
Understanding Production and Regeneration
Of Hybrid Fiber-Ferric Hydroxide Adsorbents

For Arsenic Removal From Drinking Water

Item Type text; Electronic Dissertation

Authors Chaudhary, Binod K.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:44:59

Link to Item http://hdl.handle.net/10150/337308

http://hdl.handle.net/10150/337308


 

 

 

UNDERSTANDING PRODUCTION AND REGENERATION OF HYBRID FIBER-

FERRIC HYDROXIDE ADSORBENTS FOR ARSENIC REMOVAL FROM 

DRINKING WATER 

 

 

by 

 

 

Binod K. Chaudhary 

 

 

 

 

 

 

A Dissertation Submitted to the Faculty of the 

 

 

DEPARTMENT OF CHEMICAL AND EVNIRONMENTAL ENGINEERING 

 

 

In Partial Fulfillment of the Requirements 

 

For the Degree of 

 

 

DOCTOR OF PHILOSOPHY 

 

 

WITH A MAJOR IN ENVIRONMENTAL ENGINEERING 

 

 

In the Graduate College 

 

 

THE UNIVERSITY OF ARIZONA 

 

 

 

 

2014 

 



2 

 

 

THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

 

As members of the Dissertation Committee, we certify that we have read the dissertation 

prepared by Binod K Chaudhary, titled Understanding Production and Regeneration of 

Hybrid Fiber-Ferric Hydroxide Adsorbent for Arsenic Removal from Drinking Water and 

recommend that it be accepted as fulfilling the dissertation requirement for the Degree of 

Doctor of Philosophy. 

 

 

Date : 10/29/14 

James Farrell  

 

Date : 10/29/14 

Bob Arnold 

 

Date : 10/29/14 

Reyes Sierra 

 

Date : 10/29/14 

Jon Chorover 

 

Final approval and acceptance of this dissertation is contingent upon the candidate’s 

submission of the final copies of the dissertation to the Graduate College.   

 

I hereby certify that I have read this dissertation prepared under my direction and 

recommend that it be accepted as fulfilling the dissertation requirement. 

 

 

Date : 10/29/14 

Dissertation Director:  James Farrell  

 

 

 

 

 

 

 



3 

 

 

STATEMENT BY AUTHOR 

 

This dissertation has been submitted in partial fulfillment of requirements for an 

advanced degree at the University of Arizona and is deposited in the University Library 

to be made available to borrowers under rules of the Library. 

 

Brief quotations from this dissertation are allowable without special permission, 

provided that accurate acknowledgement of source is made.  Requests for permission for 

extended quotation from or reproduction of this manuscript in whole or in part may be 

granted by the head of the major department or the Dean of the Graduate College when in 

his or her judgment the purposed use of the material is in the interests of scholarship. In 

all other instances, however, permission must be obtained from the author.  

 

 

 

SIGNED: Binod K. Chaudhary 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 

 

ACKNOWLEDGEMENTS 

I sincerely thank my academic advisor and mentor, Dr. James Farrell, for his 

useful advice and continued guidance throughout the course of my study. I would also 

like to thank my other committee members, Drs. Jon Chorover, Bob Arnold and Reyes 

Sierra, for their valuable time and suggestions for my research. 

  

I am very grateful to Dr. Jon Chorover for allowing me to use his lab to perform 

some analytical works. I thank Dr. Nico Perdrial for helping me in FTIR analysis and all 

other lab members for their help and courtesy. I am also thankful to Dr. Paul Wallace and 

Mr. Phil Anderson for their help in fiber characterization. I would also like to thank the 

Institute of Physical Organic Chemistry of the National Academy of Sciences of Belarus 

for providing fiber samples to conduct the part of my research.  

 

I wish to express my gratitude to my father-in-law, Tilak Mahato, who helped me 

in every aspects of my graduate study. I would also like to acknowledge the help of 

faculties, staffs and friends of Chemical and Environmental Engineering Department.  

 

 Lastly, I extend my special thanks to my parents and wife. Their endless love and 

support helped me to achieve my academic goal.  

 

 

 

 

 

 

 

 

 

 

 

 

 



5 

 

DEDICATION 

 

To my wife, Neelam Mahato and son, Prajesh Chaudhary 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



6 

 

TABLE OF CONTENTS 

LIST OF FIGURES ............................................................................................................ 9 

LIST OF TABLES ............................................................................................................ 13 

ABSTRACT ...................................................................................................................... 14 

CHAPTER 1: INTRODUCTION AND OVERVIEW ..................................................... 16 

1.1 Motivation and overview ........................................................................................ 16 

1.2 Arsenic and its chemistry ........................................................................................ 20 

1.3 Arsenic removal technologies ................................................................................. 22 

1.4 Adsorption ............................................................................................................... 24 

1.5 Iron oxide coated sorbents....................................................................................... 28 

1.6 Regeneration............................................................................................................ 31 

1.7 Objectives ................................................................................................................ 33 

1.8 Dissertation overview .............................................................................................. 33 

CHAPTER 2: PREPARATION AND CHARACTERIZATION OF HOMOPOLYMER 

POLYACRYLONITRILE-BASED SORBENTS FOR ARSENIC REMOVAL ............ 36 

2.1 Introduction ............................................................................................................. 36 

2.2 Experimental ........................................................................................................... 39 

