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• The bauxite residue had a service time of 1.08 min g-1 media for the forest run-off. 29 

• The service time was 0.28 min g-1 media when treating dairy soiled water. 30 

• The bauxite residue was examined before and after the adsorption process. 31 

 32 

Abstract 33 

  34 

Bauxite residue, the by-product produced in the alumina industry, is a potential low-cost 35 

adsorbent in the removal of phosphorus (P) from aqueous solution, due to its high 36 

composition of residual iron oxides such as hematite.  Several studies have investigated the 37 

performance of bauxite residue in removing P; however, the majority have involved the use 38 

of laboratory “batch” tests, which may not accurately estimate its actual performance in filter 39 

systems.  This study investigated the use of rapid small-scale column tests to predict the 40 

dissolved reactive phosphorus (DRP) removal capacity of bauxite residue when treating two 41 

agricultural waters of low (forest run-off) and high (dairy soiled water) phosphorus content.  42 

Bauxite residue was successful in the removal of DRP from both waters, but was more 43 

efficient in treating the forest run-off.  The estimated service time of the column media, based 44 

on the largest column studied, was 1.08 min g-1 media for the forest run-off and 0.28 min g-1 45 

media for the dairy soiled water, before initial breakthrough time, which was taken to be 46 

when the column effluent reached approximately 5% of the influent concentration, occurred.  47 

Metal(loid) leaching from the bauxite residue, examined using ICP-OES, indicated that 48 

aluminium and iron were the dominant metals present in the treated effluent, both of which 49 

were above the EPA parametric values  (0.2 mg L-1 for both Al and Fe) for drinking water.   50 

 51 

Keywords: bauxite residue; adsorbent; phosphorus; agricultural wastewater  52 

 53 
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Nomenclature 54 

 55 

A  constant of proportionality (mg g-1) 56 

a**                   a time constant. 57 

Al  aluminium 58 

Al2O3  aluminium oxide 59 

As  arsenic 60 

B  constant of system heterogeneity in Eqn. (1 and 2)  61 

BRDA  bauxite residue disposal area 62 

Ca  calcium 63 

Cd  cadmium 64 

Ct  solution adsorbate concentration at any filter depth (mg L-1) 65 

Co  influent contaminant concentration (mg L-1) 66 

Cr  chromium 67 

CRM  critical raw material 68 

Cu  copper  69 

DRP  dissolved reactive phosphorus (mg L-1) 70 

DSW  dairy soiled water  71 

EDS  energy-dispersive X-ray spectroscopy  72 

Fe  iron 73 

Fe2O3  iron oxide 74 

Fl  fluoride 75 

FT-IR   Fourier transform infrared 76 

Ga  gallium 77 

Hg  mercury 78 
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HNO3              nitric acid  79 

ICP-OES inductively coupled plasma optical emission spectrometer 80 

M  mass of filter media contained in the filter column (g) 81 

Mg  magnesium 82 

Mn  manganese 83 

Mo  molybdenum 84 

n  the number of containers in which the total volume of effluent is collected 85 

N  nitrogen 86 

Na  sodium 87 

Ni  nickel  88 

P  phosphorus 89 

Pb  lead 90 

pH  pH unit 91 

qe  cumulative mass of contaminant adsorbed per g of filter media (mg g-1) 92 

qt   time dependent sorbate concentration per unit mass of adsorbent (mg g-1), 93 

RSSCT rapid small-scale column test 94 

Se  selenium 95 

SEM  scanning electron microscopy 96 

t   Empty bed contact time of the column filter bed  (min) 97 

V  volume of the influent loaded onto the filter (L) 98 

V  vanadium 99 

VB  number of empty bed volumes of influent/solution filtered  100 

XRD  x-ray diffraction 101 

XRF  x-ray fluorescence 102 

Zn  zinc 103 
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1. Introduction  104 

 105 

Phosphorus (P) is an essential component of all plant and animal life (Weissert and Kehr, 106 

2018), and is critical in the production and maintenance of food supply (Cordell and White 107 

2011; Pretty and Bharucha, 2014).  Phosphorus is also identified as one of the key nutrients 108 

that leads to the eutrophication of water bodies, in which there is an excess production of 109 

algal blooms, resulting in detrimental effects to aquatic life (Pan et al., 2018).  Agricultural 110 

practices, such as the application of slurry and fertiliser, may result in the transport of 111 

nutrients in surface runoff (Murnane et al., 2016; Pan et al., 2018) and subsurface flow (O’ 112 

Flynn et al., 2018; Zhou et al., 2016) to a water body, and have been identified as a major 113 

cause of eutrophication (Sharpley, 2016).    114 

   115 

The movement of P from soil to water bodies is predominantly in the form of particulate or 116 

dissolved reactive P (DRP) (Brennan et al., 2014), the latter being 100% available for aquatic 117 

biota and which, therefore, has an immediate effect on the surrounding ecosystems (Penn et 118 

al., 2014).  Conventional methods of P removal from water have involved the use of 119 

enhanced biological removal systems such as polyphosphate accumulating organisms (PAOs)  120 

