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Abstract             

      A laboratory study was conducted to investigate the ability of activated CO2-neutralized red 

mud (ANRM) for the removal of arsenate from the aqueous solutions. The batch adsorption 

experiments were conducted with respect to adsorbent dose, equilibrium pH, contact time, initial 

arsenate concentration, kinetics, Langmuir isotherms. The mechanisms involved in adsorption of 

arsenate ions on ANRM were characterized by using XRD, FT-IR, UV–vis, SEM/EDX, and 

chemical methods.   The percentage removal was found to increase gradually with decrease of 

pH and maximum removal was achieved at pH ~4. Adsorption kinetic studies revealed that the 

adsorption process followed pseudo-second-order kinetics and equilibrates within 24 h. FT-IR 

spectra of ANRM before and after adsorption reveals the binding of arsenate to the adsorbent. 

The adsorption data were fitted to linearly transformed Langmuir isotherm with R2 (correlation 

coefficient) > 0.99. Arsenate adsorbed ANRM can be regenerated using NaOH solution at pH 

12.0. 
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1.  Introduction 

      Arsenic contaminated water is one of the most challenging global environmental problems 

today.  Millions of people worldwide are exposed to this water as their only source of drinking 

water, due to natural and man-made sources. Arsenic can be easily solubilized in ground waters 

depending on pH, redox conditions, temperature, and solution composition [1]. Long-term 

exposure to arsenic contaminated water causes various types of cancers. Therefore, World Health 

Organization (WHO) has recommended the standard concentration of arsenic in drinking water 

is 10 µg L–1 [2]. But the typical arsenic concentration in arsenic contaminated water used for 

human consumption is about 100–300 µg L–1 [3]. 

Various methods for arsenate removal have been investigated for the rising demand of 

standard drinking water. Thus, there is growing interest for development of low-cost materials 

and methods to remove arsenic from drinking water or industrial effluents before it may cause 

significant contamination. Although many different methods such as precipitation, 

coprecipitation of aluminum and iron hydroxides [4,5], adsorbing colloid flotation, ion-

exchange, ultrafiltration, and reverse osmosis has been used for arsenic removal [6], but the 

process based on adsorption methods are promising, due to high concentration removal 

efficiency. Many types of adsorbents have been used: goethite [7], iron oxide minerals [8], 

zerovalent iron [9],  soil [10,11], high surface area iron oxide based sorbent [12], activated red 

mud[13], Bauxsol and activated Bauxsol [14, 15], are mostly used in arsenic adsorption, due to 

strong affinity of iron toward arsenic. Arsenic is mostly present in the form of arsenate [As(V)] 

and arsenite [As(III)] in natural water.  Both As(V) and As(III)  sorbs more efficiently to iron 

oxides [8].  
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      Previous research has observed strong adsorption of arsenic to seawater neutralized RM 

(Bauxsol), further activated by acid treatment or combined acid and heat treatment method [14, 

15]. The results showed that combination of acid and heat treatment has greater removal 

efficiency.  

Red mud (RM) is a waste product formed after caustic digestion of bauxite during the 

extraction of alumina. The storage and maintenance of red mud is a challenging environmental 

problem in the alumina industry area due to its alkaline nature, which is a risk for living 

organisms. It also pollutes the ground water and air borne dust impact on industry [16–19]. 

Furthermore, arsenate adsorption mainly takes place in acidic medium [15,20]. So, its 

neutralization using CO2 sequestration and utilization for environmental benefit enhance the 

socio-ecological-economical value of alumina industries.  

With our knowledge from literature survey, the removal of arsenate from aqueous solutions 

using activated CO2–neutralized red mud has not been reported. The objective of this study is to 

characterize the arsenate adsorption on the ANRM and to investigate the removal of arsenate 

from the aqueous solutions by batch experiments. The effect of various parameters, adsorbent 

dose, time, pH, effect of initial arsenate concentration, etc. on the removal of arsenate from 

aqueous solutions by ANRM was examined. The ultimate aim is also to try to find out the 

optimum conditions of reuse of ANRM as a low-cost sorbent.   