2.2.1 Materials .................................................................................................. 39 

2.2.2 Functionalization of fiber ........................................................................ 39 

2.2.3 Iron loading procedure ............................................................................ 41 

2.2.4 Characterization ...................................................................................... 43 

2.2.5 Analytical methods.................................................................................. 46 

2.2.6 Arsenic adsorption experiments .............................................................. 47 



7 

 

2.3 Results and discussion ............................................................................................. 49 

2.3.1 Hydrazine and NaOH treatment .............................................................. 49 

2.3.2 Iron loading ............................................................................................. 55 

2.3.3 Arsenic adsorption .................................................................................. 59 

2.3.4 Effect of temperature on arsenic removal ............................................... 64 

2.4 Conclusions ............................................................................................................. 66 

CHAPTER 3: UNDERSTANDING ARSENATE REACTION KINETICS WITH 

FERRIC HYDROXIDES ................................................................................................. 67 

3.1 Introduction ............................................................................................................. 67 

3.2 Material and methodology ...................................................................................... 70 

3.3 Results and discussion ............................................................................................. 73 

3.4 Conclusions ............................................................................................................. 83 

CHAPTER 4: UNDERSTANDING REGENERATION OF ARSENATE LOADED 

FERRIC HYDROXIDE ADSORBENTS ........................................................................ 84 

4.1 Introduction ............................................................................................................. 84 

4.2 Experimental ........................................................................................................... 87 

4.2.1 Materials .................................................................................................. 87 

4.2.2 Column experiments ............................................................................... 90 

4.2.3 Mass balance ........................................................................................... 91 

4.3 Results and discussion ............................................................................................. 92 

4.3.1 Arsenate adsorption ................................................................................. 92 

4.3.2 Regeneration of ferric hydroxides-based adsorbents .............................. 92 

4.4 Conclusions ........................................................................................................... 105 

CHAPTER 5: CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH 106 



8 

 

5.1 Summary and conclusions ..................................................................................... 106 

5.2 Environmental significance and future work ........................................................ 108 

APPENDICES ................................................................................................................ 111 

APPENDIX A ............................................................................................................. 111 

APPENDIX B ............................................................................................................. 116 

APPENDIX C ............................................................................................................. 120 

REFERENCES ............................................................................................................... 127 

  



9 

 

LIST OF FIGURES 

Figure 1.1: Occurrence of arsenic in U.S. groundwater.  ....................................................... 19 

Figure 1.2: Speciation of arsenate with pH changes. ............................................................. 21 

Figure 1.3: Type of surface complexation between arsenic and ferric hydroxide. Atom 

key: Fe-blue; O-red; H-white; As-purple. ................................................................................ 25 

Figure 1.4: Mass transport of adsorbate during adsorption process. .................................... 26 

Figure 1.5: Breakthrough behavior of arsenate by various types of media. Horizontal axis 

represents empty bed volumes of water passed through the column and vertical axis is the 

concentration of arsenate at effluent of the column................................................................ 27 

Figure 1.6: Effects of support matrixes on loading of iron .................................................... 29 

Figure 1.7: Comparison of iron loading having various surface properties ........................ 30 

Figure 2.1: Schematic of binding mechanisms of arsenate with ferric hydroxides. O and 

N are the part of carboxyl and amine groups developed during modifications. ................. 38 

Figure 2.2: Qualitative comparison of appearances of modified and unmodified PAN 

fiber (a) Raw fiber (b) hydrazine treated fiber (c) NaOH treated fiber (d) hydrazine 

followed by NaOH treated fiber. ............................................................................................... 41 

Figure 2.3: Schematic diagram showing modification and iron loading methods. ............ 43 

Figure 2.4: Qualitative appearances of iron loaded fibers: (a) 1 cycle (b) 2 cycles (c) 3 

cycles (d) 4 cycles (e) 5 cycles. ................................................................................................. 44 

Figure 2.5: Relative increase in mass of PAN fabric after reaction with 10% HH, 20% 

HH and 35% HH at 100 
o
C. ....................................................................................................... 50 

Figure 2.6: Increase in weight of 10% HH, 20% HH, 35% HH reacted PAN fabric during 

alkali hydrolysis in 10% NaOH at 95 
o
C. ................................................................................ 52 

Figure 2.7: Weight loss of PAN fabric samples during 10% NaOH and 20% NaOH 

treatment at 95 
o
C. ....................................................................................................................... 52 

Figure 2.8: FTIR spectra of untreated and fiber treated in 10% NaOH (2 h), 35% HH (3 

h), and 35% HH (3 h) plus 10% NaOH (2 h). *amine groups; **carboxamide groups. ... 54 



10 

 

Figure 2.9: SEM images of PAN fiber samples. ..................................................................... 55 

Figure 2.10: Iron loading for fabric samples treated with 10% HH, 20% HH, and 30% 

HH for 3 h at 100 °C.  Fabric loaded via a single dip in 6% FeCl3 dissolved in 50% 

methanol/50% UPW. .................................................................................................................. 56 

Figure 2.11: Iron loading for fabric samples treated with 10 % NaOH for 0.5 and 3.0 h at 

95 °C.  Fabric loaded via 1 or 5 dipping cycles in 6% FeCl3 dissolved in 50% 

methanol/50% UPW. .................................................................................................................. 58 