(Ge et al., 2015) and algal biofilms (Sukačová et al., 2015), precipitation methods using 121 

hydrous ferric oxides (Hauduc et al., 2015) or struvite (Zhou et al., 2015), the use of 122 

adsorbents (Grace et al., 2015; Callery et al., 2016; Callery and Healy, 2017), ion exchange 123 

(Acelas et al., 2015), and reverse osmosis (Wang et al., 2016).  In recent years, to address the 124 

concept of a ‘circular economy’ (United Nations, 2015), emphasis has been placed on the 125 

utilisation of industrial wastes as low-cost adsorbents (De Gisi et al., 2016; Grace et al., 126 

2016). Materials that have been utilised include fly ash (Nowak et al., 2013), steel slags 127 

(Claveau-Mallet et al., 2013) and chemical amendments (Callery et al., 2015).  Particular 128 
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focus has been placed on bauxite residue (red mud), the by-product generated in the Bayer 129 

Process during the extraction of alumina, as a potential low-cost P adsorbent in aqueous 130 

solutions.  It is currently being produced at a global rate of 150 Mt per annum (Evans 2016), 131 

but only approximately 2 % of the bauxite residue produced is currently re-used (Ujaczki et 132 

al., 2018), with the remaining ~ 98% being disposed of into bauxite residue disposal areas 133 

(BRDAs) (Burke et al., 2013; Kong et al., 2017).  The general composition of bauxite residue 134 

comprises high amounts of iron (Fe) and aluminium (Al) oxides (Zhu et al., 2016), which are 135 

good adsorbents of P.  In addition, bauxite residue has a high specific surface area (Gräfe et 136 

al., 2011) and therefore has numerous potential adsorption sites, giving it increased capacity 137 

for P retention.  Previous laboratory studies have shown that bauxite residue has high P 138 

adsorption capacity (Table 1).   139 

 140 

Traditionally, bench-scale “batch” studies are conducted to evaluate the effectiveness of a 141 

material to adsorb P (Table 1).  These studies involve placing the material in small containers, 142 

overlaying it with solutions of known concentrations, mixing for a period usually of between 143 

24 to 48 hr, and then fitting the results obtained to an adsorption isotherm such as the 144 

Freundlich or Langmuir, in order to quantify its adsorption potential (Cusack et al., 2018; 145 

Grace et al., 2015).  However, batch studies have some disadvantages, such as failing to 146 

replicate the often passive nature of the adsorption process which exists on site, as well as 147 

sometimes using unrealistic ratios of adsorbent to solution, and shaking of the samples 148 

(ÁdÁm et al., 2007; Søvik and Kløve, 2005). In addition, concerns have been raised about 149 

their accuracy in replicating the actual performance when the adsorbent material is placed in 150 

a filter and operated on site (Fenton et al., 2009).  Due to the nature of the batch experiment, 151 

they also fail to realistically replicate any incidental releases of contaminants, which may 152 

occur when some materials are placed in filters. This may be particularly pertinent in the 153 
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evaluation of the feasibility of bauxite residue, which contains metals (Cusack et al., 2018).  154 

In order to determine the full potential and longevity of an adsorbent, larger scale “column” 155 

studies are necessary (Pratt et al., 2012). In these studies, the material is placed in a column, 156 

usually operated at laboratory-scale, and water of a known concentration is passed through 157 

the material until the effluent concentration is the same as the influent concentration.  These 158 

continuous flow column studies require vast amounts of influent water, which depending on 159 

the type of water utilised, is often difficult to source in the laboratory (Callery and Healy, 160 

2017). On account of this, rapid, small-scale column studies which utilise smaller volumes of 161 

media and wastewater have been gaining in popularity, and have been used to successfully 162 

model the adsorbancies of P (Callery et al., 2016; Lalley et al., 2015), fluoride (Wu et al., 163 

2018), paracetamol (García-Mateos et al., 2015), and varying species of arsenic (Tresintsi et 164 

al., 2014). 165 

 166 

As P adsorption tests on bauxite residues have been commonly conducted using batch-scale 167 

studies, which may have many shortcomings as detailed above, the objectives of this study 168 

were to use rapid, small-scale column studies to (1) to assess the potential of bauxite residue 169 

as a low-cost adsorbent for DRP removal from two types of agricultural waters (dairy soiled 170 

water (DSW) and forest run-off) (2) compare the composition of the bauxite residue before 171 

and after use in the column tests (3) investigate the speciation of P adsorption onto the 172 

bauxite residue, and (4) identify any potential trace metal mobilisation from the bauxite 173 

residue during the study. 174 

 175 

 176 

 177 

 178 
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2. Materials and Methods 179 