2.  Materials and methods 

2.1. Materials 

      All chemicals, including HCl, NaOH, HNO3, NaBH4, KI, KBr and arsenic standard solution 

of 1000 mg L–1 used in the present study were of analytical grade and obtained from Merck 

(Germany), sodium arsenate heptahydrate (Na2HAsO4.7H2O), NaCl from Nice chemicals and L–
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cysteine from Loba chemicals, BaSO4 from Wako pure chemicals. In all experiments, double 

distilled water was used for preparation, dilution and analytical purposes of the solutions. As(V) 

stock solution of 1000 mg L–1 was prepared by dissolving 4.164 g Na2HAsO4.7H2O in 1 L of 

double distilled water. Test solutions of arsenate with concentrations 7–100 mg L–1 were 

prepared from the stock solution.  

2.2. Adsorbent preparation  

      The fresh red mud used in this study was obtained from R&D Laboratory of  NALCO, 

Damanjodi, Orissa, India, in the form of dried-clay. The chemical compositions of the RM based 

on the dry weight are Fe2O3 (54%), Al2O3 (13%), SiO2 (7%), Na2O (8%), and TiO2 (3.5%). The 

RM was neutralized using sequestration of CO2 gas. The pH of RM suspension was decreased 

from 11.8 to 8.45. This partially neutralized RM sample was dried at 110 °C for 2 h and 

calcinated at 500 °C for 2 h and referred as activated neutralized red mud (ANRM). 

2.3. Characterization of adsorbent  

      The powder X-ray diffraction (XRD) of sample was determined by using Philips X’Pert X-

ray diffractometer with a Cu Kα radiations generated at 35 kV and 30 mA. Scattering angle 2θ 

was ranged from 10–80º at a scanning rate of 2 º min–1 and was analyzed using standard software 

provided with the instrument. The surface micro-morphology of materials was investigated using 

a Scanning Electron Microscope (SEM) and qualitative element composition was analyzed using 

Energy Dispersive X-ray (EDX) by JOEL model JSM-6480LV (Japan).  

      The BET surface area was measured at liquid nitrogen temperature using the Brunauer–

Emmett–Teller (BET) surface area analyzer (Quantachrome AUTOSORB–1, USA). All samples 

were degassed at 150 °C in vacuum. Helium was used as carrier gas and surface area was 

measured by nitrogen adsorption–desorption method. Particle size of the red mud was measured 
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using Master Sizer (Malverns, UK). FT-IR spectra of the samples were obtained by using 

PerkinElmer FT-IR Spectrometer Spectrum RX-I. The spectrum was scanned from 4000 to 400 

cm–1.  Samples were homogeneously crushed with anhydrous KBr in a ratio of 1:50. The powder 

was pressed at 10 tons cm–2 to make a translucent tablet for recording FTIR spectra. The diffuse 

reflectance spectra of powder samples were carried out on a UV–vis spectrophotometer (UV–

2450; Shimadzu, Japan) at room temperature and BaSO4 was used as a reflectance standard. 

      The pH measurements of arsenate aqueous solutions were made using a calibrated Orion 2 

Star Bench top pH meter. Quantitative analysis of the As(V) ion in the filtrate, after adsorption 

was determined by using hydride generated atomic absorption spectrometer (MHS 15, AAS, 

PerkinElmer, AAnalyst 200, U.S.A.) using standard method.  Calibration was achieved using 

dilutions prepared from a commercially available 1000 mg L–1 standard arsenic solution [21,22]. 

For hydride generation, 3% NaBH4 (prepared in 1% NaOH) and 1.5% HCl solutions were 

reacted with the samples for total As determination. 