Figure 2.12: Iron loading for fabric samples treated with 30% HH (2 h), 10 % NaOH (2 

h), 30% HH (2 h)/10% NaOH (2 h), and 10% NaOH (2 h)/30% HH (2 h) at 95 °C. Fabric 

loaded via 1 dipping cycle or 1 precipitation step in 6% FeCl3 dissolved in 50% 

methanol/50% UPW. .................................................................................................................. 59 

Figure 2.13a: Arsenate adsorption isotherms normalized per gram of dry fiber by iron-

loaded PAN fabric having different chemical modifications. Iron was loaded via a single 

dipping cycle. ............................................................................................................................... 61 

Figure 2.13b: Arsenate adsorption isotherms normalized per gram of iron for the data in 

Figure 2.13a. ................................................................................................................................ 62 

Figure 2.14a: Adsorption isotherm of arsenate by iron-loaded PAN fiber having different 

chemical modifications.  Iron was loaded via the precipitation method. ............................. 63 

Figure 2.14b: Arsenate adsorption isotherms normalized per gram of iron for the data in 

Figure 2.14a. ................................................................................................................................ 64 

Figure 2.15: Comparison of arsenate removal performances at various temperatures by 

HH/NaOH treated fiber loaded with ferric hydroxides in dipping procedure. .................... 65 

Figure 3.1: Ligand exchange reaction between arsenate and ferric hydroxides. ................ 68 

Figure 3.2: Ferric hydroxide cluster used to simulate uncharged ferric hydroxide 

(Fe2O10H14). The O atoms indicated by * were held fixed in simulations of arsenic 

binding. Atom key: Fe‐blue; O‐red; H‐white. ......................................................................... 70 

Figure 3.3: Fraction of ferric hydroxide clusters with -1, 0, and +1 charges as a function 

of pH ............................................................................................................................................. 73 

Figure 3.4: Physical adsorption complex resulting from adsorption of HAsO4
2-

 on 

Fe2O10H15
1+

. Negative charge assisted hydrogen bonds (CAHB) are indicated by dashed 



11 

 

lines showing the internuclear distances between atoms in units of Angstron. Atom key: 

As, purple; Fe, blue; O, red; H, white. ..................................................................................... 74 

Figure 3.5: Monodentate complex with a net charge of −1. Atom key: As, purple; Fe, 

blue; O, red; H, white. ................................................................................................................ 76 

Figure 3.6: Relative standard Gibbs free energies of formation for complexes with a net 

charge of zero. The zero of the energy scale is the sum of the Gibbs free energies for the 

isolated H2AsO4
 −

 and Fe2O10H15
+
 species. Shown are energies for the physical adsorption 

complex (Phys), the transition state for forming the monodentate complex (TS Mono-), 

the monodentate complex (Mono-), the transition state for forming the bidentate complex 

(TS Bi-) and the bidentate complex (Bi-). ............................................................................... 77 

Figure 3.7: Bidentate complex with a net charge of 0. Atom key: As, purple; Fe, blue; O, 

red; H, white. Hirshfeld [176] atomic charges for this structure are shown in Appendix 

B.6. ................................................................................................................................................ 78 

Figure 3.8: Relative standard Gibbs free energies of formation for complexes with a net 

charge of −1. The zero of the energy scale is the sum of the Gibbs free energies for the 

isolated H2AsO4
−
 and Fe2O10H14 species. Shown are energies for the physical adsorption 

complex (Phys), the transition state for forming the monodentate complex (TS Mono-), 

the monodentate complex (Mono-), the transition state for forming the bidentate complex 

(TS Bi-), and the bidentate complex (Bi-). .............................................................................. 79 

Figure 3.9: Hirshfeld [176] charges on the transition state structure for formation of the -1 

charged monodentate complex. Atom key: Fe-blue; As-purple; O-red; H-white. ............. 81 

Figure 4.1: Schematic diagram showing the setup of the column experiments. ................. 91 

Figure 4.2: Effluent concentrations of arsenate and silica during a fixed-bed column run 

operated with an EBCT of 4.0 min by various adsorbents. a) Fiban A1, b) PAN-Fe, c) 

ArsenX
np

, and d) Fiban As5. ...................................................................................................... 93 

Figure 4.3: Fractional arsenate recovery from adsorbent media using 0.10 M NaOH with 

an EBCT of 2.0 min.  PAN-Fe (○), Fiban As5 (∆), ArsenX
np

 ( ), Fiban A1 (■). ............. 94 

Figure 4.4: Fractional arsenate recovery from adsorbent media with increasing 

concentrations of NaCl or NaOH using an EBCT of 2.0 min. The concentrations of both 

eluents were 0.10, 0.20, 0.50, 0.75 and 1.0 M, with each concentration covering 120 bed 

volumes. ........................................................................................................................................ 94 



12 

 

Figure 4.5: Effluent concentrations of arsenate from PAN-Fe during a desorption 

experiment using NaCl and NaOH operated with an EBCT of 2.0 min. ............................. 97 

Figure 4.6: Fractional arsenate recovery from Fiban A1 media with increasing 

concentrations of NaCl or NaOH using an EBCT of 2.0 min.  The concentrations of both 

eluents were 0.10, 0.20, 0.50, 0.75 and 1.0 M, with each concentration covering 120 bed 

volumes.  Media was loaded with feed solutions containing 0 or 30 mg/L of SiO2.  

