch

	
4.4

	
0.6

	
16.8

	
1.3

	
10.1

	
1.7

	
19.0

	
1.6




	
 Wheat starch

	
13.3

	
0.9

	
14.4

	
2.1

	
10.0

	
1.3

	
8.8

	
0.4




	
 Xanthan gum

	
12.4

	
5.5

	
26.5

	
3.9

	
20.7

	
5.3

	
16.0

	
2.8




	
 Average

	
9.4

	
4.5

	
18.7

	
7.3

	
14.1

	
3.8

	
17.3

	
4.9




	
Proteins




	
 Fava bean protein concentrate

	
8.8

	
2.9

	
15.9

	
1.7

	
15.0

	
4.1

	
30.3

	
3.9




	
 Hen egg albumen

	
2.5

	
0.7

	
5.6

	
3.0

	
10.8

	
2.4

	
13.9

	
0.6




	
 Haemoglobin protein

	
2.1

	
0.5

	
10.2

	
1.7

	
6.7

	
1.9

	
11.2

	
2.7




	
 Plasma protein

	
3.5

	
1.6

	
15.4

	
2.8

	
15.8

	
2.6

	
21.0

	
4.8




	
 Technical gelatin

	
8.0

	
0.2

	
34.0

	
6.0

	
20.0

	
4.5

	
37.9

	
2.1




	
 Wheat protein

	
3.5

	
1.2

	
13.5

	
3.8

	
9.1

	
0.9

	
18.5

	
2.9




	
 Whey protein concentrate

	
2.4

	
0.5

	
2.5

	
0.7

	
10.0

	
1.0

	
15.6

	
3.2




	
 Average

	
4.4

	
2.6

	
13.9

	
9.5

	
12.5

	
4.3

	
21.2

	
8.9
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Table A4. Mean modulus of elasticity (Me) of crusts formed on medium-grained and fine-grained silica sand samples treated at biopolymer concentrations of 1 and 2 wt% (XG = 0.25 and 0.50 wt%). Tests were performed in triplicates (n = 3), with M = mean and SD = standard deviation. The water-treated control group formed no crust, so no Me could be derived.






Table A4. Mean modulus of elasticity (Me) of crusts formed on medium-grained and fine-grained silica sand samples treated at biopolymer concentrations of 1 and 2 wt% (XG = 0.25 and 0.50 wt%). Tests were performed in triplicates (n = 3), with M = mean and SD = standard deviation. The water-treated control group formed no crust, so no Me could be derived.





	

	
Modulus of Elasticity (kN m−1)




	

	
Medium-Grained Sand

	
Fine-Grained Silica Sand




	

	
1 wt%

	
2 wt%

	
1 wt%

	
2 wt%




	