2.4. Batch experiments:  

      Batch experiments were carried out at room temperature (25 ± 2 ºC) using 100 mL stoppered 

polylab plastic bottles. 0.2 g of ANRM adsorbent was weighted and put into the different plastic 

bottles, into which 50 mL of As(V) solutions at initial concentration 1–100 mg L–1 were added 

separately. The bottles were capped tightly for all tests to avoid change in concentration, due to 

evaporation. The pH was adjusted to the desired level with 0.1 M NaOH or 0.1 M HCl solutions. 

A number of experimental parameters such as adsorbent dose, contact time, initial arsenate 

concentration, pH affecting the adsorption of arsenate have been studied to optimize the removal 

process. The solutions were stirred using magnetic stirrer at about 300 rpm for 24 h until the 

adsorption equilibrium time was reached. All adsorption studies were carried out at a constant 
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ionic strength of 0.01 M maintained with NaCl. After stirring, the solutions were allowed to 

settle for 10 min and the samples were centrifuged 3000 rpm for 20 min and filtered through 

Whatman 42 filter paper. The filtrate was used for the analysis of remaining arsenate 

concentration in the solution. The amount of arsenate adsorbed (removal) was calculated as 

follows: 

[ ] [ ]
[ ] 100% ×
−

=
i

fi

C
CC

adsorbed                                                                                                  (1) 

where [C]i and [C]f are  the initial and final concentrations of the arsenate in the aqueous 

solutions (mg L–1), respectively. All experiments were conducted in duplicate and the mean 

values were considered. 

2.5. Desorption and regeneration studies 

      The recovery of the adsorbed As(V) ions as well as reusability of activated red mud mainly 

depends on the ease with which arsenate (V) ions get desorbed from loaded ANRM sample. For 

this 50 mL of 10 mg L–1 arsenate solution was treated with 0.2 g of ANRM and was kept under 

stirring for 24 h. The content of the flask was filtered and separated. The filtered adsorbent was 

retreated with 50 mL neutral distilled water and they were adjusted to different pH with the help 

of 1.0 M NaOH. The samples were stirred at 300 rpm at room temperature (25 ± 2 °C) for 24 h.  

3.  Results and discussion    

3.1. Characterization of adsorbent  

      Particle size of the red mud was in the range of 0.1 – 160 µm. The BET-N2 surface area of 

RM, NRM and ANRM were found to be 31.7, 59.33 and 63 m2 g–1, respectively. The surface 

areas of NRM and ANRM were increased, due to acidic CO2 and thermal treatment, 

respectively.  
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           The crystalline phases of RM, NRM and ANRM were obtained by powder XRD and the 

graph is presented in Fig. 1. The following mineral phases were analyzed with Philips X’Pert 

High Score software: hematite (α-Fe2O3), goethite (α-FeO(OH)), gibbsite (γ-Al(OH)3), calcite 

(CaCO3), rutile/anatase (TiO2), sodalite: zeolite (I) (1.08Na2OAl2O31.68SiO21.8H2O), quartz 

(SiO2), sodium aluminum silicate (Na(AlSiO4)), and magnetite (Fe3O4).  The results obtained 

from the analysis indicated that there were remarkable differences among RM, NRM, and 

ANRM, which suggests that phase transformation has taken place. It revealed that the peaks of 

gibbsite in NRM were increased prominently and a new mineral ilmenite (FeTiO3) was formed, 

due to CO2 treatment. But, after thermal treatment of NRM, the intensity of hematite was 

increased significantly, whereas the peaks of gibbsite disappeared, due to decomposition. As a 

result, hematites are dominant phases in ANRM.  

      Fig. 2 shows the FT-IR spectra of RM, NRM and ANRM. The positions of the absorption 

bands are nearly similar in all spectra. But, the relative intensities of RM are more intense. RM 

showed a broad band at ~3142 and a weak peak at ~1644 cm–1, due to the stretching vibrations of 

O–H bonds and H–O–H bending vibrations of interlayer adsorbed H2O molecule respectively. 