2.1 Sample collection 180 

Bauxite residue was obtained from a European refinery.  Residue was sampled to a depth of 181 

30 cm below the surface of the BRDA, returned to the laboratory and dried at 105˚C for 24 182 

hr.  Once dry, the samples were pulverised using a mortar and pestle and sieved to a particle 183 

size < 0.5 mm.  The pH and electrical conductivity (EC) were measured (n=3) using 5 g of 184 

sample in an aqueous extract, using a 1:5 ratio (solid:liquid) (Courtney and Harrington, 185 

2010).  Dairy soiled water (milk parlour washings composed of cow faeces and urine, milk 186 

and detergents; Minogue et al., 2015) was collected from Teagasc Agricultural Research 187 

Centre, Moorepark, Co. Cork, Ireland [52° 9’ 48.114” N, 8° 15’ 34.6464” W] and forest run-188 

off was collected from Kilmoon, Co. Clare, Ireland [53° 2’ 48.0372” N, 9° 16’ 21.1368” W].  189 

The DSW and forest run-off were transferred directly to a temperature-controlled room 190 

(11°C) prior to commencement of testing.  The DRP was measured using filtered (0.45 µm) 191 

subsamples using a nutrient analyser (Konelab20, Thermo Clinical Lab systems, Finland) and 192 

the pH was measured using a Eutech Instruments pH 700 (Thermo Scientific, USA).     193 

 194 

2.1.1 Media characterisation 195 

The bauxite residue was characterised before and after the experiment.  Mineralogical 196 

detection was carried out on 1 g powdered samples using X-ray diffraction (XRD) on a 197 

Philips X’Pert PRO MPD® (California, USA) at 40 kV, 40 mA, 25 °C by Cu X-ray tube (Kα-198 

radiation). The patterns were collected in the angular range from 5 to 80 º (2ɵ) with a step-199 

size of 0.008 º (2ɵ) (Castaldi et al., 2011).  The surface morphology and elemental detection 200 

were carried out using scanning electron microscopy (SEM) and energy-dispersive X-ray 201 

spectroscopy (EDS) on a Hitachi SU-70 (Berkshire, UK). X-ray fluorescence (XRF) analysis 202 

was carried out onsite at the refinery using a Panalytical Axios XRF.  203 
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2.2 Rapid Small Scale Column Study 204 

Small bore adsorption columns were prepared after Callery et al. (2016) using polycarbonate 205 

tubes, with an internal diameter of 0.94 cm and lengths of 20, 30 and 40 cm.  The tubes were 206 

packed with a mixture of bauxite residue.  The bauxite residue was held in place within each 207 

column using acid-washed glass wool and plastic syringes with an internal diameter equal to 208 

outside diameter of the polycarbonate tube, placed at the top and bottom of each of the 209 

polycarbonate tube columns.  To each end of the polycarbonate tube column, flexible silicone 210 

tubing was attached to the syringe ends in order to provide lines for the influent and effluent.  211 

The columns were secured on a metal frame, allowing for a stable, vertical orientation to be 212 

maintained.  A Masterflex® L/S Variable-Speed Drive peristaltic pump (Gelsenkirchen, 213 

Germany) with a variable speed motor was used to pump the influent, DSW and forest run-214 

off, into the base of each column at an estimated flow rate of 30.49 ± 0.85 mL hr-1 (equivalent 215 

to a hydraulic loading rate used in a P removal system for wastewater treatment on a poultry 216 

farm; Penn et al., 2014).  The pump was operated in 12 hr on/off cycles (to allow the filter 217 

media to replenish some of its adsorption sites) to achieve loading periods of 24 – 36 hr, in 218 

order to obtain enough data points for the determination of the adsorption model coefficients.  219 

Every 2 hr, aliquots of the filtered effluent were collected using an auto-sampler and 220 

measured for volume, pH and DRP.  221 

 222 

The adsorption performance of the media was evaluated using a model developed by Callery 223 

and Healy (2017), wherein the column effluent (Ce) is taken as a function of the volume of 224 

influent treated (V) and breakthrough concentrations (BTCs) formed by plotting V (x-axis) 225 

against Ce (y-axis).  The breakthrough of the column media was taken to be when the column 226 

effluent was approximately 5% of the influent concentration (Chen et al., 2003).  This model, 227 

which has been successful in the prediction of the performance of a large-scale filter (Callery 228 
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et al., 2016), was used in the prediction of the longevity of the bauxite residue in the current 229 

study. 230 

 231 

The overall bauxite residue service time or longevity of the bauxite residue media can be 232 

found by first determining the volume treated, using Eqn. 1, where qt is the time dependent 233 

sorbate concentration per unit mass of adsorbent (mg g-1), M is the mass of the adsorbent (g), 234 

B is a constant of system heterogeneity, Co is the sorbate concentration of the influent (mg L-235 

1) and Ct is the solution adsorbate concentration at any filter depth (mg L-1), by dividing the 236 

volume treated, V (in L) by the loading rate (L s-1) and then converting to minutes per g of 237 

media. 238 

 239 

! =	 $%	&
'	()*+	)%)

                                                                                                                                                                                                         240 

              (1) 241 

The qt used in Eqn. 1 was calculated using Eqn. 2: 242 

 243 

                                                        -.	= /V'1
2
34| .

