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“Imagination is more important than knowledge. For knowledge is limited, whereas 
imagination embraces the entire world, stimulating progress, giving birth to evolution.” 
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An optimized synthesis of sodium molybdenum bronze was presented using 1/3 of the 
expensive Na2MoO4·2H2O buffer as the conventional method. The need for a N2 atmosphere was 
also eliminated.  Further, the reaction time was increased from 3 hours to 24 hours, yielding a 
product with composition of Na0.29H0.04MoO3·0.45H2O. Using low-cost Na2HPO4·7H2O as a 
buffer produced a pure sodium bronze, with a composition of Na0.30MoO3·0.52 H2O and 
improving the yield from 66% to 73%.   

Metal tungstates and molybdates were produced by a variety of methods, all producing 
nanocrystalline materials with very high yields. A nanometric suspension of MoO3 proved to be 
highly reactive towards Cs+, Ag+, and Pb2+ allowing direct conversion to molybdates and 
polymolybdate materials. Scheelite-type alkaline earth metal tungstates were produced via a 
reaction of the metal acetates with tungsten oxide and tungstic acid, with acetic acid as the only 
byproduct. However, using Mg(CH3COO)2 produced a novel magnesium polytungstate. A single-
source precursor method based on alpha-hydroxycarboxylate complexes was also reported for the 
synthesis in a wide variety of useful metal molybdates and tungstates, all in very high yields.  

Numerous environmentally friendly materials were developed as sorbents for heavy 
metals, precious materials, and radionuclides. Al2W3O12 proved to be an ideal candidate for the 
recovery of gallium from water and industrial waste streams. MoO3 proved to be highly reactive 
towards aqueous lead, however toxicity of the sorbent becomes an issue due to the solubility of 
the sorbent. Using non-toxic and insoluble WO3 as a sorbent was more appropriate for potable 
water remediation applications. The surface areas of the WO3 sorbents correlated to both their 
reactivity and capacity for the uptake of heavy metals. Mesoporous-WO3 proved to be the most 
reactive material towards lead. CaWO4 showed a very high reactivity for the divalent heavy 
metals: Pb2+, Cu2+, and Cd2+, with the highest reactivity towards lead and lowest towards 
cadmium.  CaWO4 was shown to be an excelled sorbent for the radionuclide surrogates Sr2+ and 
UO2

2+. H2WO4 on high-surface area pellets proved to be an excellent sorbent for UO2
2+. Finally, 

all of the materials were able to be recycled with only NaCl or NH4Cl as byproducts, allowing for 
both the sorbents and the analytes to be recovered in very high yields.   
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CHAPTER I 
 

 

INTRODUCTION 

 

Group (VI) transition metals have been found to have very rich chemistries due to their 

partially filled d-orbitals yielding a wide range of possible oxidation states. Among the group (VI) 

elements, molybdenum and tungsten oxides have received much attention for their interesting and 

useful properties.  Due to these properties, both molybdenum and tungsten based materials have been 

widely used in industrial applications. This introduction will provide a brief explanation of some of 

the structures and applications of the materials used in this dissertation. 

Molybdenum (VI) Oxide 

Molybdenum trioxide, MoO3, is one of the many transition metal oxides that have been used 

in a number of technically important applications, including electrochromism,1 photochromism,2 and 

catalysis,3-5 among others. The MoO3 crystal structure is comprised of a very interesting orthorhombic 

layered structure, representing a transitional stage between tetrahedral and octahedral coordination.6 

As illustrated in Figure 1, the structure may be considered to be built up of infinite chains of MoO4 

octahedra connected by the sharing of two oxygen corners with two neighboring tetrahedra on the c 

axis.  In taking advantage of the layers, insertion of ions has led to a number of interesting materials. 

The intercalation of sodium, producing the nonstoichiometric sodium molybdenum bronze NaxMoO3, 

has found use in several applications.  Among these include ion-exchange technologies,7-8 peroxide-

based explosive detection and neutralization,9 and electrochromic devices.10  
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Figure 1: Layered Structure of MoO3 

Metal molybdates have been found to be useful for many applications due to their interesting 

properties.  For example, lead molybdate, which adopts the scheelite-type structure, has been widely 

studied for its interesting and useful optical properties allowing it to be incorporated in several 

applications including scintillation detectors and in photocatalysis.11-23 Further, aluminum and 

zirconium molybdates and tungstates have been studied for their interesting negative thermal 

expansion properties.24-27  

Tungsten (VI) Oxide 

Despite its rather simple stoichiometry, the chemistry of WO3 is very rich and it has found 

use in applications such as photo-,28 electro-,10, 29 and thermochromic30 devices, along with use in gas 

sensing applications.31-33 The structure of WO3 consists of a three-dimensional array of corner linked 

WO6 octahedra, shown in Figure 2.  Its rich chemical properties likely stem from the materials ability 

to undergo numerous facile crystallographic transitions at or near room temperature, as WO3 has at 

least seven know polymeric forms.34  
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Figure 2: Three Dimensional Structure of WO3 

Metal Tungstates 

Owing to their interesting, highly useful, properties metal tungstates have also received much 

interest.  For example, alkaline earth metal tungstates have been employed in a variety of roles in 

material science as phosphors,35 laser media,36-38 scintillation detectors,39 and electro-optic 

materials.40-41  Moreover, owing to their low permittivities and high Qf values, scheelite ceramics are 

regarded as promising materials for microwave substrate applications.42 Most divalent metal tungstate 

(M2+WO4) compounds are known to crystallize with either the scheelite or wolframite structures. 

Typically larger cations tend to adopt the scheelite structure, while smaller, more electronegative 

cations tend to adopt the wolframite-type structure.43 For example, calcium tungstate (CaWO4), which 

adopts the scheelite structure, shown in Figure 3, contains 8-coordinate calcium ions where the 

oxygen are arranged in an irregular deltahedral shape called a blunt disphenoid. Further, each cation 

in the scheelite structure is surrounded by four near-neighbor cations of the same kind and eight near-

neighbor cations of the other kind.44   
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Figure 3: Structure of Calcium Tungstate 

Purpose and Scope of the Research 

The main objective of the research reported herein was to investigate the effectiveness of 

molybdenum and tungsten based reagents for their abilities to be applied to water remediation 

technologies, furthering research previously established by the Apblett research group.  The 

investigation was also aimed at the synthesis of highly reactive nanometric materials using interesting 

reagents and a single source precursor approach.  The resulting products have applications in a variety 

of fields, but were only applied to water remediation technologies.  Moreover, the research presented 

in this dissertation highlights a single source precursor method to synthesize a wide range of 

nanometric metal molybdates and tungstates with very high yields.    
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The effectiveness of the produced materials to remove toxic heavy metals and radionuclides 

is reported herein. This study will also show the effect of particle size, porosity, and supporting the 

metal oxides on their ability to uptake aqueous heavy metals and radionuclides.  Further, by building 

on the discovery of the catalytic behavior of Ca2+ in the sorption of toxic materials by tungstic acid,45 

calcium tungstate was directly synthesized and studied for its ability to sorb heavy metals and 

radionuclides. The attractiveness of using tungstate-based sorbents is the ability to recover the 

sorbents with high yields and the ability to repurpose the analytes for industrial applications.   

Also presented in this study, is the optimization of a widely used synthetic method for 

synthesizing the nonstoichiometric sodium molybdenum bronze, which uses an extreme excess of 

reagents.46 Further, a method for synthesizing the material utilizing a much more cost efficient buffer 

was discovered and will also be discussed. 
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CHAPTER II 
 

 

IMPROVED SYNTHESIS OF SODIUM MOLYBDENUM BRONZE  

 

Introduction: 

The chemistry of nonstoichiometric alkali metal layered molybdates has been widely 

studied due to their intriguing properties. Sodium molybdenum bronze, for example, has been 

applied to applications in ion-exchange technologies,1-2 peroxide-based explosive detection,3 

and electrochromic devices.4  Early synthetic methods for sodium molybdenum bronzes mostly 

utilized the ceramic method.5-7 However, Thomas and McCarron developed a method for direct 

ion insertion from chemical reduction using sodium dithionite (Na2S2O4) as the reducing agent.8  

This popularized method (over 75 citations) uses copious amounts of expensive Na2MoO4·2H2O 

(60 grams in 250 mL) as a buffer for the reaction.  Even though the buffer is in extreme excess 

(21.6 mol Na2MoO4·2H2O to 1.0 mol Na2S2O4), researchers have continued to utilize this 

method in the study of sodium molybdenum bronzes.  Furthermore, their conclusion that this 

process produces a material that is intercalated with only Na+, without protons, is incorrect, as 

noted here and elsewhere.7, 9, 10 The aim of this study was to optimize reaction conditions for 

the synthesis of the bronze, using the Thomas and McCarron method. The materials were 

characterized by thermal gravimetric analysis, X-ray diffraction, iodometry to determine the 

number of reducing equivalents, and flame photometry to determine the amount of sodium in the 

samples.  
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Experimental: 

All reagents were commercial products, of ACS grade or better and were used without 

further purification.  The sodium molybdate dihydrate was received from Sigma-Aldrich and the 

molybdenum trioxide (99% metal bases) was received from Alfa-Aesar, along with the 0.01 N 

iodine solution used to determine the reducing equivalents of the prepared samples.  The 

Na2HPO4·7H2O was received from Fisher Scientific and the sodium dithionite (83%) was 

received from J.T. Baker and the purity was determined by ion chromatography.11 The water used 

in all of the experiments was purified by reverse osmosis followed by deionization.  The original 

experiment as described by Thomas and McCarron was carried out to determine the identity of 

the produced material and compare it to the materials from the altered syntheses.  However, in 

order to not waste large amounts of material, the reactants used for the syntheses were halved. 

The materials were characterized by thermal gravimetric analysis using a Mettler-Toledo 

TGA/DSC 1 with a rate of 5 °C/min and X-ray powder diffraction using a Bruker D8-A25-

Advance with a LynxEye detector. 

Determination if N2 is Necessary 

To determine if the bubbled nitrogen was needed, two samples of the Thomas and 

McCarron bronzes were synthesized in side-by-side reaction.  Both syntheses were carried out as 

follows: two separate round bottom flasks with 2.5 g of MoO3, previously sintered at 600 °C for 

24 hours, were stirred in 125 mL of deionized water, one with N2 bubbling through the system 

and one reacted under ambient air in a rubber-stoppered round-bottom flask.  After 30 minutes of 

stirring, solid mixtures of 30 g of Na2MoO4·2H2O and 1.2 g of Na2S2O4 (83%) were added to 

each solution. After letting the solutions react for 3 hours, which produced a dark blue solid with 

a metallic sheen, the solutions were separated by vacuum filtration using fine-frit glass filters. 

The filtrate was dark green indicating some loss of an unidentified molybdenum compound 

occurs. The solids were then dried in vacuo, until they reached constant weight.   
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Optimization of Buffer 

As stated previously, this method uses a large excess of base in this reaction.  To 

determine the optimal amount of buffer to use, it is helpful to determine the species present in the 

solution. The oxidation of sodium dithionite (Na2S2O4) can produce a maximum of 6 molar 

equivalents of protons, as shown in Equation 1.  The protons produced by this reaction must be 

buffered to allow sodium atoms, rather than the protons, to intercalate.  

𝑆2𝑂42−(𝑎𝑞) +  4𝐻2𝑂(𝑙)  
 
→  2𝐻𝑆𝑂4−(𝑎𝑞) + 6𝐻+

(𝑎𝑞) + 6𝑒− 

Equation 1: The Oxidation Reaction of Dithionite in Water 

An experiment was performed using reactants in the molar ratio of 3 MoO3: 3 

Na2MoO4·2H2O: 1 Na2S2O4, allowing for the exhaustion of the buffer. Thus, the reaction 

consisted of 2.5 g of MoO3 that was stirred in 125 mL of deionized water for 30 minutes, to which 

was added 1.2 g of Na2S2O4 (83%) and 5.0 g of Na2MoO4·2H2O.  After the mixture reacted for 3 

hours, producing a dark blue solution, the solution was separated by vacuum filtration using fine-

frit glass filters.  The dark metallic blue solids were then dried in vacuo until they achieved 

constant weight.  This reaction was repeated using the molar ratio of 3 MoO3: 6 Na2MoO4·2H2O: 

1 Na2S2O4, giving the reaction a one fold excess of the buffer. 

Determination of Optimal Sintering Temperature 

In order to improve the yields, an excess amount of MoO3 was sintered at 760 °C, 

increasing the particle size. Side-by-side reactions using the 3:3:1 molar ratio, were conducted 

using both the 760 °C and 600 °C sintered MoO3. These were reacted under the same conditions 

as the previous section.   
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Determination of Optimal Reaction Time 

The results from the reaction using the MoO3 sintered at 760 °C gave evidence that the 

reaction time could also be a factor in the sodium bronze synthesis.  Therefore, a reaction with 

optimized conditions was performed for 24 hours, rather than just three hours.  Upon completion, 

the blue suspensions were separated by vacuum filtration using fine-frit glass filters.  The solids 

were then dried in vacuo, until they reached constant weight.   

Synthesis of Sodium Molybdenum Bronze using a Sodium Phosphate Buffer 

After optimizing the Thomas and McCarron synthetic method, a similar synthesis was 

performed using a much more cost-effective buffer.  Multiple reactions were run to determine the 

optimum conditions with respect to percent yield and overall composition.  A typical reaction 

would entail a solution with 2.5 g of the 600°C sintered MoO3 being stirred in 125 mL of 

deionized water.  After thirty minutes, a solid mixture of the Na2HPO4·7H2O buffer and 1.2 g of 

Na2S2O4 was added to the solution. The solutions were allowed to react while being magnetically 

stirred for 24 hours in a rubber-stoppered round-bottom flask. Upon completion, the solutions 

were separated by vacuum filtration using fine-frit glass filters.  The solids were then dried in 

vacuo to constant mass.   

Determination of Reducing Equivalents by Iodometry 

Determination of the reducing equivalents of the materials was carried out by iodometry.  

A typical reaction consisted of reacting 50 mg of the bronze with approximately 20 mL of a 0.01 

N iodine solution. The residual iodine concentration was determined by UV-Visible absorbance 

spectroscopy using a Cary 100 Bio UV-Visible spectrophotometer, allowing for the determination 

of the number of reducing equivalents per mole of the bronze. The λmax for the iodine solutions 

was measured at 445 nm using a 0.1 cm quartz cuvette.  To ensure the absorbance was linear in 

this range, a calibration curve was made using the stock iodine solution (Figure 1). 
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Figure 1: Calibration Curve for [I2] by UV-Visible Spectroscopy 

Determination of Sodium Composition 

Flame photometry was employed to determine the sodium concentration of all of the 

sodium bronzes.  A typical reaction required a mass of 5 mg of the sodium bronze that was 

dissolved in 20 mL of 0.725 M NH4OH.  Using a 100 ppm sodium standard (Fisher), a calibration 

curve (Figure 2) was created over the range from 0-25 ppm using a Jenway PFP7 Flame 

Photometer.  
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Figure 2: Calibration Curve for Sodium Concentration by Flame Photometry 

Results and Discussion:  

The synthesis of the sodium molybdenum bronze under nitrogen was compared to the 

sodium molybdenum bronze made in a limited air supply with a closed vessel that had 

approximately 125 mL of headspace.  Both samples gave similar yields, sodium contents and 

reducing equivalents, as summarized in Table 1.  These results suggest that the supposition that 

the synthesis requires nitrogen is incorrect. 

Table 1: Results for the Synthesis with and without Nitrogen 

 

Sample Yield (%) pH Reducing Equivalents mol Na/mol Mo
Thomas and McCarron with N2 71.9% 6.9 0.286 0.24
Thomas and McCarron 73.5% 6.9 0.283 0.24



 

16 
 

The next step was to determine the optimum buffer conditions to synthesize the sodium 

bronze.  The synthesis of the bronze in the ratio of 3:3:1 gave a blue suspension characteristic of 

molybdenum bronzes.  The yield of the solid was better than that of the reproduced Thomas and 

McCarron method, but had slightly lower reducing equivalents.  However, the molar sodium 

content of the material was roughly half of the measured reducing equivalents, suggesting the 

produced solid was Na0.14H0.11MoO3. The pH of this solution was 5.9, which is very close the pKa 

reported for the HMoO4
--MoO4

2- system of 6.0.12 These results suggest that a stoichiometric 

amount of sodium molybdate is insufficient to prevent proton intercalation into the product.  That 

is the molybdate does not act simply as a stoichiometric reagent.  As a buffer, the buffer point 

would occur with equal amounts of MoO4
2- and HMoO4-.  Therefore the reaction was performed 

with six equivalents of Na2MoO4 per mole of Na2S2O4.    

To improve the yields of the bronzes, molybdenum trioxide was sintered at 760 °C for 24 

hours to increase the particle size.  This material was then used to synthesize the sodium bronze 

using the 3:3:1 ratio method.  The reaction of the larger particle size MoO3, when compared to a 

similar reaction using the 600 °C sintered MoO3, gave an improved yield of roughly 7%.  

However, the molar reducing equivalents were lower than that of the bronze made from the MoO3 

sintered at 600 °C, 0.244 vs. 0.185.  These results suggest the reaction time of 3 hours was not 

sufficient for the reaction to be completed.  The two different MoO3 starting materials were 

reacted side-by-side and allowed to react for 24 hours. Both the yields and the molar reducing 

equivalents were within 1% of each other, suggesting that the extent of the reaction had been 

reached.  Further, the molar reducing equivalents were improved from 0.244 to 0.389 per mole 

with a sodium content of 0.143.  When the original reaction reported by Thomas and McCarron 

was run for 24 hours, the molar reducing equivalents were also improved to 0.312, similar to the 

reducing equivalents measured for the synthesis using the 3:6:1 ratio.   
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When doubling the amount of sodium molybdate buffer, a reaction with a ratio of 3:6:1, 

all of the protons should be buffered by the HMoO4
--MoO4

2- system.  The reaction was carried 

out in a similar fashion as the original Thomas and McCarron method, although with the 

increased reaction time.  The synthesis produced a product with a similar yield and a higher 

sodium to reducing equivalent ratio, using only one third of the sodium molybdate buffer that was 

originally reported. The results, summarized in Table 2, show that the optimized synthetic method 

gives the best results for the synthesis of sodium molybdenum bronzes. 

Table 2: Summary of the Results for the Thomas and McCarron Method 

 

Further, the materials were characterized by XRD, matching the previously material from 

the ICDD database (PDF 00-039-0634) depicted in Figure 3.  The materials were characterized 

by TGA to determine their H2O content, Figure 4 shows the TGA of the synthesized optimized 

bronze. The data shows a weight loss of 5.2%, correlating to 0.45 mols of water per formula unit, 

consistent with the results reported by Thomas and McCarron.  From the gathered data, it can be 

noted that the optimized synthesis makes the same material as the original report. 

Sample Yield (%) pH Reducing Equivalents* mol Na/mol Mo  Na/Red. Equiv. (%)
Thomas and McCarron 3hr 73.5% 6.9 0.283 0.24 85%

Thomas and McCarron 24hr 66.7% 6.8 0.312 0.25 80%
3:3:1 600°C 3hr 82.3% 5.9 0.244 0.14 57%
3:3:1 760°C 3hr 89.2% 5.9 0.185 0.12 65%

3:3:1  600°C  24 hr 84.3% 6.0 0.389 0.14 36%
3:3:1 760°C  24 hr 83.6% 5.9 0.386 0.14 36%
3:6:1 600°C  24 hr 65.7% 6.3 0.326 0.29 89%
*Per mole of Mo
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Figure 3: XRD Pattern for the Bronze Synthesized with the 3:6:1 Ratio 

 

Figure 4: The TGA for the Bronze Synthesized with the 3:6:1 Ratio 
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Due to the high cost of sodium molybdate, a more economical buffer was investigated for 

the synthesis of the sodium molybdenum bronze.  Due to the low cost and versatility, disodium 

phosphate, Na2HPO4·7H2O, was chosen for this study and the reactions were run under the same 

conditions detailed previously for the optimized Thomas and McCarron method.  Varying 

amounts of the disodium phosphate buffer were used to optimize this reaction, from 0.075 M to 

0.20 M solutions.  The yields, molar reducing equivalents, and sodium contents are listed in Table 

3.  The results show that this method does not produce a bronze with intercalated protons, as the 

Thomas and McCarron method did.  Further, the percent yield of the material was improved to 

73%, compared to the average 63% yield from the Thomas and McCarron method. X-ray 

fluorescence spectroscopy confirmed the material did not contain any phosphorous, as the 

formation of molybdophosphates was a possibility using the phosphate buffer.  The XRD of the 

material was consistent with the sodium molybdenum bronzes synthesized by the Thomas and 

McCarron method, shown in Figure 5. Further, the TGA data gave similar results for the material 

synthesized by the Thomas and McCarron method, with a weight loss 5.8%, consistent with 0.52 

mols of water per formula unit. 

Table 3: Summary for the Synthesis of Sodium Bronze Using the Disodium Phosphate 
Buffer 

 

Sample Yield (%) pH Reducing Equivalents mol Na/mol Mo
0.200 M Na2HPO4 59.5% 6.4 0.295 0.33
0.125 M Na2HPO4 73.6% 6.0 0.290 0.31
0.100 M Na2HPO4 72.3% 5.8 0.300 0.30
0.0750 M Na2HPO4 35.7% 4.3 0.300 0.30
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Figure 5: XRD Pattern for the Sodium Bronze Synthesized with the Phosphate Buffer 
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Figure 6: TGA of the Sodium Molybdenum Bronze Synthesized Using a Phosphate Buffer 

 

Conclusion: 

The synthesis of sodium molybdenum bronze was optimized by reducing the amount of 

sodium molybdate buffer needed in the synthesis by one third and eliminating the unneeded N2 

gas. The synthesis gave a product with a nearly identical composition as the product synthesized 

from the original method.  Further, the reducing capacity of the material was improved by 

allowing the reaction to continue for 24 hours, ensuring the reaction was complete. Sodium 

molybdenum bronze was also able to be synthesized by employing a more economical buffer. 

The product from the disodium phosphate buffered solution gave a product with a similar 

composition as the Thomas and McCarron method, while giving a slightly improved yield.  

Further studies could be carried out to find other buffer systems to successfully synthesize sodium 

molybdenum bronzes.    
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CHAPTER III 
 

 

CONVERSION OF A NANOMETRIC SUSPENSION OF MOLYBDENUM TRIOXIDE 

TO NANOMETRIC METAL MOLYBDATES 

 

Introduction: 

Metal molybdates have been found to be useful for many applications due to their 

interesting properties.  More specifically, the interesting and useful optical properties of lead 

molybdate, PbMoO4,
1-7 has allowed it to be incorporated in several applications including 

scintillation detectors,8-9 birefringent filters,10 fiber optics,11-12 photoconductive,13 luminescent,14-15 

and thermoluminescent devices,16 and in photocatalysis.17-20  A variety of techniques have been 

used for the production of nanoparticulate lead molybdate including chemical precipitation,21-23 

hydrothermal reactions, 2, 20 sonochemical synthesis,24 solid state reactions,25 and crystal growing 

methods.3, 26 Unfortunately, there are drawbacks to these techniques including high temperatures, 

long reaction times, and side reactions that take place if conditions are not precisely controlled. 

Further, it has been reported that under uncontrolled conditions, the formation of roughly 87 

unwanted phases, such as Pb2MoO5 and other lead polymolybdates, have occurred.27  

This investigation utilized an unusual reagent, dissolved molybdenum trioxide that is 

itself a nanometric material. The Apblett group has previously shown that bulk molybdenum 

trioxide reacts with heavy metals, actinides, and lanthanides to form metal molybdates.28-32 The 
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work reported herein was prompted by the reported solubility of molybdenum trioxide in water 

that suggested a solution-based procedure for production of metal molybdates was possible, 

leading to a publication in CrystEngComm.33 Further this work was extended to determine if this 

method could be used for the synthesis of other metal molybdates. 

Experimental: 

All reagents were commercial products, of ACS grade or better and used without further 

purification. To prepare a solution of dissolved molybdenum, an excess amount of solid MoO3 (5 

g/L) was refluxed in water for 24 hours.  X-ray fluorescence (XRF) spectroscopy was used in 

order to determine the concentration of the dissolved MoO3 solution using a QuanX EC XRF 

spectrometer. To produce the PbMoO4 precipitate, a 500 mL portion of this solution was reacted 

with a one molar equivalent of lead nitrate solution by dissolving 1.35 g in 500 mL of water.  The 

materials were characterized by infrared spectroscopy (IR) obtained as a KBr pellet using a 

Nicolet Magna 750 IR spectrometer, Raman spectroscopy using a Nicolet NXR 9610 Raman 

spectrometer, and UV-Visible spectroscopy on a Cary-50 Bio spectrometer.  Particle size analysis 

was measured using dynamic light scattering (DLS) on a Malvern HPPS instrument. Thermo-

gravimetric analysis was performed on a Mettler-Toledo TGA/DSC 1 at a rate of 5°C/min on the 

synthesized materials to determine the amount of bound water.  X-ray powder diffraction (XRD) 

was used to determine the identity and the crystalline phases of the materials, obtained using a 

Bruker D8-A25-Advance with a LynxEye detector. Scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) with Evex energy-dispersive X-ray spectroscopy were 

used in to determine the grain boundaries, particle sizes, and morphologies of the materials using 

a FEI Quanta 600 field emission gun environmental scanning electron microscope and a JEOL 

JEM-2100 transmission electron microscope (TEM) instrument, respectively. 
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Results and Discussion:  

To determine the concentration of the MoO3 solutions, the residual solid was removed 

from the solution via vacuum filtration and the filtrate was analyzed by XRF, indicating a 

concentration of approximately 750 ppm Mo or 1130 ppm of MoO3.  A 500 mL sample of this 

solution was reacted with a one molar equivalent of lead nitrate solution (1.35 g) dissolved in 500 

ml of water.  Upon mixing of the solutions an immediate reaction occurred to produce a white 

precipitate. The material, separated by vacuum filtration, was dried in a vacuum oven, to yield 

1.44 g of lead molybdate, a 96.7% yield after correction for water content.  

The XRD pattern (Figure 1) of the precipitate matched that of PbMoO4 (PDF 01-074-

1075) present in the ICDD database. The peaks were broadened so the full width at half 

maximum (FWHM) of the (112) peak was determined using the Pearson VII profiling function.  

This, along with the results from a highly crystalline corundum standard, were used to determine 

the lower limit of grain size to be 49 nm via the Scherer equation. 

 

Figure 1: The XRD of Nanometric PbMoO4 
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If each of the reactants are diluted by a factor of 10, a small amount of precipitate along 

with a stable suspension of nanoparticles was produced. The suspension showed a strong Tyndall 

effect so that in scattered light it appears slightly opalescent white but is yellow in transmitted 

light as shown in Figure 2. Correspondingly, the UV-visible spectrum (Figure 3) of the suspended 

solution showed a broad peak from 200-800 nm that is likely due to scattering by the particles. 

There is a peak superimposed upon this broad envelope that has λmax of 365 nm that is 

characteristic of PbMoO4 with particle sizes between 30 nm and 52 nm as reported by 

Anandakumar and Khadar.34 They reported that increasing grain size correlates to the broadening 

of the absorption peak along with a bathochromic shift.  The result from UV-Visible spectroscopy 

was consistent when compared to DLS analysis (Figure 4) that showed an average particle 

diameter of 47 nm. This is markedly smaller than the nanoparticles of the MoO3 nanosuspension 

that was used (190 nm), further suggesting that the formation of PbMoO4 proceeds by a 

dissolution/reprecipitation mechanism. Interestingly, the particle size is very close to the grain 

size (49 nm) of the PbMoO4 precipitated with higher concentrations of reactants, implying a 

preference for formation of a finite crystal size in these reactions. 

 

 

Figure 2: The Tyndall Effect Observed as the Lead Molybdate Solution Shown as a White 

Suspension (left), as it is Held up to a Light the Solution Turns from White to Yellow (right) 
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Figure 3: UV-Visible Spectrum of the 1:10 Dilution of the Suspension 

 

Figure 4: DLS of the Precipitated PbMoO4 

Scanning electron microscopy using a showed that the primary particles were aggregated 

into larger agglomerates such as the 10 micron sized chicken shown in Figure 5. Embedding and 
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sectioning of these agglomerates with a microtome allowed their nanocrystalline nature to be 

imaged by transmission electron microscopy. The resulting micrographs, shown in Figure 6, 

clearly shows rounded tabular particles with an average size of 47 ± 16 nm, measured using 

ImageJ image processing software. Lattice fringes could be observed for a few of the particles 

and Figure 6 shows two particles in which the lattice fringes correspond to the 210 and 200 

planes of lead molybdate. It is evident that the aggregated nanoparticles are not 

crystallographically aligned. 
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Figure 5: SEM Micrographs of PbMoO4 
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Figure 6: HRTEM of Sectioned Nanoparticulate PbMoO4 
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The nanocrystalline nature of the product suggested that the surface of the particles might 

be terminated by species such as bound water or nitrate ions. Analysis by X-ray emission in the 

SEM did not show the presence of nitrogen in the particles so bound water was suspected. The 

infrared (IR) spectrum (Figure 7) contained a single peak at 752 cm-1 that was attributable to the 

anti-symmetric Mo–O stretching mode of the tetrahedral MoO4
2- ion.24, 35-37 Bound water is also 

indicated in the spectrum by peaks at 3438 and 1617 cm-1. The bound water was also apparent in 

the TGA data, which showed a 1.99% weight loss upon heating to 900°C, corresponding to a 

molecular formula of PbMoO4·0.4H2O.  

 

Figure 7: The Infrared Spectrum of PbMoO4 Showing the Charge Transfer Band of Mo-O 

and the Bound Water 

The Raman spectrum (Figure 8) showed the characteristic ν1(Ag) symmetric stretching 

band for the tetrahedral molybdate ion at 870 cm-1.35 The peaks at 767 and 744 cm-1 correspond to 

the splitting of the ν3 mode, with the band the higher energy band being the ν3(Bg) vibration while 

the second one is due to the ν3(Eg) vibration of molybdate. The ν2 mode is also split into two 

bands, with the strong ν2(Ag) vibration of the molybdate occurring at 318 cm-1 and the weaker 

ν2(Bg) vibration present at 350 cm-1.38  The small band at 189 cm-1 can be attributed to the ν(Pb-
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O), while the peak 166 cm-1 can be ascribed to the translational mode of MoO4
2- around the z-

axis.39-41 

 

Figure 8: The Raman Spectrum of Nanometric PbMoO4 Showing Mo-O and Pb-O 

Interactions 

Further, very high dilution of the reactants (1:150) gave a reaction where a visible 

precipitate was no longer present. This mixture was characterized by transmission electron 

spectroscopy after evaporating a drop of solution on a TEM grid. The resulting micrographs 

(Figure 9) showed a significant uniformity in both particle size and shape.  The primary 

nanoparticles have a square tabular morphology and a size of 250±38 nm. These are slightly 

larger than the particles in the MoO3 nanosuspension utilized for their preparation. It appears that 

under high dilution individual MoO3 nanoparticles react with lead ions to form lead molybdate 

nanoparticles. The square tiles are arranged in overlapping offset stacks that have shapes that 

resemble German iron crosses. Notably, these structures are different in shape from the rounded 
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tabular primary particles (Figure 9) found in the precipitates produced by reaction of higher-

concentration reactants and are also surprisingly larger than the latter particles and the suspended 

nanoparticles produced in less dilute sample.  

 

Figure 9: TEM Micrographs of PbMoO4 from Highly Dilute Starting Materials. Notice the 

Perpendicular Axis of Growth. 



 

35 
 

The nanometric suspension of MoO3 starting material had a much different morphology 

than the particles reacted with Pb2+. It was imaged by diluting 150 fold and then placing a drop of 

the resulting suspension on a TEM grid. The nanometric suspension produced tabular particles, 

similar to the bulk PbMoO4 material, but with a size much more similar to that of the 1:150 

diluted PbMoO4 with a diameter of 133 ± 22 nm, shown in Figure 10.  Further, the material 

showed lattice fringes with spacing much greater than reported for MoO3.  



 

36 
 

 

Figure 10: HRTEM of the Suspension of MoO3 
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To determine if this reaction was unique to lead salts, the suspension was reacted with the 

nitrate salts of copper, cobalt, nickel, and uranyl.  The only one of these salts that produced a 

visible precipitate when reacted with nanometric suspension was uranyl, producing a yellow-

colored amorphous product.  When the suspension was reacted individually with the nitrate salts 

of Ag+ and Cs+, precipitation occurred.  However, the silver-molybdate solid was amorphous and 

also could not be characterized by Raman spectroscopy due to burning of the sample.  The 

material should be further studied as silver molybdate has received much attention due to its 

interesting properties and has been used as a photocatalyst,42 as a component in conductive 

glasses,43 and in battery applications.44 On the other hand the MoO3 reaction with cesium formed 

a crystalline product shown in Figure 11, although not one that has been previously been 

reported.  This material should also be further studied to determine the materials identity, which 

could possibly lead to determining a proper material for aqueous Cs+ mitigation.  This would be 

particularly useful for radioactive cesium removal from aqueous systems.  Both of the newly 

formed materials were analyzed by SEM and EDEX, showing both materials contained the 

monovalent ion and molybdenum with a similar morphology to the precipitated PbMoO4. 
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Figure 11: XRD of the Material from Reacting MoO3 with CsNO3 

Conclusion: 

This study showed that it is possible to synthesize nanometric PbMoO4 by a unique 

method that utilizes a nanoparticle suspension produced by exfoliating molybdenum trioxide in 

refluxing water. These react rapidly with aqueous lead ions to form lead molybdate as either a 

nanocrystalline precipitate or a stable suspension of ca. 47 nm nanoparticles depending on the 

concentration of the reagents. Unexpectedly, the reaction under high dilution produced 

nanoparticles that were larger than those formed at higher concentration. This unusual result bears 

further study but it does seem that at high dilution the parent MoO3 nanoparticles are transformed 

directly on a 1:1 basis to PbMoO4 particles while at higher concentrations higher nucleation rates 

and/or calving of smaller nanoparticles occurs. The ready conversion of MoO3 nanoparticles to 

nanoparticulate molybdates provides a novel and versatile method for the preparation of a wide 

range useful materials including many useful catalysts and electronic, optical, and structural 
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materials. This study also shows that the careful selection of the divalent metal is required to 

yield a nanometric precipitate.  The reaction of the suspension of MoO3 with the two monovalent 

metals should be furthered as to elucidate the nature of the products.  Moreover, the study of the 

suspension should be expanded to determine if other functional nanometric metal molybdates 

could be synthesized in using the nanometric suspension of MoO3.  
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CHAPTER IV 
 

 

SYNTHESIS OF ALKALINE EARTH METAL TUNGSTATES 

 

Introduction: 

Metal tungstates have received much interest due to their interesting and useful 

properties.  More specifically, alkaline earth metal tungstates MWO4 (M: Mg, Ca, Sr, and Ba) 

have been employed in a variety of roles in material science as phosphors,1 laser media,2-4 

scintillation detectors,5 and electro-optic materials.6-7 Moreover, owing to their low permittivities 

and high Qf values, scheelite ceramics are regarded as promising materials for microwave 

substrate applications.8 The metal tungstates have also proven very valuable as pure phosphors, 

exhibiting luminescence without the presence of activators due to transitions between the 5d0 and 

2p6 orbitals of the W6+ and O2- respectively.9  

 The metal tungstate structure depends crucially on the ionic radius of the A2+ cation in the 

formula unit AWO4.  Metal tungstates with the ionic radius of the metal cation exceeding 0.99 Å 

tend to adopt the scheelite structure, while cations with ionic radii less than 0.77 Å assume the 

wolframite structure. Thus, the Ca2+, Sr2+, and Ba2+ tungstates crystallize in the tetragonal 

scheelite structure, while MgWO4 adopts the monoclinic wolframite structure.10-13  

 A variety of techniques have been employed to synthesize alkaline earth metal tungstates, 

including the ceramic method,14-15 sol-gel processes,16 precipitation reactions,17-18 precursor 
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methods,19 et cetera.  Many of these techniques allow for the synthesis of high precision 

materials, due to mixing on the molecular level, which is very important for preparing multi-

component systems.20-21  Specifically, the intercalation of magnesium into tungsten oxides is of 

particular interest as a possible electrode for a magnesium battery, due to the similar ionic radii of 

the widely used lithium ion.22 

 Solution based synthetic methods for alkaline earth metal tungstates, such as 

hydrothermal synthesis, can overcome three of the major limitations of the solid state method: 

long diffusion paths, inclusion of impurities, and agglomeration of particles.18 However, these 

methods also have their drawbacks since precursor methods can be energy intensive and the 

byproducts of precipitation reactions are difficult to recover and/or recycle. Additionally, the use 

of sodium tungstate as the tungstate source often leads to hydrated tungstic acid and polytungstate 

byproducts.  Therefore, the formation of many metal tungstates are pH dependent, requiring that 

pH should be strictly controlled for aqueous preparation.23-24 

 The discovery that both tungsten trioxide and tungstic acid can react with aqueous uranyl 

salts to produce uranium tungstate suggests that a similar reaction could be utilized for the 

synthesis of other metal tungstates.25  Thus, judicious choice of the metal salt can result in a 

process where only harmless byproducts are produced.  The research reported in this chapter 

explored the effectiveness of the reaction of alkaline earth metal acetates with both tungsten 

trioxide and tungstic acid, yielding a green synthetic process with only acetic acid as a byproduct.   