Water hydroxyl-stretching vibrations are intense in an infrared spectrum, because of large 

change in dipole moment. The OH-stretching vibrations of NRM and ANRM show at higher 

wave number of ~3461, 3396 cm–1, respectively. This shift is associated with the shorter O–H 

bonds existing in RM than NRM and ANRM, causing an increase in electrostatic attraction 

within the RM layer.  The absorption bands at ~1473, ~1410 and ~807  of RM and ~1486, ~1410 

and ~803 cm–1  of NRM are due to stretching vibrations of C=O, confirmed the presence of 

CO3
2– groups [23–25]. This may be due to chemisorbed CO2 in RM and NRM, respectively. 

These peaks were disappeared in ANRM, due to decomposition of carbonate group by heat 
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treatment. Characteristic bands correspond to Si–O vibration were detected at ~993 – ~1007 cm–

1 proved the presence of silicate groups. Peaks at ~553 – ~546 and ~469 – ~459 cm–1 are due to 

bending vibration of  Si–O–Al and stretching vibrations of Fe–O bonds, respectively [19,26].  

Intensities of these peaks were decreased in NRM, ANRM which confirmed the dissolution of 

minerals like silicate, Na(AlSiO4). Hence, FT-IR results support the evidence of phase change 

data of XRD.  

      The diffuse reflectance spectra of powder samples were converted into the absorption spectra 

by the Kubelka–Munk relationship, K/S = (1 – R)2/2R, where R, K, and S are the value of 

reflectance measurements (relative value to the reflectance of BaSO4) and the absorption and 

scattering coefficients of the sample, respectively. Fig. 3 shows the UV–vis diffuse reflectance 

and absorption spectra of RM, NRM and ANRM. It shows that the peak maxima are observed at 

slightly different positions for the three samples and the spectral patterns are very similar. 

However, the absorbance peak broadening of ANRM was observed, as shown Figure 3 (inset). 

This study of spectra suggests that there is no effect of CO2-neutralization and further heat 

treatment on the structure of Fe3+ ions of Fe2O3. In the region from 600 – 800 nm UV-vis light 

was not absorbed, which determines the red color from Fe3+ of RM, NRM and ANRM. As a 

result, in this region maximum reflection of light radiation was observed. Furthermore, 

reflectance % and peaks broadening of solid powder samples gradually decreased depending 

upon the decrease of concentration of alkaline oxides.                                                                                                

       SEM micrograph (Fig. 4) provides the surface micro morphology of the ANRM. Some 

mineral phase mainly calcite, sodalite, quartz were soluble in acidic environment. As a result 

their rounded shapes of aggregate disappeared. On thermal treatment porosity of the material was 

developed.  The EDX spectra of ANRM shows the presence of Fe, O, Al, Ti, Si and C.  
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3.2. Effect of adsorbent dose and pH 

        It is evident from the Fig. 5 that the % removal of As(V)  was increased from ~73 – ~98% 

with increase of the adsorbent concentration (1–4 g L–1) with initial arsenate concentration of 10 

mg L–1. Because number of active sites increases with respect to increase of adsorbent dose. 

However, it was observed that after dose of 4 g L–1, there was no significant change in % 

removal of As(V). This may be due to overlapping of active sites at higher dose. So, there was 

not any appreciable increase in the effective surface area due to the agglomeration of exchanger 

particles [27]. So, 0.2 g/50 mL was considered as optimum dose and was used for further study. 

Some experiments were carried out to examine the effect of initial pH on the adsorption. The 

arsenate removal was favored at acidic pH (3–6), whereas adsorption gradually decreased with 

increase of pH. Furthermore, the adsorption of As(V) was very low at pH 10.0, as shown in Fig. 

6.  

      Solution pH not only affects the surface charge property of the ANRM through the 

protonation, but also influences arsenate speciation in the solution. Arsenate exists as H3AsO4, 

H2AsO4
–, HAsO4

2–, and AsO4
3– species in aqueous solution. H2AsO4

– is the main species in 

solution at pH from 3–6, while HAsO4
2–, and AsO4

3– become major species at pH above 8. 