	
M

	
SD

	
M

	
SD

	
M

	
SD

	
M

	
SD






	
Polysaccharides




	
 Carboxymethyl cellulose

	
17.2

	
4.0

	
21.7

	
5.7

	
20.7

	
4.3

	
20.7

	
6.3




	
 Corn starch

	
27.7

	
14.1

	
27.2

	
5.9

	
69.1

	
50.5

	
38.7

	
26.2




	
 Sodium lignosulfonate

	
0.6

	
0.1

	
3.7

	
2.1

	
22.2

	
9.1

	
28.7

	
6.4




	
 Pea starch

	
6.8

	
1.4

	
20.1

	
3.2

	
24.2

	
8.3

	
43.4

	
18.8




	
 Potato starch

	
4.8

	
0.3

	
20.2

	
6.2

	
25.7

	
5.9

	
65.0

	
13.9




	
 Wheat starch

	
15.9

	
1.5

	
13.2

	
3.0

	
8.6

	
2.4

	
7.4

	
0.7




	
 Xanthan gum

	
23.9

	
9.3

	
36.0

	
11.4

	
41.2

	
12.1

	
20.7

	
3.5




	
 Average

	
13.8

	
9.4

	
20.3

	
9.4

	
30.2

	
18.2

	
32.1

	
17.5




	
Proteins




	
 Fava bean protein concentrate

	
13.0

	
8.6

	
21.1

	
5.0

	
36.3

	
7.8

	
87.2

	
44.8




	
 Hen egg albumen

	
1.3

	
0.3

	
7.4

	
3.3

	
19.7

	
9.3

	
26.3

	
3.7




	
 Haemoglobin protein

	
1.2

	
0.2

	
13.1

	
5.6

	
14.1

	
7.1

	
27.3

	
12.8




	
 Plasma protein

	
4.3

	
3.1

	
18.3

	
9.3

	
22.7

	
6.1

	
30.9

	
3.0




	
 Technical gelatin

	
9.4

	
1.4

	
31.2

	
5.3

	
32.8

	
9.3

	
33.7

	
6.2




	
 Wheat protein

	
3.7

	
2.8

	
13.8

	
3.8

	
14.1

	
3.7

	
47.0

	
16.6




	
 Whey protein concentrate

	
1.8

	
1.6

	
1.5

	
0.5

	
19.9

	
2.6

	
22.4

	
6.2




	
 Average

	
5.0

	
4.2

	
15.2

	
8.9

	
22.8

	
8.0

	
39.3

	
20.9








Medium-grained sand. For 1 wt% treatments, the Me of polysaccharides-induced crusts was on average 2.8 times greater than the Me of protein-induced crusts (Table A4). Amendments with CMC, CS, and XG resulted in the highest Me among the tested polysaccharides and FBPC and TG among the tested proteins, respectively. Doubling the concentration resulted in the Me of most biopolymer-induced crusts increasing, whereby protein-induced crusts exhibited a disproportionate increase relative to the polysaccharide-induced crusts. Fine-grained silica sand. On samples treated at 1 wt% biopolymer concentration, polysaccharide-induced crusts on average exhibited a larger Me than protein-induced crusts, with CS, XG, FBPC, and TG achieving the highest Me within their respective groups. Treatment at 2 wt% increased the Me of most biopolymer treatments tested, with protein-induced crusts increasing disproportionately in thickness relative to the polysaccharide-induced crusts.
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Table A5. Mean crust thickness of medium-grained sand and fine-grained silica sand samples treated at biopolymer concentrations of 1 and 2 wt% (XG = 0.25 and 0.50 wt%). Tests were performed in triplicates (n = 3), with M = mean and SD = standard deviation. Water-treated control groups formed no crusts.






Table A5. Mean crust thickness of medium-grained sand and fine-grained silica sand samples treated at biopolymer concentrations of 1 and 2 wt% (XG = 0.25 and 0.50 wt%). Tests were performed in triplicates (n = 3), with M = mean and SD = standard deviation. Water-treated control groups formed no crusts.





	

	
Crust Thickness (mm)




	

	
Medium-Grained Sand

	
Fine-Grained Silica Sand




	

	
1 wt%

	
2 wt%

	
1 wt%

	
2 wt%




	

	
M

	
SD

	
M

	
SD

	
M

	
SD

	
M

	
SD






	
Polysaccharides




	
 Carboxymethyl cellulose

	
6.3

	
1.6

	
7.1

	
0.4

	
9.6

	
0.5

	
9.3

	
0.2




	
 Corn starch

	
7.5

	
0.3

	
5.9

	
0.8

	
7.7

	
0.5

	
7.3

	
1.0




	
 Sodium lignosulfonate

	
2.4

	
1.0

	
4.6

	
0.9

	
13.1

	
0.3

	
18.1

	
2.7




	
 Pea starch

	
6.3

	
0.2

	
6.9

	
0.4

	
8.3

	
0.6

	
7.0

	
0.2




	
 Potato starch

	
3.4

	
0.5

	
7.3

	
0.2

	
11.7

	
0.4

	
13.7

	
0.2




	
 Wheat starch

	
6.3

	
0.4

	
4.7

	
1.6

	
3.2

	
1.3

	
2.4

	
0.5




	
 Xanthan gum

	
6.6

	
0.1

	
5.9

	
0.1

	
7.3

	
0.4

	
5.8

	
0.3




	
 Average

	
5.5

	
1.8

	
6.1

	
1.0

	
8.7

	
3.0

	
9.1

	
4.9




	
Proteins




	
 Fava bean protein concentrate

	
7.6

	
0.4

	
8.8

	
0.1

	
11.6

	
0.4

	
11.0

	
2.1




	
 Hen egg albumen

	
0.4

	
0.4

	
2.8

	
0.9

	
11.0

	
0.9

	
13.1

	
0.3




	
 Haemoglobin protein

	
0.3

	
0.4

	
6.8

	
0.5

	
9.2

	
1.0

	
8.9

	
0.6




	
 Plasma protein

	
5.2

	
0.8

	
7.0

	
0.2

	
9.4

	
0.6

	
11.8

	
0.3




	
 Technical gelatin

	
2.3

	
0.7

	
5.8

	
0.4

	
10.1

	
0.6

	
9.4

	
0.3




	
 Wheat protein

	
5.5

	
0.5

	
8.1

	
1.2

	
7.6

	
2.4

	
8.3

	
0.2




	
 Whey protein concentrate

	
4.0

	
0.5

	
4.7

	
1.7

	
8.2

	
0.2

	
9.5

	
0.6




	
 Average

	
3.6

	
2.6

	
6.3

	
1.9

	
9.6

	
1.3

	
10.3

	
1.6
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Table A6. Qualitative classification of biopolymers according to their crust’s visual appearance (cf. Figure 10 and Figure 11).
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Classification

	
Biopolymers

	
Description






	
Medium-grained sand




	
Solid crusts

	
Polysaccharides:

CS, CMC, WS, XG

Proteins:

FBPC, TG

	
1 and 2 wt% (XG = 0.25 and 0.50 wt%) concentrations. Crusts were recoverable in a single piece or up to four fully recoverable pieces.




	
Mediocre crusts

	
Polysaccharides:

PES, POS

Proteins:

PP, WP, WPC

	
1 wt% concentration. Crusts broke into multiple large pieces, whereby some pieces were only partially recoverable and crumbled into countless pieces.

2 wt% concentration. Crusts were almost fully recoverable in several pieces.




	
Weak crusts

	
Polysaccharides:

NLS

Proteins:

HEA, HG

	
1 wt% concentration. Crusts were very weak and brittle, crumbling into countless unrecoverable pieces.

2 wt% concentration. Crusts had increased stability but were still extremely fragile.




	
Fine-grained silica sand




	
Solid crusts

	
Polysaccharides:

CS, CMC, PES, XG

	
1 and 2 wt% (XG = 0.25 and 0.50 wt%) concentrations. Crusts were recoverable in a single piece or up to four fully recoverable pieces.