Experimental: 

 All reagents were commercially available products of ACS reagent grade or higher and 

were used without further purification. The water used in this is study was purified by reverse 

osmosis and deionized to a resistivity of 18 MΩ.  Bulk pyrolysis was performed in ambient air in 

a digitally controlled muffle furnace with a ramp rate of 10 oC/min and a hold time of 6 hours. 
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The X-ray diffraction patterns for the oxides were obtained using a Bruker D8-A25-Advance with 

a LynxEye detector. Crystalline phases were identified and matched to powder diffraction files 

(PDF) from the International Centre for Diffraction Data.  The Raman spectra were recorded as 

neat powders on a Nicolet NXR 9610 Raman spectrometer. The pH of the filtrate was measured 

using a model IQ125 pH meter equipped with an ISFET electrode.  

Reaction of Alkaline Earth Metal Acetates with Tungsten Oxides: 

 In a typical reaction, one molar equivalent of tungsten oxide (WO3 or H2WO4) would be 

reacted with an excess (four equivalents) of the alkaline earth metal acetates dissolved in 

approximately 100 mL of deionized water.  The reactions were run with excess metal acetates to 

prevent exhaustion of the buffering provided by the acetate ions. Once mixed, the reactants were 

allowed to react under reflux conditions until a visible color change was observed; typically the 

reactions were complete after roughly 72 hours.  However, the time was adjusted to 2 weeks for 

the Ba(OAc)2 reactions, as intercalation and reaction of the larger ion took more time as evident 

by the rate of color change from green (WO3) or yellow (H2WO4) to the final white product.  

Once complete, the cooled slurry would be filtered through a fine-frit glass filter and washed with 

500 mL of deionized water.  The resultant solids were dried in vacuo until the masses were 

stabilized.   The experimental details are provided in Table 1.  

Results and Discussion: 

 The reaction of tungsten trioxide with aqueous solutions containing excess alkaline metal 

acetates gave very high yields of the metal tungstates in all cases except for MgWO4 (Table 1).  

The moles of water were calculated from the TGA data and are based on the formation of only 

MWO4.  In all cases, the reaction caused a large pH change of the solution due to the production 

of protons which accompany the formation of the metal tungstate (Equation 1). Furthermore, the 

buffering ability of the acetates successfully kept the pHs from dropping below a desirable value.   
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Table 1: Percent Yields of the Alkaline Earth Metal Acetates with WO3 (*Percent Yields 

Based on Pure MWO4) 

 

𝐴2+ + 𝑊𝑂3 + 𝐻2𝑂 → 𝐴𝑊𝑂4 + 2𝐻+ 

Equation 1: Schematic Reaction of M(II) with WO3 

 The reactions with tungstic acid proceeded much more rapidly, likely due to its layered 

structure allowing for a more facile intercalation reaction.  For example, the reaction to produce 

CaWO4 was found to be complete within 30 minutes of the reflux. Similar to the reaction with 

tungsten trioxide, tungstic acid produced the metal tungstates in high yields, this time with both 

MgWO4 and BaWO4 as the outliers.  It is possible the lower yields are due to the formation of 

polytungstates, possibly consequence of using the excess metal acetates.   

Table 2: Percent Yields of the Alkaline Earth Metal Acetates with H2WO4 (*Percent Yields 

Based of Pure MWO4) 

 

𝑀2+ +  𝐻2𝑊𝑂4  → 𝑀𝑊𝑂4 + 2𝐻+ 

Equation 2: Schematic Reaction of M(II) with Tungstic Acid 

 The X-ray diffraction patterns of the products from both WO3 and H2WO4 that crystallize 

in the scheelite structure (Ca, Sr, and Ba) were found to be phase pure and highly crystalline. The 

Product mmoles WO3 mmoles M(OAc)2 Yield (g) Mol H2O Theoretical Yield (g) Percent Yield (%) pHinitial pHfinal

MgWO4 6.023 12.115 1.379 2.708 1.639 84.1 8.1 4.9
CaWO4 6.000 12.029 1.612 0.129 1.728 93.3 7.8 5.8
SrWO4 6.006 11.995 1.932 0.224 2.015 95.9 7.6 5.0
BaWO4 6.793 12.004 2.216 0.421 2.321 95.4 7.3 5.0

Product mmoles H2WO4 mmoles M(OAc)2 Yield (g) Mol H2O Theoretical Yield (g) Percent Yield (%) pHinitial pHfinal

MgWO4 5.996 12.030 1.379 2.877 1.632 84.5 8.1 5.2
CaWO4 6.000 12.020 1.351 0.323 1.728 100 7.8 4.4
SrWO4 5.996 11.995 1.329 0.309 2.012 99.6 7.6 4.6
BaWO4 5.993 12.031 1.304 0.414 2.308 84.8 7.3 5.2
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materials produced from the reaction with tungstic acid show slightly broadened diffraction 

patterns, with the most broadened product being CaWO4 (Figure 1).  This result suggests that 

tungstic acid produced more fine grained products with crystallite sizes in the nanocrystalline 

regime.  It is possible that the yields of the tungstates that are not produced quantitatively are 

diminished by the formation of nanoparticles during the reaction.  Since tungstic acid produces 

more nanocrystalline products, it appears to be affected more by this phenomenon.  Note that the 

XRD of the BaWO4 (Figure 3) from the lower yielding tungstic acid gives an almost identical 

diffraction pattern to that of the reaction using tungsten trioxide. Furthermore, the absence of any 

starting material suggests the reaction is favorable to the formation of products and the lower 

solubility is not consequence of an incomplete reaction. 

 

Figure 1: XRD Patterns for the CaWO4 from both WO3 and H2WO4 
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Figure 2: XRD Patterns for the SrWO4 from both WO3 and H2WO4 

 

Figure 3: XRD Patterns for the BaWO4 from both WO3 and H2WO4 
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 In the case of the product from the reactions with magnesium acetate, the reaction 

produced a material that does not have a match in the ICDD database (Figure 4). Furthermore, the 

products for WO3 and H2WO4 appeared to be identical in terms of phase and crystallinity.  

 

Figure 4: XRD of the Magnesium Product from both WO3 and H2WO4 

 The material produced could be an undocumented hydrated form of MgWO4, thus the 

material was heated to 600 °C to ensure the removal of any organic species and lattice water.  

However, the XRD of the calcined product showed that phase separation of the material to a 

combination of WO3 and MgWO4 (Figure 5) occurred.  This result suggests that the material 

produced from the reaction with magnesium acetate produces a magnesium polytungstate.   Also, 

since the water content was high, the material is a hydrate with 2.7 to 2.9 water molecules per 

tungsten ion (see later discussion concerning this product).  
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Figure 5: XRD of the calcined magnesium tungstate product 

 The Raman spectra of the scheelite materials also gave characteristic stretches for each of 

the tungstates. Similar to the results from the XRD, both tungsten-containing starting materials 

yielded products that had nearly identical Raman spectra. The Raman spectrum (Figure 6) of 

CaWO4 from H2WO4 shows the characteristic V1(A1g) stretch at 909 cm−1 that corresponds to the 

internal symmetrical vibration of the WO4
2- tetrahedron.26 The peaks at 836 and 795 cm-1 

correspond to a splitting of the ν3 mode, with the band the higher energy band being the ν3(Bg) 

vibration while the lower energy one is due to the ν3(Eg) vibration of the tungstate unit. The ν4 

mode shows the weak ν4(Bg) vibration occurring at 399 cm-1.  The ν2 stretch, observed at 332 cm-

1, can be assigned to the ν2(Ag) vibrational mode. Finally, the stretch observed at 209 cm-1 is due 

to the translational mode, ν(Ca-O). The spectrum also contains the external Raman-active 

vibration at 116 cm-1. 27-33 
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Figure 6: Raman Spectra of CaWO4 from H2WO4 

The Raman spectrum (Figure 7) of SrWO4 from H2WO4 gives the characteristic 

symmetric stretch of the tungstate ion, ν 1(A1g), at 918 cm−1. The peak at 835 cm-1 corresponds to 

the high energy band ν3(Bg) of the split ν3 mode of the tungstate unit, while the lower energy 

ν3(Eg) stretch is observed at 796 cm-1. The weak ν4(Bg) vibration occurs at 370 cm-1, while the 

more intense ν2 vibrational mode was observed at 334 cm-1, as the ν2(Ag) vibrational mode. The 

translational mode of the heavier ν(Sr-O) was shifted as compared to Ca-O, from 209 to 184 cm-1 

and the external Raman-active vibration, Ag, was observed at 131 cm-1.26-27, 33  
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Figure 7: Raman Spectrum of SrWO4 from H2WO4 

The Raman spectrum (Figure 8) of BaWO4 from H2WO4 was the only material that 

showed an appreciable amount of fluorescence at the lower wavelengths. The spectrum gives the 

characteristic v1 stretch at 924 cm−1 for the tungstate tetrahedral group. The peaks at 830 and 793 

cm-1 correspond to a splitting of the ν3 mode of the tungstate unit to ν3(Bg) and ν3(Eg), 

respectively. The ν4 mode appears split as the weak ν4(Bg) vibration was observed at 344 cm-1 and 

the ν4(Eg) band appearing as a shoulder at 353 cm-1.  The ν2 vibrational mode was observed at 331 

cm-1 and translational mode, ν(Ba-O), was observed at 185 cm-1. Like the other two spectra, this 

spectrum also contains the external Raman-active vibration at 145 cm-1.2, 17, 26, 28, 33 
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Figure 8: Raman Spectrum of BaWO4 from H2WO4 

Figure 9 shows the Raman spectrum of the material produced from reacting magnesium 

acetate with tungstic acid. The Raman vibrations were not consistent with the wolframite 

structure, nor were they consistent with the tungstic acid starting material or tungsten trioxide.  

Moreover, the vibrations are not consistent with previously reported MgW2O7, suggesting the 

formation of an unreported hydrated magnesium polytungstate.34  
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Figure 9: Raman Spectrum of the Product from the Reaction of Mg(OAc)2  and H2WO4 

The Raman spectrum (Figure 10) of the material post-calcination also did not produced 

stretches consistent with the wolframite structure, but gave peaks consistent for only tungsten 

trioxide. The peaks 974, 804, 710, 327, 266, 187 and 133 cm-1 are all consistent with monoclinic 

WO3.34-35   
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Figure 10: The Raman Spectrum of the Mg(OAc)2-H2WO4 Product After Calcination 

To determine the identity of the magnesium tungstate product, a sample was reacted with 

30% ammonium hydroxide. The reaction of the sample with the strong base gave the soluble 

ammonium tungstate complex that could be separated by centrifugation from the insoluble 

Mg(OH)2 precipitate formed in this reaction.  The soluble ammonium tungstate solution was then 

dried and calcined at 700 °C, to produce WO3.  The precipitated Mg(OH)2 was also recovered and 

dried to determine the amount of magnesium in the solid. The molar ratio of the two components 

was 2:3 for Mg and W, respectively. Further, Figure 11 shows that thermal gravimetric analysis 

revealed the original sample had 16% weight loss at 150 °C, likely associated with the both loss 

of hydroxyl groups and water.  A similar material has been reported with the same 2:3 ratio of 

Mg:W which also phase separates upon calcination.36  However, the TGA data shows that the 

produced material has a much larger weight loss than possible for the material reported by 

Günter. Further, the two XRD patterns do not match, further suggesting the synthesized and 

previously reported materials are not the same. However, excess waters of crystallization, as 
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compared to the previously reported material, could explain the difference in the water content 

and structure.  Further research must be done to determine molecular formula of the synthesized 

polytungstate.  

 

Figure 11: TGA of the Product from the Reflux of H2WO4 and Mg(OAc)2 

Conclusion: 

This study provides a promising environmentally friendly synthetic method for highly 

crystalline alkaline earth metal tungstates that adopt the scheelite structure from both tungsten 

trioxide and tungstic acid with high yields.  Further, this method produces a novel magnesium 

polytungstate under the same reaction conditions.  This synthetic method is also a cost-effective 

approach to synthesizing metal tungstates as compared to solid-state synthetic measures used to 

produce alkaline earth metal tungstates for industrial applications.  Future research into 

developing transition metal tungstates through this process should be pursued, with emphasis on 

characterizing the effect of cation size on the produced material.   
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CHAPTER V 
 

 

UPTAKE OF URANIUM BY TUNGSTIC ACID ON HIGH SURFACE AREA 

CATALYST SUPPORTS 

 

Introduction: 

Uranium is a widespread contaminant of ground water and can arise from both natural 

and anthropogenic sources. Uranium contamination has been attributed to the development of 

nuclear power and weapons, mine tailings, and agricultural drainage.1-3 Furthermore, uranium 

occurs naturally in the earth's crust and in surface and ground waters. When bedrock consisting 

mainly of uranium-rich granitoids and granites comes in contact with soft, slightly alkaline 

bicarbonate waters under oxidizing conditions uranium will solubilize over a wide pH range. 

These conditions occur widely throughout the world. For example, in Finland exceptionally high 

uranium concentrations (up to 12,000 ppb) are found in wells drilled in the bedrock.4 

Concentrations of uranium up to 700 ppb have been found in private wells in Canada while a 

survey in the United States of drinking water from 978 sites found a mean concentration of 2.55 

ppb.5-6 However, some sites in the United States have serious contamination with uranium. For 

example, in the Simpsonville-Greenville area of South Carolina, high concentrations of uranium 

(30 to 9,900 ppb) were found in 31 drinking water wells, which is believed to be the result of 

veins of uranium containing pegmatite that occur naturally in the area.7  
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Besides entering drinking water from naturally occurring deposits, uranium can also 

contaminate the water supply as the result of human activity, such as uranium mining, mill 

tailings, and even agriculture.8-9 Phosphate fertilizers often contain uranium at an average 

concentration of 150 ppm and therefore are a sizeable contributor of uranium to groundwater.10 

The Fry Canyon mine site in Utah is a good example of the dangers of uranium mine tailings. The 

uranium concentrations measured in groundwater at this site are as high as 16,300 ppb with a 

median concentration of 840 ppb before remedial actions were taken.11 Depleted uranium 

ammunition has also been demonstrated to be a source of drinking water contamination.12 

Nuclear sites such as the Hanford Nuclear Reservation, located in Hanford, Washington, 

have also contributed to uranium pollution in the environment.  This site featured nine nuclear 

reactors and four reprocessing plants that produced nearly two-thirds of the plutonium used in the 

United States for government purposes.13 The site operations at Hanford created enormous 

volumes of radioactive and chemical waste. Some of the contaminants were released directly into 

the environment, exposing people who lived downwind and downstream. Currently, measures are 

being taken to prevent leakage and prevent mobilization of the radionuclide contamination in the 

more than 1,600 waste sites that have been identified on the Hanford Site.14-15 Uranium and 

plutonium enrichment processes at the Hanford Site have resulted in the release of 202,703 kg of 

uranium into the ground surface in a variety of aqueous solutions.16  

Exposure studies suggest the major health effects from ingestion of uranium are similar 

to those of other heavy-metals, resulting in chemical toxicity to the kidney rather than a radiation 

hazard.17 Both functional and histological damage to the proximal tubules of the kidney have 

been demonstrated.18 Little is known about the long-term effects of environmental uranium 

exposure in humans but there is an association of uranium exposure with increased urinary 

glucose, alkaline phosphatase, and β-microglobulin excretion as well as increased urinary 

albumin levels. 19-20 As a result of such studies, the World Health Organization has proposed a 
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guideline value of 15 ppb for uranium in drinking water while the US EPA has specified a limit 

of 30 ppb. 21-22 

Current municipal treatment practices are not effective in removing uranium. However, 

experimentation indicates that uranium removal can be accomplished by a variety of processes 

such as modification of pH and/or chemical treatment (e.g. alum).23 Several sorbents have been 

shown to be useful for removal of uranium from water. Activated carbon, iron powder, magnetite, 

anion exchange resin and cation exchange resin were shown to be capable of adsorbing more than 

90% of the uranium from drinking water. However, two common household treatment devices 

were found not to be totally effective for uranium removal.7 

Besides treatment of well water, there is also a strong need for the prevention of the 

spread of uranium contamination from concentrated sources such as uranium mine tailings. 

Commonly used aboveground water treatment processes are not cost-effective and do not provide 

an adequate solution to this problem. However, permeable reactive barriers (Figure 1) have been 

demonstrated to be economically viable and elegant alternatives to the active pump-and-treat 

remediation systems. Such barriers composed of metallic iron, ferric oxyhydroxide, and bone 

char phosphate have been designed and proven effective for uranium. Iron metal performed the 

best and consistently lowered the input uranium concentration by more than 99.9% after the 

contaminated groundwater had traveled 1.5 feet into the permeable reactive barrier. 11 
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Figure 1: Operation of a Permeable Reactive Barrier 

Molybdenum hydrogen bronze (also called molybdenum blue), HMo2O6, has been 

demonstrated to be useful for removal of uranium from aqueous solutions and the possible use in 

a cyclic process for uranium recovery.24 In the latter respect, it was thought that the protons 

would provide ion exchange sites on the material in its reduced form while oxidation would 

remove these sites and release the uranium in concentrated form. However, it was found that 

oxidation of the blue reagent occurred during the adsorption process so that the reagent turned 

from blue to yellow. The study also showed that molybdenum blue had a very large capacity 

(122% by weight) for uranium.25 Unfortunately, due to molybdenum trioxide’s slight solubility in 

water, it is possible that toxicity issues may make the use of MoO3 unsuitable for the purification 

of drinking water. Therefore, an investigation was conducted to determine whether non-toxic 

tungsten trioxide and/or tungstic acid could be used for removal of uranium from water.26 The 

study showed that these compound do, in fact, show an affinity towards uranium. The study 

provided insight into the reaction of both tungsten trioxide and tungstic acid’s reaction with 
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dissolved uranium (in the form of uranium acetate) to produce amorphous hydrated mixed oxides, 

along with their reaction kinetics. The study showed that tungstic acid, which possesses a similar 

layered structure as molybdenum trioxide (Figure 2), intercalates uranyl (UO2
2+) ions faster than 

both tungsten and molybdenum trioxides.26 The present study was undertaken to determine the 

effect of increasing the surface area on the sorption kinetics of uranyl by tungstic acid.   

 

Figure 2: Structure of Layered Tungstic Acid (left) and the Similar Layered Structure of 

MoO3 (right) 

Experimental: 

 The chemicals used in this investigation were Na2WO4·2H2O, concentrated HNO3, and 2 

high surface area silica support pellets, obtained from Aldrich, Fischer, and Alfa-Aesar 

respectively.  The stock uranium solution was made with UO2(CH3COO)2·2H2O purchased from 

Aldrich. All reagents were commercial products (ACS Reagent grade or higher) and were used 

without further purification. The water used in this study was purified to 18 MΩ via deionization 

of water previously purified by reverse osmosis. X-ray fluorescence spectroscopy (XRF) was 

performed on a Thermo electron QuanX XRF spectrometer to determine the concentrations of 

uranium. A uranium concentration curve was created on the XRF using a 960 ppm NIST standard 

purchased from Aldrich chemical company. The X-ray powder diffraction of the starting material 
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was obtained on a Bruker D8-A25-Advance with a LynxEye detector The surface area of the 

supported tungstic acid was determined via nitrogen physisorption using the Brunauer, Emmett, 

and Teller (BET) technique of surface area analysis.27 The starting material was characterized by 

X-ray powder diffraction. 

Supported H2WO4 was prepared by vacuum impregnation of high surface area silica 

catalyst support pellets. A mass of roughly 40 g of high surface area supports were impregnated 

using 200 mL of an approximately 33% by mass (approximately 1 M) solution of Na2WO4·2H2O. 

The solution was introduced through a rubber septum by a syringe needle to the pellets in vacuo. 

After approximately 6 hours under vacuum, the excess solution was poured off and the pellets 

were rinsed with roughly 100 mL of deionized water to remove any excess sodium tungstate. The 

pellets were then placed under vacuum in order to uniformly dry the pellets. Once dry, 200 mL of 

6 M HNO3 was added to the supports and the mixture was allowed to sit for approximately 6 

hours. This procedure produced a brilliant yellow color shown in Figure 3, and had an indicative 

of tungstic acid.  The pellets were then washed with 500 mL of deionized water to remove any 

excess NaNO3 and unreacted HNO3 and then dried under vacuum, yielding a mass increase of 

7.3%. BET surface area analysis showed the impregnated pellets had a surface area of 111 m2/g, 

which is roughly five times larger than commercial grade tungstic acid.  Further, Figure 4 shows 

the X-ray diffraction pattern of the starting material, matching a pattern for H2WO4 in the ICDD 

data base (PDF 01-084-0886). 
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Figure 3: Tungstic Acid on Silica 

 

Figure 4: XRD of H2WO4 on High Surface Area Silica 

        Kinetic experiments were conducted by using varying weights of supported tungstic acid 

to treat roughly 20 mL solutions of a 125 ppm uranyl solution made from UO2(CH3COO)2·2H2O. 

Three different masses of the 7.3% H2WO4 pellets were reacted with the 125 ppm UO2
2+ 

solutions to determine the effect of sorbent dosages. Since pH has been shown to play a large role 
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in sorption kinetics, the acetate salt was chosen to buffer the pH of the treated solution, as each 

H2WO4 releases 2H+ for every UO2
2+ exchanged.28 During the reaction, samples were agitated to 

eliminate the possibility of forming concentration gradients. Concentrations of the treated 

solutions were monitored by XRF spectroscopy to determine the time required for the sorption to 

reach an equilibrium state. The rate constants were calculated by using the conventional rate 

expression. The sorption capacity (qt) at given time (t) was calculated from Equation 1, where Ct 

is the concentration of uranyl ions in the solution at time t, C0 is the starting concentration, V is 

the volume of the analyte, and m is the mass of the sorbent.29  

 

𝑞𝑡 =  
(𝐶0 − 𝐶𝑡)𝑉

𝑚  

Equation 1: The Sorption Capacity Equation 

Results and Discussion: 

Knowledge of the kinetics of target contaminant uptake is integral for determining the 

optimum operating conditions for full-scale batch processes. The kinetic rate of uranyl ion 

sorption is one of the important characteristics defining the efficiency of a sorbent. The uptake 

isotherm (Figure 5) shows that the rate of sorption of uranyl ions onto the supported tungstic acid 

is very fast and starts leveling off as the vast majority of sorbate is removed. For the highest 

molar ratio (380:1), equilibrium is reached within the first 60 minutes, which represents 83% of 

uranyl ions removed. For the lowest molar ratio (91:1), the equilibrium state is reached more 

slowly, with the 85% being removed in roughly 48 hours; thereafter, the sorption proceeds at a 

slower rate until the uranium is removed below the detection limit of the instrument.  The kinetics 

of the sorption processes were analyzed using pseudo first-order and pseudo second-order models 

commonly used to model sorption processes. 
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Figure 5: Uptake Curve for the Sorption of UO2
2+ by H2WO4 on Silica 

The pseudo first-order rate expression described by Lagergren, is shown in Equation 2. In 

this expression, qt is the amount of the uranyl ions sorbed at time t, k1 is the rate constant of the 

pseudo first-order sorption process, and qe is the amount of analyte sorbed at equilibrium.30 The 

values of k1 and qe can be determined from the slope and intercept, respectively, of the linear plot 

of log(qe-qt) vs. time. Figure 6 shows that the pseudo first-order kinetic model does not apply 

throughout the various sorbent loadings, with the sample treated with 4.04 millimoles of the 

tungstic acid reagent, exhibiting a large deviation from linearity, as evident from the correlation 

coefficient (R2) values listed in Table 1. Furthermore, the estimated values of qe calculated from 

the equation differ substantially from those measured experimentally, owing to the fact this 

sorption process cannot be explained satisfactorily by the linear pseudo first-order model. The 

discrepancy is most likely due to the similar concentrations of uranyl ions and reactions sites on 

the sorbent.31 
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log(𝑞𝑒 − 𝑞𝑡) = log(𝑞𝑒) −
𝑘1

2.303
𝑡 

Equation 2: The Linearized Formula for Pseudo First-Order Kinetics 

 

Figure 6: Linear Pseudo First-Order Model for Uranium Uptake by Supported H2WO4 

Table 1: Kinetic Data and Results from the Linear Plots of the Pseudo First-Order Model 

 

Ho and McKay proposed a pseudo-second order kinetic model, which is represented by 

the Equation 3,where k2 is the rate constant of the pseudo second-order sorption process, with the 

units g mg-1 min-1. 32  

 

H2WO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) Experimental R2

0.87 8.45E-04 8.49 8.85 0.996
2.32 1.15E-03 4.21 4.36 0.999
4.04 1.17E-02 1.29 2.39 0.793

ea  seudo st O de
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𝑡
𝑞𝑡

=
1

𝑘2𝑞𝑒2
+

1
𝑞𝑒
𝑡 

Equation 3: The Linearized Pseudo Second-Order Rate Equation 

The above equation can be further simplified to Equation 4, by substituting h in place of 

k2qe
2.  In this equation h is considered to be the initial sorption rate, as t/qt approaches 0. The 

slope and the intercept of the plot of t/qt versus t give the values of the constants qe and h, 

respectively.31 Using the values of qe (the slope) and h (the intercept), the rate constant, k2, can be 

obtained. 

𝑡
𝑞𝑡

=
1
ℎ

+
1
𝑞𝑒
𝑡 

Equation 4: The Linearized Initial Rate Pseudo Second-Order Rate Equation 

Figure 7 shows the linear pseudo second-order plot for the sorption of uranyl ions onto 

tungstic acid. All of the experiments fit the linear pseudo second-order model much better than 

that of the pseudo first-order, with the linear regression correlation coefficient R2 values being 

very high (R2>0.99) and the calculated values of qe are in closer agreement with the experimental 

data (as summarized in Table 2).  However, the pseudo second-order rate constants (k2) do not 

display an obvious correlation with respect to the differing amounts of solid used.  
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Figure 7: Linear Pseudo Second-Order Model 

Table 2: Kinetic Data from the Linear Pseudo Second-Order Equations 

 

Kumar has shown that modeling sorption processes using nonlinear equations was more 

appropriate for modeling the sorption of methylene blue on activated carbon.33 This was done 

using the nonlinear pseudo first-order equation (equation 5).  The nonlinear pseudo second-order 

equation was also used to model the sorption process (equation 6). Figure 8 shows the plotted 

nonlinear pseudo first and pseudo second-order fits with the sorption data. 

 

H2WO4 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) Experimental R2

0.87 4.92E-03 4.07E-01 9.09 8.85 0.992
2.32 1.72E-03 3.35E-02 4.41 4.36 0.994
4.04 6.03E-03 3.49E-02 2.39 2.39 0.999
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𝑞𝑡 = 𝑞𝑒(1− 𝑒−𝑘1𝑡) 

Equation 5: The Nonlinear Pseudo First-Order Equation 

𝑞𝑡 =
𝑘2𝑞𝑒2𝑡

1 + 𝑘2𝑞𝑒𝑡
 

Equation 6: The Nonlinear Pseudo Second-Order Equation 

 

Figure 8: Nonlinear Pseudo First and Second-Order Models 

The correlation coefficients associated with both models, from tables 3 and 4, are all very 

good (R2>0.99) suggesting that the nonlinear modeling methods may be a more effective way of 

representing the data.  Similar to the linear methods, the pseudo second-order model aligns better 

with the larger mass of sorbent, while the nonlinear pseudo first-order equation agrees well with 

the lower concentrations of solid. The nonlinear pseudo first-order model gives calculated qe 
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values that are much closer to that of the experimental values, compared to all models. In all 

cases, the nonlinear pseudo second-order model overestimates qe values.  However, the linear 

pseudo second-order model gives qe values which are much more consistent with the observed 

data. Further, the rate constants (k2) for the nonlinear model show, as expected, an increase with 

the increasing mass of the sorbent material. 

Table 3: The Summarized Kinetic Data from the Nonlinear Pseudo First-Order Model 

 

Table 4: The Summarized Kinetic Data from the Nonlinear Pseudo Second-Order Model 

 

As previously demonstrated, the spent materials can be easily recovered allowing a cyclic 

green process for uranium isolation.26  Figure 9 shows the process to recover both the uranium 

and tungstic acid.  This is achieved by treating the post sorption materials with ammonium 

hydroxide. The uranium is easily separated from the tungsten by filtration as insoluble uranium 

containing yellow cake and the soluble ammonium tungstate.  The yellow cake can then be 

calcined and repurposed as uranium oxide (U3O8) with a very high yield.  The soluble ammonium 

tungstate can then be protonated with the addition of acid to return the original tungstic acid 

starting material, also with a very high yield.  The only byproduct in this process is nontoxic 

ammonium chloride. However, unlike the powder sorbent, the yellow cake produced in the cyclic 

process stays on the pellet which eliminates the need for vacuum filtration to recover the uranium 

containing product.  Further, the uranium then can be recovered by employing an acid to strip the 

pellets, dried, and calcined to produce the desired U3O8.  

H2WO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) Experimental R2

0.87 9.44E-04 8.79 8.85 0.998
2.32 1.22E-03 4.36 4.36 0.999
4.04 3.85E-02 2.23 2.39 0.998

H2WO4 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) Experimental R2

0.87 1.34E-04 1.36E-02 10.04 8.85 0.999
2.32 4.05E-04 9.67E-03 4.88 4.36 0.999
4.04 4.96E-02 2.86E-01 2.40 2.39 0.999
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Figure 9: The Cyclic-Green Process for the Recovery of Uranium 

Conclusions: 

Tungstic acid on high surface area catalyst supports provides a very attractive avenue for 

the remediation and recovery of aqueous uranium. Due to the high surface area of the supported 

materials, much improved kinetic results were achieved. This reaction provides the means to 

remove uranium from drinking water and a method to treat contaminated ground water with a 

permeable reactive barrier.  Moreover, the high surface area catalyst supports provide facile 

means for the separation of the spent sorbent from the system. The modeling of the sorption of 

uranyl on tungstic acid gave good results using the linear pseudo-second order and both the 

nonlinear pseudo first and second-order models, but the nonlinear first-order method describes 

the system most accurately.   
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CHAPTER VI 
 

 

SINGLE SOURCE PRECURSOR APPROACH FOR THE SYNTHESIS OF 

NANOCRYSTALLINE MOLYBDATES AND TUNGSTATES 

 

Introduction: 

Metal tungstates and molybdates have received much interest due to their interesting and 

useful properties. For example, aluminum and zirconium molybdates and tungstates have been 

studied for their interesting negative thermal expansion properties.1-4 Further, metal molybdates 

and tungstates have found applications as scintillators,5-6 in optics,7-9 and catalysis,10 among 

others. However, for the scope of this investigation they will find use as ion-exchange materials 

for water remediation technologies. The development of single-source precursor methods for 

synthesizing materials has been well established.11-13 Moreover, low-temperature methods, in 

many cases yield nanocrystalline materials upon decomposition of the precursor materials.14-16 

The single-source precursor approach is also favorable due to the ability to control the 

stoichiometry of the products, allowing for the development of tunable materials.17 Water soluble 

α-hydroxycarboxylic acids have been shown to chelate many transition metal oxides, thus were a 

good candidate for the dissolution of tungstic acid and molybdenum trioxide in this study.18 

Furthermore, research has been conducted as to elucidate the structure of α-hydroxycarboxylate 

complexes with group-(VI) metal oxides.19-20 Development of a water soluble single-source 
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precursor approach allows for the precursor material to be deposited on substrates while using a 

green solvent, such as water.   

Experimental: 

Materials 

All chemicals (reagent grade or higher) were used as received without further 

purification. Water was purified to a resistance of 18MΩ using reverse osmosis. The tungstic 

acid, Mg(OH)2, calcium D-gluconate, α-hydroxyisobutyric acid (98%), and zinc gluconate were 

obtained from Alfa-Aesar. The L-lactic acid (85+ %), Al(C2H3O2)2OH, and Zr(OH)x(C2H3O3)y (x 

+ y = 4) were all received from Aldrich. The Ca(OH)2, Zn(C2H3O2)2·2H2O, Ba(OH)2, Sr(OH)2, 

and sodium gluconate used were obtained from Fisher Scientific. The glycolic acid (67%) and the 

gluconic acid (50%) were received from Arcos Organics. Deuterated water from Aldrich was 

used for the liquid state NMR experiment.  

Preparation of the Single Source Precursor 

The typical synthesis of the metal carboxylate precursors was done using either an acid-

base reaction in a 2:1 molar ratio of the acid to the metal hydroxides or a ligand exchange in the 

case of the metal acetates with the same ratios. The solutions of the resulting hydroxy carboxylic 

salts were evaporated at 80 °C in an oven until the sample was reduced to a solid.  The salts were 

then reacted with the group (VI) oxide (MoO3 or H2WO4), always in a 1:1 molar ratio under 

reflux conditions. For example, to synthesize a single source precursor for CaWO4 using α-

hydroxyisobutyric (methyl lactic) acid, the reaction consisted of adding 0.74 g of Ca(OH)2 (10 

mmol) to a 100 mL solution with 2.09 g of α-hydroxyisobutyric acid (20 mmol) dissolved in 

deionized water. The solid product was obtained in a 99.4% yield (2.01 g with 22.2% crystalline 

H2O) by drying at 80 °C in an oven. The salt was then dissolved and reacted with an equimolar 

amount, 2.50 g (10 mmol), of tungstic acid under reflux conditions for approximately 24 hours. 
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Any residual solid was removed from the resultant solution by vacuum filtration to yield a 

transparent-brown solution in every case.  The resultant filtrates from every precursor were 

allowed to evaporate at room temperature to allow for possible crystallization to take place. 

However, the only single-source precursors that produced crystals suitable for X-ray diffraction 

were the methyl lactate precursors. To produce the metal oxides, the precursors were pyrolyzed at 

their decomposition temperatures obtained from thermal gravimetric analysis.  

Characterization  

Each of the single-source precursors were characterized by thermal gravimetric analysis, 

performed on a Mettler-Toledo TGA/DSC 1 with a heating rate of 5°C/min, in order to determine 

the amount of bound water and the thermal decomposition temperatures.  Raman spectra were 

recorded of both the single-source precursors and final products on a Nicolet NXR 9610 Raman 

spectrometer. The X-ray diffraction patterns for both the precursors and oxide products were 

obtained using a Bruker D8-A25-Advance diffractometer equipped with a LynxEye detector.  

Fourier transformed infrared (FT-IR) spectroscopy was performed as KBr pellets using a Nicolet 

Magna 750 IR spectrometer. The crystal structures were obtained by single crystal X-ray 

diffraction performed at the University of Oklahoma using a Bruker-AXS APEX CCD area 

detector on a D8 platform goniometer with a sealed-tube X-ray generator and a mono-capillary 

collimator.  The solid state nuclear magnetic resonance spectroscopy (SS-NMR) data was 

acquired using a Varian/Chemagnetics CMX-II 300 MHz SS-NMR spectrometer and liquid NMR 

spectra were obtained using a Varian UNITY INOVA 400 MHz NB NMR system.   

Results and Discussion: 

All of the single-source precursors were allowed to slowly evaporate to allow the 

formation of crystals suitable for X-ray diffraction, but only the α-hydroxyisobutyric acid 

analogues produced suitable crystals. The resulting structures (Figures 1 and 2) are very similar to 
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the structures predicted for tungstenyl α-hydroxycarboxylate complexes, including a D-gluconic 

acid analogue.20, 34 The structure consists of a tungstenyl group (cis-WO2
2+ group) chelated by two 

doubly deprotonated α-hydroxyisobutyrate groups (deprotonated at both the carboxylic acid and 

α-hydroxyl groups).  Hexaaqua calcium and magnesium ions are present as counter ions of the 

resulting tungsten-containing anions.  In both cases, the cations and anions are extensively 

hydrogen bonded to each other. The five-membered chelate rings formed by the carboxylate are 

close to planar and the two methyl groups project out of this plane into two different 

environments. One methyl group (C4) projects into the same plane as one of the tungstenyl oxo 

groups while the second (C3) points away from this oxo group.  
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Figure 1: Crystal Structure of the Methyl Lactate Single-Source Precursors with Ca2+, with 

Displacement Ellipsoids Drawn at the 50% Probability Level 
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Figure 2: Crystal Structure of the Methyl Lactate Single-Source Precursors with Mg2+, with 

Displacement Ellipsoids Drawn at the 50% Probability Level 

The crystalline calcium precursor and its calcium salt were both analyzed by solid state 

NMR spectroscopy and liquid 13C NMR spectroscopy, and the results are summarized in Table 1.  