Therefore, arsenate species are anionic in this pH range. With increase of solution pH, the 

number of protonated groups (positive charges) on ANRM decreased, while the number of 

negative charge of arsenic species increased. As a consequence, the adsorption amount of 

ANRM for arsenate decreased. In acidic environment, OH– ions concentration in the solution is 

lower, so less competition with As(V)  anions for the available active sites. The above data 

suggest that the optimum pH for removal of arsenate was ~4. In the pH range 3–7, H2AsO4
– and 

HAsO4
2– are the predominant species of As. Solutes interact with mineral surfaces due to their 



10 

 

electrical surface charge, because of reactions involving functional groups (H+, OH–) on the 

mineral surface and ions in the solution. Hydroxylated surface of the oxides of red mud develops 

charge on the surface in the water. The adsorption between surface hydrohyl group and As(V)  

ion follows ligand exchange reaction mechanism and exists as inner sphere surface complexes 

[15]. The binuclear bidentate surface complex ≡(FeO)2AsO2
– is predominated and the dominant 

form of arsenate in the range of pH 4–6.8, whereas the monodentate complex ≡FeOAsO3
2– is 

dominate above pH 6.8 [12]. This involves columbic interaction and is referred as surface 

coordination:  

≡S–OH + L– + H+ ↔ ≡S–L + H2O                                                                                           (2) 

where ≡S–OH is a surface hydroxyl group and ≡S–L is the ligand-adsorbed species. Red mud is 

a heterogeneous mixture of several minerals. The hydroxyl surfaces of mixture of Fe, Al, Ti 

oxides of ANRM provide strong adsorption affinity for arsenate adsorption by forming inner-

sphere complexes.  

  The adsorbed As(V) on ferric hydroxide shows two peaks at 835 and 938 cm–1 in acidic 

medium as shown in Fig. 7. This is due to symmetric stretching (vs) of As–O bond and 

asymmetric stretching (vas) of As–O bond in As–O–Fe species, respectively. The peak position is 

strongly affected by changes in pH. Therefore, they show prominent peaks at optimum acidic 

pH. From FT-IR data there is a clear evidence for surface precipitation of poorly crystalline 

ferric arsenate in acidic pH ~4, whereas at alkaline pH arsenate is adsorbed via surface 

complexation. The observed As(V) FT-IR bands at various pH are in agreement with previous 

reports [28–32].   
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3.3. Effect of contact time and adsorption kinetics 

      Adsorption of As(V)  at different contact time was studied for determination of equilibrium 

time of reaction. These experiments were carried out at equilibrium pH ~4, with initial arsenate 

concentration 10 mg L–1 at room temperature. The percentage removal was 85% for first 0.5 h of 

contact time. The results of the Fig. 8 showed that the maximum removal was 99% and attained 

equilibrium at 24 h. After that there was no significant change in the percentage removal. This 

indicates the possible monolayer formation of As(V)  ions on the outer surface.     

      The rate constant K1 for adsorption of As(V) was studied by Lagergren rate equation [14] for 

initial arsenate concentration of 10 mg L–1. Pseudo-first-order rate expression of Lagergren 

equation: 

)(
303.2

loglog 1tK
qqq ete −=−                                                                                                      (3) 

where qe and qt are the amount of arsenate  adsorbed (mg g–1) at equilibrium and at time t (min), 

respectively. K1 is the pseudo-first-order rate constant (min–1). The K1 and R2 were found to be 

0.0076 and 0.939 respectively, which are extremely low, indicating that the adsorption of As(V)  

onto ANRM did not follow pseudo-first-order rate model.  