Initially adsorbed arsenate in the column without silica (3.8 mg/g) was a factor of 1.9 

times greater than that in the silica containing column (2.0 mg/g). ..................................... 97 

Figure 4.7: Fractional arsenate recovery from ArsenX
np

 with 0.10 M NaOH and 0.10 M 

NaOH plus 0.10 M NaCl using an EBCT of 2.0 min.  Media was loaded with feed 

solutions containing 0 or 30 mg/L of SiO2.  Initially adsorbed arsenate in the column 

without silica (4.6 mg/g) was a factor of 2.5 times greater than that in the silica 

containing column (1.8 mg/g). ................................................................................................ 100 

Figure 4.8: Fractional arsenate recovery from Fiban A1 with 0.10 M NaOH and 0.10 M 

NaOH plus 0.10 M NaCl using an EBCT of 2.0 min.  Media was loaded with feed 

solutions containing 0 or 30 mg/L of SiO2.  Initially adsorbed arsenate in the column 

without silica (1.9 mg/g) was a factor of 1.1 times greater than that in the silica 

containing column (1.8 mg/g). ................................................................................................ 101 

Figure 4.9: Fractional arsenate recovery from PAN-Fe with increasing concentrations of 

NaOH using an EBCT of 2.0 min. The concentrations of eluents were 0.10, 0.20, 0.50, 

0.75 and 1.0 M, with each concentration covering 120 bed volumes. Media was loaded 

with feed solutions containing 0 or 30 mg/L of SiO2.  Initially adsorbed arsenate in the 

column without silica (2.7 mg/g) was a factor of 1.4 times greater than that in the silica 

containing column of (1.9 mg/g). For the silica containing column, flow was interrupted 

for 12 h after 240 bed volumes. ............................................................................................... 102 

Figure 4.10: Fractional arsenate recovery from adsorbent media with 0.10 M NaOH and 

0.10 M NaOH plus 0.10 M NaCl using an EBCT of 2.0 min.  PAN-Fe (○), Fiban As5 (∆), 

ArsenX
np

 ( ), Fiban A1 (■). .................................................................................................... 103 

Figure 4.11: Fractional arsenate recovery from PAN-Fe using 0.10 M NaOH followed by 

0.10 M NaOH plus 0.10 M NaCl or 2.5 M followed by 5.0 M NaOH. ............................. 104 

 

 

 



13 

 

LIST OF TABLES 

Table 1.1 Health effects of arsenic............................................................................................ 17 

Table 2.1: Properties of homopolymer PAN fiber .................................................................. 40 

Table 2.2: Cation (CEC) and anion (AEC) exchange capacities of modified PAN fibers.  

Also shown for comparative purposes are data measured for Purolite C-104 weak acid 

cation exchange beads and Purolite A-100 weak base anion exchange beads. .................. 57 

Table 2.3: Freundlich isotherm parameters for the adsorption of arsenate at a pH value of 

8.  q is the adsorbed phase concentration, Ceq is the aqueous phase equilibrium 

concentration, and KF and n are the fitted parameters of the equation:   [   ⁄ ]  

     
 [   ⁄ ] . .............................................................................................................................. 65 

Table 4.1: Physical properties of adsorbent media ................................................................. 89 

  



14 

 

ABSTRACT 

Drinking water contaminated with arsenic is a worldwide problem, especially in 

developing nations. The research presented in this dissertation describes two major goals: 

development of hybrid homopolymer polyacrylonitrile (PAN)-based sorbents for arsenate 

removal from drinking water and understanding regeneration of arsenate from ferric 

hydroxide-based adsorbents. 

The homopolymer PAN fiber was chemically modified to introduce functional 

groups using NaOH and hydrazine hydrate (HH) separately, or in combination of both. 

The modified fibers were characterized using Fourier transform infrared spectroscopy 

(FTIR) and ion exchange measurements. The ferric hydroxides were impregnated onto 

functionalized fibers using two iron loading procedures. The best arsenate removal 

performance was obtained using the simplest pretreatment procedure of soaking in 10% 

NaOH at 95 °C for ninety min, followed by precipitation coating of ferric hydroxide. 

This suggests that adsorbents based on a low-cost PAN fabric may be produced in 

developing areas of the world where commercial products may not be available.  

A density functional theory (DFT) molecular modeling was used to compare free 

energies of reactions and activation barriers in the formation of arsenate-ferric hydroxide 

complexes.  Slow kinetics associated with arsenate adsorption and desorption attributed 

to the high activation barriers in forming and breaking bonds with the ferric hydroxides. 

Another aspect of regeneration study focused on the effects of underlying properties of 

the ferric hydroxides-loaded adsorbents on arsenate recovery. The arsenate loaded ferric 

hydroxide adsorbent containing no or weak base functionalities can be regenerated using 

NaOH, while addition of NaCl to NaOH solution is required for same recovery of 
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arsenate from the adsorbents containing strong base anion exchange functionalities. 