When the hydroxyl group from the carboxylate is chelated to tungsten, a roughly 12 ppm shift is 

observed for the quaternary carbon (C2) from 74 ppm to 86 ppm.  Interestingly, this shift appears 

in both the solid state and liquid NMR spectra, suggesting the carboxylate remains chelated upon 

dissolution in water, yielding Ca2+ and the [WO2(OCO(CH3)2O)2]2- ions. Furthermore, two 
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separate peaks were resolved for the two non-equivalent methyl groups (C3 and C4) of the single-

source precursor, as expected from the crystal structure, in both the solid state and liquid NMR 

spectra.  Similarly, the 1H NMR showed the two non-equivalent methyl groups with proton peaks 

at 1.37 and 1.40 ppm as listed in Table 2.  A similar motif was observed for the magnesium salt 

as well.  

Table 1: 13C NMR Data for Calcium Methyl Lactate Salt and its Single Source Precursor 

 

Table 2: 1H NMR Data for Calcium Methyl Lactate Salt and its Single Source Precursor 

 

The methyl lactate precursor was also characterized by X-ray powder diffraction and 

Raman and FTIR spectroscopies. The XRD patterns (Figures 3 and 4) match very closely to that 

of the simulated patterns calculated from the single crystal structures, demonstrating that the 

crystal structures are representative of the bulk materials. 

CH3- CH3- -CO- C=O
Solid State δ (ppm) 27.1 N/A 74.0 181.8

Liquid δ (ppm) 27.5 N/A 74.9 184.6

Solid State δ (ppm) 26.6 25.2 85.6 186.7
Liquid δ (ppm) 26.8 26.0 86.0 189.2

CaWO2(OCO(CH3)2OH)2

Functional Groups
Ca(OCO(CH3)2OH)2

13C

CH3- CH3-
Liquid δ (ppm) 1.32 N/A

Liquid δ (ppm) 1.37 1.40
CaWO2(OCO(CH3)2OH)2

Ca(OCO(CH3)2OH)2

Functional Groups1H
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Figure 3: X-ray Powder and Single Crystal Diffraction Patterns of [Ca(OH2)6][WO2(2-
oxyisobutyrate)2] 
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Figure 4: X-ray Powder and Single Crystal Diffraction Patterns of [Mg(OH2)6][WO2(2-

oxyisobutyrate)2] 

The Raman spectrum (Figure 5) of the precursor shares many of the peaks previously 

reported for α-hydroxyisobutyric acid.21  Furthermore, the intense peaks 934, 913, 862, and 852 

cm-1 in the Raman spectrum can be attributed to the tungstate ion.  Similarly, the IR spectrum 

shows a broad band at 937 cm-1, along with bands at 883 cm-1 and 848 cm-1, shown in Figure 6.  
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Figure 5: The Raman Spectrum of [Ca(OH2)6][WO2(2-oxyisobutyrate)2] 
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Figure 6: The Infrared Spectrum of [Ca(OH2)6][WO2(2-oxyisobutyrate)2] 

Each of the single-source precursors decomposition temperatures was determined via 

thermal gravimetric analysis. Figure 7 shows the TGA traces for the calcium precursors, showing 

the effect of chain length and structure on the decomposition temperature. Each of the precursors 

had relatively low decomposition temperatures, with the highest corresponding the longest chain, 

D-gluconate, precursor at around 485°C. The surface areas of the resulting CaWO4 depended on 

the hydroxycarboxylate used in their preparation with the branched α-hydroxy acid having the 

highest surface area of 24 m2/g. 



 

91 
 

 

Figure 7: TGA Traces for each of the CaWO4 Single-Source Precursors 

Table 3: Yield, Decomposition Temperatures, and Surface Areas for each of the Ca2+ 

Precursors  

 

The XRD pattern of CaWO4 derived from the methyl lactate precursor (Figure 8) 

matched the pattern for CaWO4 (PDF Card 01-072-0257), showing broadened diffraction peaks 

characteristic of nanocrystalline materials. The full width at half maximum (FWHM) of the (200) 

peak was determined using the Pearson VII profiling function.  This, along with the results from a 

highly crystalline CaWO4, was used to determine a lower limit of grain size of 14 nm via the 

Scherer equation.  The crystallite sizes of the gluconate and glycolate were similar to the methyl 

Hydroxy Acid Used  Yield (%) Decomposition Temperature (oC) BET Surface Area (m2/g)
Glycolic 98.1 400 18
Lactic 98.4 425 15

Methyl Lactic 99.2 425 24
Gluconic 99.4 485 8
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lactate (17 and 16 nm respectively) and the lactate precursor that had a larger crystallite size of 32 

nm.  The calcium tungstate produced from the methyl lactate precursor was used extensively for 

the experiments reported in this dissertation.  XRDs were recorded for all of the synthesized 

metal tungstates and molybdates and matched with data from the ICDD database.  

 

Figure 8: XRD of CaWO4 from the Methyl Lactate Precursor  

The Raman spectrum (Figure 9) of the CaWO4 from the methyl lactate precursor shows 

the characteristic A1g stretch at 911 cm−1 which corresponds to symmetric stretching vibration of 

tetrahedral WO4
2-.22 The peaks at 838 and 796 cm-1 correspond to a splitting of the ν3 mode of the 

tungstate, with the band the higher energy band being the ν3(Bg) vibration while the lower energy 

one is due to the ν3(Eg) vibration of the tungstate unit. The ν4 mode gives a weak absorption at 

399 cm-1.  The peak at 331 cm-1 can be assigned to the ν2(Ag) vibrational mode. Finally, the 

stretch observed at 208 cm-1 is due to the translational mode, ν(Ca-O).23-28 Similarly, the FTIR 
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spectrum (Figure 10) shows the characteristic, though broad, ν3(Au) + ν3(Eu)  charge transfer band 

at 801 cm-1 and the ν3(Bg) band at 440 cm-1 for tetrahedral tungstate.24 The spectrum also shows 

the presence of bound water at 3437 and 1635 cm-1. 

 

Figure 9: Raman Spectrum of CaWO4 from the Methyl Lactate Precursor 
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Figure 10: IR Spectrum of CaWO4 from the Methyl Lactate Precursor 

Synthesis of Other M2+ Tungstates 

This synthetic route was applied to several other metals as a way to produce metal 

tungstates and molybdates.  All of the oxides produced from pyrolysis from each of the 

precursors were analyzed X-ray powder diffraction.  The MgWO4 produced from this experiment 

was used for sorption of Ca2+ ions in solution and is an area that future research should focus on.  

Figure 11 shows the XRD pattern for MgWO4 synthesized from the methyl lactate precursor.  

The reactions producing the strontium and barium methyl lactate precursors did not produce 

crystals suitable for X-ray diffraction, but upon calcination they produced nanocrystalline metal 

tungstates evident by the peak broadening in their respective XRD patterns, shown in Figures 12 

and 13.  
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Figure 11: The XRD of MgWO4 Synthesized from the Methyl Lactate Precursor 
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Figure 12: The XRD of SrWO4 Synthesized from the Methyl Lactate Precursor 
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Figure 13: The XRD of BaWO4 Synthesized from the Methyl Lactate Precursor 

Zinc tungstate was produced using a zinc gluconate precursor, producing a crystalline 

product matching ZnWO4 from the ICDD database (Figure 14). The product also showed peak 

broadening, characteristic of nanocrystalline materials. This material showed an affinity for lead 

when used to purify Zn2+ solutions during proof of concept experiments.  The use of ZnWO4 in 

such processes is an area of this research that should be further developed.  
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Figure 14: XRD of ZnWO4 from the Gluconate Precursor 

Synthesis of M3+ and M4+ Molybdates and Tungstates 

All of the divalent metal tungstates were produced without any side products.  However, 

due to the nature of how the carboxylates chelate to the group (VI) metals, the reactions were run 

with a 2 to 1 molar ratio of the carboxylates and the group (IV) metal source.  Thus, for 

precursors which the target metal oxides do not have the 1:1 ratio, excess material must be 

present, even if they did not show characteristic properties when characterized by the Raman or 

XRD.  For example, the aluminum tungstate produced exhausts the tungsten source before the 

aluminum, leading to a high surface area material (65 m2/g) of Al2W3O12 on Al2O3, although only 

target crystalline species were observed for both of these materials, shown in Figures 15 and 16. 
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Figure 15: XRD of Al2Mo3O12 Produced From the Gluconate Precursor 
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Figure 16: XRD of Al2Mo3O12 Produced From the Gluconate Precursor 

The reaction to produce a ZrW2O8 precursor was unsuccessful when reacting zirconyl 

gluconate with tungstic acid, only partially dissolving the tungstic acid starting material in the 

process. The precursor, however, upon calcination produced a material with characteristic peaks 

for both WO3 and ZrO2. In order to dissolve the entirety of the H2WO4, sodium gluconate was 

added with the intention of producing ZrW2O8 and Na2WO4.  Interestingly, this precursor 

produced a crystalline material matching Na2ZrW3O12 from the ICDD database, as shown in 

Figure 17.  This is another material that should be further investigated as an ion exchange 

material due to its interesting structure.29  
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Figure 17: XRD Patter for Na2ZrW3O12 

Even though ZrW2O8 was unable to be synthesized, when zirconyl tungstate was reacted 

with MoO3 the precursor, in fact, produced crystalline ZrMo2O8.  This product, however, 

contained a crystalline impurity as shown in Figure 18.    
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Figure 18: XRD of ZrMo2O8 Produced from the Zirconyl Gluconate Precursor 

The presented precursor approach has been shown to produce nanocrystalline materials 

of interest in high yields, as summarized in Table 4.  All of the materials presented in this study 

were of interest primarily for use as water treatment agents.  However, this synthetic method 

should be applied to making materials for a variety of other applications.    
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Table 4: Percent Yields of the Oxides from the Precursors (based on H2WO4 or MoO3) 

 

Conclusion: 

This study has shown the versatility using α-hydroxy acids for the synthesis of metal 

molybdates and tungstates, producing materials with very high yields.  Due to the wide use of 

metal molybdates and tungstates, this method could be applied to the synthesis of a wide variety 

of materials.  Further, many of the materials presented in this study are used in a variety of 

different applications.  This gives an avenue for further study of materials synthesized by this 

method to determine if they exhibit the properties suitable for use in the proposed applications. 

Moreover, utilizing water soluble precursors allows for an easy method to deposit the materials 

on substrates, a process that was taken advantage of for many of the applications was presented in 

this dissertation.  Lastly, further research should be undertaken to develop the use of ion-

exchange by MgWO4, ZnWO4, and Na2ZrW3O12.  

Precursor Percent Yield 
AlMoO2(Gluconate)2OH 100
AlWO2(Glycolate)2OH 100
AlWO2(Lactate)2OH 96.7

AlWO2(Gluconate)2OH 100
BaWO2(Methyllactate)2 98.1

CaWO2(Glycolate)2 98.1
CaWO2(Lactate)2 98.4

CaWO2(Methyllactate)2 99.2
CaWO2(Gluconate)2 99.4

MgWO2(Methyllactate)2 97.6
SrWO2(Methyllactate)2 96.4
ZrOMoO2(Gluconate)2 97.1

ZnWO2(Gluconate)2 94.3
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CHAPTER VII 
 

 

RECOVERY OF GALLIUM BY ALUMINUM TUNGSTATE 

 

Introduction: 

Gallium is a relatively rare element that is used extensively in and materials for 

semiconductor and electronics applications.  There has been a large increase in demand for 

gallium that have led to skyrocketing prices.1  Therefore, the ability to reclaim gallium from 

industrial effluents or natural waters has received much interest.2 Such processes typically include 

fractional precipitation, electrochemical deposition, solvent extraction, and ion exchange.3-8 

Previously, the Apblett research group has shown the effectiveness of using group VI transition 

metal oxides for the sorption of contaminants.9-14  The supposition that the sorption of gallium 

may undergo ion exchange for other M3+ metals led to the hypothesis that aluminum molybdate 

and aluminum tungstate may be attractive materials for the sorption of Ga3+.  

Experimental: 

All chemicals (reagent grade or higher) were used as received without further 

purification.  The water used was purified by reverse osmosis followed by ion exchange.  Gallium 

nitrate, Ga(NO3)3 (Spectrum Chemicals), was used to prepare the gallium stock solution with a 

concentration of approximately 130 mg/L. The concentrations of the stock and treated solutions 

were determined using a Varian GTA120/AA240Z graphite furnace atomic absorption 

spectrometer (GFAAS) equipped with an auto sampler. A 100 mg/L Ga3+ standard (BDH 
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ARISTAR) was used to prepare the standard solutions used for analysis.   Aliquots of the treated 

samples were taken at regular time intervals and diluted to the appropriate concentrations with a 

1% HNO3 solution, made using trace metal grade HNO3 from Mallinckrodt. The materials used 

for the synthesis and the sorption process were discussed in Chapter VI. 

Results and Discussion: 

Aluminum molybdate was prepared to be used as a sorbent for Ga3+, as previously 

described in Chapter VI. However, aluminum molybdate is apparently unstable in water, 

undergoing dissolution reaction to produce an insoluble amorphous material.  To determine the 

nature of the reaction, 0.20 g of the aluminum molybdate was added to 50 mL of deionized water 

and placed on a sample rotator for a week.  After the allotted time, the solid was separated by 

centrifugation and the filtrate was allowed to slowly evaporate, producing crystals suitable for X-

ray diffraction. Figure 1 shows the crystal structure for the recovered material with the formula 

[Al(OH2)6][Al(OH)6Mo6O18]∙4H2O.  Thus, a reaction occurred to produce a material with a 1:3 

Al:Mo ratio.  The starting material had a ratio of 2Al:3Mo and the Al:Mo ratio in the amorphous 

material is approximately 1:1 (Figure 2) implying that the hydrolysis of Al2Mo3O12 occurs 

according to Equation 1. The hydrolysis of Al2Mo3O12 makes it unacceptable for remediation 

applications. However, this was not the case for Al2W3O12 that did not dissolve or change its 

crystalline structure when subjected to the same conditions. 

4𝐴𝑙2𝑀𝑜3𝑂12 + 𝐻2𝑂
→  [𝐴𝑙(𝑂𝐻2)6][𝐴𝑙(𝑂𝐻)6𝑀𝑜6𝑂18] ∙ 10𝐻2𝑂 + 6𝐴𝑙(𝑂𝐻)(𝑀𝑜𝑂4) ∙ 𝐻2𝑂 

Equation 1: Hydrolysis Reaction of Al2Mo3O12 
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Figure 1: Crystal Structure for the Material Produced from the Dissolution of Al2Mo3O12 in 
Water 

 

 

Figure 2: EDX Spectrum of the Amorphous Product Recovered from Putting Al2Mo3O12 in 
Water 
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Sorption Kinetics Using Al2W3O12 

Since Al2Mo3O12 proved to be unsuitable for reactions in aqueous media, Al2W3O12 was 

the only material used as a sorbent for the recovery of Ga3+. The sorption uptake curve (Figure 3) 

depicts the sorption of gallium by different amounts of aluminum tungstate. The uptake curves 

depict a process in which sorption is initially very fast and then starts to slow as the reaction 

approaches an equilibrium state. The lower sorbent loading experiments reach their respective 

equilibrium states later than the higher loadings. The kinetic uptake of Ga3+ was modeled by both 

the linear and nonlinear models of the commonly used pseudo first and second-order models. 

 

Figure 3: Sorption Uptake Curves for the Sorption of Ga3+ 

The pseudo first-order rate expression described by Lagergren (Equation 1) is an exponential 

function where qt is the amount of the analyte sorbed at time t, k1 is the rate constant of the 

pseudo first-order sorption process, and qe is the amount of analyte sorbed at equilibrium.15 
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Further, the natural log of Equation 2, yields a linear function (Equation 3) that gives the values 

of k1 and qe from the slope and intercept, respectively, of a plot of ln(qe-qt) vs. time. 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) 

Equation 2: The Nonlinear Pseudo First-Order Equation 

𝑙𝑛(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛(𝑞𝑒) − 𝑘1𝑡 

Equation 3: The Linearized Formula for Pseudo First-Order Kinetics 

Figure 4 shows that the linear pseudo first-order kinetic model does not apply throughout 

the various sorbent loadings. Although, the linear pseudo first-order does a fairly good job 

modeling the sorption process for the second lowest and the highest sorbent loadings, the model 

worsens for the other three, as is evident from the correlation coefficient (R2) values listed in 

Table 1.  The estimated qe values, calculated from the equation, are in agreement with the 

experimental values for only the lowest sorbent loading, underestimating the equilibrium 

concentration for the other sorbents loadings. The deviation from linearity at higher loadings of 

sorbent is likely due to the similar concentrations of the analyte and reactions sites on the 

sorbent.16  
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Figure 4: Linear Pseudo First-Order Plot for the Uptake of Ga3+ by Al2W3O12  

Table 1: Data and Results for Linear Pseudo First-Order Fitting of the Uptake of Ga3+by 

Al2W3O12 

 

It has been suggested that modeling sorption processes using the nonlinear pseudo first-

order model can provide vastly improved results.17 The nonlinear pseudo first-order equation 

(Equation 2) was used to fit the experimental data, and the results are presented in Figure 5.  The 

data shows a good fit by the nonlinear equation, as indicated by the correlation coefficients in 

Table 2.  Further, the model’s prediction of qe is in good agreement with the experimental values 

for all of sorbent loading besides the lowest loading.  These results are in good agreement with 

Al2W3O12 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.0639 6.19E-03 34.6 48.0 0.7411
0.142 9.55E-03 23.8 25.9 0.965
0.264 2.31E-02 10.1 14.1 0.893
0.455 7.18E-03 7.86 12.7 0.814
0.635 1.74E-02 7.74 11.3 0.957
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the hypothesis that the nonlinear method is far superior in modeling this sorption process than the 

linear method. However, the rate constants are random with respect to sorbent loading so the 

results from this model are still not adequate to describe this reaction.  

 

Figure 5: Nonlinear Pseudo First-Order Plot for the Uptake of Ga3+ by Al2W3O12  

Table 2: Data and Results for Nonlinear Pseudo First-Order Fitting of the Uptake of Ga3+by 

Al2W3O12 

 

Ho and McKay proposed a pseudo second-order kinetic model represented by the 

Equation 3, where k2 is the rate constant of the pseudo second-order sorption process, with the 

Al2W3O12 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.0639 2.80E-02 38.5 48.0 0.850
0.142 1.15E-02 25.9 25.9 0.976
0.264 5.58E-02 12.7 14.1 0.950
0.455 4.53E-02 10.2 12.7 0.938
0.635 3.09E-02 11.2 11.3 0.777
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units g mg-1 min-1.18 The equation can be further simplified to Equation 4, by substituting h in 

place of k2qe
2, where h can be considered to be the initial sorption rate, as t/qt approaches 0. The 

slope and the intercept of the plot of t/qt versus t gives the values of the constants qe and h, 

respectively.16 Using the value of qe and h, the rate constant (k2) can be obtained. 

 
𝑡
𝑞𝑡

=
1

𝑘2𝑞𝑒2
+

1
𝑞𝑒
𝑡 

Equation 4: The Linearized Pseudo Second-Order Rate Equation 

𝑡
𝑞𝑡

=
1
ℎ +

1
𝑞𝑒
𝑡 

Equation 5: The Linearized Initial Rate Pseudo Second-Order Equation 

The linear pseudo second-order plot for the sorption of gallium by aluminum tungstate, 

Figure 6, shows a very good linear fit to the data.  The results of the fitting are provided in Table 

3. All of the experiments fit the linear pseudo second-order model much better than the linear 

pseudo first-order model, with very high linear regression correlation coefficient (R2) values.  

Most of the calculated qe values are in fairly close agreement with the experimental data, although 

the model overestimates the values in every case but the highest sorbent loading where qe is 

underestimated by a very small amount. However, it is not clear why the result for the 0.264 

mmol loading is so far off, as compared to the experimental data. The pseudo second-order rate 

constants (k2) display a correlation with respect to the varying amount of sorbent, as the amount 

increases the rate increases. However, the units of the pseudo second-order rate constant make the 

physical significance of rate constant very vague. 
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Figure 6: Linear Pseudo Second-Order Plot for the Uptake of Ga3+ by Al2W3O12  

Table 3: Data and Results for Nonlinear Pseudo Second-Order Fitting of the Uptake of 

Ga3+by Al2W3O12 

 

Previously, the nonlinear pseudo second-order equation (Equation 6) was used to 

effectively model the sorption process of methylene blue on activated carbon.17 Figure 7 shows 

the plotted data fitted with the nonlinear pseudo second-order model with relatively good 

accuracy. Table 4 shows that the correlation coefficients for the nonlinear method are fairly good, 

similar to the linear model, suggesting that this method is also appropriate for modeling this 

Al2W3O12 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.0639 1.39E-03 2.38 41.3 48.0 0.989
0.142 5.56E-04 0.478 29.3 25.9 0.937
0.264 3.23E-02 0.296 3.03 14.1 0.972
0.455 2.51E-03 0.445 13.3 12.7 0.981
0.635 5.73E-03 0.779 11.7 11.3 0.997
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process. Similar to the linear method, the kinetic parameters of the nonlinear pseudo second-order 

appear to have little physical meaning. However, the equilibrium concentration values from the 

model are higher than the experimental values in three of the five cases, and underestimated for 

two of the sorbent loadings with no obvious correlation.   

𝑞𝑡 =
𝑘2𝑞𝑒2𝑡

1 + 𝑘2𝑞𝑒𝑡
 

Equation 6: The Nonlinear Pseudo Second-Order Equation 

 

Figure 7: Nonlinear Pseudo Second-Order Plot for the by Uptake of Ga3+ Al2W3O12  
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Table 4: Data and Results for Nonlinear Pseudo Second-Order Fitting of the Uptake of 

Ga3+by Al2W3O12
 

 

The data presented suggests that the nonlinear pseudo first-order model is the best-suited 

method to model the sorption of Ga3+ by Al2W3O12.   This is due not only to the predicted qe and 

R2 values, but also for the clear physical meaning of the pseudo first-order rate constant.  

Sorption Kinetics for the Al2O3 Supported- Al2W3O12 

By supporting the Al2W3O12 on a high surface area Al2O3 substrate, the surface area was 

improved from that of the Al2W3O12 powder. The latter had a surface area of 65 m2 g-1, while that 

of the supported material was 177 m2 g-1. The impregnation method produced a product with 

5.07% Al2W3O12 on the Al2O3 support. The sorption uptake curves (Figure 8) show the sorption 

process where equilibrium was reached at roughly 120 minutes for all of the mass loadings. 

Furthermore, the equilibrium sorption capacities were improved in every case using the supported 

the material. However, the real advantage to using the supported material is the ease of 

implementation into a column type application that could be used for the recovery of gallium, as 

opposed to the powder materials which could prove difficult in these types of applications due to 

poor flow and high back pressure.   

Al2W3O12 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.0639 1.13E-03 1.92 41.1 48.0 0.900
0.142 3.68E-04 0.368 31.6 25.9 0.990
0.264 4.90E-03 1.07 14.8 14.1 0.976
0.455 3.49E-03 0.539 12.4 12.7 0.878
0.635 5.75E-03 0.751 11.4 11.3 0.986
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Figure 8: Sorption Uptake Curves for the Sorption of Ga3+ by Al2W3O12 on Al2O3 

Similar to the powdered Al2W3O12, the linear pseudo first-order model gave very poor 

data for the supported materials (Figure 9).  Further, the model gave drastically lower predictions 

for qe than was observed experimentally (Table 5).  This data, coupled with the data from the 

powder sorbents suggests this model is not adequate for modeling this sorption process.  
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Figure 9: Linear Pseudo First-Order Plot for the Uptake of Ga3+ by Al2W3O12 on Al2O3 

Table 5: Data and Results for Linear Pseudo First-Order Fit of the Uptake of Ga3+by 

Al2W3O12 on Al2O3
 

 

Figure 10 shows the uptake of gallium by most of the supported materials fit the 

nonlinear model very well. Further, the equilibrium data correlates very well with the 

experimental data, with the exception of the lowest sorbent loading.  This data, together with the 

data from the powder sorption processes, suggests this model is ideal for modeling this sorption 

process.  It is also meritorious for providing rate constants with an understood physical meaning.  

Al2W3O12 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.128 2.78E-03 12.0 30.2 0.0428
0.190 1.95E-02 16.8 23.6 0.922
0.264 1.11E-02 10.7 16.9 0.933
0.332 1.07E-02 12.4 16.9 0.953
0.527 3.55E-02 8.68 9.57 0.975
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Figure 10: Nonlinear Pseudo First-Order Plot for the Uptake of Ga3+ by Al2W3O12 on Al2O3 

Table 6: Data and Results for Nonlinear Pseudo First-Order Fit of the Uptake of Ga3+by 

Al2W3O12 on Al2O3 

 

The sorption processes were also modeled using the pseudo second-order equations. 

Figure 11 shows the nonlinear pseudo second-order equation fits the sorption data very good as 

well and Table 7 shows nearly perfect correlation coefficients in some cases.  Further, this model 

gives very good qe predictions throughout the sorption process.  

Al2W3O12 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.128 1.19E-01 23.4 30.2 0.824
0.190 4.12E-02 22.3 23.6 0.922
0.264 3.51E-02 15.2 16.9 0.901
0.332 2.59E-02 15.2 16.9 0.914
0.527 3.68E-02 10.0 9.57 0.964
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Figure 11: Nonlinear Pseudo Second-Order Plot for the Uptake of Ga3+ by Al2W3O12 on 

Al2O3 

Table 7: Data and Results for Nonlinear Pseudo Second-Order Fit of the Uptake of Ga3+by 

Al2W3O12 on Al2O3 

 

The linear pseudo second-order model, depicted in Figure 12, gives the closest predicted 

qe values throughout the entire sorbent loadings and highest R2 values of all models, as 

summarized in Table 8. It is obvious this model gives the best correlations and prediction of 

equilibrium capacities; however the lack of a clear physical meaning for k2 means this model is 

Al2W3O12 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.128 7.56E-03 4.74 25.0 30.2 0.980
0.190 2.50E-03 1.52 24.7 23.6 0.984
0.264 3.04E-03 0.866 16.9 16.9 0.997
0.332 1.98E-03 0.593 17.3 16.9 0.957
0.527 5.04E-03 0.608 11.0 9.6 0.998



 

122 
 

only useful for predicting the equilibrium capacities, rather than giving meaningful kinetic 

parameters.  

 

 

Figure 12: Linear Pseudo Second-Order Plot for the Uptake of Ga3+ by Al2W3O12 on Al2O3 

Table 8: Data and Results for Linear Pseudo Second-Order Fit of the Uptake of Ga3+by 

Al2W3O12 on Al2O3 

 

The data from the two different sorbents suggests that the nonlinear pseudo first-order 

equation is best for modeling this sorption process. From this, we can then compare the kinetic 

Al2W3O12 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.128 2.31E-03 1.82 28.0 30.2 0.946
0.190 2.83E-03 1.74 24.8 23.6 0.994
0.264 2.84E-03 0.869 17.5 16.9 0.993
0.332 2.04E-03 0.641 17.7 16.9 0.985
0.527 1.13E-02 1.14 10.0 9.6 0.996
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rates of the two different materials. Figure 13 shows the sorption half-life of the analyte when 

treated with similar amounts of sorbent.  The data suggests that by supporting the material, the 

sorption half-life is not improved for higher mass loadings, likely due to the diffusion of liquid 

into the porous alumina medium.  The only downfall to the supported material, however, is the 

apparent loss of material from the support.   

 

Figure 13: Sorption Half-Life for the Different Forms of Al2W3O12 

Treatment of Wastewaters 

To determine if the sorbent could be implemented to recovery gallium from waste waters, 

the material was used to treat an effluent from the semi-conductor industry containing 52.6 ppm 

Ga3+, among unknown concentrations of other analytes.  A sample of 10.5 g of the solution was 

treated with 0.130 g of Al2W3O12 powder.  The solution was allowed to react for two weeks, 

reducing the concentration of Ga3+ to 22.3 ppm.  
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Conclusion: 

Aluminum tungstate was shown to be an attractive candidate for the recovery of gallium 

from aqueous systems, including industrial effluents.  Further studies should determine the 

capacities of both the powder and supported materials.  Also, a study should focus on determining 

the optimum conditions for the recovery of Ga3+ from semi-conductor waste and applied to 

effluents like Bayer liquors.  Moreover, the material should be tested for its ability to recovery 

other M3+ ions, including the more expensive rare earth metals.  Finally, a method should be 

determined for recovery of Ga3+ and recycling the sorbent.  
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CHAPTER VIII 
 

 

LEAD UPTAKE BY MOLYBDENUM TRIOXIDE 

 

Introduction:  

Increasing concern about the effect of lead and other heavy metals on humans and aquatic 

ecosystems, along with increasing economic concerns, has led to growing interest for the 

development of materials for mitigation of heavy-metals. 1-10 Lead has been deemed a cancer 

causing agent and has also been noted to be toxic to the renal, cardiovascular, nervous, and 

reproductive systems.11-17 Since children have a greater rate of intestinal absorption and retention 

of lead, thus they are more vulnerable to lead exposure, which has been directly correlated to the 

lowering of IQs.18-20 Human exposure to lead typically is correlated with lead plumbing materials 

or lead-based paints, but has also been linked to lead containing soils.21-22  Lead exposure has also 

been associated with the release of airborne particulates from industrial or waste elimination 

emissions and fallout from decades of leaded gasoline emissions.3,21  The World Health 

Organization (WHO) and the Environmental Protection Agency (EPA) maximum contaminant 

levels for Pb2+ in drinking water  are 10 μg/L and 15 μg/L, respectively.23-24 Heavy metals can 

also occur from natural sources, with pollution typically being caused from the leaching from 

minerals. Furthermore, the rapid development of industries, such as metal plating facilities, 

mining operations, fertilizer industries, etc., have often directly introduced heavy metal 
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wastewaters into the environment, especially in developing countries. Unlike organic 

contaminants, heavy metals are not biodegradable and tend to accumulate in living organisms.25  

Current metal mitigation technologies have progressed due the required acceptable 

contaminant limits many industries face.  Thus, materials specifically targeting lead have been 

extensively studied, via a very broad range of processes including chemical precipitation,5, 8 

adsorption,9, 26 solvent extraction,27-29 ultrafiltration,30-31 and ion exchange.6-7, 32 Many of the 

materials for these types of applications have short falls due to low capacity, poor selectivity, lack 

of effectiveness, high cost, or a combination of these. Permeable reactive barriers (Figure 1), 

particularly are promising for ground water remediation, due to their facile implementation and 

retrieval route, especially if the sorbent is placed on a larger substrate.33  An equal benefit of the 

complexation of persistent heavy metals is the ability for the sorbent to be recycled with limited 

byproducts, allowing for the contaminant and substrate to be easily separated. The Apblett group 

has previously shown the ability to remediate Pb2+ with a very high capacity using commercially 

available MoO3 under reflux conditions in an acetate buffer.34 Further, we have highlighted the 

very high reactivity of  a nanometric suspension of MoO3 with Pb2+ as presented in Chapter III.35 

The present study, however, is aimed at determining the reactivity of commercially available 

bulk-MoO3 towards Pb2+ under ambient conditions without the presence of a buffer.  Further, this 

study presents the use of MoO3 on a high-surface area catalyst support as a target material for 

facile implementation in reactive barrier-type applications. The kinetics and molar capacities 

were studied and the materials were characterized for their identities post-treatment. 
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Figure 1: Permeable Reactive Barrier 

Experimental: 

All chemicals (reagent grade or higher) were used as received without further 

purification.  The water used was purified by reverse osmosis followed by ion exchange.  Lead 

nitrate, Pb(NO3)2 (Sigma-Aldrich), was used to prepare the lead stock solution with a 

concentration of approximately 100 mg/L. The concentrations of the stock and treated solutions 

were determined using a Varian GTA120/AA240Z graphite furnace atomic absorption 

spectrometer (GFAAS) equipped with an auto sampler. A 100 mg/L Pb2+ standard (BDH 

ARISTAR) was used to prepare the standard solutions used for analysis.   Aliquots of the treated 

samples were taken at regular time intervals and diluted to the appropriate concentrations with a 

1% HNO3 solution, made using trace metal grade HNO3 from Mallinckrodt. The commercially 

available molybdenum trioxide was used as the bulk reagent for sorption was received from Alfa-
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Aesar. High surface area Al2O3 catalyst supports were obtained from Alfa-Aesar and used to 

support MoO3 from the thermal decomposition of impregnated ammonium molybdate 

((NH4)6Mo7O24) from the Alfa-Aesar Chemical company.   

The Raman spectrum of the material at capacity was recorded on a Nicolet NXR 9610 

Raman spectrometer. The surface areas were measured by N2 physisorption and recorded using a 

NOVA Quantachrome 1200 BET.  Scanning electron micrographs of the solids before and after 

treatment were also recorded using a FEI Quanta 600 field emission gun environmental scanning 

electron microscope. The X-ray powder diffraction (XRD) patterns of the sorbents at capacity 

were obtained on a Bruker D8-A25-Advance with a LynxEye detector. 

Synthesis of Supported MoO3 

The high surface area Al2O3 supports were vacuum-impregnated by introducing a 35% by 

weight solution of ammonium molybdate to the supports in vacuo.  The supports were held under 

vacuum for roughly 24 hours. When removed from the vacuum pump, the supports were rinsed 

with 50 mL of deionized water, to remove any excess material on the surface, and were then dried 

in vacuo.  Once dry, the supports were transferred to a ceramic crucible and were heated to 500 

°C, well over the decomposition temperature of ammonium molybdate to ensure the formation of 

MoO3.36 The pellets were held for 8 hours at 500 °C and were then cooled to room temperature.  

The mass of the resulting material indicated a loading of the support with 9.01% molybdenum 

trioxide by weight.  

Results and Discussion: 

Sorption Kinetics Using Bulk-MoO3 

The sorption uptake curve (Figure 2) depicts the sorption of lead by different amounts of 

molybdenum trioxide. The uptake curves depict a process in which sorption is initially very fast 

and then starts to slow as the reaction approaches an equilibrium state. The lower sorbent loading 
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experiments reach their respective equilibrium states later than the higher loadings.  With 

sufficient sorbent, the sorption process continued at a slow rate until the entirety of the analyte 

was removed below the instrument detection limit of roughly 0.5 ppb. Determination of the 

kinetic rate is an integral aspect of determining if a sorbent can be used industrial applications.  

The kinetic uptake of Pb2+ was modeled by both the commonly used pseudo first and second-

order models processes. 

 

Figure 2: Sorption Uptake Curve of Pb2+ on Bulk-MoO3 

The pseudo first-order rate expression described by Lagergren (Equation 1) is an 

exponential function where qt is the amount of the analyte sorbed at time t, k1 is the rate constant 

of the pseudo first-order sorption process, and qe is the amount of analyte sorbed at equilibrium.37 

Further, the natural log of Equation 1, yields a linear function (Equation 2) that gives the values 

of k1 and qe from the slope and intercept, respectively, of a plot of ln(qe-qt) vs. time. 
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𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) 

Equation 1: The Nonlinear Pseudo First-Order Equation 

ln(𝑞𝑒 − 𝑞𝑡) = ln(𝑞𝑒) − 𝑘1𝑡 

Equation 2: The Linearized Formula for Pseudo First-Order Kinetics 

Figure 3 shows that the linear pseudo first-order kinetic model for the bulk-MoO3 does 

not apply throughout the various sorbent loadings. Although, the linear pseudo first-order does a 

fairly good job modeling the sorption process, it fails in the case of the largest sorbent loading, as 

is evident from the correlation coefficient (R2) values listed in Table 1.  The estimated qe values, 

calculated from the equation, have a good agreement with the experimental values at the lowest 

mass loading, but as the sorbent is increased the model consistently underestimates the qe values, 

with the error increasing as the sorbent mass increases.  The deviation from linearity at larger 

sorbent loadings is likely due to the similar concentrations of lead ions and reactions sites on the 

sorbent.38  
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Figure 3: Linear Pseudo First-Order Plot for Bulk-MoO3 Uptake of Pb2+ 

Table 1: Data and Results for Linear Pseudo First-Order Fitting 

 

It has been suggested that modeling sorption processes using the nonlinear pseudo first-

order model can provide vastly improved results.39 The nonlinear pseudo first-order equation 

(Equation 1) was used to fit the experimental data, and the results are presented in Figure 4.  The 

data are fitted well by the nonlinear equation, as indicated by the correlation coefficients in Table 

2.  Further, the model’s prediction of qe is in excellent agreement with the experimental values 

MoO3 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

1.58 9.94E-03 22.3 22.3 0.975
2.03 9.97E-03 14.0 17.7 0.930
2.72 2.58E-02 9.85 14.0 0.940
3.73 5.10E-03 1.65 9.73 0.134
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with only a slight underestimation.  These results are in good agreement with the hypothesis that 

the nonlinear method is far superior in modeling this sorption process than the linear method.  