		.67∗∗                                                           (2)  244 

 245 

Where A is a constant of proportionality (mg L-1), t is the empty bed contact time of the 246 

column filter bed (min), VB is the number of empty bed volumes of influent/solution filtered, 247 

and a** is a time constant. 248 

 249 

2.3 Speciation of P adsorbed  250 

Fourier transform infrared (FT-IR) analysis was carried out using a Perkin Elmer Spectrum 251 

100 (PerkinElmer, USA).  The FT-IR spectra were recorded in the 4000 to 650 cm-1 range 252 

and were collected after 256 scans at 4 cm-1 resolution (Castaldi et al., 2010).     253 
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 254 

2.4 Trace metal analysis 255 

Every 2 hr, 10 mL of the aliquot collected from the columns, was preserved in nitric acid 256 

(HNO3), to a pH <2 and refrigerated before elemental analysis was carried out using an 257 

Agilent Technologies 5100 Inductively Coupled Plasma Optical Emission Spectrometer (ICP-258 

OES).  In order to carry out the ICP-OES analysis, a calibration curve was created using 259 

standardised solutions comprised of 100, 50, 10, 5 and 1 g L-1 multi element standard 260 

(Inorganic Ventures, Ireland) and 1M HNO3.  The analytical lines (in nm) used for the 261 

calculations of each element were as follows: Al 237.312, 396.152; calcium (Ca) 396.847, 262 

422.673; cadmium (Cd) 214.439, 226.502, 228.802; chromium (Cr) 205.560, 267.716, 263 

357.868; copper (Cu) 213.598, 324.754, 327.395; Fe 234.350, 238.204, 259.940; gallium 264 

(Ga) 287.423, 294.363, 417.204; mercury (Hg) 184.887, 194.164; magnesium (Mg) 279.553, 265 

280.270, 285.213; manganese (Mn) 257.610, 259.372, 260.568; molybdenum (Mo) 202.032, 266 

203.846, 204.598; sodium (Na) 589.592; nickel (Ni) 216.555, 221.648, 231.604; lead (Pb) 267 

220.353, 283.305; selenium (Se) 196.026, 203.985; silicon (Si) 250.690, 251.611, 288.158; 268 

vanadium (V) 268.796, 292.401, 309.310; zinc (Zn) 202.548, 206.200, 213.857 (Bridger and 269 

Knowles, 2010).  The XRF analysis performed on the bauxite residue was carried out using a 270 

Panalytical Axios XRF (Malvern Panalytical Ltd., United Kingdom).    271 

 272 

3. Results and Discussion 273 

3.1 Media characterisation before and after the experiments  274 

Bauxite residue typically comprises Fe, Al, Ti, Si, Na and Ca, mainly in the form of oxides 275 

(Gräfe et al., 2011).  The presence of Fe and Al oxides, which can range from 5 to 60 and 5 276 

to 30 %, respectively (Evans, 2016), and Ti oxides, which are typically in the range of 0.3 to 277 

15 % (Evans, 2016), mean that bauxite residue is a potential adsorbent for both cations and 278 
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anions from aqueous solutions (Bhatnagar et al., 2011; Cusack et al., 2018). This is why 279 

numerous studies have investigated the potential of P removal from aqueous solution (Table 280 

1).   281 

  282 

The main mineralogical composition of the bauxite residue used in this study comprised 283 

mainly iron and aluminium oxides (Fe2O and Al2O3) (Table 2).  SEM-EDS analysis also 284 

indicated the dominance of Fe and Al (Figure S1 in the Supplementary Information). 285 

Titanium, Si, Ca and Na were also detected in the main composition.  Prior to use in the 286 

column, there was a mineralogical dominance of the iron oxide hematite (as represented by H 287 

in Figure 1), detected at positions 33.153 and 35.612°2ϴ, respectively (Figure 1).  Rutile 288 