Moreover, the irreversible fraction of arsenate on the adsorbent can be reduced by 

increasing the concentration of NaOH. Thus, understanding arsenate desorption kinetics 

and effects of support properties of ferric hydroxide-based adsorbents are important for 

environmental fate of arsenate and in designing adsorption systems for removing arsenate 

from potable water. 
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CHAPTER 1: INTRODUCTION AND OVERVIEW 

1.1 Motivation and overview 

Arsenic contamination of drinking water from both natural causes and human 

activities has been recognized as a worldwide problem. [1]  Arsenic is frequently 

associated with metal ore deposits and dissolution of arsenic rich rocks such as 

arsenopyrites (FeAsS), tennannite, proustite, quartz-carbonate veins (gold, pyrite, arsenic 

bearing minerals) is a major source of arsenic in groundwater. [1,2]  In addition, 

anthropogenic activities such as mining, smelting, industrial processes, and agricultural 

activities also contribute contamination of water with arsenic. [3,4]  Arsenic is used in 

production of glass, pharmaceutical substances, textile dyes, and alloying agents. [5] 

Semiconductor industries use gallium arsenate (GaAs) as a doping agent. [3] Chromated 

copper arsenate and ammoniacal copper arsenate produced from arsenic trioxide is 

commonly used as a wood preservative. [6] Historically monosodium methanearsonate 

was used in pesticides for agriculture purposes. [7]  Moreover, arsenic is a common 

pollutants in coal and its discharge can be found in various streams of plant wastes such 

as combustion ash, fly ash, residues from flue gas treatment, in water used for 

transporting these materials. [8] 

Arsenic has been identified as a Class A human carcinogen by International 

Agency for Research on Cancer. [3] Many toxicological and epidemiological studies 

have documented the link between skin cancer and chronic exposure to arsenic in 

drinking water. [9,10]  The symptoms and various diseases caused by acute and chronic 

exposure of arsenic are listed in Table 1.1.  Recently, the National Academy of Science 
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and National Research Council have shown the health risks associated with 3 µg/L 

arsenic exposure to ingestion. [3,11,12]   

Table 1.1 Health effects of arsenic 

Acute health effects Chronic health effects 

Stomach pain 

Vomiting 

Skin lesion 

Pigmentation 

Difficulty in swallowing 

Low blood pressure 

Convulsions 

Gastrointestinal problems 

Bladder, skin, lung, kidney, liver, and 

prostate cancer 

Gangrene 

Endocrine disorder 

Keratosis 

Neurological effects 

Cardiovascular disease 

Immunological disorder 

Pulmonary disease 

Hematological disorder 

Spontaneous pregnancy loss (<10 µg/L) 

 

In 2001, the United States Environmental Protection Agency (USEPA) 

established the maximum contamination level (MCL) of 10 µg/L for arsenic and 
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implemented in 2006 for public water systems.  Although the aim was to reduce the 

arsenic level close to zero, the 10 µg/L standard was based on health effects and 

toxicology, human exposure, feasibility of treatment technologies, and available 

analytical techniques. [13] Similarly, the World Health Organization (WHO) has 

recommended a maximum concentration of 10 µg/L and the MCL of 50 µg/L for arsenic 

in public water supplies. [14]   

The arsenic problem has been reported in several countries such as Mexico, 

Taiwan, Vietnam, India, Chile, Bangladesh, and many parts of the USA. [15,16,17]  

More than 85% of wells suffer with higher arsenic level than WHO recommendation in 

groundwater of Bangladesh. [18,19]  It has been reported that ~56 million people in 

North America are exposed to arsenic at unsafe levels in their drinking water. [11,18]  

About 16% of groundwater exceeds 5 µg/L arsenic in several regions of the United States 

as shown in Figure 1.1. [20]  Major arsenic problem are found in western region 

particularly in Arizona and some parts of other states such as San Joaquin Valley in 

California and Southern Carson Desert in Nevada. [21,22,23]  Furthermore, studies have 

revealed arsenic level above 50 µg/L in groundwater samples in New Mexico, Nevada, 

and California. [24] Therefore, arsenic has now become a serious concern in the United 

States as well.  In addition, more than 76% of small water utilities in U.S. are affected 

from current arsenic regulation. [25]  

The USEPA has identified the best available technologies (BETs) to remove 

arsenic from drinking water, which include activated alumina (AA), ion exchange, 

reverse osmosis (RO), oxidation/filtration, electrodialysis reversal, enhanced 

coagulation/flocculation, and lime softening. [26,27,28]  Many of these technologies are 
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expensive for small-scale water treatment systems.  Therefore, developing a cost-

effective arsenic removal technology for small water systems is important to meet the 

regulatory level of arsenic.  Moreover, the USEPA has identified adsorption process as a 

promising and effective method of removing trace level of arsenic from small water 

systems.  The adsorption processes are also simple to operate, chemical free operation, 

and relatively low-cost treatment system. [29]  

 

Figure 1.1: Occurrence of arsenic in U.S. groundwater. [14] 

 

Metal hydroxides have been found to be effective adsorbents for arsenic removal 

from water.  The arsenic removal occurs through ligand exchange reactions forming 

inner-sphere mono- and bidentate complexes with metal oxides. [1,30,31,32]  Among the 
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metal hydroxides, ferric hydroxide has been widely studied in removing arsenic from 

water. Furthermore, literature surveys show that the adsorption capacities of ferric 

hydroxides can be improved by increasing surface area and porosity of the adsorbents. 

[33,34]  However, the ferric hydroxides particles cannot be used themselves in fixed bed 

column systems and have poor mechanical stability.  To overcome these shortcomings, 

an engineered media can be developed by impregnating these particles onto support 

materials.  Many studies have demonstrated that ferric hydroxide-based sorbents are also 

capable of removing arsenic from water with other co-contaminants. [35,36,37]  

Although this technology already exist, there is a need to develop inexpensive and simple 

approaches to fabricating these hybrid ferric hydroxides-based adsorbents.  To 

accomplish this goal, commonly available homopolymer polyacrylonitrile (PAN) fiber 

was used as a support matrix for ferric hydroxides.  The PAN fiber is a low-cost material 

and can be functionalized without using sophisticated equipment because of presence of 

nitrile groups on its surfaces.  The additional advantages of using fibrous material are 

faster kinetics, high adsorption capacity, and high adsorbent utilization.  