	
Mediocre crusts

	
Polysaccharides:

NLS, POS

Proteins:

FBPC, HEA, HG, PP, TG, WP, WPC

	
1 and 2 wt% concentrations. Crusts were thick and almost fully recoverable in a few pieces at both tested concentrations. (TG exhibited a unique characteristic, as the uppermost part of its crust peeled off from the lower part while recovering the crust.)




	
Ductile crusts

	
Polysaccharides:

WP

	
1 and 2 wt% concentrations. Crusts were very thin and ductile and even curled up during the curing period.
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Table A7. Compilation of results from previous studies performing penetrometer testing on different soils to assess the penetration resistance of spray-on biopolymer applications.
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Biopolymer

	
Soil

	
D50

(mm)

	
Cu

	
Penetrometer

	
AR

	
Maximum Penetration Resistance (N) at Different Tested Concentrations (wt%)

	
Reference




	
Shape

	
d (mm)

	
(L/m2)

	
0

	
0.3

	
0.5

	
0.6

	
0.7

	
0.8

	
1.0

	
1.5

	
1.6

	
2.0

	
3.0

	
5.0






	
Acacia gum

	
Poorly graded sand (SP)

	
0.15 a

	
2.1 a

	
flat

	
6

	
1.3

	
1.1 a

	

	
10.0 a

	

	

	

	
15.0 a

	

	

	
21.0 a

	
30.0 a

	
50.0 a

	
[16]




	
0.15 a

	
2.1 a

	
flat

	
6

	
3.5

	
6.4 a

	

	
18.0 a

	

	

	

	
20.0 a

	

	

	
50.0 a

	
70.0 a

	
145.0 a

	
[16]




	
Sodium alginate

	
0.15 a

	
2.1 a

	
flat

	
6

	
1.3

	
1.1 a

	

	
9.0 a

	

	

	

	
17.5 a

	

	

	
18.0 a

	
15.0 a

	
N/A

	
[16]




	
0.15 a

	
2.1 a

	
flat

	
6

	
3.5

	
6.4 a

	

	
7.5 a

	

	

	

	
21.0 a

	

	

	
25.0 a

	
N/A

	
N/A

	
[16]




	
Pectin

	
0.15 a

	
2.1 a

	
flat

	
6

	
1.3

	
1.1 a

	

	
15.0 a

	

	

	

	
20.0 a

	

	

	
28.0 a

	
22.0 a

	
15.0 a

	
[16]




	
0.15 a

	
2.1 a

	
flat

	
6

	
3.5

	
6.4 a

	

	
20.0 a

	

	

	

	
39.0 a

	

	

	
33.0 a

	
30.0 a

	
N/A

	
[16]




	
Carboxymethyl cellulose

	
Poorly graded sand with silt (SP-SM)

	
0.16 a

	
2.2 a

	
flat

	
6

	
1

	
0.0 b

	
1.0 b

	
2.2 b

	

	
2.3 b

	

	

	

	

	

	

	

	
[14]




	
0.16 a

	
2.2 a

	
flat

	
6

	
2

	
0.0 b

	
2.8 b

	
3.6 b

	

	
5.7 b

	

	

	

	

	

	

	

	
[14]




	
Guar gum

	

	
0.16 a

	
2.2 a

	
flat

	
6

	
1

	
0.0 b

	
0.7 b

	
1.4 b

	

	
2.4 b

	

	

	

	

	

	

	

	
[14]




	

	
0.16 a

	
2.2 a

	
flat

	
6

	
2

	
0.0 b

	
2.3 b

	
2.8 b

	

	
3.5 b

	

	

	

	

	

	

	

	
[14]




	
Guar gum

	
Mine tailings

	
0.15 a

	
33.9 a

	
flat

	
6

	
1.9

	
212.8

	

	

	
263.0

	

	

	
358.8

	

	
428.0

	

	

	

	
[49]




	
Xanthan gum

	

	
0.15 a

	
33.9 a

	
flat

	
6

	
1.9

	
212.8

	

	

	
250.8

	

	

	
304.5

	

	
340.6

	

	

	

	
[49]




	
Xanthan gum

	
Mine tailings

	
0.13 a

	
56.3 a

	
flat

	
6

	
1.9

	
213.8

	
278.4

	
312.5

	

	

	
331.8

	

	

	

	

	

	

	
[137]




	
Xanthan gum

	
Hooralazim lagoon sand

	
0.22 a

	
7.5 a

	
flat

	
6

	
1.9

	
5.0 a

	

	
22.0 a

	

	

	

	
28.0 a

	
32.0 a

	

	

	

	

	
[17]




	
Urmia lake sand

	
0.13 a

	
2.1 a

	
flat

	
6

	
1.9

	
5.0 a

	

	
6.0 a

	

	

	

	
6.0 a

	
11.0 a

	

	

	

	

	
[17]




	
Mine tailings

	
0.28 a

	
9.4 a

	
flat

	
6

	
1.9

	
12.0 a

	

	
14.0 a

	

	

	

	
27.0 a

	
30.0 a

	

	

	

	

	
[17]




	
Carboxymethyl cellulose

	
Hooralazim lagoon sand

	
0.22 a

	
7.5 a

	
flat

	
6

	
1.9

	
5.0 a

	

	
15.0 a

	

	

	

	
38.0 a

	
58.0 a

	

	

	

	

	
[17]




	
Urmia lake sand

	
0.13 a

	
2.1 a

	
flat

	
6

	
1.9

	
5.0 a

	