(TiO2) was also detected at position 27.459 °2ϴ.  Following the column trials, XRD analysis 289 

was carried out on the spent media from both the DSW and forest run-off columns.  New 290 

peaks were identified in the XRD patterns, as seen in Figure 1, which show the presence of P-291 

based minerals, which were not present in the raw media.  The new peaks detected in both the 292 

spent media following treatment of the DSW and forest run-off was calcium 293 

hydrogenphosphate (III) hydrate (CaHPO4.3H2O) at positions 19.120 and 30.001 °2ϴ. The 294 

presence of this mineral in the spent media indicates P retention within the bauxite residue 295 

after treatment.  The particle size analysis (PSA) of the bauxite residue used in this study is 296 

shown in Table 3.      297 

 298 

3.2 Influent and effluent water characterisation and rapid small-scale column study 299 

The forest run-off had a pH of 7.57 and a DRP concentration of 1.10 mg P L-1. The total 300 

phosphorus (TP) concentration of forest run-off is usually around 1 mg L-1 (Finnegan et al., 301 

2012), whereas DSW has a TP concentration of 20 to 100 mg L-1 and a total nitrogen (TN) 302 
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concentration of 70 to 500 mg L-1 (Minogue et al., 2015).  The DSW used in this study had a 303 

pH of 7.79 and a DRP concentration of 10.64 mg P L-1.     304 

 305 

The BTC approached saturation much quicker for the DSW than for the forest run-off water 306 

(Figure 2). Similar to the findings of Vuković et al. (2011), the breakthrough time and 307 

exhaustion time increased with bed depth. As a result of its composition, there are other 308 

anions such as nitrates (NO3-) and nitrites (NO2-) present in the DSW (Ruane et al., 2011), 309 

and therefore there is greater competitiveness for available adsorption sites and interferences 310 

between the adsorbent surface and the ions present in the aqueous solution. This may explain 311 

why the DSW-treating columns generated a BTC approaching saturation much faster than the 312 

bauxite residue columns treating forest run-off.  When treating the forest run-off, the bauxite 313 

residue had a service time of approximately 22.80 min, based on the largest column before 314 

the initial breakthrough time of the bauxite residue occurred.   However, when treating the 315 

DSW, it had a shorter service time of 5.80 min, as noted for the largest column before the 316 

initial breakthrough occurred.  Taking into account the amount of bauxite residue used in the 317 

largest columns (21.16 and 20.78 g), this gives an estimated service time of 1.08 min g-1 318 

bauxite residue and 0.28 min g-1 bauxite residue when treating forest run-off and DSW, 319 

respectively, before initial breakthrough (5%) would occur.  320 

 321 

The modelled qt values were 0.27 mg P g-1 media and 0.045 mg P g-1 media when treating the 322 

DSW and forest run-off, respectively. These were lower than qt values of between 2.85 and 323 

8.74 mg P g-1 for neutralised bauxite residue (Bauxol) used to treat secondary-treated 324 

wastewater (Despland et al., 2011) and 25 mg P g-1 for untreated bauxite residue used to treat 325 

synthetic water (Herron et al., 2016) (Table 1). Compared to other studies that have used low-326 

cost adsorbents such as zeolite (0.01 mg P g-1 - Grace et al., 2015) and granular ceramics (0.9 327 
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mg g-1 - Chen et al., 2012), the bauxite residue in the current study had a higher P 328 

adsorbency, but it was lower than crushed concrete (19.6 mg P g-1 - Egemose et al., 2012) 329 

and untreated biochar (32 mg P g-1 - Wang et al., 2015). It is important to note that full 330 

saturation of the bauxite residue was not reached in the current study and the wastewaters 331 

treated may have had an impact on the P adsorption capacity, as there may have been 332 

interferences and competition for adsorption sites due to the presence of other ions and 333 

contaminants in addition to the phosphate ions.     334 

 335 

3.3 Speciation of P adsorbed 336 

The adsorption of phosphate ions onto an adsorbent is measured by the decrease for 337 

phosphate in the influent after a certain amount of time (Loganathan et al., 2014).  Typically, 338 

the main mechanism of phosphate adsorption (and other anions and cations) onto the surface 339 

of iron and aluminium oxides may be separated into two processes: specific and non-specific 340 

adsorption (Stumm, 1992; Cornell and Schwertmann, 2003). Specific adsorption takes place 341 

through the process of ligand exchange (Jacukowicz-Sobala et al., 2015). A phosphate ion 342 

exchanges with one or more hydroxyl groups, with the release of OH2 and/or OH- back into 343 

the surrounding solution, contributing to the alkalisation of the surrounding environment 344 

(Cornell and Schwertmann, 2003), as shown in the following equations: 345 

 346 

≡ FeOH + An+ ↔	≡ FeAn +	OH+		                                                                                      (3)           347 

≡ Fe(OH)B + An+ ↔	≡ FeB + An6	+	2OH+		                                                                       (4) 348 

 349 

Non-specific adsorption, which was the main mechanism evident in this study, is inclusive of 350 

electrostatic interactions and surface precipitation (Loganathan et al., 2014) between the 351 

surface of the sorbent and the phosphate ion (Jacukowicz-Sobala et al., 2015).    The 352 
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electrostatic interactions occur between the electric charge carried on the surface of the 353 

sorbent and type of ion present in the surrounding solution.  Phosphate ions, which are of 354 

anionic nature, carry a negative charge, which interacts with the positive charge as carried by 355 