1.2 Arsenic and its chemistry 

Arsenic forms complexes with many inorganic and organic compounds. [38] 

Dimethylarsinous acid (DMAA) and monomethylarsonic acid (MMAA) are forms of 

organic arsenic.  Inorganic arsenic exists in four oxidation states: +5 in arsenate, As(V); 

+3 in arsenite, As(III); 0 in crystalline arsenic; and -3 in arsine gas (AsH3) depending 

upon redox condition. [2] As(III) and As(V) are common in natural water.  In oxidizing 

condition, As(V) predominates at pH greater than 7.0, while As(III) exists under 
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extremely reducing conditions. [39,40]  Figure 1.2 shows the relative proportion of As(V) 

species with the pH of the solutions.   

As shown in Figure 1.2, the predominant forms of As(V) are H2AsO4
-1

 and 

HAsO4
2-

 in the typical pH range of natural waters.  Compared to As(V), As(III) is more 

mobile than arsenate because of its unionized forms at groundwater pH values.  

Furthermore, retardation of As(V) may also rise due to electrostatic interactions between 

arsenate and clay minerals. [41] Although the redox potential of anoxic groundwater is 

usually low, the redox potential increases on pumping of groundwater and exposure to 

the atmosphere.  Therefore, As(V) is the predominant species at near neutral pH and 

atmospheric conditions.  Moreover, phosphate or silica enhances the mobility of arsenic 

in groundwater by displacing the adsorbed arsenic because their electronic structures are 

similar to arsenate.  

 

Figure 1.2: Speciation of arsenate with pH changes. [42] 
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1.3 Arsenic removal technologies 

Several efforts have been made to remove arsenic from drinking water under 

laboratory and field conditions over the last two decades and many technologies are 

based on adsorption and ion exchange processes.  The studies conducted by the USEPA 

have also proved the adsorption and ion exchange processes to be a cost-effective method 

on removing arsenic from small water treatment systems. [43] In addition, adsorption 

processes are simple to operate, as these processes do not require chemicals and have low 

capital and operating costs.  Moreover, the exhausted adsorbents can be regenerated 

before landfilling to prevent contamination of groundwater.  Other arsenic removal 

technologies recognized by the Environmental Protection Agency (EPA) are discussed 

below.  

Coagulation followed by precipitation or filtration is widely used for removal of 

arsenic from drinking water.  The common coagulants used for arsenic removal are alum, 

Al2(SO4)3; ferric chloride, Fe(Cl)3; and ferric sulfate, Fe2(SO4)3. Arsenic is either 

adsorbed on precipitates or co-precipitated with iron or alum oxides.  The best pH ranges 

for alum is narrower than ferric salts. Alum coagulation is not an efficient method of 

removing As(III), as the As(III) is in neutral form at the best pH range (5.5-6.0) for alum. 

[43] To maximize the arsenic removal, the pH of the solution is adjusted using calcium 

carbonate, magnesium hydroxide, or ferric hydroxides. [44] However, safe disposal of 

arsenic laden wastes is a concern on this process.  

Arsenic removal by membrane process occurs through filtration, electrostatic 

repulsion, adsorption of arsenic bearing compounds.  Micro- and ultrafiltration are not 

selective to arsenic because of the size distribution of arsenic species.  Arsenic can be 
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removed effectively using nanofiltration and reverse osmosis.  However, the high cost 

and water rejection are major constraints of using this process in low-income areas and 

arid zones.  

Anions exchangers are used to remove arsenic in small-scale water systems. [45] 

The processes are simple on handling and sludge free operation.  The strong base anion 

(SBA) exchangers can remove As(V) from dilute solutions, but the arsenate removal 

capacity decreases significantly in the presence of other divalent anions such as sulfate. 

[43]  In addition, the anion exchangers cannot remove As(III) in natural pH ranges.  

Therefore, ion exchange is rarely used for removal of arsenic compared to precipitation.  

Some techniques such as ion exchange, electrodialysis require oxidation to 

remove As(III). [46] As(III) is oxidized by various methods: chemical oxidation, 

biological oxidation, solar oxidation, and ultraviolet irradiation. [47,48,49]  The common 

chemical oxidants are free chlorine, oxygen, hypochlorite, permanganate, and hydrogen 

peroxide.  If the feed solution contains soluble iron, arsenic removal occurs through 

precipitation reactions. Similarly, the irradiation of water with sunlight, also known as 

solar oxidation and removal of arsenic (SORAS), oxidizes As(III).  The SORAS method 

is limited to water containing arsenic 150 µg/L and has the removal efficiency of less 

than 80%. [50]  

The selection of technology depends on high removal efficiency, affordability, 

general geographic applicability, compatibility with other wastewater treatment 

technologies, process reliability, and ability to bring the system’s water into compliance.  

Following these criteria, the adsorption process appears to be a feasible and cost-effective 

technique of removing arsenic from small-scale water treatment systems.  
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1.4 Adsorption   

Adsorption is a surface phenomenon in which the constituents (adsorbate) in 

aqueous solutions is transported and adsorbed onto the solid surfaces (adsorbents). 