	
14.0 a

	

	

	

	
16.0 a

	
28.0 a

	

	

	

	

	
[17]




	
Mine tailings

	
0.28 a

	
9.4 a

	
flat

	
6

	
1.9

	
12.0 a

	

	
18.0 a

	

	

	

	
27.0 a

	
30.0 a

	

	

	

	

	
[17]




	
Guar gum

	
Hooralazim lagoon sand

	
0.22 a

	
7.5 a

	
flat

	
6

	
1.9

	
5.0 a

	

	
8.0 a

	

	

	

	
28.0 a

	
39.0 a

	

	

	

	

	
[17]




	
Urmia lake sand

	
0.13 a

	
2.1 a

	
flat

	
6

	
1.9

	
5.0 a

	

	
10.0 a

	

	

	

	
14.0 a

	
20.0 a

	

	

	

	

	
[17]




	
Mine tailings

	
0.28 a

	
9.4 a

	
flat

	
6

	
1.9

	
12.0 a

	

	
16.0 a

	

	

	

	
25.0 a

	
31.0

	

	

	

	

	
[17]




	
Sodium alginate + CaCl2

	
Poorly graded sand (SP)

	
0.24 a

	
1.7

	
flat

	
6

	
2.2

	
N/A

	

	
2.8 c

	

	

	

	
5.4 c

	

	

	
5.4 c

	

	

	
[67]








Note. AR = application rate, N/A = not available, SP = poorly graded sand, SP-SM = poorly graded sand with silt, a = values extracted from diagram in source, b = original values given in kPA and converted into N by multiplying with pin area, c = results from pocket penetrometer tests. Original values given in kg/cm2 and converted into N using penetrometer pin area and g = 9.81 m/s2.
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Table A8. Compilation of results from previous studies performing penetrometer testing on different types of red sand (bauxite residue) to assess the penetration resistance of spray-on biopolymer applications.
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Biopolymer

	
Soil

	
D50

(mm)

	
Cu

	
Penetrometer

	
AR

	
Maximum Penetration Resistance (N) at Different Tested Concentrations (wt%)

	
Reference




	
shape

	
d (mm)

	
(L/m2)

	
0

	
0.4

	
0.8

	
1.0

	
1.2

	
1.6

	
2.0

	
3.0

	
4.0

	
5.0

	
6.0

	
8.0

	
10.0






	
Polyacrylamide

	
Red loam sand (SP)

	
N/A

	
<5

	
cone

	
2

	
2

	
3.0 a

	
5.5 a

	
7.5 a

	

	
9.5 a

	
15.0 a

	

	

	

	

	

	

	

	
[46]




	
Guar gum

	

	
N/A

	
<5

	
cone

	
2

	
2

	
3.0 a

	
5.5 a

	
7.0 a

	

	
7.5 a

	
8.5 a

	

	

	

	

	

	

	

	
[46]




	
Xanthan gum

	

	
N/A

	
<5

	
cone

	
2

	
2

	
3.0 a

	
5.5 a

	
6.5 a

	

	
7.0 a

	
7.5 a

	

	

	

	

	

	

	

	
[46]




	
Polyacrylamide

	
Red loam sand (SP)

	
N/A

	
<5

	
cone

	
2

	
2

	
N/A

	
6.0 a

	
8.0 a

	

	
9.8 a

	

	

	

	

	

	

	

	

	
[48]




	
Guar gum

	

	
N/A

	
<5

	
cone

	
2

	
2

	
N/A

	
5.5 a

	
7.0 a

	

	
8.0 a

	

	

	

	

	

	

	

	

	
[48]




	
Xanthan gum

	

	
N/A

	
<5

	
cone

	
2

	
2

	
N/A

	
5.3 a

	
6.5 a

	

	
7.0 a

	

	

	

	

	

	

	

	

	
[48]




	
Sodium lignosulfonate

	
Red loam sand (SP)

	
N/A

	
<5

	
cone

	
2

	
2

	
3.0 a

	

	

	
4.8 a

	

	

	
5.0 a

	
5.3 a

	
6.5 a

	
7.5 a

	
7.8 a

	
8.0 a

	
9.5 a

	
[28]




	
Calcium lignosulfonate

	

	
N/A

	
<5

	
cone

	
2

	
2

	
3.0 a

	

	

	
3.5 a

	

	

	
4.0 a

	
4.5 a

	
5.0 a

	
5.3 a

	
5.8 a

	
6.3 a

	
7.3 a

	
[28]




	
Polyacrylamide

	
Red sand

(d < 0.15)

	
N/A

	
N/A

	
cone

	
2

	
2

	
3.2

	
6.2

	
7.8

	

	
9.6

	
12.3

	
15.3

	

	

	

	

	

	

	
[13]




	

	
Red sand

(0.15 < d < 0.3)

	
N/A

	
N/A

	
cone

	
2

	
2

	
3.2

	
7.4

	
9.6

	

	
11.4

	
14.2

	
16.5

	

	

	

	

	

	

	
[13]




	

	
Red sand

(0.3 < d < 0.45)

	
N/A

	
N/A

	
cone

	
2

	
2

	
3.3

	
8.1

	
11.1

	

	
13.2

	
16.0

	
18.0

	

	

	

	

	

	

	
[13]




	
Guar gum

	
Red sand

(d < 0.15)

	
N/A

	
N/A

	
cone

	
2

	
2

	
3.2

	
5.7

	
7.0

	