 

Figure 4:  Nonlinear Pseudo First-Order Curve for Bulk-MoO3 Uptake of Pb2+ 

Table 2: Data and Results for Nonlinear Pseudo First-Order Uptake of Lead by Bulk-MoO3 

 

Ho and McKay proposed a pseudo second-order kinetic model represented by the 

Equation 3, where k2 is the rate constant of the pseudo second-order sorption process, with the 

units g mg-1 min-1.40 The equation can be further simplified to Equation 4, by substituting h in 

place of k2qe
2, where h can be considered to be the initial sorption rate, as t/qt approaches 0. The 

MoO3 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

1.58 1.11E-02 22.2 22.3 0.997
2.03 1.82E-02 16.5 17.7 0.933
2.72 3.30E-02 14.0 14.0 0.995
3.73 1.20E-01 9.60 9.73 0.994
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slope and the intercept of the plot of t/qt versus t gives the values of the constants qe and h, 

respectively.38 Using the value of qe and h, the rate constant (k2) can be obtained. 

 
𝑡
𝑞𝑡

=
1

𝑘2𝑞𝑒2
+

1
𝑞𝑒
𝑡 

Equation 3: The Linearized Pseudo Second-Order Rate Equation 

𝑡
𝑞𝑡

=
1
ℎ

+
1
𝑞𝑒
𝑡 

Equation 4: The linearized Initial Rate Pseudo Second-Order Equation 

The linear pseudo second-order plot for the sorption of lead onto molybdenum trioxide, 

Figure 5, shows a very good linear fit to the data.  The results of the fitting are provided in Table 

3. All of the experiments fit the linear pseudo second-order model much better than the linear 

pseudo first-order model, with very high linear regression correlation coefficient (R2) values.  The 

calculated qe values are in close agreement with the experimental data, although the model 

overestimates the values in every case but the highest sorbent loading where qe is underestimated 

by a very small amount. The pseudo second-order rate constants (k2) display a correlation with 

respect to the varying amount of sorbent, as the amount increases the rate increases. However, the 

units of the pseudo second-order rate constant make the physical significance of rate constant 

very vague. 
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Figure 5: Linear Pseudo Second-Order Curves for the Uptake of Pb2+ by Bulk-MoO3  

Table 3: Data and Results for the Linear Pseudo Second-Order Modeling of Lead Uptake 

by Bulk-MoO3 

 

Previously, the nonlinear pseudo second-order equation (Equation 5) was used to 

effectively model the sorption process of methylene blue on activated carbon.39 Figure 6 shows 

the plotted data fitted with the nonlinear pseudo second-order model with relatively good 

accuracy. Table 4 shows that the correlation coefficients for the nonlinear method are very high 

(R2>0.96), similar to the linear model, suggesting that this method is also appropriate for 

MoO3 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

1.58 6.52E-04 0.417 25.3 22.3 0.999
2.03 1.37E-03 0.498 19.0 17.7 0.996
2.72 5.43E-03 1.16 14.6 14.0 0.970
3.73 7.44E-02 6.93 9.65 9.73 0.974
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modeling this process. Similar to the linear method, the kinetic parameters of the nonlinear 

pseudo second-order appear to have little physical meaning. However, the equilibrium 

concentration values from the model are, in fact, higher in every case than the experimental 

values, and as the sorbent loading decreases, this trend is amplified.   

𝑞𝑡 =
𝑘2𝑞𝑒2𝑡

1 + 𝑘2𝑞𝑒𝑡
 

Equation 5: The Nonlinear Pseudo Second-Order Equation 

.  

Figure 6: Nonlinear Pseudo Second-Order Curve for the Uptake of Pb2+Bulk-MoO3  
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Table 4: Data and Results for the Nonlinear Pseudo Second-Order Fit for the Uptake of 

Pb2+ by Bulk-MoO3  

 

The data presented suggests that the nonlinear pseudo first-order model is the best-suited 

model for the sorption of Pb2+ on bulk-MoO3. This is due not only to the predicted qe values, but 

also for the clear physical meaning of the pseudo first-order rate constant.  

Sorption Kinetics for the Al2O3 Supported-MoO3 

By supporting the MoO3 on the high surface area Al2O3 substrate, the surface area was 

improved from that of the bulk-MoO3. The latter had a surface area of 0.7 m2 g-1, while that of the 

supported material was 181 m2 g-1. The impregnation method produced a product with 9.01% 

MoO3 on the Al2O3 support. The sorption uptake curves (Figure 7) depict the sorption process 

where equilibrium was reached at roughly 60 minutes for all of the mass loadings. Furthermore, 

the equilibrium sorption capacities were improved in every case using the supported the material. 

However, the real advantage to using the supported-MoO3, as opposed to the powder materials, is 

the facile implementation and retrieval of the supported material.  

MoO3 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

1.58 3.96E-04 0.308 27.9 22.3 0.998
2.03 1.12E-03 0.419 19.3 17.7 0.964
2.72 3.00E-03 0.730 15.6 14.0 0.985
3.73 3.93E-02 3.80 9.84 9.73 0.983



 

139 
 

 

Figure 7: Sorption Uptake Curve for Pb2+ by the Al2O3 Supported-MoO3 

Interestingly, the linear pseudo first-order model, which gave decent correlations for the 

bulk-MoO3, gave very poor data for the supported materials (Figure 8).  Further, the model gave 

much lower prediction for qe than was observed experimentally (Table 5).  This data, coupled 

with the bulk-MoO3 data suggests this model is not adequate for this sorption process.  
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Figure 8: Linear Pseudo First-Order Fit for the Uptake of Pb2+ by Al2O3 Supported-MoO3  

Table 5: Data for the Linear Pseudo First-Order Fit for the Al2O3 Uptake of Pb2+ by 

Supported-MoO3  

 

Similar to the bulk-MoO3, Figure 9 shows the supported material fit the nonlinear model 

very well. Further, the correlation coefficients in every case are greater than 0.99 (Table 6), 

suggesting an almost perfect fit to the data. Also, in every case, the model gives very slight 

underestimation for the predicted values of qe, as compared to what was observed experimentally.  

This data, together with the data from the bulk-MoO3 sorption process, suggests this model is 

MoO3 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.914 3.38E-02 9.94 40.0 0.842
1.45 2.66E-02 3.90 25.3 0.725
1.75 3.61E-02 1.65 22.0 0.675
2.17 2.77E-02 1.34 16.4 0.663
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ideal for modeling this sorption process.  It is also meritorious for providing rate constants with 

an understood physical meaning.  

 

Figure 9: Nonlinear Pseudo First-Order Fit for the Uptake of Pb2+ by Al2O3 Supported-

MoO3  

Table 6: Data and Results for the Nonlinear Pseudo First-Order Fit of the Uptake of Pb2+ 

by Al2O3 Supported-MoO3  

 

For comparison purposes, the sorption processes were also modeled using the pseudo 

second-order equations. Figure 10 shows the nonlinear pseudo second-order equation fits the 

MoO3 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.914 1.02E-01 39.5 40.0 0.996
1.45 1.23E-01 25.0 25.3 0.997
1.75 1.40E-01 22.0 22.0 1.000
2.17 1.86E-01 16.3 16.4 0.999
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sorption data very good as well and Table 7 shows perfect correlation coefficients.  Further, this 

model gives almost perfect qe predictions throughout the sorption process.  

 

Figure 10: Nonlinear Pseudo Second-Order Fit for the Uptake of Pb2+ by Al2O3 Supported-

MoO3  

Table 7: Data and Results for the Nonlinear Pseudo Second-Order Fit for the Uptake of 

Pb2+ by Al2O3 Supported-MoO3  

 

MoO3 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.914 6.08E-03 9.28 39.1 40.0 0.998
1.45 1.30E-02 8.70 25.9 25.3 0.999
1.75 2.15E-02 10.9 22.5 22.0 0.998
2.17 5.24E-02 14.3 16.5 16.4 1.00
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The linear pseudo second-order model, depicted in Figure 11, gives the closest predicted 

qe values throughout the entire sorbent loadings.  Further, the model gives flawless correlation 

coefficients for every single mass loading, listed in Table 8.  

 

Figure 11: Linear Pseudo Second-Order Fit for the Uptake of Pb2+ by Al2O3 Supported-

MoO3 

Table 8: Data for the Linear Pseudo Second-Order Fit for the Uptake of Pb2+ by Al2O3 

Supported-MoO3  

 

MoO3 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.914 1.22E-02 19.9 40.3 40.0 1.00
1.45 2.75E-02 17.8 25.4 25.3 1.00
1.75 7.07E-02 34.5 22.1 22.0 1.00
2.17 1.04E-01 28.0 16.4 16.4 1.00
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It is obvious this model gives the best correlations and prediction of equilibrium 

capacities; however the lack of a clear physical meaning for k2 means this model only useful for 

predicting the equilibrium capacities, rather than giving meaningful kinetic parameters.  

The data from the two different sorbents suggests that the nonlinear pseudo first-order 

equation is ideal for modeling this sorption process. From this, we can then compare the kinetic 

rates of the two different materials. Figure 12 shows the sorption half-life of the analyte when 

treated with similar amounts of sorbent.  The data suggests that by supporting the material, the 

sorption half-life can be improved roughly 10 fold, from 38 minutes to less than 4 minutes for the 

supported materials.  The only downfall to the supported material, however, is the apparent loss 

of material from the support.  That is, during the kinetic study, a white precipitate formed (Figure 

13) that is likely due to the formation of PbMoO4.  This could be caused by the appreciable 

solubility of molybdenum trioxide (0.497 mg/L), which may be amplified by supporting the 

material.41 Surprisingly precipitation formation did not occur during the capacity study. This may 

be due to the lead being in excess rather than the sorbent in these experiments.  
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Figure 12: Sorption Half-Life for the Bulk-MoO3 and the Alumina Supported MoO3 

 

Figure 13: Formation of a PbMoO4 Precipitate after Only 15 Minutes in the Kinetic Study 

Characterization of the Materials as Capacity 

Each material was reacted with excess Pb2+ to determine the molar capacities for each 

material.  The very low surface area bulk-MoO3 had a molar sorption capacity of 16%, which was 

vastly improved, to 100%, by supporting the material, as summarized in Table 9. Further, it is 
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interesting to note the large drop in pH at the equilibrium point for the bulk-MoO3, which is due to 

the reaction process described in Equation 6. This suggests that the sorption process for the bulk-

MoO3 could possibly be improved with the implementation of a buffer, as sorption capacity has 

been shown to be affected by pH.42  The supported material does not suffer this large pH drop, 

suggesting there is some dissolution of Al2O3 during the course of this reaction. This phenomenon 

may also cause the observed delamination of the lead molybdate from the support. 

Table 9: Summary of the Reaction Parameters for the Materials at Capacity 

 

𝑀𝑜𝑂3 + 𝑃𝑏2+ + 𝐻2𝑂 → 𝑃𝑏𝑀𝑜𝑂4 + 2𝐻+ 

Equation 6: Schematic representation of the reaction of MoO3 with Pb2+ 

Both the bulk and supported-MoO3 loaded to capacity with lead were characterized by X-

ray powder diffraction. The XRD pattern for the bulk-MoO3 that has been reacted with excess 

Pb2+ (Figure 14) shows that both unreacted MoO3 and PbMoO4 are present.  On the other hand, 

the XRD pattern for the supported MoO3 reacted with excess lead only contained peaks for 

PbMoO4.  

Material Molar Sorption Capacity (%) Surface Area (m2/g) Initial pH Final pH
Bulk-MoO3 16.0 0.7 3.9 0.9
Supported-MoO3 100 181 3.9 3.1
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Figure 14: XRD Patterns for Sorbents Reacted with Excess Pb2+ 

The bulk-MoO3 was further characterized by Raman spectroscopy and scanning electron 

microscopy.  The Raman spectrum (Figure 15) gave one peak characteristic of PbMoO4 and the 

rest were characteristic of MoO3.  The peak at 868 cm-1 Figure 15 is characteristic of the ν1(Ag) 

symmetric stretching band for the tetrahedral molybdate ion in PbMoO4.43  The peaks at 992, 819, 

280, and 146 cm-1 are consistent with the previously reported Raman spectra of MoO3.44 
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Figure 15: Raman Spectrum of MoO3 Loaded to Capacity with Pb2+ 

The SEM micrographs before and after reaction with lead are given in Figure 16. The 

images show a large morphological change at the surface upon exhaustive reaction with lead.  

The formation of the sharp-edged crystals on the surface of the material suggests the reaction 

proceeds by a dissolution-recrystallization reaction.  The micrographs suggest that the reaction 

occurs exclusively at the surface (and may be surface limited) since there is no evidence of 

fragmentation or formation of unattached small PbMoO4 crystals.    
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Figure 16: SEM Micrograph of the Starting Bulk-MoO3 (top) and at Capacity (bottom) 
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Regeneration of the Spent Sorbent 

To demonstrate the recyclability of the material, PbMoO4 was synthesized by 

precipitating Pb(NO3)2 and Na2MoO4·2H2O and then calcining the material at 600 °C.  This 

material was characterized by XRD, showing that is was phase pure PbMoO4. The regeneration-

cycle (Figure 17) features a reaction of the spent material with excess 30% NH4OH, yielding an 

insoluble lead hydroxide product. The solid was then filtered, separating the soluble molybdenum 

compound.  The filtrate was dried and the produced powder was pyrolyzed at 550 °C, yielding 

MoO3 with a 99% yield. 

 

Figure 17: Green process for sorbent recovery 

Conclusion: 

Molybdenum trioxide was demonstrated to have a high affinity for aqueous lead. 

Furthermore, it was found that the rate and capacity can be increased by synthesizing the material 

on high surface area catalyst-supports. However, due to the appreciable solubility of MoO3 (0.497 

mg/L) this is likely not the best choice for remediation of potable water systems.41  Further, due to 

this solubility, the supported-MoO3 produced PbMoO4 as a precipitate in the solution, rather than 
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on the surface of the support when the sorbent was in excess. Future study of this system could be 

aimed at characterizing the precipitate from the supported material, confirming that it is in fact 

PbMoO4 and determining the particle size and morphology. The synthesized material could find 

use in catalysis and optics, among other applications. Further, the extent of the reaction should be 

studied in the presence of a buffer, to determine whether the pH or the surface area is the limiting 

factor of sorption capacity with this material.  Finally, as research progress in the field of sorption 

kinetics, it would be useful to determine how novel models fit the presented data.                
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CHAPTER IX 
 

 

SORPTION OF LEAD BY TUNGSTEN TRIOXIDE 

 

Introduction: 

The dangers of lead have been discussed in Chapter VIII. The Apblett research group has 

previously demonstrated the attractiveness of using transition metal oxides as water remediation 

technologies.1-7  More specifically, they have shown molybdenum trioxide’s ability to react with 

Pb2+ in aqueous systems, with a very high capacity (110% by weight).6, 8 However, due to 

molybdenum trioxide’s slight solubility in water (addressed in Chapter VIII and Chapter III), it is 

possible that toxicity issues may make the use of MoO3 unsuitable for the purification of drinking 

water.  Due to the similarities between molybdenum and tungsten, it was proposed that insoluble 

tungsten trioxide would be an attractive alternative for an environmentally friendly process for 

lead mitigation.  

Experimental: 

All chemicals were ACS reagent grade or higher and were used without further 

purification. Water was purified by reverse osmosis and then deionized to a resistivity of 18 MΩ. 

Lead nitrate, Pb(NO3)2 (Sigma-Aldrich), was used to prepare the lead stock solution with  a 

concentration of approximately 100 mg/L. The concentrations of the stock and treated solutions 

were determined using a Varian GTA120/AA240Z graphite furnace atomic absorption 
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spectrometer (GFAAS) equipped with an auto sampler. A 100 mg/L Pb2+ standard (BDH 

ARISTAR) was used to prepare the standard solutions used for analysis.   Aliquots of the treated 

samples were taken at regular time intervals and diluted to the appropriate concentrations with a 

1% HNO3 solution, made using trace metal grade HNO3 from Mallinckrodt.   

Commercially available tungsten trioxide from Alfa-Aesar was used as the bulk reagent 

for sorption. Tungsten (VI) oxide nanopowder (<100 nm (BET)) was also a commercially 

available product that was purchased from Aldrich Chemical Company.   High surface area Al2O3 

catalyst supports were obtained from Alfa-Aesar and were used to support WO3 from the thermal 

decomposition of impregnated ammonium tungstate ((NH4)6W12O39), also from Alfa-Aesar. The 

H2O2 and H2WO4 used for the synthesis of the mesoporous material were received from Alfa-

Aesar and the Brij-56 (C16H33(OCH2CH2)nOH, n ∼ 10) used was received from the Spectrum 

chemical company.  

The Raman spectra of the materials reacted with excess lead were recorded on a Nicolet 

NXR 9610 Raman spectrometer. The surface areas were measured by N2 physisorption using a 

NOVA Quantachrome 1200 BET.  Scanning electron micrographs of the solids before and after 

treatment were recorded using a FEI Quanta 600 field emission gun environmental scanning 

electron microscope. The X-ray powder diffraction (XRD) patterns of the sorbents at capacity 

were obtained on a Bruker D8-A25-Advance equipped with a LynxEye detector. 

Synthesis of Supported WO3 

The high surface area Al2O3 supports were vacuum-impregnated by introducing a 40 

weight percent solution of ammonium tungstate to the supports in vacuo.  The supports were held 

under vacuum for roughly 24 hours. The support pellets were then rinsed with 50 mL of 

deionized water, to remove excess material on the surface and following this they were dried in 
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vacuo.  Once dry, the pellets were transferred to a ceramic crucible and were calcined at 500 °C 

for 8 hours in a muffle-furnace.  

Synthesis of Mesoporous WO3 

A previously reported method for making thermally stable mesoporous WO3 thin films 

was adapted to prepare the mesoporous WO3 used in this experiment.9-10 The tungsten oxide 

precursor, peroxopolytungstic acid, was synthesized through the reaction of H2WO4 with 

hydrogen peroxide. A mass of 5.0 g of H2WO4 powder was dispersed in 20.0 g of deionized 

water, to which 35.0 g of 30% H2O2 was added. The reaction mixture was magnetically stirred at 

40 °C overnight to produce a pale yellow solution.  This solution was then dried at 40 °C in an 

oven to produce brightly colored yellow crystals.  The original authors reported that 1.0 g of the 

crystals could be dissolved in a solution of 2.0 g deionized water and 1.0 g ethanol, but this could 

not be reproduced in this investigation.  Therefore, the crystals were dissolved in a solution 

containing 5.0 g H2O and 3.0 g of 30% H2O2 and 1.0 g of absolute ethanol. In a separate flask, the 

surfactant solution was prepared by dissolving 0.2 g of Brij-56 in a mixture of 1.5 g absolute 

ethanol and 2.5 g deionized water. Once the reactants were dissolved, the two flasks were mixed 

and the solution was allowed to evaporate.  When the solvent was fully evaporated, the material 

was subjected to ethanolic soxhlet extraction to remove the organic surfactant without decreasing 

the surface area, yielding the mesoporous material. To determine the effect of an auxiliary 

templating agent, mesitylene was added to the surfactant solution before the solutions were 

combined.  The solid thus produced was treated identically to the non-templated material.  

Sorption Studies  

The effect of sorbent dosage on reaction kinetics was investigated for each of the WO3 

materials by treating five different 50 mL solutions of 100 ppm Pb2+ while varying the amount of 

excess tungsten trioxide. The samples were agitated by a sample rotator, at a speed of 40 RPM, to 

eliminate the possibility of forming concentration gradients.  Aliquots of each sample were taken 
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at regular time intervals, diluted with 1% HNO3 to the appropriate concentration, and then 

analyzed by GFAAS. The reaction uptake curves were plotted using the sorption capacity at a 

given time (qt) vs time (t).  The sorption capacity was defined by Equation 1, where Ct is the 

concentration of analyte in the solution at time t, C0 is the starting concentration, V is the volume 

of the analyte, and m is the mass of the sorbent.11  

𝑞𝑡 =  
(𝐶0 − 𝐶𝑡)𝑉

𝑚  

Equation 1: The sorption capacity equation 

Molar capacity studies were also performed to determine the maximum uptake of lead by 

the WO3 sorbents.  Roughly 0.6 g of each of the WO3 solids was used to treat solutions 

containing excess Pb2+.  Each of the materials were allowed to react with lead for roughly one 

month and the solutions were analyzed to determine the amount removed.  Further, all of the 

solids were characterized by XRD, Raman spectroscopy, and scanning electron microscopy.  

Results and Discussion: 

Sorption Kinetics Using Nano-WO3 

The BET surface area of the nano-WO3 was measured, to be 7.5 m2 g-1. The sorption 

uptake curves (Figure 1) depicts the sorption isotherm of lead uptake onto differing amounts of 

the nano-tungsten trioxide.  The uptake curves depicts a process in which sorption is initially very 

fast and starts to slow as the reaction approaches an equilibrium state around 100 minutes for 

0.743 mmol nano-WO3 and roughly 50 minutes when the highest amount of sorbent is used (2.23 

mmol WO3).  The sorption process continued at a slow rate until the concentration of the analyte 

fell below the instrument detection limit of roughly 0.5 ppb.   
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Figure 1: Sorption Uptake Curves of Pb2+ on Nano-WO3 

Knowledge of the kinetics for the uptake of target contaminants is integral for 

determining the optimum operating conditions for full-scale batch processes. The kinetic sorption 

rate of lead by nanometric tungsten oxide is important for determining its effectiveness as a 

possible sorbent to be incorporated in commercial applications. The kinetics of the sorption 

processes were analyzed using both pseudo first-order and second-order models commonly used 

to model sorption processes. 

Equation 2 shows the pseudo first-order rate expression described by Lagergren, where qt 

is the amount of the analyte sorbed at time t, k1 is the rate constant of the pseudo first-order 

sorption process, and qe is the amount of analyte sorbed at equilibrium.12 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) 

Equation 2: The Nonlinear Pseudo First-Order Equation 



 

161 
 

By taking the natural log of Equation 2, the values of k1 and qe can be determined from 

the linear pseudo first order plot using Equation 3.  The linear plot of ln(qe-qt) vs. time gives the 

values of k1 and qe from the slope and intercept, respectively. Figure 3 shows that the linear 

pseudo first-order kinetic model for the nano-WO3 does not apply throughout the various sorbent 

loadings. As the sorbent mass was increased, the data exhibits a large deviation from linearity, as 

evident from the correlation coefficient (R2) values listed in Table 1.  Furthermore, the estimated 

values of qe calculated from the equation differ substantially from those measured experimentally, 

owing to the fact this sorption process cannot be satisfactorily described by the linear pseudo 

first-order model. The discrepancy is most likely due to the similar concentrations of lead ions 

and the reaction sites on the sorbent.13  

ln(𝑞𝑒 − 𝑞𝑡) = ln(𝑞𝑒) − 𝑘1𝑡 

Equation 3: The Linearized Formula for Pseudo First-Order Kinetics 
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Figure 2: Linear Pseudo First-Order Plot for the Uptake of Pb2+ By Nano-WO3 Uptake  

Table 1: Data and Results for the Linear Pseudo First-Order Uptake of Pb2+ by Nano-WO3 

 

It has been shown that modeling sorption processes using the nonlinear pseudo first-order 

model was much more appropriate for modeling the sorption of methylene blue on activated 

carbon using the nonlinear pseudo first-order equation (Equation 2). 14  Figure 3 shows the plotted 

uptake curves fitted with the nonlinear pseudo first-order equation, which depicts the model 

underestimating qe in all cases. However, Table 2 shows the correlation coefficients for the 

WO3 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.743 1.70E-02 6.26 12.6 0.939
1.08 1.59E-02 5.27 9.76 0.936
1.45 8.80E-03 2.54 9.13 0.703
1.77 1.03E-02 1.96 7.92 0.525
2.23 1.00E-02 2.17 7.77 0.671
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nonlinear method are much higher than the linear model and the qe values are relatively close, 

suggesting that this method is far superior to the linearized model for this process.  

 

Figure 3:  Nonlinear Pseudo First-Order Curves for the Uptake of Pb2+ by Nano-WO3  

Table 2: Data and Results for the Nonlinear Pseudo First-Order Uptake of Pb2+ by Nano-

WO3  

 

Ho and McKay proposed a pseudo-second order kinetic model represented by Equation 

4. In this equation, k2 is the rate constant of the pseudo second-order sorption process, with the 

units g mg-1 min-1. 15 Equation 4 can be further simplified to Equation 3, by substituting h in place 

WO3 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.743 6.71E-02 11.3 12.6 0.979
1.08 8.59E-02 8.67 9.76 0.923
1.45 1.88E-01 8.04 9.13 0.970
1.77 1.30E-01 7.40 7.92 0.986
2.23 1.05E-01 7.27 7.77 0.984
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of k2qe
2, where h can be considered as the initial sorption rate, as t/qt approaches 0. The slope and 

the intercept of the plot of t/qt versus t give the values of the constants qe and h, respectively.13 

Using the value of qe (the slope) and h (the intercept), the rate constant (k2) can be obtained.  

 
𝑡
𝑞𝑡

=
1

𝑘2𝑞𝑒2
+

1
𝑞𝑒
𝑡 

Equation 4: The Linearized Pseudo Second-Order Rate Equation 

𝑡
𝑞𝑡

=
1
ℎ

+
1
𝑞𝑒
𝑡 

Equation 5: The linearized Initial Rate Pseudo Second-Order Equation 

Figure 4 shows the linear pseudo second-order plot for the sorption of lead using 

nanometric tungsten trioxide. The results show all of the samples fit the linear pseudo second-

order model much better than that of the linear pseudo first-order model. The linear regression 

correlation coefficient (R2) values for this model are very high (R2>0.99) and the calculated qe 

values are in very close agreement with the experimental data, while only slightly overestimating 

the values throughout the series. However, the pseudo second-order rate constant (k2) does not 

display a correlation with respect to the differing amounts of solid used nor does the initial 

sorption rate (h).  While the linear pseudo second-order model fits the present data very well, 

there is little physical significance that can be extrapolated from the kinetic results due to the 

dependence of the rate constant on both the concentrations of the sorbent and analyte. 
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Figure 4: Linear Pseudo Second-Order Curves for the Uptake of Pb2+ by Nano-WO3 

Table 3: Data and Results for the Linear Pseudo Second-Order Uptake of Pb2+ by Nano-

WO3 

 

The nonlinear pseudo second-order equation (Equation 6) was also used to effectively 

model the sorption process of methylene blue on activated carbon.14 Figure 5 shows the 

experimental data fit the nonlinear pseudo second-order model with relatively good accuracy. 

Table 4 shows the correlation coefficients for the nonlinear method are very high (R2>0.97), 

similar to the linear model, suggesting that this method is also appropriate for modeling this 

WO3 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.743 1.20E-02 1.95 12.8 12.6 0.999
1.08 1.11E-02 1.10 9.98 9.76 0.998
1.45 1.83E-02 1.55 9.20 9.13 0.999
1.77 3.17E-02 1.99 7.91 7.92 0.999
2.23 2.42E-02 1.46 7.78 7.77 0.999
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process. As was the case for the linear pseudo second order model, the kinetic parameters appear 

to have little physical meaning. The equilibrium concentration values from the model are lower 

than the experimental values and have larger deviations than the values predicted by the linear 

pseudo second-order model.  From the data presented, it suggests that the linear pseudo second-

order model is the best-suited model for the sorption of Pb2+ on the nanometric-WO3. 

𝑞𝑡 =
𝑘2𝑞𝑒2𝑡

1 + 𝑘2𝑞𝑒𝑡
 

Equation 6: The Nonlinear Pseudo Second-Order Equation 

 

Figure 5: Nonlinear Pseudo Second-Order Curves for the Uptake of Pb2+ by Nano-WO3 

Table 4: Data and Results for the Nonlinear Pseudo Second-Order Uptake of Pb2+ by Nano-

WO3 
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Sorption Kinetics using Bulk-WO3 

The sorption uptake curves for the bulk-WO3 are presented in Figure 6. The sorption 

curves depict a very poor sorption process in which the majority of the uptake of Pb2+ occurred 

within the first 15 minutes.  Furthermore, the sorption capacities of the bulk materials were very 

low.  The low affinity for sorption is likely due to the low surface area of the bulk-WO3 of 1.0 m2 

g-1.   

 

Figure 6:  Sorption Uptake Curves for Pb2+ with Bulk-WO3 

WO3 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.743 9.12E-03 1.35 12.2 12.6 0.998
1.08 1.41E-02 1.25 9.42 10.6 0.991
1.45 5.96E-02 4.10 8.30 9.13 0.979
1.77 4.06E-02 2.41 7.70 7.92 0.996
2.23 2.89E-02 1.69 7.64 7.77 0.998
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Similar to the nano-WO3, the linear pseudo first-order model did not fit the data from the 

bulk-WO3 uptake.  In fact, the linear correlation coefficients were zero in most cases, thus the 

linear pseudo first-order plot and data are not presented herein. However, the nonlinear pseudo 

first-order model was able to be used to model the sorption (Figure 6), albeit with poor 

correlation coefficients for two of the sorbent loadings (the 1.37 and 2.21 mmol treatments).  This 

is most likely due to the low affinity of the material to sorb lead.  Further, the large deviations 

from the fit are likely due to the low qt values.  

 

Figure 7: Nonlinear Pseudo First-Order Fit of the Uptake Curves of Pb2+ by Bulk-WO3  
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Table 5: Data and Results for the Nonlinear Pseudo First-Order Uptake of Pb2+ by Bulk-

WO3
 

 

Figure 8 shows the bulk material also had a similar fit for the nonlinear pseudo second-

order model, with low correlation coefficients in most cases (Table 6).  Moreover, the 2.21 mmol 

samples uptake was unable to be modeled by the function as the fit failed to converge.  Again this 

is likely due to the materials low affinity for Pb2+, thus this model should not be used to model 

this sorption process.  

 

Figure 8: Nonlinear Pseudo Second-Order Fit of the Uptake of Pb2+ by Bulk-WO3
 

WO3 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

1.37 6.71E-02 1.81 1.79 0.765
1.74 8.59E-02 1.69 1.61 0.992
2.21 1.88E-01 1.30 1.54 0.789
4.55 1.30E-01 1.23 1.34 0.959
6.62 1.05E-01 1.29 1.49 0.852
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Table 6: Data and Results for the Nonlinear Pseudo Second-Order Uptake of Pb2+ by Bulk-

WO3 

 

Lastly, the bulk-WO3 was modeled using the linear pseudo second-order model (Figure 9) 

with relatively good fits in every case (Table 7).  The slopes from Figure 9 are proportional to the 

inverse of the equilibrium capacity, qe
-1, thus it was expected the highest mass loading (6.62 

mmol) would have the highest slope.  However, this result does not match what was observed 

experimentally, which is also likely due to the low affinity for the analyte. 

 

Figure 9: Linear Pseudo Second-Order Curve for the Uptake of Pb2+ by Bulk-WO3
 

WO3 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

1.37 1.28E-01 0.484 1.94 1.79 0.793
1.74 1.82E-01 0.335 1.36 1.61 0.798
2.21 1.54 N/A
4.55 1.19E-01 0.210 1.33 1.34 0.951
6.62 7.17E-02 0.146 1.43 1.49 0.913

Did not converge
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Table 7: Data and Results for the Linear Pseudo Second-Order Uptake of Pb2+ by Bulk-

WO3 

 

Sorption Kinetics for Mesoporous-WO3 

The surface area of the mesoporous-WO3 was vastly improved compared to the two 

commercially available products, to a value of 115 m2 g-1. By using the auxiliary templating 

agent, the surface area was improved to a value of 135 m2 g-1, although it was not used in this 

study. The sorption uptake curves (Figure 10) depicts an extremely fast sorption process in which 

the majority of the Pb2+ was removed within the first 15 minutes.  For the highest loading, 0.260 

mmol, the sorption capacity was reached in roughly 10 minutes, where the lowest mass loading, 

0.093 mmol, reached equilibrium somewhere between 50 and 125 minutes.  The sorption 

capacities of the mesoporous materials were also very high, highlighting the material’s high 

affinity for the analyte. Due to the high affinity for Pb2+, the reactions were performed with only a 

small molar excess of WO3 to Pb2+ (from 3 to 10 times) whereas the nano-WO3 experiments used 

an excess range from 30-100 and the bulk-WO3 experiments had an excess of 70-270 times.  

Furthermore, the sorption process was able to remove the concentration of Pb2+ from these 

solutions to below the instrumental detection limit of 0.5 ppb.  

WO3 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

1.37 1.13E-01 0.437 1.97 1.79 0.953
1.74 9.53E-02 0.230 1.55 1.61 0.993
2.21 5.54E-02 0.117 1.45 1.54 0.923
4.55 1.03E-01 0.148 1.20 1.34 0.934
6.62 4.44E-02 0.104 1.53 1.49 0.960
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Figure 10: Uptake Curves for Mesoporous-WO3 Sorption of Pb2+  

The results from the linear pseudo first-order model were better for the larger mass 

loadings.  Figure 11 shows an obvious deviation from linearity for the lowest mass loading, 

corresponding to a lower correlation coefficient (R2) summarized in Table 8.  The experimental 

values of the equilibrium capacities were twice that of the predicted values from this model, 

suggesting it is not appropriate for modeling this process. 
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Figure 11: Linear Pseudo First-Order Fits for the Uptake of Pb2+ by Mesoporous-WO3
 

Table 8: Data and Results for the Linear Pseudo First-Order Fit Uptake of Pb2+ by 

Mesoporous-WO3 

 

The nonlinear method, however, gave much more accurate results for the predicted qe 

values, along with higher R2 values (Table 9).  Figure 12 shows the sorption uptake curves with 

the nonlinear pseudo first-order fits for each mass loading.  From this, it is obvious that the 

nonlinear pseudo first-order method is much more appropriate for modeling this process. Notice, 

WO3 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.0927 6.53E-02 109 197 0.765
0.133 1.57E-01 103 154 0.985
0.180 2.37E-01 81.8 126 0.971
0.222 3.24E-01 56.3 102 0.974
0.267 4.22E-01 47.3 82.6 0.973
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however, the function underestimates the sorption capacity in every case, although only slightly 

for the higher sorbent loadings.   

 

Figure 12: Nonlinear Pseudo First-Order Curves for the Uptake of Pb2+ by Mesoporous-

WO3
 

Table 9: Data and Results for the Nonlinear Pseudo First-Order Fit Uptake of Pb2+ by 

Mesoporous-WO3 

 

WO3 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.0927 3.42E-01 169 197 0.944
0.133 3.56E-01 144 154 0.958
0.180 4.94E-01 120 126 0.980
0.222 7.81E-01 98.3 102 0.979
0.267 8.89E-01 80.3 82.6 0.990



 

175 
 

The sorption modeling using the pseudo second-order function, Figure 13, shows good 

fits throughout all the mass loadings, even for the lowest mass loading.  Table 10 shows that the 

observed qe values for this process are consistent with the predicted values from the function.   

Further, the R2 values for this model all very high (R2>0.99) suggesting this may be the best 

method for modeling this sorption process.   

 

Figure 13: Nonlinear Pseudo Second-Order Curves for the Uptake of Pb2+ by Mesoporous-

WO3
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Table 10: Data and Results for the Nonlinear Pseudo Second-Order Fit Uptake of Pb2+ by 

Mesoporous-WO3 

 

Finally, the sorption process was modeled using the linear pseudo second-order model 

(Figure 14). The data from this model (Table 11) has almost perfect correlation coefficients and 

qe values that are very close to the observed values, only slightly overestimating the values in 

each case.  

 

Figure 14: Linear Pseudo Second-Order Fit for the Uptake of Pb2+ by Mesoporous-WO3
 

WO3 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.0927 1.96E-03 78.2 200 197 1.00
0.133 2.45E-03 62.3 159 154 0.999
0.180 7.43E-03 126 130 126 0.999
0.222 1.85E-02 200 104 102 1.00
0.267 2.61E-02 189 85.0 82.6 0.999
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Table 11: Data and Results for the Linear Pseudo Second-Order Fit Uptake of Pb2+ by 

Mesoporous-WO3 

 

Sorption Kinetics for the Al2O3 Supported-WO3 

By supporting the WO3 on the high surface area Al2O3 substrate, the surface area was 

improved to 176 m2 g-1. The impregnation method produced a product containing 9.20% WO3 by 

weight on the Al2O3 support. The sorption uptake curves (Figure 15) depicts the sorption process 

where the qe was reached at roughly 120 minutes for the larger loadings and around 240 minutes 

for the smaller mass loadings.  The equilibrium sorption capacities were higher than every 

material but the mesoporous-WO3, although, the molar sorbent loadings were the same as that of 

the nano-WO3.  However, the advantage of using the supported-WO3 as opposed to the powder 

materials is the ease of use in columns or in batch experiments without the need of filtration.   