[51,52]  Low capital and operating costs, and chemical free operations are crucial factors 

on application of this process to remove arsenic from small-scale water treatment 

systems. [29] Various factors such as temperature, pH, contact time, oxidation states and 

concentration of arsenic, and the presence of competing anions, play an important role on 

removal of arsenic from water. 

Various media such as activated alumina, granular ferric hydroxide (GFH), green 

sand filtration, surfactant coated zeolite, iron oxide coated sand, iron oxide and 

hydroxides and metal oxide nanoparticles (nanostructures ZrO2, nanocrystalline TiO2) 

have been developed to remove arsenic from drinking water. [53-58]  Removal of arsenic 

by activated alumina requires pH adjustment and the best pH range varies from 5.5 to 6.0. 

[59] In contrast, iron hydroxides can remove arsenic over wider pH ranges 6.5-8.5. 

[60,61] However, these oxides are expensive and have limitations, which include the 

tendency to aggregate, excessive headloss, low mechanical stability, and 

nonregenerability.  To address these shortcomings, current trends are developing 

engineered iron hydroxide based adsorbents. 

Adsorption mechanisms 

Arsenic removal by iron hydroxides occurs through ligand exchange, adsorption 

to hydroxyl groups or co-precipitation. [62] Arsenic and iron hydroxide complexes vary 

depending on solution concentrations of arsenic and iron.  The Fe/As ratio of 20:1 has 

been reported in open literatures for maximum removal of arsenic. [63]  Furthermore, the 



25 

 

concentration of arsenic and aging time govern the formation of various complexes such 

as monodentate mononuclear, bidentate binuclear with ferric hydroxides as shown in 

Figure 1.3. [30,64]  Arsenate primarily forms monodentate surface complex on iron oxide 

media at low surface coverage and forms a bidentate binuclear surface complex at high 

surface coverage.  These complexes have been studied by extended X-ray adsorption fine 

structure spectroscopy (EXAFS) and Fourier transform infrared (FTIR) spectroscopy. 

[65] In addition to surface complexation, structural incorporation of arsenic into the 

crystalline structure of iron oxide has also been observed, when the iron oxide is 

undergoing phase transformation. [66] 

 

Figure 1.3: Type of surface complexation between arsenic and ferric hydroxide. Atom 

key: Fe-blue; O-red; H-white; As-purple.  

 
The mechanisms of arsenic removal by ferric hydroxides are complex. The 

complex formation occurs through different interactions: Lewis acid-base, electrostatic, 

surface complexation.  In addition, surface charges of ferric hydroxides change with the 

pH of the solutions.  The proportion of species of ferric-hydroxides at different pH values 

are illustrated in the following equations: [67,68]   

   OH2
 ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅             OH̅̅ ̅̅ ̅̅ ̅̅ ̅̅    +   H

+       
pK1= 7.3 
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   OH̅̅ ̅̅ ̅̅ ̅̅ ̅̅               O−̅̅ ̅̅ ̅̅ ̅̅ ̅̅    +   H
+       

pK2= 8.9 

Adsorption kinetics and mass transfer 

Physical characteristics such as surface area, porosity, and chemical 

characteristics of the iron-based media determines arsenic adsorption kinetics.  Previous 

studies have reported few hours to more than 15 days to achieve adsorption equilibrium 

of arsenic in iron-based media. [69,70]  

 

Figure 1.4: Mass transport of adsorbate during adsorption process. [71] 

 
Figure 1.4 demonstrates the schematic of transport of arsenic from bulk solution 

to the adsorption sites.  A series of sequential steps determines mass transfer of arsenic on 

adsorbents: i) diffusion of arsenic in bulk solution, ii) film diffusion, iii) intraparticle 

diffusion, and iv) adsorption on iron oxide surfaces. [69] The first and fourth steps are 

relatively fast and are not  rate limiting steps in mass transport phenomena.  In the second 

step, the arsenic flux is directly proportional to the linear concentration gradient across 

the film.  The concentration gradient can be increased by decreasing size of the film.  

Similarly, intraparticle diffusion, which is the third step in transport phenomenon, can be 
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subdivided into pore diffusion and surface diffusion.  Pore diffusion occurs within the 

pores, while surface diffusion is along the adsorbent surface within the pores.  Figure 1.5 

compares mass transport phenomenon in ferric hydroxides loaded fibrous (Fiban As5) 

and granular adsorbents (ArsenX
np

 and AdEdge E33).  The graph shows that fibrous 

adsorbent has faster mass transfer kinetics compared with granular media.  The difference 

in adsorption kinetics is due to longer intraparticle diffusion path length in granular 

media, as the size of granular media is about 10 times greater than fibrous media. [72]  

 

Figure 1.5: Breakthrough behavior of arsenate by various types of media. Horizontal axis 

represents empty bed volumes of water passed through the column and vertical axis is the 

concentration of arsenate at effluent of the column. 