	
8.3

	
9.3

	
10.2

	

	

	

	

	

	

	
[13]




	

	
Red sand

(0.15 < d < 0.3)

	
N/A

	
N/A

	
cone

	
2

	
2

	
3.2

	
6.7

	
9.0

	

	
10.2

	
11.7

	
14.2

	

	

	

	

	

	

	
[13]




	

	
Red sand

(0.3 < d < 0.45)

	
N/A

	
N/A

	
cone

	
2

	
2

	
3.3

	
7.1

	
9.9

	

	
11.0

	
12.8

	
14.4

	

	

	

	

	

	

	
[13]




	
Xanthan gum

	
Red sand

(d < 0.15)

	
N/A

	
N/A

	
cone

	
2

	
2

	
3.2

	
5.4

	
6.4

	

	
7.2

	
7.7

	
8.1

	

	

	

	

	

	

	
[13]




	

	
Red sand

(0.15 < d < 0.3)

	
N/A

	
N/A

	
cone

	
2

	
2

	
3.2

	
5.7

	
6.9

	

	
8.6

	
10.8

	
13.5

	

	

	

	

	

	

	
[13]




	

	
Red sand

(0.3 < d < 0.45)

	
N/A

	
N/A

	
cone

	
2

	
2

	
3.3

	
6.5

	
8.0

	

	
10.0

	
12.3

	
13.4

	

	

	

	

	

	

	
[13]




	
Sodium lignosulfonate

	
Red sand

(d < 0.15)

	
N/A

	
N/A

	
cone

	
2

	
2

	
3.0 a

	

	

	

	

	

	
5.0 a

	

	
7.0 a

	

	
7.5 a

	
8.0 a

	
9.0 a

	
[33]




	

	
Red sand

(0.15 < d < 0.3)

	
N/A

	
N/A

	
cone

	
2

	
2

	
3.0 a

	

	

	

	

	

	
6.5 a

	

	
8.0 a

	

	
9.0 a

	
10.5 a

	
13.0 a

	
[33]




	

	
Red sand

(d > 0.3)

	
N/A

	
N/A

	
cone

	
2

	
2

	
3.0 a

	

	

	

	

	

	
6.0 a

	

	
8.5 a

	

	
10.0 a

	
12.5 a

	
14.0 a

	
[33]




	
Calcium lignosulfonate

	
Red sand

(d < 0.15)

	
N/A

	
N/A

	
cone

	
2

	
2

	
3.0 a

	

	

	

	

	

	
3.5 a

	

	
4.0 a

	

	
5.5 a

	
6.5 a

	
7.5 a

	
[33]




	

	
Red sand

(0.15 < d < 0.3)

	
N/A

	
N/A

	
cone

	
2

	
2

	
3.0 a

	

	

	

	

	

	
4.0 a

	

	
5.5 a

	

	
7.0 a

	
8.5 a

	
11.5 a

	
[33]




	

	
Red sand

(d > 0.3)

	
N/A

	
N/A

	
cone

	
2

	
2

	
3.0 a

	

	

	

	

	

	
5.0 a

	

	
6.0 a

	

	
8.0 a

	
10.0 a

	
12.5 a

	
[33]








Note. AR = application rate, N/A = not available, SP = poorly graded sand, SP-SM = poorly graded sand with silt, a = values extracted from diagram in source. Original values given in kg/cm2 and converted into N using penetrometer pin area and g = 9.81 m/s2.
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Table A9. Compilation of results from previous studies analysing the crust thickness of biopolymer-treated soils.
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Biopolymer

	
Soil Type

	
AR

	
Crust Thickness (mm) at Different Tested Concentrations (%)

	
Reference




	
(L/m2)

	
0

	
0.3

	
0.4

	
0.5

	
0.7

	
0.8

	
1.0

	
1.2

	
1.6

	
2.0

	
3.0

	
4.0

	
5.0

	
6.0

	
7.0

	
8.0

	
9.0

	
10.0






	
Acacia gum

	
Poorly graded sand (SP)

	
1.3

	

	

	

	
7.4–11.9

	

	

	
5.1–11.4

	

	

	
5.2–11.5

	
3.8–10.9

	

	
2.8–10.9

	

	

	

	

	

	
[16]




	
Sodium alginate

	

	
1.3

	

	

	

	
8.5–15.3

	

	

	
7.6–15.2

	

	

	
2.2–10.3

	
3.0–6.7

	

	

	

	

	

	

	

	
[16]




	
Pectin

	

	
1.3

	

	

	

	
3.8–8.4

	

	

	
3.6–7.3

	

	

	
4.6–6.1

	
2.4–3.0

	

	
0.9–1.2

	

	

	

	

	

	
[16]




	
Acacia gum

	

	
3.5

	

	

	

	
15.1–29.8

	

	

	
12.6–29.3

	

	

	
11.5–22.1

	
11.5–22.0

	

	
9.7–21.6

	

	

	

	

	

	
[16]




	
Sodium alginate

	

	
3.5

	

	

	

	
9.0–12.1

	

	

	
2.6–4.7

	

	

	
1.6–3.2

	
1.2–2.1

	

	

	

	

	

	

	

	
[16]




	
Pectin

	

	
3.5

	

	

	

	
8.5–15.3

	

	

	
7.6–15.2

	

	

	
2.2–10.3

	
3.0–6.7

	

	
0.7–1.9

	

	

	

	

	