WO3 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.0927 2.42E-03 87.25 190 197 0.993
0.133 3.12E-03 80.60 161 154 0.991
0.180 5.32E-03 95.59 134 126 0.998
0.222 1.23E-02 139.5 106 102 0.998
0.267 1.67E-02 127.8 87.4 82.6 0.999
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Figure 15: Uptake Curves for the Sorption of Pb2+ with Al2O3 Supported-WO3 

Interestingly, Figure 16 shows that the linear pseudo first-order equation gave good 

correlations to the data for 4 out of 5 of the sorbent loadings.  Further, the model gave good qe 

predictions for the lower mass loadings, but as the mass loadings increased the deviation 

increased (Table 12). This was not observed with any other material.  Even though the model 

works well for the lower loadings, it is not sufficient for modeling the sorption process 

throughout all of the mass loadings.   
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Figure 16: Linear Pseudo First-Order Fit for the Al2O3 Supported-WO3 Uptake of Pb2+ 

Table 12: Data and Results for the Linear Pseudo First-Order Fit of the Uptake of Pb2+ by 

WO3 on Al2O3
 

 

Figure 17 shows the sorption uptake curve fit with the nonlinear pseudo first-order model 

with very good accuracy.  The model fits the data with very high R2 values and qe values that are 

very close the experimental values, summarized in Table 13.   

WO3 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.756 1.05E-02 28.2 28.7 0.995
1.29 1.26E-02 16.5 16.1 0.996
1.73 2.46E-02 15.7 12.2 0.951
2.11 2.78E-02 7.46 9.93 0.831
2.61 2.95E-02 5.43 8.15 0.942
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Figure 17: Nonlinear Pseudo First-Order Fit for the Al2O3 Supported-WO3 Uptake of Pb2+ 

Table 13: Data and Results for the Nonlinear Pseudo First-Order Fit of the Uptake of Pb2+ 

by WO3 on Al2O3 

 

The nonlinear pseudo second-order equation fits the sorption data with very good 

accuracy as well.  Figure 18 illustrates the fit of the function with very good correlation 

coefficients, as summarized in Table 14.  However, the model actually overestimates the data in 

every case and by 30% in the case of the 0.76 mmol loading, thus the model does not 

satisfactorily describe the process as a whole.  

WO3 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.756 9.51E-03 29.4 28.7 0.996
1.29 1.18E-02 16.3 16.1 0.996
1.73 2.00E-02 12.0 12.2 0.956
2.11 2.73E-02 10.1 9.93 0.996
2.61 3.74E-02 8.20 8.15 0.990
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Figure 18: Nonlinear Pseudo Second-Order Fit for the Al2O3 Supported-WO3 Uptake of 

Pb2+ 

Table 14: Data and Results for the Nonlinear Pseudo First-Order Fit of the Uptake of Pb2+ 

by WO3 on Al2O3 

 

The linear pseudo second-order model depicted in Figure 19 also overestimates the qe 

values throughout the mass loadings, similar to the nonlinear method; although the 

overestimations are not as drastic as the nonlinear method.  Furthermore, the R2 values are fairly 

WO3 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.756 2.26E-04 0.332 38.4 28.7 0.997
1.29 5.44E-04 0.232 20.7 16.1 0.993
1.73 1.67E-03 0.332 14.1 12.2 0.960
2.11 3.09E-03 0.407 11.5 9.93 0.970
2.61 6.03E-03 0.498 9.08 8.15 0.967
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good throughout the mass loadings and get better as the sorbent loadings increase, as summarized 

in Table 15.  

 

Figure 19: Linear Pseudo Second-Order Fit for the Al2O3 Supported-WO3 Uptake of Pb2+ 

Table 15: Data and Results for the Nonlinear Pseudo First-Order Fit of the Uptake of Pb2+ 

by WO3 on Al2O3 

 

Summary of Sorption Kinetics 

From the presented data it is determined that the linear pseudo first-order model is not 

appropriate for modeling any of the sorption processes. Unfortunately the rate constants from the 

WO3 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.756 3.90E-04 0.448 33.9 28.7 0.920
1.29 7.75E-04 0.282 19.1 16.1 0.937
1.73 2.12E-03 0.388 13.5 12.2 0.972
2.11 5.71E-03 0.631 10.5 9.93 0.992
2.61 1.22E-02 0.867 8.43 8.15 0.998
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pseudo second-order models do not have a clear physical meaning and are dependent on both the 

mass of the sorbent and the amount of analyte in the system.  Due to the lack of physical 

meaning, it is practically impossible to compare the kinetic data from each of the materials using 

the pseudo second-order models.  Furthermore, there has been concern about whether the 

linearity of the linear pseudo-order model is forced due to spurious correlations.16 

The rate constants from the nonlinear first-order model, however, have a clear physical 

significance, allowing the different methods to be compared.  To compare the effectiveness of 

each of the sorbents, the first-order half-lives are shown in Figure 20. Typically sorbent loadings 

under similar conditions are compared, which is done for the nano-WO3 and supported-WO3. Due 

to the rate at which of the mesoporous-WO3 reacts with Pb2+
, the largest sorbent loading was only 

0.267 mmol, thus this material could not be compared under the same conditions, however, this 

mass loading was plotted with the other two mass loadings of roughly three-times the amount.  

Furthermore, because of the extreme excess that the bulk-WO3 needed to remove Pb2+ coupled 

with the fact that the sorption process did not seem to fit any model, the bulk material was not 

compared. The half-life of the supported material is largest, although this may be due to slow 

diffusion of the solution into the porous material. The mesoporous-WO3 had the shortest half-life 

of all of the materials even though it was only roughly one-third of the mass loading of the other 

two samples, highlighting the very high reactivity of the mesoporous material for Pb2+. 
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Figure 20: Comparison of the Half-Lives for the Materials 

Characterization of the Materials as Capacity 

Each material was reacted with excess Pb2+ to determine the molar capacities for each 

material.  The spent materials from the capacity studies were characterized by XRD, Raman 

spectroscopy, and SEM to determine the state of the materials after the sorption process was 

complete, as summarized in Table 18.  The pH of the 15,000 ppm Pb2+ solution before the 

treatments was 3.9, and become significantly more acidic in all cases except for the supported-

WO3. In the latter case the pH only dropped slightly, a likely consequence of reaction of Al2O3 

with the generated acid.  The drop in pH is due to the formation of PbWO4 which produces two 

protons per formula unit, as summarized in Equation 7.  The large drop in the pH could have 

possibly affected the sorption rate and capacity of the materials.17 As expected, the increase of the 

sorption capacity showed a direct correlation to the increased surface area. However, even with 

the large improvement of the sorption capacity, none of the sorbents were completely exhausted.  
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Table 18: Summary of the Sorption Capacities 

 

𝑊𝑂3 + 𝑃𝑏2+ + 𝐻2𝑂 → 𝑃𝑏𝑊𝑂4 + 2𝐻+ 

Equation 7: Schematic Representation of the Reaction of WO3 with Pb2+ 

The Raman spectrum of the nano-WO3 loaded to capacity with lead, shown in Figure 21, 

gave characteristic stretches for both WO3 and PbWO4 in the stolzite phase.  The symmetric 

stretching band, ν1(Ag), for the tetrahedral tungstate ion in PbWO4 appears at 902 cm-1. The 

ν2(Ag) vibration for stolzite was observed as a strong band at 325 cm−1, however, the weak ν2(Bg) 

band, normally at 356 cm−1 was not resolved in this spectrum.18-20  The stretches observed at 802 

and 716 cm-1 are consistent with the ν(O-W-O) vibration mode of WO3. The weak stretching 

observed at 284 cm-1 is most likely consequence of the δ(O-W-O) band.21  

Material Molar Sorption Capacity (%) Surface Area (m2 g-1) Initial pH Final pH
Bulk-WO3 2.0 1.0 3.9 1.6
Nano-WO3 36.2 7.5 3.9 1.1
Mesoporous-WO3 42.5 115 3.9 1.0
Supported-WO3 58.9 176 3.9 3.1
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Figure 21: Raman of Nano-WO3 with Pb2+ 

Similarly, Figure 22 shows the formation of stolzite vibrations for the mesoporous 

material, although with the bands that were absent in the nano-WO3 material are present in this 

spectrum. The symmetric stretching band, ν1(Ag), for the tetrahedral tungstate ion in PbWO4 

appears at 905 cm-1. The ν3 stretch is split into two bands at 766 and 752 for the ν3(Bg) and ν3(Eg) 

bands, respectively.  The ν2(Ag) vibration for stolzite is observed as a strong band at 326 cm−1, 

along with the weaker ν2(Bg) band at 354 cm−1.  The band at 175 cm−1 is due to the ν(Pb-O) 

stretch of the PbWO4. 18-20 A Raman spectrum of the supported materials could not be obtained 

due to of fluorescence from the Al2O3.  Further, the Raman spectra of the lead-reacted bulk 

material could not be obtained due to the laser burning the sample.  
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Figure 22: Raman Spectrum of Mesoporous WO3 at Capacity 

The stacked X-ray diffraction patterns (Figure 23) of the materials reacted with lead all 

show the formation of a crystalline stolzite (PbWO4). The patterns of both the bulk and 

nanometric WO3 sorbents show evidence of the parent WO3 material, as expected since only 36% 

and 2% of the WO3 in these samples, respectively, reacted to form PbWO4.  The materials were 

matched using PDF data from the International Centre for Diffraction Database. The XRDs of the 

mesoporous and supported WO3 materials show the formation of crystalline stolzite phases, with 

no parent peaks. However, both of the starting materials were amorphous thus no parent peaks 

were expected nor were any observed for either material.  
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Figure 23: The Stacked XRD Spectra for the Materials at Capacity 

The morphologies of the sorbents before and after sorption were characterized using 

scanning electron microscopy.  The micrographs of the nano-WO3 before treatment showed the 

material was comprised of globular and spherical aggregates of nanoparticles (Figure 24a), with 

aggregate diameters ranging from roughly 1 to 5 μm. Figure 24b gives a close up picture of the 

nanoparticles that make up the aggregates.  
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Figure 24: Electron Micrographs of Nano-WO3 at (a) 5,000x and (b) 50,000x Magnification 

However, the micrographs of the material at capacity (Figure 25) showed a major 

morphology change, from spherical aggregates to larger faceted particles including octahedrally-

shaped particles. (Figure 25a). Furthermore, the micrograph at 50,000 x (Figure 25b) appears as 

though the newly formed particles are not larger aggregates of nanoparticles, but single monoliths 
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with nanoparticles decorating the surface.  The newly formed material shows an obviously large 

size increase with an average diameter of particle of 3.93 ± 1.24 microns.  

 

Figure 25: SEM Micrographs of the Material at Capacity at (a) 5,000x and (b) 50,000x 

Magnification 

A similar motif is observed for all of the materials. Figure 26 shows SEM micrographs 

for the bulk-WO3 before and after treatment of the Pb2+ solution.  The micrograph shows a large 
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morphological change from large tabular particles to well-defined sharp-edged particles, of 

mostly octahedral shapes with sizes of roughly 795 ± 165 nm.  

 

Figure 26: SEM Micrographs of the Bulk-WO3 (a) Before and (b) After Reaction with 

Excess Pb2+ 

Like the other two materials, the mesoporous-WO3 material shows a large morphological 

change as well.  Figure 27 shows the non-uniform mesoporous-WO3 material before treatment 

and the large morphological change upon reaction with excess lead.  Interestingly the newly 
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formed structures are mostly larger than those of the bulk-WO3, with an average size of 1.06 ± 

0.36 μm.   

 

Figure 27: SEM Micrographs of the Mesoporous-WO3 (a) Before and (b) After Reaction 

with Excess Pb2+ 

Lastly, the surfaces of the high surface area supports were analyzed by SEM.  The 

synthesized materials on the supports appear to consist as aggregates of nanoparticles, as 
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expected.  Reaction with excess lead transforms these to large crystalline aggregates such as the 

dagger-like cluster shown in Figure 28 this is 5.8 μm on its longest axis.  

 

Figure 28: SEM Micrograph of the Supported-WO3 (a) Before and (b) After Capacity 

  Clearly, the reaction of WO3 with aqueous Pb2+ must involve intermediate species that 

have high mobility (either on the support surface or as aqueous ion pairs) that allow the material 

to migrate and crystallize as larger crystals and crystalline aggregates. The differences in crystal 

and aggregate shape for the PbWO4 derived from the supported WO3 verses the bulk, nano, and 
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mesoporous materials may arise from the high dispersion on the support surface, influence of the 

support, and differences in pH. 

Green Process for Recovery of the Sorbents: 

To show the ability for the material to be recycled, PbWO4 was synthesized by a 

precipitation reaction of Pb(NO3)2 with Na2WO4·2H2O followed by calcination of the precipitate 

at 600 °C.  X-ray powder diffraction showed that the product was phase-pure PbWO4. The 

regeneration-cycle (Figure 29) features a reaction of PbWO4 with excess 30% NH4OH, yielding 

an insoluble lead hydroxide product and a soluble ammonium tungstate that could readily be 

separated by filtration.  The filtrate was evaporated to dryness and the resulting powder was 

pyrolyzed at 550 °C to generate a WO3 in a 99% yield. Alternatively, to return to the tungstic acid 

material used for making the mesoporous material, one could simply react a mineral acid with the 

soluble ammonium tungstate, producing insoluble tungstic acid.  

 

Figure 29: Cyclic-Green Process for Sorbent Recovery 
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Conclusion: 

The results from this study show that tungsten trioxide is an attractive material for the 

remediation of aqueous lead. The study provides potential materials that could be rapidly 

incorporated into current treatment processes since two of the four materials are commercially 

available. Furthermore, this process is not only attractive due to the non-toxic nature of the 

starting material, but because the spent materials can be easily separated from the solution and 

recycled in a green fashion. Furthermore, by supporting WO3, the sorption capacity was much 

improved compared to the commercially available products, but perhaps more importantly, the 

pellets are useful for preparation of water treatment columns of permeable reactive barriers.  

Furthermore, the supported material is much more readily separated from batch reactions than 

powder.  Modeling of the sorption process gave reasonable results for both the linear and 

nonlinear pseudo-second order methods.  The linear pseudo first-order model was not appropriate 

to model any of the sorption processes, while the nonlinear pseudo first-order model was much 

more effective. In all cases, the reactions produced PbWO4 crystals with interesting 

morphologies. These had the stolzite structure as demonstrated by XRD and Raman spectroscopy.  

Mesoporous-WO3 gave an extremely high rate of reaction compared to the other WO3 materials 

and also gave the highest overall capacity for lead uptake of the powder starting materials.  

Further avenues of study for these materials would be to develop them for use in commercial 

applications.  Also, solutions of different heavy metal contaminants should be treated to 

determine if the materials could be implemented in other heavy metal remediation processes. The 

mesoporous WO3 using mesitylene as the auxiliary template should be studied to determine if the 

reactivity towards lead is improved.  
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CHAPTER X 
 

 

SORPTION OF HEAVY METALS BY NANOCRYSTALLINE CALCIUM TUNGSTATE 

 

Introduction: 

Copper is an essential trace-element essential for all life, but like all heavy metals it can 

be toxic in high concentrations. For example, excessive copper intake can result in accumulation 

in the liver, possibly producing gastrointestinal problems.1 Since copper is widely used by 

industries, there are numerous potential sources for the introduction of copper into the 

environment.  The typical sources of copper in industrial wastewaters include metal and 

electroplating, petroleum refining, fertilizer run-off, paper making, and mining. Concentrations of 

copper in wastewaters have been shown to reach values up to 1000 ppm. 2-4 The EPA has set the 

maximum concentration limit for the concentration of copper in drinking water to a value of 1.3 

ppm.   

There is also increasing interest in removing cadmium from drinking water due to the 

high toxicity threat to human health in small concentration. According to the World Health 

Organization guidelines, the permittable concentration of cadmium in drinking water is less than 

3 ppb, while the EPA’s action limit is set to 5 ppb. Chronic exposure to cadmium has variety of 

health related effects including lung insufficiency, bone lesions, cancer and hypertension, all 

primarily caused by cadmium’s long half-life in most tissues, from 80 days in blood and 10-35 
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years in the kidney.5-7 Drinking water contamination can stem from erosion and dissolution of 

naturally occurring ores. However, the major sources typically are from industrial processes such 

as electroplating, smelting, alloy manufacturing, pigments, nickel–cadmium battery production.8-

11 Further, the dangers associated with aqueous lead have previously been outlined in Chapter 

VIII. 

The Apblett group has previously demonstrated the attractiveness of using transition 

metal oxides in water remediation technologies.12-17  More specifically, this dissertation has 

highlighted the use of both molybdenum and tungsten trioxide for Pb2+ remediation. It was found, 

rather unexpectedly, that the addition of Ca2+ as a competing ion increased the sorption kinetics 

of a solution being treated with tungstic acid.12 These results led to the proposal that insoluble 

scheelite (CaWO4) would be an attractive material for use in an environmentally-friendly heavy 

metal mitigation process. This chapter accentuates the versatility of CaWO4 to remove divalent 

transition metal from aqueous systems.   



 

200 
 

 

Figure 1: Permeable Reactive Barrier for Contamination Remediation 

Experimental: 

Materials 

All chemicals (reagent grade or higher) were used as received without further 

purification, along with 18 MΩ ultra-pure water (Milli-Q Millipore). Tungstic acid, calcium D-

gluconate, α-hydroxyisobutyric acid (98%), and the Al2O3 and SiO2 high surface area catalyst 

supports were obtained from Alfa-Aesar. The lead nitrate, Pb(NO3)2 used to prepare the lead 

stock solution were received from Aldrich. The Ca(OH)2 and NaOH used were obtained from 

Fisher Scientific. Trace metal HNO3 used for sample acidification was obtained from 

Mallinckrodt. The heavy metal standards were purchased from BDH ARISTAR with 

concentrations of 100 ppm were used to prepare the standard solutions for calibration of the 

instrument. A 1000 mg/L Ca2+ standard used for flame absorption spectroscopy was obtained 

from Sherwood Scientific. Deuterated water from Aldrich was used for the liquid state NMR 
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spectroscopy experiment. Hydrochloric acid for the regeneration of H2WO4 was obtained from 

PHARMCO-AAPER.  

Impregnation of supports 

 The high surface area alumina supports were vacuum-impregnated by introducing the 

calcium tungsten gluconate precursor solution to the supports in vacuo.  The supports were held 

under vacuum for roughly 24 hours.  They were then rinsed with 50 mL of deionized water, to 

prevent the any excess precursor to remain on the surface of the materials when calcined. Then 

supports were then dried in vacuum and then they were transferred to a ceramic crucible. They 

were then calcined at the decomposition temperature for 8 hours in a muffle-furnace.  

Sorption studies 

The sorption studies were performed using a 107 parts per million (ppm) solution of Pb2+, 

that was prepared using Pb(NO3)2. The actual concentration of lead was determined by graphite 

furnace atomic absorption spectroscopy (GFAAS).  The effect of sorbent dosage on reaction 

kinetics was determined by treating three approximately 50 mL solutions of 107 ppm Pb2+, with 

varying amounts of excess calcium tungstate. Treating solutions of Cd2+ and Cu2+ were done in a 

similar fashion with concentration of 126 and 85.7 ppm, respectively.   

All of the samples were agitated on a sample rotator, at a speed of 40 RPM, to eliminate 

the possibility of forming concentration gradients.  Aliquots of each sample were taken at regular 

time intervals, diluted with a 1% trace-metal HNO3 solution to the appropriate concentrations, and 

analyzed by GFAAS. The reaction uptake curves were plotted using the sorption capacity at a 

given time (qt) vs time (t).  The sorption capacity was defined by Equation 1, where Ct is the 

concentration of analyte in the solution at time t, C0 is the starting concentration, V is the volume 

of the analyte, and m is the mass of the sorbent.  

𝑞𝑡 =  
(𝐶0 − 𝐶𝑡)𝑉

𝑚  

Equation 1: The Sorption Capacity Equation 
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At completion of the experiments, the solutions were analyzed for the concentration of 

calcium by flame atomic absorption spectroscopy using a Varian AA240FS flame atomic 

absorption spectrometer. 

Characterization 

The X-ray diffraction patterns for both the oxides before and after reactions with excess 

heavy metals were obtained using a Bruker D8-A25-Advance diffractometer equipped with a 

LynxEye detector.  Fourier transformed infrared (FT-IR) spectroscopy was performed as a KBr 

pellet using a Nicolet Magna 750 IR spectrometer. The solutions from the capacity and kinetic 

studies were analyzed using a Varian GTA120/AA240Z graphite furnace atomic absorption 

spectrometer with an auto sampler. The concentration of Ca2+ in the treated solutions was 

determined using a Varian AA240FS flame atomic absorption spectrometer. The surface area of 

the starting material, CaWO4, was measured by N2 physisorption and was recorded using a 

NOVA Quantachrome 1200 BET.  Scanning electron microscopy (SEM) was performed on the 

original material and the spent materials using a FEI Quanta 600 field emission gun 

environmental scanning electron microscope.  The same materials were embedded and sectioned 

with a microtome and analyzed by transmission electron microscopy (TEM) using a JEOL JEM-

2100 transmission electron microscope.  
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Results and Discussion: 

The CaWO4 used in these experiments was characterized in Chapter VIII.  The highest 

surface area powder, from the methyl lactic acid precursor, was used in the sorption experiments 

for all analytes.  

Sorption Kinetics for Pb2+ 

The calcium tungstate produced from the α-hydroxyisobutyate precursor was used for the 

sorption kinetic studies because of its higher surface area.  After addition of CaWO4 to solutions 

of 107 ppm Pb2+, the analyte concentrations were monitored via GFAAS. Figure 1 depicts the 

sorption uptake curves of lead onto varying amounts of calcium tungstate by plotting qt verses 

time (from Equation 1).  The curves depict a process in which sorption is initially very fast and 

the starts to slow as the reaction approaches an equilibrium state around 120 minutes for 0.177 

mmols CaWO4 and roughly 15 minutes when the highest amount of sorbent is used (0.359 mmols 

CaWO4).  The sorption process continued until the entirety of the sorbate was removed below the 

instrument detection limit of roughly 0.5 ppb.  The concentration of Ca2+ in the solution increased 

to roughly 20 ppm in every case.  
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Figure 2: Sorption Uptake Curves of Pb2+ with Nanocrystalline CaWO4 

Modeling the kinetics for the uptake of heavy metal contaminants is important for 

determining the optimum operating conditions for industrial implementation. The kinetic sorption 

rate of lead by nanometric calcium tungstate determines its effectiveness for use in water 

treatment processes. Sorption kinetics can be analyzed using several different models, with both 

the pseudo first-order and pseudo second-order models being the most widely used.  In this study, 

the nonlinear and linear pseudo first and pseudo second order functions were employed to model 

the sorption process. 

The pseudo first-order rate expression (Equation 2) was first described by Lagergren in 

1898, where k1 is the kinetic rate constant for the pseudo first-order sorption process. The amount 

of analyte sorbed at any specific time (t) is represented by qt and the amount of analyte sorbed at 

equilibrium is represented by qe.18 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) 

Equation 2: The Nonlinear Pseudo First-Order Equation 
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To simplify Equation 2, the natural log was taken giving a linear equation represented by 

Equation 3. From this equation, the values of k1 and qe can be determined from the slope and y-

intercept, respectively, of the linear pseudo first-order plot.  

ln(𝑞𝑒 − 𝑞𝑡) = ln(𝑞𝑒) − 𝑘1𝑡 

Equation 3: The Linearized Formula for Pseudo First-Order Equation 

From the plot of the linear pseudo first-order kinetic fit (Figure 3), we can determine that 

the linear pseudo first-order model does not apply throughout the various sorbent loadings. At the 

lowest sorbent mass loading, the data exhibits the largest deviation from linearity, as evident from 

the correlation coefficient (R2) values listed in Table 1.  Furthermore, the estimated values of qe 

calculated from the equation differ substantially from those measured experimentally, owing to 

the fact this sorption process cannot be satisfactorily modeled as a linear pseudo first-order 

process. It has been hypothesized that the linear pseudo first-order model fails as the 

concentration of the reaction sites become much greater than that of the concentration of the 

analyte.19  Here, the opposite trend is observed for this data, with the lowest mass loading 

showing the largest deviation from linearity.  
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Figure 3: Linear Pseudo First-Order Fit for the Uptake of Pb2+ by Nanocrystalline CaWO4 

Table 1: The Kinetic Data for the Linear Pseudo First-Order Fit 

 

It has been suggested that the nonlinear pseudo first-order equation may be more 

appropriate to fit pseudo first-order sorption processes.  This method was previously applied for 

the sorption of methylene blue on activated carbon and was shown to greatly outperformed the 

linear model.20 Using the nonlinear pseudo first-order equation (Equation 2) to fit the data, 

nonlinear regression plots were made using Origin graphing software. The plotted nonlinear 

pseudo first-order model (Figure 4) shows this model underestimates the equilibrium capacities 

(qe) in all cases. However, the kinetic parameters, summarized in Table 2, show correlation 

CaWO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.177 1.39E-02 74.4 96.8 0.831
0.276 6.24E-02 44.8 61.6 0.958
0.359 1.62E-01 34.9 48.5 0.895
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coefficients for the nonlinear method that are much higher than the linear model, suggesting that 

this method is superior to the linearized model for this sorption process.  

 

Figure 4: Nonlinear Pseudo First-Order Fit of the Sorption of Pb2+ by Nanocrystalline 

CaWO4 

Table 2: The Kinetic Data for the Nonlinear Pseudo First-Order Fit 

 

Ho and McKay proposed a pseudo-second order kinetic model represented by Equation 

4, where k2 is the rate constant of the pseudo second-order sorption process, with the units g mg-1 

min-1.21  

 
𝑡
𝑞𝑡

=
1

𝑘2𝑞𝑒2
+

1
𝑞𝑒
𝑡 

Equation 4: The Linearized Pseudo Second-Order Equation 

CaWO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.177 2.85E-02 90.3 96.8 0.971
0.276 1.15E-01 59.6 61.6 0.994
0.359 2.34E-01 48.4 48.5 1.00
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By substituting h in place of k2qe
2, Equation 4 can be further simplified, as represented in 

Equation 5.  The variable h, in this equation, is defined as the initial sorption rate as t/qt 

approaches 0. The linear plot of t/qt versus t gives the constants qe and h, from the slope and the 

intercept, respectively.19 Using the value of qe (the slope) and h (the intercept), the rate constant 

(k2) can be obtained.  

𝑡
𝑞𝑡

=
1
ℎ

+
1
𝑞𝑒
𝑡 

Equation 5: The Linearized Initial Rate Pseudo Second-Order Equation  

The linear pseudo second-order plot, Figure 5, shows that the linear pseudo second-order 

equation fits the data much better than the linear pseudo first-order equation. Linear regression of 

the functions gave very high correlation coefficient values (R2>0.99).  Furthermore, the 

calculated qe values are in very close agreement with the experimental data, although the model 

slightly overestimates the values throughout the series (Table 3). The pseudo second-order rate 

constants (k2) increase as the amount of sorbent is increased.  This correlation is also observed in 

the initial sorption rate (h) data.   
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Figure 5: Linear Pseudo Second-Order Fit of the Sorption of Pb2+ by Nanocrystalline 

CaWO4 

Table 3: Kinetic Data from the Fit of the Linear Pseudo Second-Order Equation 

 

The nonlinear pseudo second-order equation (Equation 6) was also shown to be a viable 

option to model the sorption process of methylene blue on activated carbon.20  

𝑞𝑡 =
𝑘2𝑞𝑒2𝑡

1 + 𝑘2𝑞𝑒𝑡
 

Equation 6: The Nonlinear Pseudo Second-Order Equation 

The nonlinear pseudo second-order function fit the data with relatively good accuracy 

(Figure 6). The kinetic values, summarized in Table 4,  show the correlation coefficients for the 

nonlinear method are very high (R2>0.97) similar to the linear model suggesting that this method 

CaWO4 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.177 5.67E-04 5.70 100 96.8 0.999
0.276 7.05E-03 27.1 62.0 61.6 0.998
0.359 9.01E-02 213 48.6 48.5 0.999
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is also appropriate for modeling this process. As for the linear pseudo second-order model, the 

rate constants and initial rate values consistently increase with increasing sorbent loading.  This 

model also slightly overestimates the equilibrium sorption capacity in every case. From the data 

presented, it suggests that both pseudo second-order models describe the sorption of Pb2+ by the 

nanometric-CaWO4 very well.  However, even though the models fit the present data very well, 

there is little physical meaning that can be extrapolated from the kinetic results, as the rate 

constants are dependent on the concentration of the analyte. Also, concern has been raised on the 

validity of the linear pseudo-second order equation to model sorption processes, due to spurious 

correlations.22  However, the models could be employed to determine equilibrium capacities of 

the materials used in this system fairly accurately.  

 

Figure 6: Linear Pseudo Second-Order Fit of the Sorption of Pb2+ by Nanocrystalline 

CaWO4 
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Table 4: The Kinetic Data for the Nonlinear Pseudo Second-Order Fit 

 

In order to prepare sorbent materials with possibly increased uptake kinetics and a form 

factor conducive for treatment of water in columns or permeable reactive barriers, CaWO4 

supported on high surface area silica pellets was prepared. To accomplish this, supports were 

impregnated using the D-gluconate single-source precursor solution and then calcined to produce 

CaWO4 on the support. This improved the substrate’s BET surface area from 24 to 131 m2/g.  It 

was hypothesized that improving the surface area of the substrate would also improve the reaction 

uptake kinetics.  Thus, the SiO2 supported CaWO4 (with a 4.6% mass loading) were also analyzed 

for their sorption kinetics under the similar conditions as previously described. The sorption 

uptake curves, Figure 7, shows that the sorption equilibrium capacities are reached at close to 60 

minutes for the two larger loadings and around 90 minutes for the lowest loading.  The sorption 

process was modeled using all four models.  

CaWO4 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.177 3.63E-04 3.86 103 96.8 0.998
0.276 3.65E-03 14.9 63.8 61.6 0.991
0.359 2.59E-02 63.2 49.4 48.5 0.979
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Figure 7: Sorption Uptake Curves of the Supported CaWO4 

The plot of the nonlinear pseudo first-order fit (Figure 8) shows that this model fits the 

data very well, with very high correlation coefficients (R2>0.98) in all cases. The predicted 

equilibrium sorption capacities, summarized in Table 5, are in very close agreement to the 

experimental values. Furthermore, from this model the rate constants and reaction half-lives can 

be compared for the powder and supported materials. 



 

213 
 

 

Figure 8: Nonlinear Pseudo First-Order Fit Using CaWO4 on SiO2 Supports 

Table 5: Summary of Kinetic Data from Non-linear Pseudo First-Order Model for Uptake 

of Pb2+ by Supported CaWO4 

 

CaWO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.182 3.66E-02 90.3 88.6 0.999
0.276 5.51E-02 59.6 59.0 0.986
0.359 9.29E-02 48.4 45.9 0.994
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The linear pseudo first-order model for the uptake of Pb2+ by the supported CaWO4 

(Figure 9) led to a similar conclusion as that for the CaWO4 in powder form.  The largest 

deviation from linearity is for the treatment with the least amount of pellets used.  Also, the 

equilibrium capacity for Pb2+ is drastically overestimated for the 0.182 mmol case, predicting 

more than double that was observed experimentally. As noted with the powder, the linear pseudo 

first-order equation does not adequately describe the sorption process.  

 

Figure 9: Linear Pseudo First-Order Fit of the Uptake of Pb2+ by CaWO4 on SiO2 

Table 6: Data for the Linear Pseudo First-Order Fit for the Uptake of Pb2+ by CaWO4 on 

SiO2

 

CaWO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.182 8.26E-03 184 88.6 0.848
0.276 5.69E-02 66.0 59.0 0.960
0.359 7.20E-02 36.5 45.9 0.938
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The linear pseudo second-order equation fits the data almost perfectly (Figure 10), with 

very high correlation coefficients (Table 7). The model also predicts the sorption equilibrium 

capacities with very good accuracy, only slightly over estimating in every case.  However, the 

kinetic data suggest that the second highest mass loading has the slowest initial sorption rate.   

 

Figure 10: Linear Pseudo Second-Order Fit for Pb2+ Uptake by CaWO4 on SiO2 

Table 7: Data for the Linear Pseudo Second-Order Fit for Pb2+ Uptake by CaWO4 on SiO2 

 

The nonlinear pseudo second-order equation also fits the data almost perfectly (Figure 

11), with nearly perfect correlation coefficients (Table 8). The model also predicts the sorption 

equilibrium capacities with fairly good accuracy, but it overestimates the equilibrium sorption 

capacity more than its linear counterpart does in every case.  Moreover, both models, 

counterintuitively, suggests that second highest mass loading has the slowest initial sorption rate.  

CaWO4 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.182 1.26E-03 10.5 91.3 88.6 0.995
0.276 2.22E-03 8.70 62.6 59.0 0.981
0.359 7.43E-03 16.5 47.2 45.9 0.996
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This result could be consequence of the limited physical meaning that may be extrapolated from 

the pseudo second-order model.   

 

Figure 11: Nonlinear Pseudo Second-Order Fit for Pb2+ Uptake by CaWO4 on SiO2 

Table 8: Data for the Nonlinear Pseudo Second-Order Fit for Pb2+ Uptake by CaWO4 on 

SiO2 

 

Since the pseudo second-order models have limited physical meaning, the powder and 

supported data can best be compared using the pseudo first-order models. Since the linear pseudo 

first-order model failed to appropriately describe the sorption process for both materials, data 

from the nonlinear pseudo first-order models was selected for comparison. The original 

hypothesis that increasing the surface area by supporting the material would increase the rate of 

sorption was true in only one case.  Figure 12 shows the comparison of the sorption half-lives, 

CaWO4 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.182 5.68E-04 5.40 97.4 88.6 0.997
0.276 1.01E-03 4.78 68.7 59.0 0.994
0.359 3.28E-03 8.07 49.6 45.9 0.997
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calculated from the pseudo first-order rate constants.  In only one case, the 0.177-0.182 mmol 

reactions, was the hypothesis met. This was most likely due to diffusion into the pellet interior 

being the rate-limiting factor for the porous-supported materials.  This hypothesis is supported by 

the fact that the initial rate of reaction in the first 15 minutes is higher for the supported materials 

than it is for the powder. 

 

Figure 12: Comparison of Sorption Half-Lives for Pb2+   

Sorption Kinetics of Cd2+ 

The sorption of Cd2+ by CaWO4 was monitored in the same fashion as was previously 

described for Pb2+. After the addition of the sorbents to roughly 50 mL solutions of 126 ppm 

Cd2+, the analyte concentrations were monitored via GFAAS. Figure 13 portrays the sorption 

uptake curves of cadmium by five different amounts of calcium tungstate. The uptake curves 

illustrate a process in which sorption is initially very fast and starts to slow as the reaction 

approaches the equilibrium state. The sorption processes continued until the entirety of the 

analyte was removed below the instrument detection limit of roughly 0.3 ppb. 
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Figure 13: Sorption Uptake Curves for Cd2+ by Nanocrystalline CaWO4 

The plot of the nonlinear pseudo first-order fit in Figure 14 shows the model fits the data 

very well, with good correlation coefficients throughout the sorbent loadings.  The predicted 

equilibrium sorption capacities, summarized in Table 9, are in fairly close agreement to the 

experimental values; however, the fit consistently underestimates these capacities.  
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Figure 14: Nonlinear Pseudo First-Order Fit for the Sorption of Cd2+ by Nanocrystalline 

CaWO4 

Table 9: Data for the Nonlinear Pseudo First-Order Fit for Cd2+ Uptake by Nanocrystalline 

CaWO4 

 

Figure 15 shows that linear pseudo first-order fit for the sorption of Cd2+.  It is obvious 

from the plotted data that the model does not fit the data very well. Further, from the data 

summarized in Table 10, the data fit with poor correlation coefficients in most cases and the 

equilibrium capacities were drastically underestimated throughout the sorbent loadings. This 

model fails to adequately describe this sorption process. 

CaWO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.450 4.70E-01 29.7 26.9 0.979
0.518 1.22E-01 25.4 30.9 0.923
0.729 1.24E-01 23.9 24.1 0.970
1.26 1.01E-01 15.9 17.2 0.986
1.76 1.64E-01 11.4 11.7 0.984
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Figure 15: Linear Pseudo First-Order Fit for the Sorption of Cd2+ by Nanocrystalline 

CaWO4 

Table 10: Data for the Linear Pseudo First-Order Fit for Cd2+ Uptake by Nanocrystalline 

CaWO4 

 

The nonlinear pseudo second-order model fit had a very good correlation to the data, 

shown in Figure 16. The data from the function summarized in Table 11 shows perfect R2 values. 

Further, the predicted values for the equilibrium capacities are very close to the observed values 

CaWO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.450 4.41E-02 16.1 26.9 0.806
0.518 1.62E-02 16.4 30.9 0.895
0.729 6.35E-02 15.1 24.1 0.761
1.26 1.30E-02 5.87 17.2 0.780
1.76 1.76E-02 1.81 11.7 0.674
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for the three highest mass loadings and gave acceptable results for the two lowest sorbent 

loadings.   