The pseudo-second-order rate expression: 

eet q
t

qKq
t

+= 2
2

1                                                                                                                         (4) 

where K2 is the pseudo-second-order rate constant (g mg–1 min–1). The values of K2, and R2 were 

given in Table 1. The low value of K2 and high value of R2 indicates that the adsorptions 

followed pseudo-second-order kinetics. 
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3.4. Adsorption equilibrium isotherms 

      Commonly adsorption isotherm has been used to evaluate the adsorption capacity of an 

adsorbent for an adsorbate. The linearized Langmuir adsorption isotherm equation is as follows 

[33]:  

meme qbCqq
111

+=                                                                                                                     (5) 

where Ce is the equilibrium concentration of adsorbate in solution (mg L–1), qe is the amount 

adsorbate adsorbed at equilibrium (mg g–1), qm is the theoretical maximum adsorption capacity 

(mg g–1), and b is the Langmuir constant (L mg–1). Arsenate adsorption is well fitted by 

Langmuir adsorption isotherm with correlation coefficient R2 = 0.996, as shown in Fig. 9. This 

indicates a monolayer sorption of arsenate onto the adsorbent surface. The maximum adsorption 

capacity (qm) of ANRM for arsenate was 55.55 mg g–1 according to Langmuir model, which is 

better than that of most adsorbents [13–16], single component materials [34] used to remove 

arsenate in the literature.  

      Freundlich adsorption isotherm assumes multilayer adsorption on heterogeneous surfaces. 

Linearized form of the Freundlich equation is given by the following equation [14]: 

ln qe = ln Kf + 1/n ln Ce                                                                                                             (6) 

where qe is the amount of arsenate ions adsorbed at equilibrium time (mg g–1), Ce is the 

equilibrium concentration of arsenate ions in the solution (mg L–1), Kf is the adsorption capacity 

(mg g–1), and n is an empirical parameter. The value of Kf, n, and R2 are 10.86 mg g–1, 2.0411, 

0.977, respectively. This indicates that the highest correlation coefficient of Langmuir isotherm 

fits the adsorption data better than the Freundlich isotherm.  
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3.5. Desorption and regeneration studies     

      Regeneration studies were carried out in order to know the reusability of ANRM, when the 

adsorption capacity of the adsorbent is exhausted. Initially, desorption of arsenate was difficult in 

the pH range 4–8. Because, in the pH range of 4–9, Lewis bases ligands arsenates get selectively 

adsorbed through the formation of inner-sphere complexes [35]. But, as the pH increases from 9–

12, desorption of arsenate increases and maximum desorption (92%) occurred at pH 12, as 

shown in Fig. 10. Because, at pH > 11.0, negatively charged FeO– is the predominant surface 

functional group, thus rejects all ions including arsenates [36]. Therefore, desorption of arsenate 

with NaOH solution is very efficient. The surface of adsorbent (ANRM) becomes fresh and 

active sites are regenerated. But, adsorption capacity of regenerated ANRM decreases gradually, 

chemisorptions exhibits poor desorption, adsorbate species are bound tightly to the adsorbent 

with comparatively stronger bonds [14].   

 
4.  Conclusions 

      Adsorption is one of the most commonly used cost effective techniques to remove arsenate 

from contaminated water. In this study, red mud was neutralized using CO2 and thermally 

activated neutralized red mud was used as adsorbent. FT-IR analysis revealed that the adsorption 

of As(V) on the surface of ANRM through the electrostatic interaction between the positively 

protonated hydroxyl groups and negatively charged arsenate. The percentage removal was 

increased with decrease of pH and attained maximum adsorption at pH ~4. The adsorption 

kinetics was found to follow pseudo-second-order rate law and equilibrates within 24 h. The 

ANRM can be used as a low cost adsorbent for the removal of arsenate to meet its acceptable 
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limit in water. This process can be employed as a preliminary investigation for utilization of 

ANRM for removal of arsenate from aqueous solutions. 
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Initial solution pH       qe (mg g–1)              K2 (g mg–1 min–1)                  R2 

5                                  52.604                     6.234 x 10–3                       0.998 

7                                  46.620                     0.420 x 10–3                       0.999 

9                                  34.106                     1.395 x 10–3                       0.994   

 

 

 

 

 

 

 

 

 

 