	
[16]




	
Sodium alginate + CaCl2

	
Poorly graded sand (SP)

	
2.2

	

	

	

	
5.2–7.8

	

	

	
4.9–8.0

	

	

	
5.9–7.7

	

	

	

	

	

	

	

	

	
[67]




	
Carboxymethyl cellulose

	
Poorly graded sand with silt (SP-SM)

	
1.0

	

	
4.0

	

	
3.8

	
3.4

	

	

	

	

	

	

	

	

	

	

	

	

	

	
[14]




	
Guar gum

	

	
2.0

	

	
3.9

	

	
4.5

	
4.2

	

	

	

	

	

	

	

	

	

	

	

	

	

	
[14]




	
Carboxymethylcellulose

	

	
1.0

	

	
7.9

	

	
6.3

	
6.0

	

	

	

	

	

	

	

	

	

	

	

	

	

	
[14]




	
Guar gum

	

	
2.0

	

	
6.6

	

	
7.8

	
10.3

	

	

	

	

	

	

	

	

	

	

	

	

	

	
[14]




	
Sodium lignosulfonate

	
Red sand (SP)

	
2.0

	

	

	

	

	

	

	
11.0 a

	

	

	
10.5 a

	
11.0 a

	
8.5 a

	
7.5 a

	
7.5 a

	
7.0 a

	
6.5 a

	
6.5 a

	
6.0 a

	
[28]




	
Calcium lignosulfonate

	

	
2.0

	

	

	

	

	

	

	
11.0 a

	

	

	
10.5 a

	
10.5 a

	
10.0 a

	
10.0 a

	
9.5 a

	
9.0 a

	
8.5 a

	
8.0 a

	
7.5 a

	
[28]




	
Polyacrylamide

	
Red sand (SP)

	
2.0

	
30.0 a

	

	
26.0 a

	

	

	
15.0 a

	

	
14.5 a

	
12.0 a

	

	

	

	

	

	

	

	

	

	
[46]




	
Guar gum

	

	
2.0

	
30.0 a

	

	
19.0 a

	

	

	
23.0 a

	

	
27.0 a

	
22.5 a

	

	

	

	

	

	

	

	

	

	
[46]




	
Xanthan gum

	

	
2.0

	
30.0 a

	

	
13.0 a

	

	

	
12.0 a

	

	
10.0 a

	
8.0 a

	

	

	

	

	

	

	

	

	

	
[46]




	
Polyacrylamide

	
Red sand (d < 0.15)

	
2.0

	
30.0 a

	

	
27.5 a

	

	

	
22.5 a

	

	
19.0 a

	
15.0 a

	
15.0 a

	

	

	

	

	

	

	

	

	
[33]




	
Guar gum

	

	
2.0

	
30.0 a

	

	
26.0 a

	

	

	
20.0 a

	

	
14.0 a

	
14.5 a

	
14.0 a

	

	

	

	

	

	

	

	

	
[33]




	
Xanthan gum

	

	
2.0

	
30.0 a

	

	
13.5 a

	

	

	
11.5 a

	

	
12.0 a

	
12.5 a

	
10.5 a

	

	

	

	

	

	

	

	

	
[33]








Note. AR = application rate, SP = poorly graded sand, SP-SM = poorly graded sand with silt, a = values extracted from diagram in source.
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Figure 1. Particle-size distribution of medium-grained sand and fine-grained silica sand, determined according to DIN EN ISO 17892-4 [29]. 
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Figure 2. (a) Weighing of dry sample, (b) preparation of biopolymer solution, (c) gravimetric spray-on application of biopolymer solution with splash guard. 
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Figure 3. Penetrometer testing of fine-grained silica sand sample. 
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Figure 4. Process of removing the crust from the sample. (a) Loosening of the crust with a spatula from the mould rim, (b) removal of the crust with a spatula, (c) weighing of the sample without the crust. 
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Figure 5. Mean moisture retention of medium-grained sand samples 4 days (96 h) after treatment at 1.6 L/m2 and biopolymer concentrations of 1 and 2 wt% (XG = 0.25 and 0.50 wt%). Biopolymers are grouped into polysaccharides and proteins with water as control. Tests were performed in triplicates (n = 3), and error bars indicate the standard deviation (SD). Note. The exact values of experimental results are appended in Table A2. 
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Figure 6. Mean moisture retention of fine-grained silica sand samples 4 days (96 h) after treatment at 1.6 L/m2 and biopolymer concentrations of 1 and 2 wt% (XG = 0.25 and 0.50 wt%). Biopolymers are grouped into polysaccharides and proteins with water as control. Tests were performed in triplicates (n = 3), and error bars indicate the standard deviation (SD). Note. The exact values of experimental results are appended in Table A2. 
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Figure 7. Mean maximum penetration resistance of crusts from medium-grained sand samples measured by penetrometer tests. Biopolymers are grouped into polysaccharides and proteins with water as control. Tests were performed in triplicates (n = 3), with error bars indicating the standard deviation (SD). Note. The exact values of experimental results are appended in Table A3. 
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Figure 8. Mean maximum penetration resistance of crusts from fine-grained silica sand samples measured by penetrometer tests. Biopolymers are grouped into polysaccharides and proteins with water as control. Tests were performed in triplicates (n = 3), with error bars indicating the standard deviation (SD). Note. The exact values of experimental results are appended in Table A3. 
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Figure 9. Mean thickness of crust formed on medium-grained sand samples. Biopolymers are grouped into polysaccharides and proteins with water as control. Tests were performed with six replicas (n = 3), with error bars indicating the standard deviation (SD). Note. The exact values of experimental results are appended in Table A5. 
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Figure 10. Examples of polysaccharide-induced crusts recovered from the samples (cf. Table A6 for classification). 
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Figure 11. Examples of protein-induced crusts recovered from the samples (cf. Table A6 for classification). 
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Figure 12. Mean thickness of crust formed on fine-grained silica sand samples. Biopolymers are grouped into polysaccharides and proteins with water as control. Tests were performed with six replicas (n = 3), with error bars indicating the standard deviation (SD). Note. The exact values of experimental results are appended in Table A5. 
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Table 1. Physical and chemical properties of mine soils used by this study.
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Parameter