Ca, a cation (Loganathan et al., 2014).  Surface precipitation involves the formation of 356 

complexes/precipitates on the surface of the sorbent such as CaHPO43- as a result of these ion 357 

interactions (Loganathan et al., 2014).  The adsorption of the phosphate ions is greatest in a 358 

low pH environment due to the abundance of positively charged sites (Jacukowicz-Sobala et 359 

al., 2015). 360 

    361 

X-ray diffraction and SEM analysis have been used in previous studies to show evidence of 362 

the presence of newly formed surface precipitates following the P adsorption process 363 

(Bowden et al., 2009).  The XRD data obtained in this study (Figure 1) show that the main 364 

interactions and complexes formed by the phosphate ions present in the wastewater (negative 365 

charge) were with Ca (positive charge) present in the bauxite residue, as evidenced by the 366 

presence of new peaks of  CaHPO43- in the XRD patterns following the treatment of both the 367 

DSW and forest run-off..  Depending on the pH of the solution, the species of P found in 368 

aqueous solution are H3PO4 (pH < 4), H2PO4- (pH ~ 0-9), HPO42- (pH ~ 5-11) and PO43- (pH 369 

>10) (Karageorgiou et al., 2007; Despland et al., 2011). 370 

 371 

The FT-IR analysis of the bauxite residue media before and after treatment of both the DSW 372 

and forest run-off (Figures 3 and 4) indicated that similar changes occurred in the media 373 

following treatment of both wastewaters. Two distinct broad bands were detected between 374 

wavelength 600 to 900 cm-1 and again at 1000 to 1400 cm-1.  This was evident for both the 375 

DSW and forest run-off spent media.  Intensive IR absorption bands are typically in the range 376 

of 560 to 600 cm-1 and 1000 to 1100 cm-1 for P species (Tejedor-Tejedor and Anderson, 1990; 377 
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Berzina-Cimdina and Borodajenko, 2012).  However, it was not possible to identify specific 378 

P species due to some interferences, which are most likely due to the presence of many other 379 

ions present in each of the wastewater sources used.     380 

    381 

There was an increase in the pH in the effluent for both the DSW and forest run-off treated 382 

wastewater (Figure 5).  The influent pH of the DSW was 7.79, which increased to 8.94 in the 383 

40 cm column at t = 2 hr. The influent pH of the forest run-off was 7.57 and increased to 8.81 384 

at t = 12 hr in the 40 cm column.  According to the Drinking Water Directive (98/83/EC), the 385 

pH value should be in the range of ≥ 6.5 and ≤ 9.5.  The values recorded in this study show 386 

that the pH values in the effluent are within this range, highlighting no potential risk to the 387 

surrounding environment.     388 

 389 

3.4 Trace metal and elemental analysis 390 

Due to the complex nature of bauxite residue and its composition, there is potential for trace 391 

metal leaching to the surrounding environment (Despland et al., 2011; Evans, 2016).  392 

Pollution from metals can have an adverse and detrimental effect on the surrounding 393 

environment, affecting plant and animal life (Gomes et al., 2016a; Olszewska et al., 2017). In 394 

addition, the majority of metals that are in a soil environment are non-degradable (Guo et al., 395 

2006).    396 

 397 

The influent and effluent metal concentrations from the columns treating DSW and forest 398 

run-off, along with the parametric values, as mandated by the Irish EPA (2014), are displayed 399 

in Figures 6 and 7. In this study, the dominant species present in both effluents were Al and 400 

Fe, which were above the parametric values (0.2 mg L-1 for both Al and Fe). Copper was 401 

released in both effluents, but did decrease with loading time when treating the DSW and the 402 
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level of Cu reduced to below the parametric value of 2 mg L-1.  The level of Mn was lower in 403 

the effluent compared to the influent for all columns, showing a retention capacity within the 404 

column media, but it was higher than the parametric value of 0.05 mg L-1.  Magnesium, Ga, 405 

V and Zn were also present in increased amounts in the effluent, due to leaching from the 406 

bauxite residue.  However, the Mg and Zn did decrease with increasing loading time.  There 407 

are currently no parametric values or EPA guideline values for drinking water parameters for 408 

Mg, Ga, V and Zn, although previous studies have highlighted that bauxite residue is 409 

inclusive of oxyanionic-forming elements, which are soluble at high pH range; these include 410 