 

Figure 16: Nonlinear Pseudo Second-Order Fit for the Sorption of Cd2+ by Nanocrystalline 

CaWO4 

Table 11: Data for the Nonlinear Pseudo Second-Order Fit for Cd2+ Uptake by 

Nanocrystalline CaWO4 

 

Figure 17 shows the fit of the linear pseudo second-order model, which models the data 

for this sorption process flawlessly. Table 12 shows the data fit the equation with near perfect fits 

in every case, along with predicting the equilibrium capacities within 2% of the observed values.   

CaWO4 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.450 2.45E-03 2.54 32.2 26.9 0.998
0.518 9.87E-03 7.21 27.0 30.9 0.995
0.729 1.08E-02 6.96 25.3 24.1 0.997
1.26 1.14E-02 3.24 16.9 17.2 0.995
1.76 4.93E-02 6.74 11.7 11.7 1.00
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Figure 17: Linear Pseudo Second-Order Fit for the Sorption of Cd2+ by Nanocrystalline 

CaWO4 

Table 12: Data for the Linear Pseudo Second-Order Fit for Cd2+ Uptake by Nanocrystalline 

CaWO4 

 

Due to the higher mass loading on high surface area alumina, the alumina catalyst 

supports were impregnated using the calcium tungsten gluconate single-source precursor solution 

and calcined producing CaWO4 on the support. The mass loading of the CaWO4 was improved to 

14.1% with a surface area of 178 m2/g.  The supported material was also analyzed for its ability to 

sorb aqueous Cd2+ in the same fashion as the nanocrystalline CaWO4. Figure 14 shows the 

CaWO4 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.450 2.30E-02 15.7 26.1 26.9 0.995
0.518 4.08E-03 4.00 31.3 30.9 0.999
0.729 2.16E-02 13.2 24.7 24.1 0.999
1.26 9.01E-03 2.70 17.3 17.2 1.00
1.76 5.08E-02 6.99 11.7 11.7 1.00
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sorption uptake curves with the sorption equilibrium capacities being reached from 120 to 240 

minutes in most cases.  This sorption process was also modeled using all four equations. 

 

Figure 18: Sorption Uptake Curves of Cd2+ by CaWO4 on Al2O3 

The nonlinear pseudo first order model, in Figure 19, fit the sorption data well as 

summarized in Table 13. The equation, however, underestimated the equilibrium capacities in 

every case, and by roughly 20% for the 0.780, 0.995, and 1.24 mmol sorbent loadings.  
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Figure 19: Nonlinear Pseudo Second-Order Fit for the Sorption of Cd2+ by CaWO4 on Al2O3 

Table 13: Data for the Nonlinear Pseudo Second-Order Fit for Cd2+ Uptake by CaWO4 on 

Al2O3 

 

Figure 20 shows the linear pseudo first-order model, which again does not model the data 

in an acceptable fashion, albeit the model fits this data better than the data from the 

nanocrystalline powder. With this, the model still severely underestimates the equilibrium 

capacities of the materials.  

CaWO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.507 1.87E-02 28.3 31.1 0.944
0.780 2.11E-02 17.4 22.2 0.959
0.995 2.23E-02 15.6 19.1 0.984
1.24 2.70E-02 12.8 16.2 0.923
1.71 3.62E-02 11.0 11.4 0.992
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Figure 20: Linear Pseudo First-Order Fit for the Sorption of Cd2+ by CaWO4 on Al2O3 

Table 14: Data for the Linear Pseudo First-Order Fit for Cd2+ Uptake by CaWO4 on Al2O3 

 

Figure 21 shows the fit of the nonlinear pseudo second-order equation fit for the sorption 

of Cd2+ by CaWO4 on alumina.  The fit has very good correlation coefficients and gives predicted 

qe values that are fairly close to the values observed experimentally, summarized in Table 15.  

The initial sorption rates do not seem to have any correlation with the rate constant or the masses 

of the sorbents.   

CaWO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.507 9.02E-03 24.0 31.1 0.954
0.780 1.64E-02 18.1 22.2 0.886
0.995 7.68E-03 13.0 19.1 0.821
1.24 1.60E-02 14.0 16.2 0.994
1.71 2.24E-02 8.74 11.4 0.988
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Figure 21: Nonlinear Pseudo Second-Order Fit for the Sorption of Cd2+ by CaWO4 on Al2O3 

Table 15: Data for the Nonlinear Pseudo Second-Order Fit for Cd2+ Uptake by CaWO4 on 

Al2O3 

 

The linear pseudo second-order equation also fits the sorption data very well, as pictured 

in Figure 22.  The model predicts the equilibrium capacities with good accuracy throughout the 

mass loadings, with great correlation coefficients, as summarized in Table 16.  

CaWO4 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.507 6.69E-04 0.738 33.2 31.1 0.980
0.780 1.29E-03 0.522 20.1 22.2 0.984
0.995 1.52E-03 0.496 18.1 19.1 0.997
1.24 2.16E-03 0.495 15.2 16.2 0.957
1.71 4.13E-03 0.629 12.3 11.4 0.998
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Figure 22: Nonlinear Pseudo Second-Order Fit for the Sorption of Cd2+ by CaWO4 on Al2O3 

Table 16: Data and Results for the Nonlinear Pseudo Second-Order Fit for the Uptake of 

Cd2+ by CaWO4 on Al2O3 

 

For the sorption of Cd2+ by CaWO4, both the pseudo second-order models give very good 

results. However, due to their limited physical meanings, the powder and supported data can only 

be compared using the pseudo first-order models. Similar to the uptake of lead, the linear pseudo 

first-order model failed to appropriately describe the sorption processes. Thus the data from the 

nonlinear pseudo first-order models were compared yielding sorption half-lives.  The half-life for 

the two lowest sorbent loadings is presented in Figure 23.  The results show that the 

nanocrystalline CaWO4 sample has a sorption half-life twice that of the supported material, which 

CaWO4 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.507 8.12E-04 0.881 32.9 31.1 0.989
0.780 1.74E-03 0.979 23.7 22.2 0.982
0.995 1.60E-03 0.628 19.8 19.1 0.991
1.24 2.18E-03 0.652 17.3 16.2 0.996
1.71 6.38E-03 0.895 11.8 11.4 0.999
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again could be due to slow movement of the solution into the porous high surface area supports 

due to escaping air bubbles.   

 

Figure 23: Sorption Half-Life for Cd2+ by CaWO4 

Sorption Kinetics for Cu2+ 

The sorption of Cu2+ by CaWO4 was monitored in the same fashion previously described 

for the other two metals. After the addition of the sorbents to roughly 50 mL solutions of 85.7 

ppm Cu2+, the analyte concentrations were monitored via GFAAS. Figure 24 shows the sorption 

uptake curves of copper by five different amounts of calcium tungstate. The uptake curves depict 

a process in which sorption is initially very fast and starts to slow as the reaction approaches the 

equilibrium state. The sorption processes continued until the entirety of the analyte was removed 

below the instrument detection limit of roughly 0.2 ppb. 
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Figure 24: Sorption Uptake Curves for Cu2+ by CaWO4 

The fit of the nonlinear pseudo first-order equation, shown in Figure 25, shows a good 

correlation to the sorption uptake curves, giving high correlation coefficients.  Further, this model 

gave very good predictions for sorption capacities throughout the sorbent loadings, within 10% of 

the experimental values summarized in Table 17.    
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Figure 25: Nonlinear Pseudo First-Order Fit for the Sorption of Cu2+ by CaWO4 

Table 17: Data and Results for the Nonlinear Pseudo First-Order Fit for the Uptake of Cu2+ 

by CaWO4 

 

The linear pseudo first-order model surprisingly fit the data rather well (Figure 26), with 

decent R2 values, listed in Table 18. However, the predicted equilibrium capacities were severely 

underestimated, with some of the predicted capacities half of the observed values.  

 

CaWO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.684 3.11E-02 12.3 13.6 0.941
1.04 3.34E-02 12.1 13.2 0.953
1.35 6.31E-02 10.1 10.6 0.981
1.80 6.70E-02 8.48 8.84 0.976
2.16 8.56E-02 6.98 7.14 0.989
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Figure 26: Linear Pseudo First-Order Fit for the Sorption of Cu2+ by CaWO4 

Table 18: Data and Results for the Linear Pseudo First-Order Fit for the Uptake of Cu2+ by 

CaWO4 

 

The linear pseudo-second order model (Figure 27) fits the data with perfect correlation 

coefficients, as listed in Table 19.  Further, the model gives excellent predictions of the 

equilibrium capacities, all within 3%.   

CaWO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.684 1.06E-02 8.70 13.6 0.926
1.04 1.22E-02 8.59 13.2 0.949
1.35 1.64E-02 4.51 10.6 0.878
1.80 2.70E-02 5.01 8.84 0.982
2.16 2.52E-02 2.41 7.14 0.916
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Figure 27: Linear Pseudo Second-Order Fit for the Sorption of Cu2+ by CaWO4 

Table 19: Data and Results for the Linear Pseudo First-Order Fit for the Uptake of Cu2+ by 

CaWO4 

 

High surface area catalyst supports with a mass loading of 9.65% and a surface area of 

181 m2/g were used to treat a Cu2+ solution with a concentration of 85.7 ppm.  The supported 

material was also analyzed for its ability to sorb aqueous Cu2+ in the same fashion as the CaWO4 

powder.  The sorption process was also modeled using all four pseudo order functions and 

analyzed for their fits and predictive abilities. Figure 28 shows the sorption uptake curves of Cu2+ 

by CaWO4 on alumina.  

CaWO4 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.684 3.24E-03 0.645 14.1 13.6 0.992
1.04 3.80E-03 0.717 13.7 13.2 0.994
1.35 1.27E-02 1.48 10.8 10.6 0.999
1.80 1.83E-02 1.48 9.00 8.84 0.999
2.16 4.40E-02 2.29 7.21 7.14 1.00
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Figure 28: Sorption Uptake Curve of Cu2+ by CaWO4 on Al2O3 

The fit of the nonlinear pseudo first-order equation (Figure 29) showed a good correlation 

to the sorption uptake curve, giving high correlation coefficients.  Further, this model gave very 

good sorption capacities predictions throughout the sorbent loadings, within 5% of the 

experimental values summarized in Table 21.    
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Figure 29:  Nonlinear Pseudo First-Order Fit of the Uptake of Cu2+ by CaWO4 on Al2O3 

Table 20: Data from the Nonlinear Pseudo First-Order Fit of the Uptake of Cu2+ by CaWO4 

on Al2O3 

 

However, Figure 30 shows that the linear pseudo first-order model gave very poor results 

for the sorption data.   Table 22 shows acceptable correlation coefficients for most of the process, 

but gave very poor results for the predicted sorption capacities. The poor results from this model 

are consistent for all of the sorption processes discussed in this chapter.   

CaWO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.673 1.08E-02 23.1 22.1 0.983
1.13 2.12E-02 13.3 12.9 0.975
1.38 2.84E-02 10.9 10.6 0.982
1.74 3.83E-02 8.78 8.59 0.962
2.08 5.31E-02 7.14 7.03 0.983



 

235 
 

 

Figure 30: Linear Pseudo First-Order Fit of the Uptake of Cu2+ by CaWO4 on Al2O3 

Table 21: Data from the Linear Pseudo First-Order Fit of the Uptake of Cu2+ by CaWO4 on 

Al2O3 

 

Figure 31 shows the nonlinear pseudo second-order equation fits the present data with 

decent R2 values throughout the sorbent loadings, summarized in Table 23.  The equilibrium 

capacities calculated from the sorption data from the equation, however, is overestimated in every 

case.  This trend is most severe for the lowest mass loading, giving better results as the mass 

loading is increased.  

CaWO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.673 1.48E-02 25.5 22.1 0.993
1.13 1.11E-02 3.03 12.9 0.982
1.38 3.08E-02 8.62 10.6 0.962
1.74 2.64E-02 3.42 8.59 0.782
2.08 5.64E-02 4.97 7.03 0.906
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Figure 31: Nonlinear Pseudo Second-Order Fit of the Uptake of Cu2+ by CaWO4 on Al2O3 

Table 22: Data from the Nonlinear Pseudo Second-Order Fit of the Uptake of Cu2+ by 

CaWO4 on Al2O3 

 

Finally, the linear pseudo second-order model fit this process very well.  Figure 32 shows 

that all of the data fit this function well, besides for the lowest mass loading, suggested by the 

kinetic data, summarized in Table 24.  The data from this model shows very high R2 values for 

four of the five sorbent loadings and the model gives good predictions for the qe values for all of 

the samples besides the 0.673 mmol loading.  Further, the linear model gives better qe predictions 

than its nonlinear counterpart.  

CaWO4 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.673 3.18E-04 0.29 30.1 22.1 0.971
1.13 1.52E-03 0.38 15.7 12.9 0.938
1.38 2.97E-03 0.45 12.4 10.6 0.943
1.74 5.39E-03 0.52 9.79 8.59 0.913
2.08 1.11E-02 0.67 7.74 7.03 0.944
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Figure 32 Linear Pseudo Second-Order Fit of the Uptake of Cu2+ by CaWO4 on Al2O3 

Table 23: Data from the Linear Pseudo Second-Order Fit of the Uptake of Cu2+ by CaWO4 

on Al2O3 

 

For the sorption of Cu2+ by CaWO4, both of the pseudo second-order models give very 

good results, similar to the sorption of the other two metals. Further, the linear pseudo first-order 

model also failed to appropriately describe the sorption processes for all of the heavy metal 

sorption processes. The nonlinear pseudo first-order data can be used to compare sorption half-

lives for the sorption of copper.  The half-life for the two lowest sorbent loadings is presented in 

Figure 33.  The results show that the nanocrystalline sample reaches its sorption half-life more 

CaWO4 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.673 2.72E-04 0.26 30.7 22.1 0.681
1.13 2.06E-03 0.43 14.5 12.9 0.979
1.38 5.40E-03 0.69 11.3 10.6 0.995
1.74 1.04E-02 0.83 8.94 8.59 0.996
2.08 2.99E-02 1.53 7.16 7.03 0.998
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than three times as fast as the supported material, which again could be due to slow infiltration of 

the solution into the porous high surface area supports. 

 

Figure 33: Sorption Half-Lives of Cu2+ for Nanocrystalline and Supported CaWO4 

Capacity and Characterization 

The capacities of the materials for lead were determined by treating solutions with lead in 

a slight excess. A roughly 50 mL solution containing 15,000 ppm Pb2+ was treated with 0.960 g 

of CaWO4. This provided a molar ratio of 1.05 to 1.00 of CaWO4:Pb2+. Upon completion, 

analytical measurements demonstrated that the CaWO4 powder was able to remove roughly 70% 

of the lead from the solution. The material from this study was analyzed by TEM, SEM, XRD, 

and Raman spectroscopy.  

The diffraction pattern (Figure 20) shows the formation of crystalline PbWO4, (stolzite). 

As expected, due to capacity of only 70 mol % of lead, peaks from the parent material were also 

observed in the pattern. Since both materials adopt the scheelite-type structure, it is believed that 

sorption proceeds via an ion-exchange process. Furthermore, the absence of the metastable raspite 
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structure of PbWO4 from the XRD supports the hypothesis of ion-exchange rather than a 

dissolution/reprecipitation reaction. It has been previously reported that under precipitation 

experiments, PbWO4 crystallizes in both the stolzite and raspite phases.23   

 

Figure 34: Diffraction Pattern of the CaWO4 Material Saturated with Lead 

The Raman spectrum (Figure 21) is consistent with the XRD results, showing only the 

appearance of new peaks that are characteristic of stolzite. Two small peaks are still present that 

are due to calcium tungstate at 835 and 398 cm-1.  These are, respectively, the ν4 and ν3 bands of 

the tetrahedral tungstate ions.   The symmetric stretching band, ν1(Ag), for the tetrahedral 

tungstate ion in PbWO4 appears at 905 cm-1. The ν3 stretch is split into two bands at 765 and 752 

cm-1 for the ν3(Bg) and ν3(Eg) bands, respectively.  The ν2(Ag) vibration for stolzite is observed as 

a strong band at 325 cm−1, along with the weaker ν2(Bg) band at 356 cm−1.  The band at 178 cm−1 

is due to the ν(Pb-O) stretch of the PbWO4. 24, 25, 26   
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Figure 35: Raman Spectrum of the Material Saturated with Lead 

The effect of lead uptake on the morphology of the tungstate particles was investigated 

by scanning electron microscopy.  The micrographs (Figure 22) show there was no morphological 

changes upon sorption of lead.  This provides further support for an ion exchange mechanism 

since it is reasonable that such a process would leave the morphology unchanged.  Other 

mechanisms that would produce new PbWO4 particles would be expected to change the 

morphology.27, 28    
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Figure 36: SEM micrographs of CaWO4 (top) and CaWO4 Reacted with Pb2+ (bottom) 

Embedding and sectioning of these agglomerates with a microtome allowed their 

nanocrystalline nature to be imaged by transmission electron microscopy. The resulting 

micrographs clearly show tabular particles of CaWO4 with an average size of 58 ± 24 nm.  After 

reaction with lead, the morphology of the nanoparticles remained unchanged shown in Figure 37. 

The particle sizes of 42 ± 17 nm were well within the standard deviation of the starting materials 
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as well.   Lattice fringes could be observed for a few of the particles of the lead treated material. 

These had spacing’s that corresponded to the (001) and (110) planes of stolzite.  

 

Figure 37: HRTEM of CaWO4 Saturated with Lead 

The capacity of the supported material was also determined to see if there was any effect 

on the extent of the reaction.  Under similar reaction conditions as the powder, the supported 
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CaWO4 was able to convert wholly to PbWO4. The increased capacity likely results from the 

smaller particles of the supported material that allows penetration of the lead ions to the cores of 

the particles. X-ray diffraction showed the SiO2 supported CaWO4 and the lead treated material 

were both amorphous.  By supporting CaWO4 on high surface Al2O3 pellets, a slightly higher 

loading of 8.3% was achieved.  Similar to the SiO2 supported material, the Al2O3 supported 

CaWO4 was fully converted to PbWO4 when reacted with excess Pb2+. XRD analysis of the 

CaWO4 supported on Al2O3 also gave no indication of crystalline scheelite. Upon reaction with 

lead, the amorphous CaWO4 was converted to crystalline stolzite (Figure 38).  

 

Figure 38: XRD of the Supported Material Saturated with Lead 

The material used in the sorption process for Cd2+ was also characterized for the sorption 

capacities for both the nanocrystalline powder and the supported material.  Both materials were 

reacted with excess Cd2+ and allowed to react for roughly one month. The nanocrystalline powder 
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had a 25.1% molar sorption capacity for cadmium, but by supporting the material, the sorption 

capacity was improved to 70.4%.  These materials were also characterized by X-ray powder 

diffraction. However, neither material showed evidence of a crystalline phase for CdWO4. The 

materials were also analyzed by scanning electron microscopy.  The nanocrystalline powder 

showed no evidence of a morphology change, showed in Figure 39.  The alumina supported 

material post treatment, however, only showed a markedly different morphology change forming 

plate like structures, shown in Figure 40.  

 

Figure 39: The Nanocrystalline CaWO4 Before (top) and After Treatment (bottom) with 

Cd2+ 
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Figure 40: Morphology of the Supported CaWO4 Before (top) and After Treatment 

(bottom) with Cd2+ 

This process was repeated for one month for copper, allowing ample time for the sorption 

process to reach the sorption capacity. Unlike the other two materials, copper has a distinct color 

allowing for the reaction to be monitored in a qualitative fashion.  Further, Cu3(WO4)(OH)2 also 

has a distinct color.  As Figure 41 shows, the nanocrystalline CaWO4 used as the sorbent was 

turned to a pistachio-green color, indicative of the formation of CuWO4. The molar sorption 

capacity for Cu2+ was 86.0%, much higher than both the metals presented in this chapter.  

Further, the material was characterized by powder XRD showing peaks consistent with both 
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calcium and copper tungstate hydroxide, shown in Figure 42.  Further, the material before and 

after treatment was characterized by SEM, showing little to no morphology change post 

treatment, shown in Figure 43. 

 

Figure 41: Nanocrystalline CaWO4 Reacted with Cu2+ 
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Figure 42: XRD of the Nanocrystalline CaWO4 after Treatment of Excess Cu2+ 

 
Figure 43: SEM of the Nanocrystalline Powder Reacted with Cu2+ 
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By supporting the material, the sorption capacity was further improved, being able to 

convert 100% to CuWO4.  The material on the high surface area support was light blue after 

treatment, instead of pistachio-green, as pictured in Figure 44.  However, the XRD pattern 

showed the product was amorphous. Analysis by SEM also showed a product with little to no 

morphological change, pictured in Figure 45.  

 

Figure 44: The Supported CaWO4 after Treatment of Excess Cu2+ 
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Figure 45: SEM of the Supported CaWO4 Reacted with Cu2+ 

Recovery of Materials 

All of the heavy metal containing materials were able to be recovered and recycled in a 

cyclic and green process that only produced sodium chloride as a byproduct (Figure 45).  For 

example, the reaction of PbWO4 and aqueous NaOH, under stirring for roughly 24 hours 

produced an insoluble lead hydroxide product and aqueous sodium tungstate. The two products 

were separated by vacuum filtration.  The filtrate was acidified with HCl, producing insoluble 

tungstic acid that was recovered in very high yields (98%).  The tungstic acid was then converted 

to CaWO4 by the already described method with a similar yield.  When this process was repeated 

for CuWO4, similar results were obtained, recovering the Cu(OH)2 with a 99% yield.  A similar 

process can be used for CdWO4, where the NaOH is simply substituted for Na2CO3 to form 

insoluble CdCO3. 
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Figure 46: Cyclic Process for the Recovery for the Separation of Lead and Regeneration of 

CaWO4 

Implementation in Real World Samples 

To determine if the material could be employed in real-world effluents, a simulated 

sample effluent of SunCor oil sand tailings was synthesized based on analytical data from the 

literature, summarized in Table 9 and was then treated.29, 30 Two samples of the effluent of 

roughly 20 mL volume were treated with 0.439 mmols of CaWO4 in the powder form and 0.494 

mmols of CaWO4 on the high surface area supports.  Both solutions were sampled after 6 hours 

yielding concentrations of both Cu2+ and Pb2+ below the instrumental detection limit,  
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Table 24: Summary of the SunCor Mimic Before and After Treatment by Both the Powder 

and Supported Material29  

 

The positive results from the SunCor effluent remediation led to the treatment of 

consumer products.  In September 2011, Consumer Reports published data that showed 

appreciable levels of lead in all 88 juices tested.31 To mimic these results, a sample of grape juice 

was spiked to 75 ppb with lead, a five-time higher concentration than the EPA action limit for this 

toxic metal.  A 225 mL sample of the spiked juice was treated using 0.466 mmols of supported-

CaWO4.   Figure 26, shows that after only 15 minutes the concentration of lead in the solution 

dropped well below the EPA action limit and after 30 minutes the concentration had dropped 

below the instrument detection limit, while simultaneously fortifying the juice with calcium.  The 

sorption process does not denature the juice, only slightly affecting the pH, dropping it from 3.2 

to 3.1.  

Species  Initial Concentration (ppm)

Sodium 525
Calcium 25

Magnesium 12
Chloride 90

Bicarbonate 950
Sulfate 290

Ammonium 14
Copper 660
Arsenic 15
Lead 190
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Figure 47: Treatment of Pb2+ Spiked Juice 

Conclusion: 

This study has shown that CaWO4 is an attractive material for the remediation of aqueous 

heavy metals, with very fast reaction times and high sorption capacities via an ion-exchange 

process. Furthermore, this study describes a method for supporting CaWO4 on high surface area 

catalyst supports providing a potential material to be rapidly incorporated into current treatment 

processes. It has also been shown that by supporting the material, it can be converted wholly from 

CaWO4 to PbWO4 and CuWO4, where the material only has a roughly 70% sorption capacity for 

Cd2+. The featured material is not only attractive due its non-toxic nature, but because the spent 

materials can be easily separated and regenerated in a green-fashion. Fitting the sorption process 

to several widely used kinetic models gave reasonable results. However, the nonlinear pseudo 

first-order method seems to not only describe the system accurately, but gives a rate constant with 

a clear physical meaning. It has also been shown the material has a high affinity for lead and 
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copper as suggested by the results of the treatment of industrial effluents.  Moreover, the process 

described is a very effective and safe method for removing lead from juice and possibly other 

foodstuffs. Further research could apply this material to the recovery or remediation of other 

divalent metals.  The material should also be subjected to other industrial effluents to determine 

its applicability to a wide range of waste streams.  
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CHAPTER XI 
 

 

SORPTION OF RADIONUCLIDES BY NANOMETRIC CALCIUM TUNGSTATE 

 

Introduction: 

The need to provide solutions to the global energy crisis has renewed world-wide interest 

in nuclear power.  However, the renaissance in nuclear power also renews serious environmental 

and health concerns due to highly dangerous radioactive waste.  90Sr is one of the major heat 

producers and biohazards in nuclear wastes, thus making the removal of radioactive strontium an 

essential goal to reduce the risk of human exposure to radiation.  Further, the remediation of 

radioactive strontium leads to considerable cost savings due to minimizing the storage space 

requirements for such materials that results from reduced heat generation.1-3 Radioactive isotopes 

of strontium are among the most biologically hazardous radionuclides in nuclear waste due to 

their longevity and high concentrations.4-5 If released into the environment, radioactive strontium 

becomes incorporated into the calcium pool. Radio-strontium is of particular importance among 

the fission products because of chemical and physical characteristics that result in comparatively 

high retention in the skeleton, due to the chemical similarity to calcium.6-7  However, studies have 

suggested that the bone-seeking isotopes are most dangerous if exposed during a period of 

relatively active osteogenesis (i.e. puberty or healing of fractures), but not rapid turnover.8-9 
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Furthermore, due to the radiation leak at the Fukushima Daiichi nuclear power station, 

radioactive strontium has been discovered not only inside the evacuation zone of Fukushima, but 

also as far as 250 kilometers from the site itself. A recent report from Tokyo Electric Power 

showed concentrations of strontium-90 over 30 times that of the Japanese government’s safety 

limit.10-12 One of the pathways for radioactive strontium to enter the human body is through the 

principal pathway from soil to plant to cow’s milk to humans.7, 13 The dangers of uranium 

exposure have been previously covered in Chapter V. 

A variety of techniques such as chemical precipitation, ion exchange, and evaporation are 

used for the treatment of aqueous waste systems. Polymer based ion-exchange materials have 

received much interest because of the simplicity of their application, despite their low capacity 

and mediocre selectivity. Inorganic ion-exchangers possess a number of advantages as sorbents 

for both UO2
2+ and Sr2+ over the conventional organic based ion-exchange resins, due to their 

thermal and chemical stabilities, higher exchange capacities, increased selectivities, and radiation 

stability.1-2, 14  

The Apblett research group has previously demonstrated the usefulness of molybdenum 

hydrogen bronze removal of uranium from aqueous solutions and its potential use in a cyclic 

process for uranium recovery.15-16 In Chapter V, the effectiveness of insoluble tungstic acid as a 

sorbent for aqueous uranyl ions was discussed.  During experiments designed to determine the 

selectivity for uranium uptake over other environmentally common metals it was unexpectedly 

found, that the addition of Ca2+ as a competing ion increased the rate of uranium sorption by 

tungstic acid.17 This result led to the hypothesis that calcium tungstate was an intermediate in the 

calcium-catalyzed uptake of uranyl ions, suggesting the use of CaWO4 directly as an ion 

exchange material.  Further, due to the similar chemistries of Ca2+ and Sr2+, calcium tungstate is 

an attractive candidate of the sorption of the slightly larger cation, Sr2+. The sorption kinetics for 

the uptake of Sr2+ and UO2
2+ were studied using CaWO4 powder and CaWO4 supported on 
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alumina.  The molar sorption capacities of the materials and the ion exchange products were 

identified in this investigation. 

Experimental: 

Materials 

All chemicals (reagent grade or higher) were used as received without further 

purification. Water was purified by reverse osmosis followed by deionization. The tungstic acid, 

Sr(NO3)2, calcium D-gluconate, α-hydroxyisobutyric acid (98%), and the Al2O3 high surface area 

catalyst supports were obtained from Alfa-Aesar. The Ca(OH)2, UO2(NO3)2·6H2O, and NaOH 

used were obtained from Fisher Scientific. Trace metal HNO3 used for sample acidification was 

obtained from Mallinckrodt. The 1000 mg/L uranium standard was purchased from BDH 

ARISTAR. Hydrochloric acid for the regeneration of H2WO4 was obtained from PHARMCO-

AAPER.  

Characterization  

The X-ray diffraction patterns for oxides before and after reaction with the target metal 

ions were obtained using a Bruker D8-A25-Advance diffractometer equipped with a LynxEye 

detector.  Fourier transform infrared (FT-IR) spectroscopy was performed as a KBr pellet using a 

Nicolet Magna 750 IR spectrometer. Strontium concentrations were determined using a Varian 

GTA120/AA240Z graphite furnace atomic absorption spectrometer (GFAAS) equipped with an 

auto sampler and calibrated with a NIST-traceable standard. The concentration of UO2
2+ was 

determined using a PerkinElmer Optima 2100 DV inductively coupled plasma-atomic emission 

spectrometer equipped with an auto sampler and calibrated with a NIST-traceable standard. The 

surface areas of the starting materials were measured by N2 physisorption using a NOVA 

Quantachrome 1200 BET instrument.  Scanning electron microscopy (SEM) was performed using 

an FEI Quanta 600 field emission gun environmental scanning electron microscope.   
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Impregnation of Supports 

The high surface area Al2O3 supports were vacuum-impregnated by introducing the 

calcium tungsten gluconate solution to the supports in vacuo.  The supports were held under 

vacuum for roughly 24 hours and were then rinsed with 50 mL of deionized water to remove 

excess precursor on the surface of the supports, and were subsequently dried in vacuo.  Once dry, 

the supports were transferred to a ceramic crucible and calcined at 600 °C and held for 8 hours in 

a muffle-furnace.  The mass of the resulting materials indicated a loading of the support with 

8.70% and 14.1% CaWO4 by weight for the UO2
2+ and the Sr2+ experiments, respectively.  

Sorption Studies 

The UO2
2+ sorption studies were performed using a 142 parts per million (ppm) solution 

of uranyl.  The Sr2+ was prepared using Sr(NO3)2 and had a concentration of 108 ppm that was 

determined by graphite furnace atomic absorption spectroscopy GFAAS spectroscopy.  The effect 

of sorbent dosages on reaction kinetics, for both the powder and supports, were determined by 

treating four approximately 50 mL solutions of stock solutions for both UO2
2+ and Sr2+, while 

only varying the amount of excess calcium tungstate. The treated solutions were also analyzed for 

the concentration of calcium by flame atomic absorption spectroscopy. 

The samples were agitated by a sample rotator, at a speed of 40 RPM, to eliminate the 

possibility of forming concentration gradients.  Aliquots of each sample were taken at regular 

time intervals, diluted with a 1% trace-metal HNO3 solution to the appropriate concentrations, and 

analyzed by either GFAAS or ICP-AES. The reaction uptake curves were plotted using the 

sorption capacity at a given time (qt) vs time (t). The sorption capacity, defined by Equation 1, 

was used to plot the uptake curves, where Ct is the concentration of analyte in the solution at time 

t, C0 is the starting concentration, V is the volume of the analyte, and m is the mass of the sorbent.  

𝑞𝑡 =  
(𝐶0 − 𝐶𝑡)𝑉

𝑚  

Equation 1: The sorption capacity equation 
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Results and Discussion  

The synthesis and characterization of the CaWO4 used in these experiments was 

described Chapter VI.  The highest surface area powder, from the methyl lactic acid precursor, 

was used in the sorption experiments for all analytes.  

Sorption Kinetics for the Uptake of UO2
2+ 

After addition of CaWO4 to the stock solutions, the analyte concentrations were 

monitored via GFAAS for Sr2+ and ICP-AES for UO2
2+ over time. Figure 1 depicts the sorption 

uptake curves for uranyl by four different amounts of calcium tungstate by plotting qt (from 

Equation 1) verses time.  The uptake curves shows a process in which sorption is initially very 

fast and starts to slow as the reaction approaches an equilibrium state after 120 minutes for the 

two highest mass loadings and after 240 minutes for the two lowest. The sorption process 

continued until the concentration of the analyte dropped below the instrumental detection limit of 

roughly 50 ppb. 

 

Figure 1: Uptake Curves for the Sorption of UO2
2+ by Nanocrystalline CaWO4 
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In this study, the nonlinear and linear pseudo-order equations were employed to fit the 

data from the sorption processes.  Equation 2 gives the pseudo first-order rate expression, first 

described by Lagergren in 1898, where k1 is the kinetic rate constant for the pseudo first-order 

sorption process. The amount of analyte sorbed at any specific time (t) is represented by qt and 

the amount of analyte sorbed at equilibrium is represented by qe.18 

𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) 

Equation 2: The Nonlinear Pseudo First-Order Equation 

To simplify Equation 2, the natural log can be taken giving a linear equation represented 

by Equation 3. From this equation, the values of k1 and qe can be determined from the slope and 

y-intercept, respectively, by plotting ln(qe-qt) vs time.   

ln(𝑞𝑒 − 𝑞𝑡) = ln(𝑞𝑒) − 𝑘1𝑡 

Equation 3: The Linearized Formula for Pseudo First-Order Kinetics 

The plot of the linear pseudo first-order fit in Figure 2 shows that this model fits fairly 

well for the higher sorbent loading.  However, we can determine that the linear pseudo first-order 

model does not apply throughout the various sorbent loadings as summarized by the correlation 

coefficient listed in Table 1. The sorption data from the lowest sorbent mass loading exhibits the 

largest deviation from linearity; however, the 0.584 mmol loading has the largest disparity 

between the calculated and experimentally observed equilibrium capacities.  Furthermore, the 

estimated values of qe calculated from the equation start to differ substantially from those 

measured experimentally as the sorbent mass is increased.  This model does not satisfactorily 

describe this sorption process. This may be due to the larger excess of reaction sites created when 

the sorbent loadings are increased.19   
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Figure 2: Linear Pseudo First-Order Fit for the Uptake of UO2
2+ by CaWO4 

Table 1: The Data and Results from the Linear Pseudo First-Order Fit 

 

The nonlinear Lagergren equation has been used to model sorption processes, in some 

cases, giving better results.20 Using the nonlinear pseudo first-order equation (Equation 2) to fit 

the data plotted by sorption capacity equation gave the fit featured in Figure 3.  As the plot shows, 

this equation underestimates the equilibrium capacities (qe) in all cases. However, the nonlinear 

equation fits the data with much more accuracy than the linear formula, yielding much more 

accurate predicted qe values, summarized in Table 2. This equation is much more appropriate for 

CaWO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.309 9.68E-03 84.2 84.0 0.929
0.424 1.46E-02 50.1 59.7 0.969
0.584 1.72E-02 18.2 41.6 0.838
0.750 3.74E-02 17.6 29.8 0.817
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modeling the data from this sorption process, however, the predicted qe values from the equation 

range from 85-90% of the experimental values.  

 

Figure 3: Nonlinear Pseudo First-Order Fit for the Uptake of UO2
2+ by CaWO4 

Table 2: The Data and Results from the Nonlinear Pseudo First-Order Fit 

 

Ho and McKay’s pseudo-second order kinetic model represented by Equation 4 was also 

used to fit the sorption data.  In this equation, k2 is the rate constant of the pseudo second-order 

sorption process, has the units g mg-1 min-1.21 By substituting h in place of k2qe
2, the equation can 

be further simplified as represented in Equation 5.  The variable h, in this equation, can be 

CaWO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.309 8.78E-03 75.5 84.0 0.924
0.424 2.12E-02 51.0 59.7 0.965
0.584 6.78E-02 34.5 41.6 0.970
0.750 7.99E-01 25.8 29.8 0.971
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considered to be the initial sorption rate as t/qt approaches 0. The linear plot of t/qt versus t gives 

the constants qe and h, from the slope and the intercept, respectively.19 Using the value of qe (the 

slope) and h (the intercept), the rate constant (k2) can be obtained.  

 
𝑡
𝑞𝑡

=
1

𝑘2𝑞𝑒2
+

1
𝑞𝑒
𝑡 

Equation 4: The Linearized Pseudo Second-Order Rate Equation 

𝑡
𝑞𝑡

=
1
ℎ

+
1
𝑞𝑒
𝑡 

Equation 5: The Linearized Initial Pseudo Second-Order Rate Equation 

The linear pseudo second-order plot, Figure 4, shows that this fits the data much better 

than the linear pseudo first-order equation, yielding very high correlation coefficients (R2>0.94). 