	
Unit

	
Medium-Grained Sand

	
Fine-Grained Silica Sand

	
Test Method






	
Soil properties




	
D60

	
mm

	
0.75

	
0.24

	
DIN EN ISO 17892-4 [29]




	
D50

	
mm

	
0.63

	
0.22

	
DIN EN ISO 17892-4 [29]




	
D30

	
mm

	
0.43

	
0.18

	
DIN EN ISO 17892-4 [29]




	
D10

	
mm

	
0.28

	
0.14

	
DIN EN ISO 17892-4 [29]




	
Cu

	
-

	
2.73

	
1.78

	
DIN EN ISO 17892-4 [29]




	
Cc

	
-

	
0.91

	
0.95

	
DIN EN ISO 17892-4 [29]




	
USCS

classification

	
-

	
SP

	
SP

	
ASTM D-2487 [30]




	
Specific gravity

	
g/cm3

	
2.59

	
2.63

	
DIN EN ISO 11508:2018-04 [31]




	
pH value

	

	
7.53

	
6.48

	
DIN EN 15933:2012-11 [32]




	
Soil colour

	
Munsell

	
9.7 YR 6.0/2.8

	
0.9 Y 7.1/1.3

	




	
Geochemistry (oxides)




	
SiO2

	
wt%

	
94.58

	
98.65

	




	
Al2O3

	
wt%

	
2.35

	
0.55

	




	
K2O

	
wt%

	
1.15

	
0.04

	




	
Fe2O3

	
wt%

	
0.74

	
0.05

	




	
Na2O

	
wt%

	
0.22

	
0.01

	




	
CaO

	
wt%

	
0.05

	
0.01

	




	
MgO

	
wt%

	
0.10

	
0.01

	




	
TiO2

	
wt%

	
0.06

	
0.07

	




	
P2O5

	
wt%

	
0.02

	
<0.01

	




	
MnO

	
wt%

	
0.01

	
<0.01
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Table 2. Biopolymers investigated by this study and their product data.
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Biopolymer

	
Product Name

	
Specification

	
Manufacturer

	
Appearance

	
Moisture (wt%)






	
Polysaccharides




	
Carboxymethyl cellulose (CMC)

	
DTK NV CMC

	
Technical grade,

low viscosity

	
Mikro-Technik-CMC

	
Light-yellowish granules

	
8.6 a




	
Corn starch (CS)

	
C-Gel Instant

	
Pregelatinised

	
Cargill GmbH

	
White powder

	
5.8 b




	
Sodium lignosulfonate (NLS)

	
N18

	
Cold-water soluble

	
Otto Dille GmbH

	
Brown powder

	
8.6 a




	
Pea starch (PES)

	
Emcol EST (F11025)

	
Pregelatinised

	
Emsland Group

	
Off-white powder

	
10.4 b




	
Potato starch (POS)

	
KMC 18-09

	
Pregelatinised

(acetylated)

	
KMC Germany

	
White powder

	
9.4 b




	
Wheat starch (WS)

	
Tigel

	
Pregelatinised

	
Krörner Stärke

	
White powder

	
6.3 b




	
Xanthan gum (XG)

	
XG TGRD

	
Technical grade,

readily dispersible

	
Jungbunzlauer

	
White, free-flowing powder

	
5.1 a




	
Proteins




	
Fava bean protein concentrate (FBPC)

	
ABPK 65%

	
Enzyme activated

	
Aloja-Starkelsen

	
Creamy light-yellow powder

	
8.8 d




	
Hen egg albumen (HEA)

	
Hen egg albumen

	
Cold-water soluble

	
Ovopol Sp. z. o.o.

	
Yellowish powder

	
7.0 a




	
Haemoglobin protein (HG)

	
HG 92P

	
Haemoglobin powder,

porcine protein

	
Sonac

	
Dark red powder

	
6.6 c




	
Plasma protein (PP)

	
PP 70P

	
Plasma powder,

porcine protein

	
Sonac

	
Cream-white powder

	
7.5 c




	
Technical gelatine (TG)

	
TG 330

	
Water soluble at ≥40 °C

	
Hellmann GmbH

	
Yellowish, free-flowing granules

	
13.0 a




	
Wheat protein (WP)

	
Glusol

	
Degraded, without

viscoelastic properties

	
Kröner Stärke

	
Yellowish powder

	
6.0 d




	
Whey protein concentrate (WPC)