Al, As, Cr, Mo and V (Mayes et al., 2016).  The main species of V present in bauxite residue 411 

was in the pentavalent form (Burke et al., 2012, 2013), which may be problematic due to its 412 

toxicity (Burke et al., 2012).  Whilst V may be a potential issue (depending on the source of 413 

bauxite ore), it is also the focus of critical raw material (CRM) recovery studies (Gomes et 414 

al., 2016b; Zhu et al., 2018), which suggests the potential and need for further studies 415 

investigating the adsorbent potential of bauxite residue following the removal and recovery of 416 

CRMs such as V. 417 

 418 

Previous work by Lopez et al. (1998) highlighted the ability of bauxite residue to retain Ni, 419 

Cu and Zn. Despland et al. (2014) showed that Bauxsol™ (neutralised bauxite residue 420 

produced using the Basecon™ procedure) had the ability to remove trace amounts of As, lead 421 

(Pb), Cd, Cr, Cu, Ni, Se, Zn, Mn and Al.  This highlights the potential of bauxite residue in 422 

the removal of both cations and anions from aqueous solution. However, the composition and 423 

concentration of elements in bauxite will vary depending on the type of ore (Mayes et al., 424 

2011).       425 

 426 
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Although there was overall evidence of mobilisation of some trace elements while treating 427 

the wastewater, one suggestion would be to include a rinse/wash period prior to packing the 428 

columns.  This would reduce and/or eliminate the potential leaching of metals at the initial 429 

loading period and avoid further release as the loading period increases. Another option 430 

would be to apply a seawater treatment to the bauxite residue, which has been proven to 431 

lower the pH and therefore reduce the leaching of metal(loid) species (Cusack et al., 2018; 432 

Johnston et al., 2010).  433 

 434 

4. Conclusions 435 

 436 

Several studies have focussed on the use of low-cost adsorbents in the removal of 437 

contaminants such as P from contaminated waters due to possible cost savings and to reutilise 438 

by-products from various sectors.  This study demonstrated that bauxite residue has P 439 

(particularly dissolved reactive phosphorus) removal capabilities in both low (forest run-off) 440 

and high (dairy soiled water) range P-concentrated waters.  The estimated service time of the 441 

column media before initial breakthrough, based on the performance of the largest columns, 442 

was 1.08 min g-1 media for the forest run-off and 0.28 min g-1 media for the dairy soiled 443 

water.  Due to the composition of the bauxite residue, potential for metal(loid) leaching is a 444 

concern.  Aluminium and iron were the dominant metals released in the treated effluent, but 445 

this may be eliminated by a preventative step such as introducing a washing period or a 446 

seawater neutralisation step prior to packing the bauxite residue into the columns.   447 
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Table 1 Phosphorus (P) adsorption studies that have been carried out using bauxite residue, untreated and 820 
treated residues, and their recovery efficiencies (adapted from Cusack et al., 2018). 821 

 P recovery 
technique 

Factors 
investigated  

Type of 
water 

Initial P 
concentration 
of the water 

P recovered Reference 

Untreated 
bauxite residue 
 

Batch 
adsorption 
experiment 

Kinetics, pH 
and 
temperature  

Synthetic 
water 

5-100 mg P L-

1 
0.20 mg P g-1 

 
Grace et 
al., 2015 
 

Untreated 
bauxite residue 
 

Column 
study 

Initial 
concentration, 
particle size 
 

Synthetic 
water 

60-1000 mg P 
L-1 

25 mg P g-1* 

 
Herron et 
al., 2016 

Untreated 
bauxite residue 
 

Batch 
adsorption 
experiment 
 

Initial 
concentration, 
pH, particle 
size 
 

Synthetic 
water 
 

10-150 mg P 
L-1 
 

0.345-1 mg P 
g-1 

Cusack et 
al., 2018 

Gypsum 
Treated 
 

Batch 
adsorption 
experiment 
 

Contact time  
 

Synthetic 
water 
 

20-400 mg P 
L-1 
 

7.03 mg P g-1 Lopez et 
al., 1998 

Gypsum 
Treated 
 

Batch 
adsorption 
experiment 
 

Initial 
concentration, 
pH, particle 
size 
 

Synthetic 
water 
 

10-150 mg P 
L-1 
 

1.39-2.73 mg 
P g-1 

Cusack et 
al., 2018 

Seawater 
Treated  
 

Batch 
adsorption 
experiment 
 

Initial 
concentration, 
pH, particle 
size 
 

Synthetic 
water 
 

10-150 mg P 
L-1 
 

0.48-1.92 mg 
P g-1 

Cusack et 
al., 2018 

Brine treated 
bauxite residue 
(Bauxsol™**) 
 

Batch 
adsorption 
experiment 
 

pH, ionic 
strength, time 

Synthetic 
water  

0.5-2 mg P L-1 6.5-14.9 mg P 
g-1 

Akhurst et 
al., 2006 

Brine treated 
bauxite residue 
(Bauxsol™**) 
 
 