The calculated equilibrium capacities are in very close agreement with the experimental data, and 

there is only a slight underestimation of the capacities of the three larger sorbent loadings, as 

summarized in Table 3. The pseudo second-order rate constants (k2) and h are correlated to the 

sorbent loadings, as they increase with the amount of sorbent used.     
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Figure 4: Linear Pseudo Second-Order Fit for the Uptake of UO2
2+ by CaWO4 

Table 3: The Data and Results from the Linear Pseudo Second-Order Fit 

 

The nonlinear pseudo second-order equation has also been shown to be a viable option 

for modeling sorption processes.20 The nonlinear pseudo second-order function (Equation 6) fit 

the data with relatively good accuracy, depicted in Figure 5. The kinetic values, summarized in 

Table 4,  show the correlation coefficients for the nonlinear method are very high (R2>0.94) 

similar to the linear model suggesting that this method is also appropriate for modeling this 

process. Similar to the linear pseudo second-order model, the rate constants consistently increase 

with increasing sorbent loading. Further, this model gives a similar trend as the linear pseudo 

CaWO4 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.309 1.61E-04 1.15 84.4 84.0 0.949
0.424 6.25E-04 2.01 56.8 59.7 0.988
0.584 3.47E-03 4.85 37.4 41.6 0.999
0.750 9.51E-03 6.86 26.9 29.8 0.999
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second-order model when predicting the qe values. From the data presented, it suggests that both 

pseudo second-order models describe the sorption of UO2
2+ on the nanometric-CaWO4 very well.  

However, even though the models fit the experimental data very well, there is little physical 

meaning that can be extrapolated from the kinetic results.  This is due to the nature of the pseudo 

second-order rate constant, which is dependent on the concentrations of the analyte and sorbent. 

Also, concern has been raised on the validity of the linear pseudo-second order equation to model 

sorption processes, due to spurious correlations, however, the presented data shows that the linear 

and nonlinear models perform with similar results.22  The pseudo second-order models could be 

employed to determine equilibrium capacities of the materials used in this system fairly 

accurately. The nonlinear pseudo first-order equation gives fairly good results and kinetic 

parameters with clear physical meaning, thus should be used for modeling this process.  

𝑞𝑡 =
𝑘2𝑞𝑒2𝑡

1 + 𝑘2𝑞𝑒𝑡
 

Equation 6: The Nonlinear Pseudo Second-Order Equation 
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Figure 5: Nonlinear Pseudo Second-Order Fit for the Uptake of UO2
2+ by CaWO4 

Table 4: The Data and Results from the Nonlinear Pseudo Second-Order Fit  

 

In order to produce the sorbent in a more suitable form for water treatment, high surface 

area alumina catalyst supports where impregnated using the calcium tungsten gluconate single-

source precursor solution and calcined to deposit CaWO4 on the support. This improved the 

substrate’s BET surface area from 24 to 181 m2/g.  It was hypothesized that improving the 

surface area of the substrate would also improve the reaction uptake kinetics.  The supported 

material was reacted with UO2
2+ to determine its effectiveness as a sorbent. Figure 6 shows that 

the time for the sorption uptake curves to reach equilibrium increased with decreasing sorbent 

CaWO4 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.309 8.65E-05 0.81 96.8 84.0 0.942
0.424 4.58E-04 1.57 58.6 59.7 0.989
0.584 3.05E-03 4.24 37.3 41.6 0.995
0.750 5.55E-03 4.17 27.4 29.8 0.991
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loading.  For example, the 0.942 mmol loading reached the equilibrium capacity at 30 minutes 

and the 0.604 mmol sorbent loading reached in 90 minutes.  The sorption processes were 

modeled using all four models, discussed previously.  

 

Figure 6: Sorption Uptake Curves of UO2
2+ with Al2O3 Supported CaWO4 

Figure 7 shows that the nonlinear pseudo first-order model fit the data with very good 

accuracy and with very high correlation coefficients (R2>0.96) in all cases. The predicted 

equilibrium sorption capacities, summarized in Table 5, are in very close agreement to the 

experimental values. Furthermore, using this model allows the reaction half-lives to be easily 

determined and compared with the nanocrystalline CaWO4.  
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Figure 7: Nonlinear Pseudo First-Order Fit for the Uptake of UO2
2+ by Supported CaWO4 

Table 5: The Data and Results from the Nonlinear Pseudo First-Order Fit 

 

The linear pseudo first-order equation showed in Figure 8 gives similar, albeit better, 

results as the nanocrystalline powder sorbent.  Again, Table 6 shows the largest sorbent loading 

gave the largest deviation from the model, with a correlation coefficient of 0.331 for the 0.942 

mmol loading. The largest deviation from linearity is for the treatment with the least amount of 

solid used.  Furthermore, the qe values from the model are drastically lower than observed for the 

CaWO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.235 1.24E-02 144 152 0.979
0.372 1.94E-02 76.7 73.3 0.962
0.604 3.74E-02 47.6 46.9 0.997
0.942 7.64E-02 30.5 30.2 0.988
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largest two mass loadings.  As noted with the powder, the linear pseudo first-order equation does 

not adequately describe the sorption process.  

 

Figure 8: Linear Pseudo First-Order Fit for the Uptake of UO2
2+ by Supported CaWO4 

Table 6: The Data and Results from the Linear Pseudo First-Order Fit 

 

The linear pseudo second-order equation fits the data almost perfectly (Figure 9), with 

very high correlation coefficients, listed in Table 7. The model predicts the equilibrium capacities 

of the two highest loadings with very good accuracy and gave reasonable results for the two 

lower loadings.    

CaWO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.235 7.72E-03 129 152 0.961
0.372 3.00E-02 77.8 73.3 0.895
0.604 2.87E-02 22.6 46.9 0.716
0.942 2.50E-02 1.51 30.2 0.331
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Figure 9: Linear Pseudo Second-Order Fit for the Uptake of UO2
2+ by Supported CaWO4 

Table 7: The Data and Results from the Linear Pseudo Second-Order Fit 

 

The nonlinear pseudo second-order equation gives very comparable results to the linear 

equation.  Figure 10 shows the sorption data fitted with the nonlinear pseudo second-order 

equation.  The results, listed in Table 8 are very similar to the linear model, however, the 

equilibrium capacities are overestimated in every case. Moreover, both models, 

counterintuitively, suggest that the second lowest mass loading has the slowest initial sorption 

rate.  This result could be consequence of the limited physical meaning that may be extrapolated 

from the pseudo second-order model.   

CaWO4 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.235 9.57E-05 2.74 169 152 0.948
0.372 2.88E-04 2.05 84.4 73.3 0.924
0.604 2.20E-03 5.18 48.5 46.9 0.996
0.942 1.79E-02 16.5 30.4 30.2 0.999
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Figure 10: Nonlinear Pseudo Second-Order Fit for the Uptake of UO2
2+ by Supported 

CaWO4 

Table 8: The Data and Results from the Nonlinear Pseudo Second-Order Fit 

 

Since the pseudo second-order models have limited physical meaning, the powder and 

supported data can only be compared using the pseudo first-order models. However, since the 

linear pseudo first-order model failed to appropriately describe the sorption process for both 

materials, data from the nonlinear pseudo first-order models were compared. Figure 11 shows the 

comparison of the sorption half-lives for the lowest mass loadings for the nanocrystalline powder 

CaWO4 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.235 6.92E-05 2.22 179 152 0.992
0.372 2.30E-04 1.92 91.4 73.3 0.922
0.604 1.02E-03 2.85 52.7 46.9 0.967
0.942 4.82E-03 4.99 32.2 30.2 0.960
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and the supported materials. The supported material outperformed the nanocrystalline powder in 

the experiments with the lowest mass loading.  However, this was not the case when comparing 

the two largest loadings, as diffusion of the solution into the porous media is likely the rate 

limiting factor for the supported materials.  This was evident by out-gassing of air bubbles.   

 

Figure 11: Comparison of Sorption Half-Lives of UO2
2+ for the Powder and Supported 

CaWO4 

Sorption Kinetics for the Uptake of Sr2+ 

The sorption of Sr2+ by the CaWO4 powder was studied in the same fashion as uranyl. 

The uptake curves in Figure 12 shows a process where sorption is initially very fast and starts to 

slow as the reaction approaches an equilibrium state around 15-30 minutes for the two highest 

mass loadings and 90 minutes for the 0.816 mmol loadings. The sorption process was followed 

until the analyte concentration dropped below the instrumental detection limit of roughly 1.5 ppb. 
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Figure 12: Sorption Uptake Curves of Sr2+ with Nanocrystalline CaWO4 

The plot of the nonlinear pseudo first-order fit in Figure 15 shows that this model fits the 

data very well and gives very high correlation coefficients (R2>0.97) in all cases. The predicted 

equilibrium sorption capacities, summarized in Table 9, are in fairly close agreement to the 

experimental values. Furthermore, from this model the rate constants and reaction half-lives can 

be compared for the powder and supported materials. 
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Figure 13: Nonlinear Pseudo First-Order Fit for the Uptake of Sr2+ by Nanocrystalline 

CaWO4 

Table 9: The Data and Results from the Nonlinear Pseudo First-Order Fit 

 

 

The linear pseudo first-order model for the uptake of Sr2+ with CaWO4 in Figure 14 gives 

similar results to the data from uranyl sorption.   As the sorbent loading increases, so does the 

deviation from linearity and the inaccuracy of the predicted qe values, as summarized in Table 10.  

CaWO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.410 5.68E-03 21.3 19.6 0.985
0.816 3.33E-02 5.54 5.49 0.974
1.68 1.44E-01 3.93 4.20 0.984
2.16 1.66E-01 3.44 3.62 0.991
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As noted from the uranyl study, the linear pseudo first-order equation does not adequately 

describe the sorption process.  

 

Figure 14: Linear Pseudo First-Order Fit for the Uptake of Sr2+ by Nanocrystalline CaWO4 

Table 10: The Data and Results from the Linear Pseudo First-Order Fit 

 

The plotted linear pseudo second-order equation in Figure 15 fits the data almost 

perfectly for the three higher mass loadings. Table 11 shows the three higher mass loadings have 

very high correlation coefficients, while the lowest mass loading, 0.410 mmol, has an R2=0.702. 

This is likely due to the low molar ratio of the sorbent to analyte (ratio of CaWO4:Sr2+ of 6.67:1), 

leading to the concentration of reactive sites to be similar to the concentration the analyte, 

CaWO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.410 9.02E-03 22.6 19.6 0.962
0.816 1.53E-02 3.85 5.49 0.789
1.68 1.29E-02 1.17 4.20 0.657
2.16 3.32E-03 0.35 3.62 0.192



 

278 
 

suggesting the pseudo first-order model should be (and is) better suited.19 The model predicts the 

sorption equilibrium capacities with good accuracy for three of the four cases.  There is, however, 

only slight over estimations in two of the three cases, while the  qe value for the highest mass 

loading is slightly underestimated.   

 

Figure 15: Linear Pseudo Second-Order Fit for the Uptake of Sr2+ by Nanocrystalline 

CaWO4 
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Table 11: The Data and Results from the Linear Pseudo Second-Order Fit 

 

The nonlinear pseudo second-order equation fits the data almost perfectly (Figure 16), 

with very high correlation coefficients, listed in Table 12. As was the case for the linear method, 

the results for the lowest sorbent loading are much higher than observed experimentally.  The 

model predicts the rest of the sorption equilibrium capacities with fairly good accuracy.   

 

Figure 16: Nonlinear Pseudo Second-Order Fit for the Uptake of Sr2+ by Nanocrystalline 

CaWO4 

  

CaWO4 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.410 1.86E-04 0.144 27.8 19.6 0.702
0.816 1.32E-02 0.427 5.70 5.49 0.981
1.68 4.83E-02 0.862 4.22 4.20 0.999
2.16 2.20E-01 2.65 3.47 3.62 0.998
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Table 12: The Data and Results from the Nonlinear Pseudo Second-Order Fit 

 

Comparing the results from the kinetic study using nanocrystalline CaWO4 demonstrates 

that the nonlinear pseudo first order model is the best fit for this sorption process.  Further, it is 

the only method that gives good results throughout the mass loadings, even for the 0.410 mmol 

loading which had very poor results when fit with the pseudo second-order models.   

Supported calcium tungstate was also used as a sorbent for Sr2+ to determine its effectiveness as a 

sorbent. Figure 17 shows sorption uptake curves that indicate that the equilibrium capacities are 

reached later in every case than that of the nanocrystalline powder.  For example, the highest 

mass loading reached the equilibrium capacity at roughly 90 minutes where a similar 

concentration of the nanocrystalline powder reached the equilibrium capacity at 15 minutes.  

 

 

 

 

CaWO4 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.410 1.49E-04 0.133 29.9 19.6 0.981
0.816 6.73E-03 0.271 6.34 5.49 0.969
1.68 9.04E-02 1.50 4.08 4.20 0.993
2.16 1.86E-01 2.28 3.50 3.62 0.992
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Figure 17: Sorption Uptake Curves of Sr2+ by Supported CaWO4 

Figure 18 shows that the nonlinear pseudo first-order model fits the data very well.  The 

fit gave reasonable correlation coefficients, summarized in Table 13, that were greater than 0.93 

in all cases. Furthermore, the predicted equilibrium sorption capacities are in close agreement 

with the experimental values. Interestingly, the k1 values throughout the series are all very close, 

suggesting the sorption process was highly affected by the diffusion of air out of the porous 

substrate.  
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Figure 18: Nonlinear Pseudo First-Order Fit for the Uptake of Sr2+ by Supported CaWO4 

Table 13: The Data and Results from the Nonlinear Pseudo First-Order Fit 

 

 

Interestingly, Figure 19 shows that the linear pseudo first-order model fit the data very 

well throughout the loadings.  The model underestimates the equilibrium capacities throughout 

the series, but gave reasonable results summarized in Table 14.  However, the data from the 

model suggests the 1.72 mmol loading has a lower rate constant than the 1.19 mmol loading.   

CaWO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.850 2.06E-02 13.7 14.3 0.964
1.19 2.62E-02 10.2 10.4 0.971
1.72 2.88E-02 8.25 8.53 0.968
2.64 2.92E-02 5.70 5.42 0.934
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The nonlinear model gives much more agreeable results, leading to the conclusion that the linear 

pseudo first-order equation is not an acceptable model for the data presented in this chapter.   

 

Figure 19: Linear Pseudo First-Order Fit for the Uptake of Sr2+ by Supported CaWO4 

Table 14: The Data and Results from the Linear Pseudo First-Order Fit 

 

The linear pseudo second-order equation fits the data very well, with very high 

correlation coefficients, depicted in Figure 20. The model also gives fairly accurate predictions 

for the sorption equilibrium capacities, with a slight over estimation in each case summarized in 

Table 15.   

CaWO4 (mmol) k1 (min-1) qe (mg/g) qe (mg/g) (experimental) R2

0.850 1.02E-02 10.28 14.3 0.941
1.19 3.11E-02 9.98 10.4 0.989
1.72 2.05E-02 7.55 8.53 0.938
2.64 3.12E-02 6.00 5.42 0.956
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Figure 20: Linear Pseudo Second-Order Fit for the Uptake of Sr2+ by Supported CaWO4 

Table 15: The Data and Results from the Linear Pseudo Second-Order Fit 

 

Figure 21 shows the fit of nonlinear pseudo second-order equation, which gives similar 

results to the linear model.   Further, this model does predict the sorption equilibrium capacities 

with fairly good accuracy, listed in Table 16, but the linear equation gives more reasonable 

results.  

CaWO4 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.850 1.96E-03 0.463 15.4 14.3 0.984
1.19 4.51E-03 0.544 11.0 10.4 0.955
1.72 4.90E-03 0.415 9.20 8.5 0.969
2.64 1.27E-02 0.417 5.74 5.42 0.977
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Figure 21: Nonlinear Pseudo Second-Order Fit for the Uptake of Sr2+ by Supported CaWO4 

Table 16: The Data and Results from the Nonlinear Pseudo Second-Order Fit 

 

Using the pseudo first-order rate constants of the powder and supported materials from 

the nonlinear model, the sorption half-lives can be calculated and compared. Figure 22 shows the 

comparison of the sorption half-lives for the lowest mass loadings for the supported material and 

the second lowest for the nanocrystalline powder. The nanocrystalline powder showed faster 

kinetics compared to the supported materials in every case. Again, this is likely do to diffusion of 

the liquid into the media being rate limiting. 

CaWO4 (mmol) k2 (g/mg min) h (mg/g min) qe (mg/g) qe (mg/g) (experimental) R2

0.850 1.59E-03 0.395 15.7 14.3 0.977
1.19 2.76E-03 0.402 12.1 10.4 0.950
1.72 3.11E-03 0.301 9.85 8.53 0.981
2.64 2.98E-03 0.160 7.33 5.42 0.908
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Figure 22: Comparison of Sorption Half-Lives of Sr2+ for the Powder and Supported 

CaWO4 

Capacity and Characterization 

The capacities of the materials were determined by reacting the sorbents with excess 

uranium and strontium. A solution of roughly 50 mL of 19,500 ppm UO2
2+ was treated with 0.75 

g of CaWO4, a molar ratio of 1.5 to 1.0 respectively.  The capacity experiment for Sr2+ was 

performed using a solution with a concentration of 6,500 ppm giving a molar ratio of 1.4 to 1.0. 

Upon completion, the CaWO4 was able to remove roughly 55 mole percent of the uranyl from the 

solution.  The same material had a sorption capacity of 35 mole percent for strontium under the 

same conditions. The material from this study was analyzed by SEM and X-ray powder 

diffraction. Both of the X-ray diffraction patterns showed no evidence of newly formed 

crystalline materials.  Further, the material used to sorb Sr2+ showed little to no change of 

morphology, as evident by from the electron micrograph in shown in Figure 23. The material 
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from the reaction with excess UO2
2+ showed a slight morphology change, shown in Figure 24, 

with the particles showing flat-elongated agglomerated particles. These results make sense since 

the strontium can react via an ion exchange reaction but the large uranyl ion must react to 

produce a product where the CaWO4 lattice is completely deconstructed. Therefore, a 

dissolution/reprecipitation process likely takes place that changes the morphology of the particles.  

 

Figure 23: SEM of the CaWO4 before (left) and after Treatment (right) of Excess Sr2+ 
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Figure 24: SEM of the CaWO4 after Treatment of Excess UO2

2+ 

The capacity of the supported material was also of interest to determine if there was any 

improvement on the extent of the reaction.  Under similar reaction conditions as the powder, the 

supported CaWO4 was reacted to complete exhaustion (100 mole percent) with UO2
2+ and to 85 

mole percent when reacted with Sr2+.  The increased extent of the reactions is likely due to 

smaller particles in the supported material that permits the reactants to penetrate the core of the 

particles. Figure 25 shows the bright yellow pellets produced from the reaction of UO2
2+ with the 

supported CaWO4.  These pellets were characterized by XRD and the product was found to be 

amorphous. Further, the scanning electron micrographs of the material before and after treatment 

(Figure 26) showed little change. However, the supported material after the treatment of Sr2+ 

unexpectedly gave particles with a large morphology change, as depicted in Figure 27.  The 

particles appear to be large pillar-like particles with flat tops.  Unlike the reaction of the powder 

with strontium, the reaction of strontium appears to have formed novel particles by outgrowth of 

the product from the surface. 
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Figure 25: Production of a Brightly Yellow Colored Pellet from the Reaction of UO2
2+ with 

CaWO4 on Alumina 
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Figure 26: SEM Micrographs of the Supported CaWO4 before (top) and after Treatment 

with Excess Uranyl (bottom) 
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Figure 27: SEM of the Supported CaWO4 (14.1%) before (top) and Reacted with Excess 
Sr2+ (bottom) 
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Recovery of Materials 

As previously demonstrated, the spent materials can be easily recovered in a green 

fashion.17 The spent materials were able to be recovered in a cyclic process by treating the post 

sorption materials with ammonium hydroxide, generating ammonium chloride as the only 

byproduct (Figure 28).  The recovery process took roughly 24 hours with magnetic stirring, 

producing an insoluble uranium containing material called yellow cake and soluble ammonium 

tungstate. The two products were separated by vacuum filtration. The yellow cake can then be 

calcined and repurposed as uranium oxide (U3O8) with a very high yield.  The filtrate was then 

acidified with HCl, producing insoluble tungstic acid recovered in very high yields (98%).  From 

there, the tungstic acid was converted back to CaWO4 with the same yield as the original 

preparation of calcium tungstate.   

 

Figure 28: The Cyclic-Green Process for the Recovery of Uranium 

Further, the SrWO4 produced could also be recovered in a cyclic and green process that is 

outlined in Figure 29. By treating the spent material with Na2CO3 for roughly 72 hours under 

ambient conditions, insoluble SrCO3 was produced along with soluble Na2WO4.  The Na2WO4 
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solution was then treated with HCl, producing insoluble tungstic acid with a very high yield.  The 

tungstic acid was then converted to CaWO4 as previously described.   

 

Figure 29: The Cyclic-Green Process for the Recovery of Strontium 

The recovery processes can be applied to the supported materials; however, the insoluble 

analyte produced from the reaction with the base stays on the support.  The analytes can then 

easily be stripped from the supports by treatment with a mineral acid.  

Conclusion: 

Calcium tungstate provides an excellent alternative to conventional methods for 

radionuclide separations.  Further, the sorbent allows for the recovery of the analytes with high 

yields, allowing them to be recycled and reused.   The high surface area of the supported 

materials led to much improved sorption capacities. This reaction gives the means to remove 

uranium from drinking water and a method to treat contaminated ground water using permeable 

reactive barriers.  An advantage of supporting the materials on larger substrates is the elimination 

of the need for filtration to separate the materials from solutions. Modeling of the sorption of 

uranyl on calcium tungstate gave good results using the linear pseudo-second order, the nonlinear 
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pseudo first order model, and the nonlinear pseudo second-order models.  However, the nonlinear 

first-order method describes the experimental data most accurately.  Further research should 

implement these materials into natural water systems and industrial waste streams to test the 

efficiency of the material in real-world applications. Further study should also target other 

radionuclides for recovery from solutions.  
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CHAPTER XII 
 

 

CONCLUSION AND FUTURE WORK  

 

This dissertation presents an optimized method for the synthesis of sodium molybdenum 

bronze originally reported by Thomas and McCarron.  The presented method shows a reduction 

of the amount of the expensive sodium molybdate buffer to roughly one-third of the original 

reported synthesis, while also eliminating the unneeded use of N2 during the reaction.  Further, by 

extending the reaction time, the reducing equivalents of the sodium bronze were improved from 

0.28 to 0.31.  Lastly, using the more economical Na2HPO4 buffer produced a purely sodium 

intercalated material with yields increased by roughly 7% compared to the Thomas and 

McCarron method.   Further studies should focus on utilizing other buffer systems in the 

presented method for the production of sodium molybdenum bronzes.  

Further, the work presented in this dissertation demonstrated the high affinity of 

molybdenum and tungsten oxides for the sorption of lead.  More specifically, molybdenum 

trioxide shows a very high reactivity towards lead as a nanometric suspension.  From the 

presented reaction, a very high yield (96.7%) of a highly uniform nanometric material can be 

produced.  The nanometric suspension shows an affinity for other dissolved metals as well, 

including Ag+ and Cs+.  However, due to the solubility of MoO3, it should not find applications in 

drinking water purification applications due to the potential toxicity.  Further studies should be 

carried out to determine the reactivity of the nanometric suspension of MoO3 toward other 
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Metals in solution, in hopes of making functional nanometric metal molybdates.  

The nontoxic and insoluble nature of the tungsten oxides proves they are a quality choice 

for implementation into real world applications.  However, the surface area of the material proves 

to be a large factor in their effectiveness, thus higher surface area WO3 has been shown to be a 

promising reagent for water remediation applications.  Further, their affinity for ion-exchange 

applications has shown that they can be used in applications such as refining of metal containing 

ores or even the winning of metals from natural water, including oceans.  Further, these reactions 

provide a green route to the recovery of metals used widely in industry with very high yields. By 

utilizing a mesoporous WO3, the reactivity towards Pb2+ was largely increased.  However, the 

sorption processes using the metal oxides produces two equivalents of protons, thus the further 

studies should implement a buffer to determine the reaction kinetics and the extent of the 

reaction.  Research should also be conducted to determine if mesoporous WO3 shows a similar 

high affinity toward other heavy metals and radionuclides.   

This dissertation also demonstrates a method for synthesizing single source precursors of 

nanometric tungstates and molybdates.  The method has shown the capability of producing a wide 

variety of molybdate and tungstate based materials in very high yields with relatively low 

decomposition temperatures.  The water-soluble nature of the precursors allows them to be 

deposited on high surface area catalyst supports.  Further, the crystal structures of the calcium and 

magnesium tungsten methyl lactate precursors were determined: confirming previous 

speculations on the structures of α-hydroxy carboxylate chelated group (VI) transition metals. 

Future work in this area should focus on making other metal tungstates and molybdates that find 

use in industrial applications. 

The aluminum tungstate reported herein proved to be an attractive material for the 

sorption of Ga3+. The material should be used to recover other trivalent metals from solutions, 

including actinides and lanthanides, especially ones present in nuclear waste.  Future research 

should also be conducted to determine an effective method for recycling the spent materials.  
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Finally, this study highlighted the versatility of calcium tungstate for use in both heavy metal and 

radionuclide sorption processes.  The material has shown high reactivity toward all of the divalent 

heavy metals presented herein, with the highest affinity towards lead.  The material also showed a 

high affinity towards the radionuclide surrogates studied, with the affinity for uranyl being much 

higher than that of Sr2+, understandably so, due to the similar size and chemistries of Sr2+ when 

compared to Ca2+. The ability for insoluble tungstic acid to sorb uranyl was also determined, 

showing increased reactivity by synthesizing the material on high surface area catalyst supports 

compared to previously reported data. Future research should be directed towards determining the 

ability for CaWO4 to sorb other divalent heavy metals and radionuclides.  Further, the material 

should be tested for its effectiveness in industrial and nuclear waste effluents. 
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CRYSTALOGRAPHIC DATA 

APPENDIX A 

 
Table 1: Crystal data and structure refinement for (CaH12O6)2+(C8H12O8W)2-. 
 

Empirical formula  (Ca H12 O6)2+ (C8 H12 O8 W)2- 
 C8 H24 Ca O14 W 
Formula weight  568.20 
Crystal system  monoclinic 
Space group  C2/c 
Unit cell dimensions  a = 15.8651(8) Å α= 90° 
 b = 11.0182(5) Å β= 99.439(2)° 
 c = 10.5105(5) Å γ= 90° 
Volume 1812.41(15) Å3 
Z, Z' 4, 0.5 
Density (calculated) 2.082 Mg/m3 
Wavelength  0.71073 Å 
Temperature  100(2) K 
F(000) 1112 
Absorption coefficient 6.721 mm-1 
Absorption correction semi-empirical from equivalents 
Max. and min. transmission 0.2548 and 0.1221 
Theta range for data collection 2.26 to 28.30° 
Reflections collected 24840 
Independent reflections 2255 [R(int) = 0.0329] 
Data / restraints / parameters 2255 / 0 / 130 
wR(F2 all data) wR2 = 0.0419 
R(F obsd data) R1 = 0.0139 
Goodness-of-fit on F2 0.998 
Observed data [I > 2(I)] 2244 
Extinction coefficient 0.00207(10) 
Largest and mean shift / s.u. 0.002and 0.000 
Largest diff. peak and hole 1.322 and -1.048 e/Å3  
----------  
wR2 = { Σ [w(Fo2 - Fc2)2] / Σ [w(Fo 2)2] }1/2  
R1 = Σ ||Fo| - |Fc|| / Σ |Fo| 



 

 

Table 2: Atomic coordinates and equivalent isotropic displacement parameters for 
(CaH12O6)2+(C8H12O8W)2-.U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

______________________________________________________________    
 x y z U(eq) 
______________________________________________________________  
 
W(1) 0.0000 0.852886(9) 0.2500 0.00612(6) 
O(1) 0.08668(10) 0.69672(14) 0.27686(15) 0.0102(3) 
O(2) 0.14964(11) 0.56283(15) 0.42063(16) 0.0131(3) 
O(3) 0.00963(10) 0.81135(14) 0.43173(15) 0.0088(3) 
O(4) -0.08738(10) 0.94922(15) 0.25117(15) 0.0111(3) 
C(1) 0.10688(15) 0.65573(19) 0.3927(2) 0.0086(4) 
C(2) 0.07688(14) 0.7346(2) 0.4963(2) 0.0096(4) 
C(3) 0.15149(16) 0.8138(2) 0.5581(2) 0.0164(5) 
C(4) 0.04157(19) 0.6584(2) 0.5963(3) 0.0173(5) 
Ca(1) 0.2500 0.2500 0.5000 0.00865(12) 
O(1A) 0.18357(12) 0.39378(16) 0.60846(18) 0.0139(3) 
O(2A) 0.24869(12) 0.38739(17) 0.32442(17) 0.0135(3) 
O(3A) 0.11994(13) 0.15126(15) 0.4203(2) 0.0139(4) 
______________________________________________________________  
 
Table 3: Bond lengths [Å] and angles [°] for (CaH12O6)2+(C8H12O8W)2-. 
______________________________________________________________  
 
W(1)-O(4)  1.7477(16) 
W(1)-O(3)  1.9456(15) 
W(1)-O(1)  2.1919(16) 
O(1)-C(1)  1.289(3) 
O(2)-C(1)  1.236(3) 
O(3)-C(2)  1.441(3) 
C(1)-C(2)  1.528(3) 
C(2)-C(4)  1.522(3) 
C(2)-C(3)  1.527(3) 
C(3)-H(3A)  0.9800 
C(3)-H(3B)  0.9800 
C(3)-H(3C)  0.9800 

C(4)-H(4A)  0.9800 
C(4)-H(4B)  0.9800 
C(4)-H(4C)  0.9800 
Ca(1)-O(1A)  2.3052(18) 
Ca(1)-O(3A)  2.3615(19) 
Ca(1)-O(2A)  2.3844(18) 
O(1A)-H(1AA)  0.75(4) 
O(1A)-H(1BA)  0.79(4) 
O(2A)-H(2AA)  0.75(4) 
O(2A)-H(2BA)  0.87(3) 
O(3A)-H(3AA)  0.86(4) 
O(3A)-H(3BA)  0.74(4) 

 



 

 

O(4)-W(1)-O(3) 94.05(7) 
O(4)#1-W(1)-O(3) 102.42(7) 
O(3)#1-W(1)-O(3) 152.79(9) 
O(4)-W(1)-O(1) 163.25(7) 
O(4)#1-W(1)-O(1) 89.77(7) 
O(3)#1-W(1)-O(1) 83.59(6) 
O(3)-W(1)-O(1) 75.07(6) 
O(1)#1-W(1)-O(1) 76.55(9) 
C(1)-O(1)-W(1) 116.75(14) 
C(2)-O(3)-W(1) 122.23(13) 
O(2)-C(1)-O(1) 123.8(2) 
O(2)-C(1)-C(2) 121.7(2) 
O(1)-C(1)-C(2) 114.54(18) 
O(3)-C(2)-C(4) 108.73(18) 
O(3)-C(2)-C(3) 109.09(18) 
C(4)-C(2)-C(3) 111.7(2) 
O(3)-C(2)-C(1) 106.94(17) 
C(4)-C(2)-C(1) 111.77(19) 
C(3)-C(2)-C(1) 108.52(18) 
C(2)-C(3)-H(3A) 109.5 
C(2)-C(3)-H(3B) 109.5 
H(3A)-C(3)-H(3B) 109.5 
C(2)-C(3)-H(3C) 109.5 
H(3A)-C(3)-H(3C) 109.5 
H(3B)-C(3)-H(3C) 109.5 
C(2)-C(4)-H(4A) 109.4 
C(2)-C(4)-H(4B) 109.5 
H(4A)-C(4)-H(4B) 109.5 
C(2)-C(4)-H(4C) 109.5 
H(4A)-C(4)-H(4C) 109.5 
H(4B)-C(4)-H(4C) 109.5 
 
 
O(1A)#2-Ca(1)-O(1A) 180.0 
O(1A)#2-Ca(1)-O(3A) 87.23(7) 
 
 
O(1A)-Ca(1)-O(3A) 92.77(7) 
O(3A)#2-Ca(1)-O(3A) 180.0 
O(1A)#2-Ca(1)-O(2A) 90.01(6) 
O(1A)-Ca(1)-O(2A) 89.99(6) 
O(3A)#2-Ca(1)-O(2A) 83.02(7) 
O(3A)-Ca(1)-O(2A) 96.98(7) 
O(2A)-Ca(1)-O(2A)#2 180.0 
Ca(1)-O(1A)-H(1AA) 129(3) 
Ca(1)-O(1A)-H(1BA) 116(2) 
H(1AA)-O(1A)-H(1BA) 109(4) 
Ca(1)-O(2A)-H(2AA) 118(3) 
Ca(1)-O(2A)-H(2BA) 111(2) 



 

 

H(2AA)-O(2A)-H(2BA) 107(3) 
Ca(1)-O(3A)-H(3AA) 130(2) 
Ca(1)-O(3A)-H(3BA) 118(3) 
H(3AA)-O(3A)-H(3BA) 106(3) 
 
Table 4: Anisotropic displacement parameters (Å2x 103 ) for (CaH12O6)2+(C8H12O8W)2-.  The 
anisotropic displacement factor exponent takes the form: -2 π2[ h2 a*2 U11 + ... + 2 h k a* b* U12 ] 

______________________________________________________________  
 U11 U22  U33 U23 U13 U12 

______________________________________________________________  
 
W(1) 6(1)  7(1) 6(1)  0 4(1)  0 
O(1) 11(1)  12(1) 9(1)  1(1) 4(1)  4(1) 
O(2) 16(1)  13(1) 13(1)  3(1) 8(1)  5(1) 
O(3) 10(1)  11(1) 7(1)  1(1) 4(1)  2(1) 
O(4) 10(1)  14(1) 11(1)  1(1) 5(1)  3(1) 
C(1) 6(1)  11(1) 10(1)  0(1) 5(1)  -2(1) 
C(2) 7(1)  13(1) 10(1)  1(1) 4(1)  5(1) 
C(3) 15(1)  19(1) 14(1)  -6(1) 0(1)  3(1) 
C(4) 22(1)  20(1) 12(1)  7(1) 10(1)  9(1) 
Ca(1) 8(1)  9(1) 11(1)  0(1) 5(1)  0(1) 
O(1A) 16(1)  13(1) 16(1)  4(1) 12(1)  4(1) 
O(2A) 12(1)  14(1) 16(1)  1(1) 7(1)  -1(1) 
O(3A) 11(1)  18(1) 15(1)  -6(1) 7(1)  -3(1) 
______________________________________________________________  
 
Table 5: Hydrogen coordinates and isotropic displacement parameters for (CaH12O6)2+(C8H12O8W)2-. 
______________________________________________________________  
 x  y  z  U(eq) 
______________________________________________________________  
  
H(3A) 0.1710 0.8640 0.4916 0.025 
H(3B) 0.1985 0.7620 0.5988 0.025 
H(3C) 0.1328 0.8663 0.6234 0.025 
H(4A) 0.0230 0.7119 0.6608 0.026 
H(4B) 0.0861 0.6035 0.6386 0.026 
H(4C) -0.0072 0.6107 0.5538 0.026 
H(1AA) 0.156(2) 0.385(3) 0.659(4) 0.017 
H(1BA) 0.169(2) 0.454(3) 0.570(3) 0.017 
H(2AA) 0.291(2) 0.405(3) 0.306(3) 0.016 
H(2BA) 0.221(2) 0.453(3) 0.336(3) 0.016 
H(3AA) 0.110(2) 0.092(3) 0.366(3) 0.017 
H(3BA) 0.087(3) 0.148(3) 0.462(4) 0.017 
______________________________________________________________ 



 

 

Table 6: Torsion angles [°] for (CaH12O6)2+(C8H12O8W)2-. 
______________________________________________________________  
 
O(4)-W(1)-O(1)-C(1) -54.2(3) 
O(4)#1-W(1)-O(1)-C(1) 99.46(16) 
O(3)#1-W(1)-O(1)-C(1) -166.44(16) 
O(3)-W(1)-O(1)-C(1) -3.47(15) 
O(1)#1-W(1)-O(1)-C(1) -90.31(16) 
O(4)-W(1)-O(3)-C(2) -176.60(16) 
O(4)#1-W(1)-O(3)-C(2) -70.06(16) 
O(3)#1-W(1)-O(3)-C(2) 55.85(15) 
O(1)#1-W(1)-O(3)-C(2) 94.08(16) 
O(1)-W(1)-O(3)-C(2) 16.33(15) 
W(1)-O(1)-C(1)-O(2) 174.19(18) 
W(1)-O(1)-C(1)-C(2) -8.3(2) 
W(1)-O(3)-C(2)-C(4) -145.21(16) 
W(1)-O(3)-C(2)-C(3) 92.81(19) 
W(1)-O(3)-C(2)-C(1) -24.4(2) 
O(2)-C(1)-C(2)-O(3) -163.2(2) 
O(1)-C(1)-C(2)-O(3) 19.2(3) 
O(2)-C(1)-C(2)-C(4) -44.4(3) 
O(1)-C(1)-C(2)-C(4) 138.1(2) 
O(2)-C(1)-C(2)-C(3) 79.2(3) 
O(1)-C(1)-C(2)-C(3) -98.3(2) 
______________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
#1 -x, y, -z+1/2  

 
Table 7: Hydrogen bonds for (CaH12O6)2+(C8H12O8W)2-[Å and °]. 
______________________________________________________________  
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
______________________________________________________________  
 O(1A)-H(1AA)...O(1)#3 0.75(4) 2.00(4) 2.717(2) 160(4) 
 O(1A)-H(1BA)...O(2) 0.79(4) 1.96(4) 2.703(3) 157(3) 
 O(2A)-H(2AA)...O(4)#4 0.75(4) 2.16(4) 2.912(2) 177(4) 
 O(2A)-H(2BA)...O(2) 0.87(3) 1.97(3) 2.784(2) 157(3) 
 O(3A)-H(3AA)...O(4)#5 0.86(4) 2.00(4) 2.857(2) 177(3) 
 O(3A)-H(3BA)...O(3)#6 0.74(4) 2.08(4) 2.804(3) 164(3) 
______________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
#3 x, -y+1, z+1/2    #4 x+1/2, y-1/2, z    #5 -x, y-1, -z+1/2    #6 -x, -y+1, -z+1   
  



 

 

APPENDIX B 

Table 1: Crystal data and structure refinement for [Mg(H2O)6]2+(C8H12O8W)2-. 
 