	
Instant WPC 80

	
From fresh cheese whey

	
Lactoland GmbH

	
White to pale yellow powder

	
6.2 d








Note. a = data provided by manufacturer, b = measured in accordance with DIN EN ISO 1666:1997 [43], c = measured in accordance with ISO 6496:1999 [44], d = measured in accordance with AOAC 930.15 [45].
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Table 3. Results of two-way ANOVA (α = .05) of moisture retention. Percentage values were transformed via square root transformation prior to performing two-way ANOVA.
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Group

	
Factor

	
SS

	
df

	
MS

	
F

	
p






	
Medium-grained sand




	
Polysaccharides

	
Type

	
0.01297

	
6

	
0.00216

	
20.578

	
< .001




	
Concentration

	
0.00003

	
1

	
0.00003

	
0.288

	
.596




	
Interaction

	
0.00219

	
6

	
0.00036

	
3.48

	
.011




	
Error

	
0.00294

	
28

	
0.00011

	
0

	




	
Proteins

	
Type

	
0.03497

	
6

	
0.00583

	
34.945

	
< .001




	
Concentration

	
0.00009

	
1

	
0.00009

	
0.538

	
.469




	
Interaction

	
0.00075

	
6

	
0.00013

	
0.752

	
.613




	
Error

	
0.00467

	
28

	
0.00017

	

	




	
Fine-grained silica sand




	
Polysaccharides

	
Type

	
0.00241

	
6

	
0.00040

	
20.551

	
< .001




	
Concentration

	
0.00008

	
1

	
0.00008

	
4.136

	
.052




	
Interaction

	
0.00089

	
6

	
0.00015

	
7.598

	
< .001




	
Error

	
0.00055

	
28

	
0.00002

	

	




	
Proteins

	
Type

	
0.04336

	
6

	
0.00723

	
197.484

	
< .001




	
Concentration

	
0.00056

	
1

	
0.00056

	
15.193

	
< .001




	
Interaction

	
0.00103

	
6

	
0.00017

	
4.691

	
.020




	
Error

	
0.00102

	
28

	
0.00004

	

	








Note. SS = sum of squares, df = degrees of freedom, MS = mean square, F = F-value, p = p-value.
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Table 4. Results of two-way ANOVA (α = .05) of maximum penetration resistance measured by penetrometer.
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Group

	
Factor

	
SS

	
df

	
MS

	
F

	
p






	
Medium-grained sand




	
Polysaccharides

	
Type

	
1277.93

	
6

	
212.99

	
17.57

	
< .001




	
Concentration

	
908.30

	
1

	
908.30

	
74.93

	
< .001




	
Interaction

	
250.04

	
6

	
41.67

	
3.44

	
.011




	
Error

	
339.46

	
28

	
12.12

	

	




	
Proteins

	
Type

	
1386.02

	
6

	
231.00

	
24.74

	
< .001




	
Concentration

	
952.47

	
1

	
952.47

	
101.99

	
< .001




	
Interaction

	
623.11

	
6

	
103.85

	
11.12

	
< .001




	
Error

	
261.49

	
28

	
9.34

	

	




	
Fine-grained silica sand




	
Polysaccharides

	
Type

	
582.82

	
6

	
97.14

	
4.91

	
< .001




	
Concentration

	
108.78

	
1

	
108.78

	
5.50

	
.026




	
Interaction

	
227.89

	
6

	
37.98

	
1.92

	
.113




	
Error

	
554.29

	
28

	
19.80

	

	




	
Proteins

	
Type

	
1753.52

	
6

	
292.25

	
21.93

	
< .001




	
Concentration

	
798.95

	
1

	
798.95

	
59.95

	
< .001




	
Interaction

	
298.17

	
6

	
49.70

	
3.73

	
.007




	
Error

	
373.13

	
28

	
13.33

	

	








Note. SS = sum of squares, df = degrees of freedom, MS = mean square, F = F-value, p = p-value.
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Table 5. Results of two-way ANOVA (α = .05) of average calculated crust thickness.
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BP Type

	
Factor

	
SS

	
df

	
MS

	
F

	
p






	
Medium-grained sand




	
Polysaccharides

	
Type

	
48.6

	
6

	
8.1

	
8.86

	
< .001




	
Concentration

	
3.15

	
1

	
3.15

	
3.44

	
.074




	
Interaction

	
37.96

	
6

	
6.33

	
6.92

	
< .001




	
Error

	
25.61

	
28

	
0.91

	
0

	




	
Proteins

	
Type

	
188.1

	
6

	
31.35

	
38.42

	
< .001




	
Concentration

	
77.67

	
1

	
77.67

	
95.18

	
< .001




	
Interaction

	
33.83

	
6

	
5.64

	
6.91

	
< .001




	
Error

	
22.85

	
28

	
0.82

	
0

	




	
Fine-grained silica sand




	
Polysaccharides

	
Type

	
636.09

	
6

	
106.01

	
84.27

	
< .001




	
Concentration

	
1.47

	
1

	
1.47

	
1.17

	
.288




	
Interaction

	
49.2

	
6

	
8.2

	
6.52

	
< .001




	
Error

	
35.23

	
28

	
1.26

	
0

	




	
Proteins

	
Type

	
75.25

	
6

	
12.54

	
8.44

	
< .001




	
Concentration

	
5.08

	
1

	
5.08

	
3.42

	
.075




	
Interaction

	
15.02

	
6

	
2.5

	
1.69

	
.161




	
Error

	
41.6

	
28

	
1.49

	
0

	








Note. SS = sum of squares, df = degrees of freedom, MS = mean square, F = F-value, p = p-value.
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