Column 
study 

Kinetics, 
particle size  

Secondary 
treated 
effluent 

3-9.2 mg P L-1 2.85-8.74 mg 
P g-1 

Despland 
et al., 
2011 

Acid and brine 
treated bauxite 
residue 
(Bauxsol™**) 
 

Batch 
adsorption 
experiment 
 

Kinetics and 
isotherms 
 
 

Synthetic 
water 
 

200 mg P L-1 
 
 

55.72 mg P g-1 
 
 

Ye et al., 
2014 
 

Heat treated 
bauxite residue 
 
 
Acid and heat 
treated bauxite 
residue  
 

Batch 
adsorption 
experiment 
 
Batch 
adsorption 
experiment 

Time, pH and 
initial 
concentration 
 
Time, pH and 
initial 
concentration 

Synthetic 
water 
 
 
Synthetic 
water  

155 mg P L-1 
 
 
 
155 mg P L-1 
 

155.2 mg P g-1 
 
 
 
202.9 mg P g-1 

Liu et al., 
2007 
 
 
Liu et al., 
2007 
 

Acid treated 
bauxite residue  

Batch 
adsorption 
experiment  

Acid type, pH  Synthetic 
water  

1 mg P L-1  1.1 mg P g-1  Huang et 
al., 2008 

*Pmax value given i.e. Maximum amount of P adsorbed per g of media, as determined using the Langmuir adsorption 822 
isotherm.  823 
**Bauxsol™ = neutralised bauxite residue produced using the Basecon™ procedure, which uses brines high in Ca2+ and 824 
Mg2+ (McConchie et al., 2001). 825 
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Table 2 Main mineralogical composition (%) of the bauxite residue determined by XRF. 826 

Mineral oxide % 

Aluminum oxide, Al2O3 14.8 ± 1.5 

Iron oxide, Fe2O 47.5 ± 2.0 

Titanium oxide, TiO2 10.3 ± 0.95 

Silicon oxide, SiO2 7.20 ± 1.0 

Calcium oxide, CaO 6.1 ± 1.0 

 827 

 828 

 829 

 830 

 831 

 832 

 833 

 834 

 835 

 836 

 837 

 838 

 839 

 840 

 841 

 842 

 843 

 844 

 845 

 846 
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Table 3 Particle size distribution of the bauxite residue used in this study. 847 

d10 (µm)a d50 (µm)b d90 (µm)c 

0.8 ± 0.1 2.6 ± 0.1 6.8 ± 0.2 

ad10 (µm) = the size of particles at 10% of the total particle distribution.  848 
bd50 (µm) = the median; the size of particles at 50% of the total particle distribution.  849 
cd90 (µm) = the size of particles at 90% of the total particle distribution. 850 
 851 

 852 

 853 

 854 

 855 

 856 

 857 

 858 

 859 

 860 

 861 
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Figure 1 XRD pattern as determined for the column media before (‘Raw media’, top) and after the 862 

loading period with DSW (‘Dairy’, middle) and forest run-off (‘Forest’, bottom).  Hematite (H; 863 

Fe2O3), detected at position 33.153 and 35.612°2ϴ and rutile (R; TiO2), detected at position 27.459 864 

°2ϴ were present in the raw bauxite residue media.  Calcium hydrogenphosphate (III) hydrate (C; 865 

CaHPO4.3H2O ), detected at positions 19.120 and 30.001 °2ϴ, was present in both the spent media 866 

following treatment of the DSW and forest run-off.   867 

 868 

 869 

 870 

 871 
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 872 

 

 

Figure 2 The breakthrough curves for the effluent dissolved reactive phosphorus concentration versus 873 

loading time for forest run-off (top) and dairy soiled water (bottom) using experimental and modelled 874 

data.  875 
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           Figure 3 FT-IR analysis of the bauxite residue media before (a) and after use in the column treating DSW (b). 876 
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Figure 4 FT-IR analysis of the bauxite residue media before (a) and after use in the column treating forest run-off (b). 877 
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Figure 5 The pH values of (a) the dairy soiled water and (b) forest run-off effluent from the columns over the 24 – 36 hr loading period, showing that there 878 

was an overall increase in the pH of the effluent treated.879 
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 880 
Figure 6 Comparison of the composition of (a) Al, (b) Fe, (c) Na (d) Cu (e) Mn (f) Mg (g) Ga (h) V and (i) Zn in both the influent and effluent in the columns treating DSW 881 
over the 24 -36 hr loading period.  EPA indicator parameter or EPA chemical parameter included for each element. 882 
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 883 
Figure 7 Comparison of the composition of (a) Al, (b) Fe, (c) Na (d) Cu (e) Mn (f) Mg (g) Ga (h) V and (i) Zn in both the influent and effluent in the columns treating forest 884 
run-off over the 24 -36 hr loading period.  EPA indicator parameter or EPA chemical parameter included for each element.  885 
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