Empirical formula  [Mg(H2O)6]2+(C8H12O8W)2- 
 C8 H24 Mg O14 W 
Formula weight  552.43 
Crystal system  monoclinic 
Space group  C2/c 
Unit cell dimensions  a = 15.6330(9) Å α= 90° 
 b = 10.6191(6) Å β= 97.395(2)° 
 c = 10.4320(6) Å γ= 90° 
Volume 1717.40(17) Å3 
Z, Z' 4, 0.5 
Density (calculated) 2.137 Mg/m3 
Wavelength  0.71073 Å 
Temperature  100(2) K 
F(000) 1080 
Absorption coefficient 6.831 mm-1 
Absorption correction semi-empirical from equivalents 
Max. and min. transmission 0.726 and 0.494 
Theta range for data collection 2.325 to 25.999° 
Reflections collected 13088 
Independent reflections 1695 [R(int) = 0.0271] 
Data / restraints / parameters 1695 / 18 / 129 
wR(F2 all data) wR2 = 0.0450 
R(F obsd data) R1 = 0.0171 
Goodness-of-fit on F2 0.987 
Observed data [I > 2(I)] 1637 
Largest and mean shift / s.u. 0.002and 0.000 
Largest diff. peak and hole 2.371 and -0.455 e/Å3  
----------  
wR2 = { Σ [w(Fo2 - Fc2)2] / Σ [w(Fo 2)2] }1/2  
R1 = Σ ||Fo| - |Fc|| / Σ |Fo| 

 
 



 

 

Table 2: Atomic coordinates and equivalent isotropic displacement parameters for 
[Mg(H2O)6]2+(C8H12O8W)2-. U(eq) is defined as one third of the trace of the orthogonalized Uij 

tensor. 
 

______________________________________________________________    
 x y z U(eq) 
______________________________________________________________  
 
W(1) 0.5000 0.85952(2) 0.7500 0.01036(7) 
O(1) 0.41224(13) 0.69707(19) 0.72845(19) 0.0135(4) 
O(2) 0.35164(14) 0.5565(2) 0.5877(2) 0.0161(4) 
O(3) 0.49179(12) 0.81490(19) 0.56848(19) 0.0119(4) 
O(4) 0.41123(13) 0.95822(19) 0.7523(2) 0.0146(4) 
C(1) 0.39343(19) 0.6538(2) 0.6135(3) 0.0113(6) 
C(2) 0.42369(18) 0.7356(3) 0.5072(3) 0.0130(6) 
C(3) 0.4580(2) 0.6580(3) 0.4033(3) 0.0210(7) 
C(4) 0.3485(2) 0.8191(3) 0.4511(3) 0.0207(7) 
Mg(1) 0.2500 0.2500 0.5000 0.0119(3) 
O(5) 0.25088(15) 0.36692(19) 0.6637(2) 0.0138(4) 
O(6) 0.30948(15) 0.3833(2) 0.4034(2) 0.0149(4) 
O(7) 0.13240(14) 0.3310(2) 0.4264(2) 0.0154(4) 
______________________________________________________________  
 
 
 Table 3: Bond lengths [Å] and angles [°] for [Mg(H2O)6]2+(C8H12O8W)2-. 
______________________________________________________________  
 
W(1)-O(4)  1.742(2) 
W(1)-O(4)#1  1.742(2) 
W(1)-O(3)  1.940(2) 
W(1)-O(3)#1  1.940(2) 
W(1)-O(1)  2.198(2) 
W(1)-O(1)#1  2.198(2) 
O(1)-C(1)  1.283(4) 
O(2)-C(1)  1.233(4) 
O(3)-C(2)  1.441(3) 
C(1)-C(2)  1.531(4) 
C(2)-C(3)  1.514(4) 
C(2)-C(4)  1.527(4) 
C(3)-H(3A)  0.9800 
C(3)-H(3B)  0.9800 
C(3)-H(3C)  0.9800 

C(4)-H(4A)  0.9800 
C(4)-H(4B)  0.9800 
C(4)-H(4C)  0.9800 
Mg(1)-O(6)  2.031(2) 
Mg(1)-O(6)#2  2.031(2) 
Mg(1)-O(7)#2  2.085(2) 
Mg(1)-O(7)  2.085(2) 
Mg(1)-O(5)#2  2.110(2) 
Mg(1)-O(5)  2.110(2) 
O(5)-H(5A)  0.73(3) 
O(5)-H(5B)  0.75(3) 
O(6)-H(6A)  0.74(3) 
O(6)-H(6B)  0.73(3) 
O(7)-H(7A)  0.72(3) 
O(7)-H(7B)  0.74(3) 

 



 

 

O(4)-W(1)-O(4)#1 106.01(13) 
O(4)-W(1)-O(3) 101.99(9) 
O(4)#1-W(1)-O(3) 94.94(9) 
O(4)-W(1)-O(3)#1 94.94(9) 
O(4)#1-W(1)-O(3)#1 101.99(9) 
O(3)-W(1)-O(3)#1 151.73(12) 
O(4)-W(1)-O(1) 89.19(8) 
O(4)#1-W(1)-O(1) 163.54(9) 
O(3)-W(1)-O(1) 75.31(8) 
O(3)#1-W(1)-O(1) 82.54(8) 
O(4)-W(1)-O(1)#1 163.54(9) 
O(4)#1-W(1)-O(1)#1 89.19(8) 
O(3)-W(1)-O(1)#1 82.54(8) 
O(3)#1-W(1)-O(1)#1 75.31(8) 
O(1)-W(1)-O(1)#1 76.56(11) 
C(1)-O(1)-W(1) 116.23(18) 
C(2)-O(3)-W(1) 121.88(16) 
O(2)-C(1)-O(1) 123.7(3) 
O(2)-C(1)-C(2) 121.4(3) 
O(1)-C(1)-C(2) 114.8(2) 
O(3)-C(2)-C(3) 109.1(2) 
O(3)-C(2)-C(4) 108.6(2) 
C(3)-C(2)-C(4) 111.6(3) 
O(3)-C(2)-C(1) 106.8(2) 
C(3)-C(2)-C(1) 112.4(2) 
C(4)-C(2)-C(1) 108.2(2) 
C(2)-C(3)-H(3A) 109.5 
C(2)-C(3)-H(3B) 109.5 
H(3A)-C(3)-H(3B) 109.5 
C(2)-C(3)-H(3C) 109.5 
H(3A)-C(3)-H(3C) 109.5 
H(3B)-C(3)-H(3C) 109.5 
C(2)-C(4)-H(4A) 109.5 
C(2)-C(4)-H(4B) 109.5 
H(4A)-C(4)-H(4B) 109.5 
C(2)-C(4)-H(4C) 109.5 
H(4A)-C(4)-H(4C) 109.5 
H(4B)-C(4)-H(4C) 109.5 
O(6)-Mg(1)-O(6)#2 180.0 
O(6)-Mg(1)-O(7)#2 91.84(9) 
O(6)#2-Mg(1)-O(7)#2 88.16(9) 
O(6)-Mg(1)-O(7) 88.16(9) 
O(6)#2-Mg(1)-O(7) 91.84(9) 
O(7)#2-Mg(1)-O(7) 180.0 
O(6)-Mg(1)-O(5)#2 87.94(9) 
O(6)#2-Mg(1)-O(5)#2 92.06(9) 
O(7)#2-Mg(1)-O(5)#2 88.22(9) 
O(7)-Mg(1)-O(5)#2 91.78(10) 
O(6)-Mg(1)-O(5) 92.06(9) 
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O(6)#2-Mg(1)-O(5) 87.94(9) 
O(7)#2-Mg(1)-O(5) 91.78(10) 
O(7)-Mg(1)-O(5) 88.22(9) 
O(5)#2-Mg(1)-O(5) 180.0 
Mg(1)-O(5)-H(5A) 113(3) 
Mg(1)-O(5)-H(5B) 117(3) 
H(5A)-O(5)-H(5B) 104(4) 
Mg(1)-O(6)-H(6A) 116(3) 
Mg(1)-O(6)-H(6B) 120(3) 
H(6A)-O(6)-H(6B) 112(4) 
Mg(1)-O(7)-H(7A) 121(3) 
Mg(1)-O(7)-H(7B) 126(3) 
H(7A)-O(7)-H(7B) 109(4) 
___________________________________ 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1, -y+1, -z+1    #2 -x+1, -y, -z       
 
 
Table 4: Anisotropic displacement parameters (Å2x 103 ) for [Mg(H2O)6]2+(C8H12O8W)2-. The 
anisotropic displacement factor exponent takes the form: The anisotropic displacement factor 
exponent takes the form: -2 π2[ h2 a*2 U11 + ... + 2 h k a* b* U12 ] 

______________________________________________________________  
 U11 U22  U33 U23 U13 U12 

______________________________________________________________  
 
W(1) 9(1)  11(1) 11(1)  0 2(1)  0 
O(1) 13(1)  15(1) 12(1)  1(1) 3(1)  -3(1) 
O(2) 19(1)  14(1) 16(1)  -2(1) 4(1)  -6(1) 
O(3) 11(1)  14(1) 11(1)  1(1) 2(1)  -3(1) 
O(4) 12(1)  16(1) 15(1)  -1(1) 2(1)  2(1) 
C(1) 8(1)  11(1) 14(2)  -1(1) 3(1)  1(1) 
C(2) 12(1)  16(1) 10(1)  -1(1) 1(1)  -5(1) 
C(3) 21(2)  27(2) 17(2)  -7(1) 9(1)  -9(1) 
C(4) 14(2)  25(2) 22(2)  9(1) -4(1)  -3(1) 
Mg(1) 11(1)  13(1) 12(1)  -1(1) 2(1)  -1(1) 
O(5) 13(1)  13(1) 17(1)  -2(1) 6(1)  -2(1) 
O(6) 15(1)  15(1) 16(1)  -3(1) 7(1)  -3(1) 
O(7) 12(1)  18(1) 16(1)  4(1) 4(1)  1(1) 
______________________________________________________________  
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Table 5: Hydrogen coordinates and isotropic displacement parameters for [Mg(H2O)6]2+(C8H12O8W)2- 
______________________________________________________________  
 x  y  z  U(eq) 
______________________________________________________________  
  
H(3A) 0.5060 0.6056 0.4424 0.031 
H(3B) 0.4782 0.7142 0.3390 0.031 
H(3C) 0.4119 0.6039 0.3611 0.031 
H(4A) 0.3279 0.8679 0.5208 0.031 
H(4B) 0.3016 0.7663 0.4094 0.031 
H(4C) 0.3678 0.8766 0.3873 0.031 
H(5A) 0.274(2) 0.425(3) 0.658(4) 0.017 
H(5B) 0.2083(19) 0.388(3) 0.681(4) 0.017 
H(6A) 0.325(2) 0.440(3) 0.440(3) 0.018 
H(6B) 0.338(3) 0.365(3) 0.357(4) 0.018 
H(7A) 0.096(2) 0.328(4) 0.461(4) 0.019 
H(7B) 0.126(3) 0.384(3) 0.381(4) 0.019 
______________________________________________________________  
 
Table 6: Torsion angles [°] for [Mg(H2O)6]2+(C8H12O8W)2-. 
______________________________________________________________  
 
W(1)-O(1)-C(1)-O(2) 173.1(2) 
W(1)-O(1)-C(1)-C(2) -9.4(3) 
W(1)-O(3)-C(2)-C(3) -147.2(2) 
W(1)-O(3)-C(2)-C(4) 91.0(2) 
W(1)-O(3)-C(2)-C(1) -25.5(3) 
O(2)-C(1)-C(2)-O(3) -161.8(3) 
O(1)-C(1)-C(2)-O(3) 20.7(3) 
O(2)-C(1)-C(2)-C(3) -42.2(4) 
O(1)-C(1)-C(2)-C(3) 140.2(3) 
O(2)-C(1)-C(2)-C(4) 81.5(3) 
O(1)-C(1)-C(2)-C(4) -96.1(3) 
______________________________________________________________  
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Table 7: Hydrogen bonds for [Mg(H2O)6]2+(C8H12O8W)2- [Å and °]. 
______________________________________________________________  
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
______________________________________________________________  
 C(4)-H(4C)...O(4)#3 0.98 2.40 3.373(4) 171.6 
 O(5)-H(5A)...O(2) 0.73(3) 2.05(3) 2.736(3) 159(4) 
 O(5)-H(5B)...O(4)#4 0.75(3) 2.21(3) 2.950(3) 175(4) 
 O(6)-H(6A)...O(2) 0.74(3) 1.98(3) 2.681(3) 160(4) 
 O(6)-H(6B)...O(1)#5 0.73(3) 1.99(3) 2.719(3) 176(4) 
 O(7)-H(7A)...O(3)#6 0.72(3) 2.09(3) 2.810(3) 178(4) 
 O(7)-H(7B)...O(4)#7 0.74(3) 2.20(3) 2.936(3) 172(4) 
______________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
#3 x, -y+2, z-1/2    #4 -x+1/2, y-1/2, -z+3/2    #5 x, -y+1, z-1/2     
#6 x-1/2, y-1/2, z    #7 -x+1/2, -y+3/2, -z+1       
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APPENDIX C 

 
Table 1: Crystal data and structure refinement for [Al(H2O)6]3+(AlH6Mo6O24)3-∙10(H2O). 
Empirical formula  [Al(H2O)6]3+(AlH6Mo6O24)3-∙10(H2 O) 
 Al2 H38 Mo6 O40 
Formula weight  1307.90 
Crystal system  triclinic 
Space group  P1 
Unit cell dimensions  a = 6.7581(3) Å α= 101.353(2)° 
 b = 11.1251(6) Å β= 97.030(2)° 
 c = 11.6577(6) Å γ= 102.298(2)° 
Volume 827.16(7) Å3 
Z, Z' 1, 0.5 
Density (calculated) 2.626 Mg/m3 
Wavelength  0.71073 Å 
Temperature  100(2) K 
F(000) 636 
Absorption coefficient 2.392 mm-1 
Absorption correction semi-empirical from equivalents 
Max. and min. transmission 0.586 and 0.564 
Theta range for data collection 1.809 to 28.296° 
Reflections collected 13149 
Independent reflections 4084 [R(int) = 0.0186] 
Data / restraints / parameters 4084 / 73 / 277 
wR(F2 all data) wR2 = 0.0516 
R(F obsd data) R1 = 0.0182 
Goodness-of-fit on F2 1.003 
Observed data [I > 2(I)] 3995 
Largest and mean shift / s.u. 0.009and 0.001 
Largest diff. peak and hole 0.562 and -0.806 e/Å3  
----------  
wR2 = { Σ [w(Fo2 - Fc2)2] / Σ [w(Fo 2)2] }1/2  

R1 = Σ ||Fo| - |Fc|| / Σ |Fo| 
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Table 2: Atomic coordinates and equivalent isotropic displacement parameters for 
[Al(H2O)6]3+(AlH6Mo6O24)3-∙10(H2O). U(eq) is defined as one third of the trace of the orthogonalized 
Uij tensor. 

______________________________________________________________    
 x y z U(eq) 
______________________________________________________________  
 
Mo(1) 0.13022(2) 0.32965(2) 0.60294(2) 0.00732(5) 
Mo(2) 0.16218(2) 0.25573(2) 0.32139(2) 0.00813(5) 
Mo(3) 0.52372(2) 0.43018(2) 0.21277(2) 0.00796(5) 
Al(1) 0.5000 0.5000 0.5000 0.00657(14) 
O(1) 0.2967(2) 0.53196(13) 0.59565(12) 0.0082(2) 
O(2) 0.3871(2) 0.32755(12) 0.49664(11) 0.0083(2) 
O(3) 0.3212(2) 0.46606(12) 0.35462(11) 0.0086(2) 
O(4) 0.3584(2) 0.38888(12) 0.73196(11) 0.0099(2) 
O(5) 0.0118(2) 0.32080(12) 0.44058(11) 0.0097(2) 
O(6) 0.4117(2) 0.27035(12) 0.25194(11) 0.0103(3) 
O(7) -0.0600(2) 0.38454(13) 0.66795(12) 0.0113(3) 
O(8) 0.0834(2) 0.17316(13) 0.60362(12) 0.0126(3) 
O(9) 0.1313(2) 0.10169(13) 0.33201(12) 0.0139(3) 
O(10) -0.0065(2) 0.25328(14) 0.19896(12) 0.0139(3) 
O(11) 0.3319(2) 0.43639(13) 0.10597(12) 0.0134(3) 
O(12) 0.7115(2) 0.38952(14) 0.14036(12) 0.0142(3) 
Al(2) 0.5000 0.0000 0.0000 0.00827(14) 
O(13) 0.2307(2) -0.09284(13) -0.00905(12) 0.0119(3) 
O(14) 0.3993(2) 0.13578(13) -0.03549(12) 0.0112(3) 
O(15) 0.5136(2) 0.06689(13) 0.16281(12) 0.0114(3) 
O(1S) 0.5916(2) 0.16808(14) 0.56665(13) 0.0149(3) 
O(2S) -0.0139(2) -0.12260(15) 0.14763(13) 0.0148(3) 
O(3S) 0.3171(2) -0.01826(15) 0.63207(14) 0.0154(3) 
O(4S) 0.0193(2) 0.37226(14) -0.08760(13) 0.0151(3) 
O(5S) 0.6055(2) 0.26094(14) 0.83724(14) 0.0153(3) 
______________________________________________________________ 
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Table 3: Bond lengths [Å] and angles [°] for [Al(H2O)6]3+(AlH6Mo6O24)3-∙10(H2O). 
______________________________________________________________  
 
Mo(1)-O(8)  1.7037(14) 
Mo(1)-O(7)  1.7294(14) 
Mo(1)-O(4)  1.9194(13) 
Mo(1)-O(5)  1.9377(13) 
Mo(1)-O(2)  2.2546(13) 
Mo(1)-O(1)  2.3148(14) 
Mo(2)-O(10)  1.7060(14) 
Mo(2)-O(9)  1.7126(14) 
Mo(2)-O(5)  1.9365(13) 
Mo(2)-O(6)  1.9477(14) 
Mo(2)-O(2)  2.2810(13) 
Mo(2)-O(3)  2.2914(13) 
Mo(3)-O(12)  1.6982(14) 
Mo(3)-O(11)  1.7063(14) 
Mo(3)-O(6)  1.9428(13) 
Mo(3)-O(4)#1  1.9448(13) 
Mo(3)-O(3)  2.3008(14) 
Mo(3)-O(1)#1  2.3210(13) 
Al(1)-O(3)#1  1.8781(13) 
Al(1)-O(3)  1.8781(13) 
Al(1)-O(2)#1  1.8984(13) 
Al(1)-O(2)  1.8984(13) 
Al(1)-O(1)#1  1.9197(13) 
Al(1)-O(1)  1.9197(13) 
O(1)-Mo(3)#1  2.3210(13) 
O(1)-H(1)  0.80(3) 

O(2)-H(2)  0.87(3) 
O(3)-H(3)  0.82(3) 
O(4)-Mo(3)#1  1.9448(13) 
Al(2)-O(13)#2  1.8710(14) 
Al(2)-O(13)  1.8710(14) 
Al(2)-O(14)  1.8793(14) 
Al(2)-O(14)#2  1.8793(14) 
Al(2)-O(15)  1.8806(13) 
Al(2)-O(15)#2  1.8807(13) 
O(13)-H(13A)  0.750(19) 
O(13)-H(13B)  0.755(19) 
O(14)-H(14A)  0.770(19) 
O(14)-H(14B)  0.749(19) 
O(15)-H(15A)  0.771(19) 
O(15)-H(15B)  0.741(19) 
O(1S)-H(1SA)  0.711(18) 
O(1S)-H(1SB)  0.667(18) 
O(2S)-H(2SA)  0.733(18) 
O(2S)-H(2SB)  0.721(18) 
O(3S)-H(3SA)  0.708(18) 
O(3S)-H(3SB)  0.681(18) 
O(4S)-H(4SA)  0.722(18) 
O(4S)-H(4SB)  0.709(19) 
O(5S)-H(5SA)  0.719(19) 
O(5S)-H(5SB)  0.716(19) 

 
O(8)-Mo(1)-O(7) 105.68(7) 
O(8)-Mo(1)-O(4) 97.66(6) 
O(7)-Mo(1)-O(4) 101.22(6) 
O(8)-Mo(1)-O(5) 100.73(6) 
O(7)-Mo(1)-O(5) 96.34(6) 
O(4)-Mo(1)-O(5) 150.03(6) 
O(8)-Mo(1)-O(2) 95.24(6) 
O(7)-Mo(1)-O(2) 158.24(6) 
O(4)-Mo(1)-O(2) 81.44(5) 
O(5)-Mo(1)-O(2) 73.52(5) 
O(8)-Mo(1)-O(1) 161.66(6) 
O(7)-Mo(1)-O(1) 91.56(6) 
O(4)-Mo(1)-O(1) 72.36(5) 
O(5)-Mo(1)-O(1) 83.14(5) 
O(2)-Mo(1)-O(1) 68.46(5) 
O(10)-Mo(2)-O(9) 106.08(7) 
O(10)-Mo(2)-O(5) 97.79(6) 
O(9)-Mo(2)-O(5) 102.07(6) 
O(10)-Mo(2)-O(6) 98.63(6) 

O(9)-Mo(2)-O(6) 97.43(6) 
O(5)-Mo(2)-O(6) 149.85(6) 
O(10)-Mo(2)-O(2) 161.11(6) 
O(9)-Mo(2)-O(2) 92.12(6) 
O(5)-Mo(2)-O(2) 72.93(5) 
O(6)-Mo(2)-O(2) 83.66(5) 
O(10)-Mo(2)-O(3) 95.37(6) 
O(9)-Mo(2)-O(3) 157.39(6) 
O(5)-Mo(2)-O(3) 81.56(5) 
O(6)-Mo(2)-O(3) 71.87(5) 
O(2)-Mo(2)-O(3) 67.36(5) 
O(12)-Mo(3)-O(11) 106.19(7) 
O(12)-Mo(3)-O(6) 99.39(6) 
O(11)-Mo(3)-O(6) 101.74(6) 
O(12)-Mo(3)-O(4)#1 99.36(6) 
O(11)-Mo(3)-O(4)#1 97.68(6) 
O(6)-Mo(3)-O(4)#1 147.94(5) 
O(12)-Mo(3)-O(3) 163.05(6) 
O(11)-Mo(3)-O(3) 89.98(6) 
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O(6)-Mo(3)-O(3) 71.74(5) 
O(4)#1-Mo(3)-O(3) 83.09(5) 
O(12)-Mo(3)-O(1)#1 97.07(6) 
O(11)-Mo(3)-O(1)#1 155.87(6) 
O(6)-Mo(3)-O(1)#1 80.27(5) 
O(4)#1-Mo(3)-O(1)#1 71.80(5) 
O(3)-Mo(3)-O(1)#1 67.59(5) 
O(3)#1-Al(1)-O(3) 180.0 
O(3)#1-Al(1)-O(2)#1 84.36(6) 
O(3)-Al(1)-O(2)#1 95.64(6) 
O(3)#1-Al(1)-O(2) 95.64(6) 
O(3)-Al(1)-O(2) 84.36(6) 
O(2)#1-Al(1)-O(2) 180.0 
O(3)#1-Al(1)-O(1)#1 94.79(6) 
O(3)-Al(1)-O(1)#1 85.21(6) 
O(2)#1-Al(1)-O(1)#1 84.65(6) 
O(2)-Al(1)-O(1)#1 95.35(6) 
O(3)#1-Al(1)-O(1) 85.21(6) 
O(3)-Al(1)-O(1) 94.79(6) 
O(2)#1-Al(1)-O(1) 95.35(6) 
O(2)-Al(1)-O(1) 84.65(6) 
O(1)#1-Al(1)-O(1) 180.00(5) 
Al(1)-O(1)-Mo(1) 101.98(6) 
Al(1)-O(1)-Mo(3)#1 102.50(6) 
Mo(1)-O(1)-Mo(3)#1 91.74(5) 
Al(1)-O(1)-H(1) 123.3(18) 
Mo(1)-O(1)-H(1) 115.5(18) 
Mo(3)#1-O(1)-H(1) 116.5(18) 
Al(1)-O(2)-Mo(1) 104.90(6) 
Al(1)-O(2)-Mo(2) 103.98(6) 
Mo(1)-O(2)-Mo(2) 92.21(5) 
Al(1)-O(2)-H(2) 123.9(16) 
Mo(1)-O(2)-H(2) 111.1(16) 
Mo(2)-O(2)-H(2) 115.8(16) 
Al(1)-O(3)-Mo(2) 104.27(6) 
Al(1)-O(3)-Mo(3) 104.62(6) 
Mo(2)-O(3)-Mo(3) 92.72(5) 
Al(1)-O(3)-H(3) 122.1(17) 
Mo(2)-O(3)-H(3) 107.8(18) 
Mo(3)-O(3)-H(3) 120.3(17) 
Mo(1)-O(4)-Mo(3)#1 118.88(7) 
Mo(2)-O(5)-Mo(1) 115.05(7) 
Mo(3)-O(6)-Mo(2) 117.35(7) 
O(13)#2-Al(2)-O(13) 180.0 
O(13)#2-Al(2)-O(14) 90.08(6) 
O(13)-Al(2)-O(14) 89.92(6) 
O(13)#2-Al(2)-O(14)#2 89.92(6) 
O(13)-Al(2)-O(14)#2 90.08(6) 
O(14)-Al(2)-O(14)#2 180.0 

O(13)#2-Al(2)-O(15) 89.97(6) 
O(13)-Al(2)-O(15) 90.03(6) 
O(14)-Al(2)-O(15) 89.77(6) 
O(14)#2-Al(2)-O(15) 90.23(6) 
O(13)#2-Al(2)-O(15)#2 90.03(6) 
O(13)-Al(2)-O(15)#2 89.97(6) 
O(14)-Al(2)-O(15)#2 90.22(6) 
O(14)#2-Al(2)-O(15)#2 89.77(6) 
O(15)-Al(2)-O(15)#2 180.0 
Al(2)-O(13)-H(13A) 121(2) 
Al(2)-O(13)-H(13B) 128(2) 
H(13A)-O(13)-H(13B) 111(3) 
Al(2)-O(14)-H(14A) 114.2(19) 
Al(2)-O(14)-H(14B) 119(2) 
H(14A)-O(14)-H(14B) 110(3) 
Al(2)-O(15)-H(15A) 123.7(19) 
Al(2)-O(15)-H(15B) 128(2) 
H(15A)-O(15)-H(15B) 108(3) 
H(1SA)-O(1S)-H(1SB) 119(3) 
H(2SA)-O(2S)-H(2SB) 104(3) 
H(3SA)-O(3S)-H(3SB) 106(3) 
H(4SA)-O(4S)-H(4SB) 105(3) 
H(5SA)-O(5S)-H(5SB) 101(3) 
 
 
___________________________________ 
Symmetry transformations used to generate 
equivalent atoms:  
#1 -x+1, -y+1, -z+1    #2 -x+1, -y, -z       
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Table 4: Anisotropic displacement parameters (Å2x 103 ) for [Al(H2O)6]3+(AlH6Mo6O24)3-

∙10(H2O).  The anisotropic displacement factor exponent takes the form: -2 π2[ h2 a*2 U11 + ... 
+ 2 h k a* b* U12 ] 

______________________________________________________________  
 U11 U22  U33 U23 U13 U12 

______________________________________________________________  
 
Mo(1) 7(1)  7(1) 8(1)  2(1) 1(1)  1(1) 
Mo(2) 8(1)  7(1) 8(1)  0(1) 0(1)  0(1) 
Mo(3) 8(1)  8(1) 7(1)  1(1) 1(1)  2(1) 
Al(1) 6(1)  6(1) 6(1)  1(1) 1(1)  1(1) 
O(1) 8(1)  8(1) 9(1)  2(1) 1(1)  4(1) 
O(2) 8(1)  8(1) 9(1)  2(1) 1(1)  2(1) 
O(3) 7(1)  9(1) 10(1)  2(1) 0(1)  2(1) 
O(4) 10(1)  10(1) 9(1)  2(1) 1(1)  2(1) 
O(5) 8(1)  11(1) 9(1)  1(1) 1(1)  2(1) 
O(6) 11(1)  8(1) 10(1)  1(1) 2(1)  2(1) 
O(7) 10(1)  13(1) 11(1)  2(1) 2(1)  4(1) 
O(8) 12(1)  11(1) 14(1)  3(1) 2(1)  2(1) 
O(9) 15(1)  10(1) 15(1)  1(1) 4(1)  1(1) 
O(10) 11(1)  17(1) 11(1)  -1(1) -1(1)  2(1) 
O(11) 14(1)  14(1) 11(1)  3(1) -1(1)  3(1) 
O(12) 15(1)  14(1) 14(1)  3(1) 5(1)  4(1) 
Al(2) 8(1)  8(1) 8(1)  1(1) 1(1)  2(1) 
O(13) 10(1)  13(1) 9(1)  -1(1) 2(1)  -2(1) 
O(14) 10(1)  10(1) 14(1)  4(1) 2(1)  2(1) 
O(15) 16(1)  11(1) 8(1)  1(1) 2(1)  6(1) 
O(1S) 16(1)  13(1) 14(1)  0(1) 2(1)  4(1) 
O(2S) 16(1)  16(1) 12(1)  1(1) 2(1)  4(1) 
O(3S) 13(1)  16(1) 18(1)  6(1) 2(1)  5(1) 
O(4S) 14(1)  18(1) 12(1)  5(1) -1(1)  1(1) 
O(5S) 12(1)  12(1) 20(1)  6(1) -3(1)  2(1) 
______________________________________________________________ 
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Table 5: Hydrogen coordinates and isotropic displacement parameters for 
[Al(H2O)6]3+(AlH6Mo6O24)3-∙10(H2O). 
______________________________________________________________  
 x  y  z  U(eq) 
______________________________________________________________  
  
H(1) 0.224(4) 0.578(2) 0.584(2) 0.010 
H(2) 0.460(4) 0.276(2) 0.515(2) 0.010 
H(3) 0.232(4) 0.505(2) 0.345(2) 0.010 
H(13A) 0.175(4) -0.140(2) -0.0646(18) 0.014 
H(13B) 0.170(4) -0.097(2) 0.0408(19) 0.014 
H(14A) 0.464(4) 0.175(2) -0.072(2) 0.013 
H(14B) 0.287(3) 0.125(2) -0.059(2) 0.013 
H(15A) 0.478(4) 0.127(2) 0.187(2) 0.014 
H(15B) 0.561(4) 0.046(2) 0.214(2) 0.014 
H(1SA) 0.662(4) 0.207(2) 0.6177(19) 0.018 
H(1SB) 0.629(4) 0.137(3) 0.523(2) 0.018 
H(2SA) 0.015(4) -0.084(2) 0.2085(18) 0.018 
H(2SB) -0.020(4) -0.1861(19) 0.155(2) 0.018 
H(3SA) 0.216(3) -0.010(3) 0.627(2) 0.018 
H(3SB) 0.378(4) 0.036(2) 0.625(3) 0.018 
H(4SA) 0.087(4) 0.392(3) -0.0310(18) 0.018 
H(4SB) 0.055(4) 0.418(2) -0.120(2) 0.018 
H(5SA) 0.547(4) 0.300(2) 0.814(2) 0.018 
H(5SB) 0.697(3) 0.307(2) 0.868(2) 0.018 
______________________________________________________________ 
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Table 6: Torsion angles [°] for [Al(H2O)6]3+(AlH6Mo6O24)3-∙10(H2O). 
______________________________________________________________  
 
O(3)#1-Al(1)-O(2)-Mo(1) 85.37(6) 
O(3)-Al(1)-O(2)-Mo(1) -94.63(6) 
O(1)#1-Al(1)-O(2)-Mo(1) -179.26(6) 
O(1)-Al(1)-O(2)-Mo(1) 0.74(6) 
O(3)#1-Al(1)-O(2)-Mo(2) -178.47(6) 
O(3)-Al(1)-O(2)-Mo(2) 1.53(6) 
O(1)#1-Al(1)-O(2)-Mo(2) -83.10(6) 
O(1)-Al(1)-O(2)-Mo(2) 96.90(6) 
O(2)#1-Al(1)-O(3)-Mo(2) 178.48(6) 
O(2)-Al(1)-O(3)-Mo(2) -1.52(6) 
O(1)#1-Al(1)-O(3)-Mo(2) 94.35(6) 
O(1)-Al(1)-O(3)-Mo(2) -85.65(6) 
O(2)#1-Al(1)-O(3)-Mo(3) 81.76(6) 
O(2)-Al(1)-O(3)-Mo(3) -98.24(6) 
O(1)#1-Al(1)-O(3)-Mo(3) -2.36(6) 
O(1)-Al(1)-O(3)-Mo(3) 177.64(6) 
______________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1, -y+1, -z+1    #2 -x+1, -y, -z       
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Table 7: Hydrogen bonds for [Al(H2O)6]3+(AlH6Mo6O24)3-∙10(H2O) [Å and °]. 
______________________________________________________________  
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
______________________________________________________________  
 O(1)-H(1)...O(5)#3 0.80(3) 2.16(3) 2.9530(19) 171(2) 
 O(2)-H(2)...O(1S) 0.87(3) 1.80(3) 2.658(2) 173(2) 
 O(3)-H(3)...O(7)#3 0.82(3) 1.88(3) 2.6938(19) 171(3) 
 O(13)-H(13A)...O(10)#4 0.750(19) 1.872(19) 2.6180(19) 173(3) 
 O(13)-H(13B)...O(2S) 0.755(19) 1.882(19) 2.631(2) 171(3) 
 O(14)-H(14A)...O(5S)#5 0.770(19) 1.795(19) 2.564(2) 177(3) 
 O(14)-H(14B)...O(2S)#4 0.749(19) 1.99(2) 2.728(2) 166(3) 
 O(15)-H(15A)...O(6) 0.771(19) 1.798(19) 2.5672(19) 176(3) 
 O(15)-H(15B)...O(3S)#6 0.741(19) 1.99(2) 2.725(2) 170(3) 
 O(1S)-H(1SA)...O(7)#7 0.711(18) 2.34(2) 2.919(2) 139(3) 
 O(1S)-H(1SA)...O(5S) 0.711(18) 2.61(2) 3.103(2) 129(3) 
 O(1S)-H(1SB)...O(3S)#6 0.667(18) 2.135(19) 2.791(2) 168(3) 
 O(2S)-H(2SA)...O(9) 0.733(18) 2.19(2) 2.853(2) 150(3) 
 O(2S)-H(2SB)...O(4S)#4 0.721(18) 2.07(2) 2.719(2) 151(3) 
 O(3S)-H(3SA)...O(8) 0.708(18) 2.44(2) 2.954(2) 131(3) 
 O(3S)-H(3SA)...O(9)#8 0.708(18) 2.50(2) 3.080(2) 141(3) 
 O(3S)-H(3SB)...O(1S) 0.681(18) 2.106(19) 2.766(2) 164(3) 
 O(4S)-H(4SA)...O(11) 0.722(18) 2.054(19) 2.761(2) 166(3) 
 O(4S)-H(4SB)...O(7)#5 0.709(19) 2.43(2) 2.870(2) 122(3) 
 O(4S)-H(4SB)...O(12)#9 0.709(19) 2.45(2) 3.094(2) 153(3) 
 O(5S)-H(5SA)...O(4) 0.719(19) 2.028(19) 2.742(2) 173(3) 
 O(5S)-H(5SB)...O(4S)#10 0.716(19) 2.11(2) 2.760(2) 152(3) 
______________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  

#3 -x, -y+1, -z+1    #4 -x, -y, -z    #5 x, y, z-1    #6 -x+1, -y, -z+1     
#7 x+1, y, z    #8 -x, -y, -z+1    #9 -x+1, -y+1, -z    #10 x+1, y, z+1       
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