 
Effect of competing anions on adsorption and ion exchange 

Among the commonly present anions in drinking water, sulfate or nitrate have 

little effect on adsorption of arsenate, while phosphate or silica significantly affect 

arsenate adsorption. [37,73-76]  Phosphate or silica form inner-sphere complexes with 

ferric hydroxides similar to arsenate. [38] Moreover, increased amount of arsenate 

removal has been reported on increasing chloride concentration in several studies. [77,78]  
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The presence of anion such as sulfate or nitrate in feed water adversely affects the 

performances of strong base anion exchangers.  On comparing monovalent arsenate with 

chloride ion, the arsenate -1 anion exhibits lower affinity than chloride ions. [79] The 

selectivity of SBA exchangers to various anions is given by [80] 

SO4
-2 

> HAsO4
-2 

> CO3
-2

 > NO3
-1 

> Cl
-1

 > H2AsO4
-1 

> HCO3
-1

. 

1.5 Iron oxide coated sorbents  

Metal oxides are well recognized for separation and or chemical transformation of 

contaminants from aqueous solution.  For example, hydrated iron hydroxide adsorbs 

As(V) anions and manganese oxides transform As(III) into As(V).  Use of inorganic 

particles in separation technology is increasing due to its simplicity in method of 

preparation, environmental friendliness, operational safety, and cost effectiveness.  

Because of having extremely high surface area to volume ratio of inorganic particles, 

these materials offer favorable kinetics for selective sorption and oxidation-reduction 

reactions.  The kinetics of sorption might be sometimes slower due to agglomeration of 

highly reactive small particles.  In addition, these particles cause separation problem in 

batch system and excessive headloss in fixed bed operations. [38] Therefore, current 

trends are on impregnating these small particles onto a robust support materials.  For 

better performance and stability of metal oxides coated sorbents, the support materials 

must have an excellent mechanical strength, durability, and favorable hydraulic 

properties. [38] 
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Figure 1.6: Effects of support matrixes on loading of iron. [81-88] 

Among the metal oxides, much attention has been given to ferric hydroxides for 

coating onto support matrices because of their low-cost, high affinity for arsenic sorption, 

and availability round the world.  Different support matrices such as sand, activated 

carbon, zeolites, granular polymeric beads, and polymeric fibers have been used to coat 

ferric hydroxides (Figure 1.6).  The trend of iron loadings illustrates the relationship 

between the amount of iron loadings and underlying properties of the matrices.  Typical 

matrix properties that are important for uniform and stable iron coating are surface area, 

porosity, and functional groups. [49]   

The functional groups responsible for binding iron particles onto the support 

surfaces are silanol, hydroxyl, carboxyl, and amine.  Figure 1.7 shows the extent of iron 

loading onto media containing different functional groups.  In addition to surface 

properties, the loading of iron depends on iron loading conditions such as temperature, 

pH, initial iron concentration and duration used. [84,86]  

0

100

200

300

400

500

600

F
e
 (

m
g

/g
) 



30 

 

 

Figure 1.7: Comparison of iron loading having various surface properties. [40] 

 
The binding of iron particles on these matrixes is complex which includes 

adsorption, precipitation or chelation.  Moreover, the stability of precipitated iron 

hydroxides increases with increasing coating temperatures. [84] However, the elevated 

temperature may transform amorphous iron hydroxides into crystalline causing decrease 

in surface areas. [30] 

Many studies have explored fibers as a support material for ferric hydroxides. 

[40,82]  Fibrous materials provide higher surface area and porosity than granular 

counterparts because of their smaller size.  These properties of fibrous materials improve 

the kinetics of adsorption and increase the iron use efficiency.  In addition, arsenic 

adsorption is chemically controlled in iron-loaded fibrous media whereas in iron-loaded 

granular media the adsorption is the diffusion controlled process.  Furthermore, the 

performance of iron oxide coated sorbents (IOCSs) depends on the amount of iron 

loading, underlying properties of the support material, and the size and forms of ferric 
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hydroxide.  The smaller size and amorphous structures of ferric hydroxides display better 

arsenic removal due to high specific surface areas.  The different forms of iron 

hydroxides loaded onto matrices depend on iron loading conditions such as pH, 

temperature, and contact time. [84,89]  The adsorbents containing higher iron loadings 

may perform poorly if the underlying surfaces have negatively charged functional groups.  

The negatively charged functional groups have repulsion effects on arsenate anions, 

which is also called Donnan coion exclusion effect. [88] 

To prevent contamination of treated water, the stability of loaded ferric 

hydroxides is important at operating conditions.  In addition to temperature, functional 

groups on matrix surfaces play a significant role on preventing leaching of ferric 

hydroxides.  For example, ferric hydroxides are weakly bonded with matrices having no 

functional group by electrostatic interactions, while chemical interactions are the 

mechanism of binding ferric hydroxides in the matrices containing functional groups. 

Therefore, functionalization of matrices is important for stable operation of IOCSs.  

Moreover, the stability of metal hydroxides is more important, when the metal particles 

are toxic.  For instance, iron particles are less toxic than other studied metal oxides such 

as zirconium, titanium, and copper used for arsenic removal.  

1.6 Regeneration  

Regeneration of exhausted adsorbents is important in terms of environmental and 

cost perspective.  The treatment cost can be lowered by using the same adsorbents in 

multiple cycles.  The regeneration can also reduce the volume of disposable arsenic-laden 

wastes.  Despite these facts, many arsenic adsorbents are not regenerated that might be 
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due to poor adsorption capacity after regeneration or lack of understanding in 

regeneration of arsenate from ferric hydroxide-based adsorbents.  In addition, desorption 

kinetics of arsenate are slower than adsorption rate onto ferric hydroxide-based 

adsorbents. [31,90]  This could be due to formation of stronger arsenate-ferric hydroxide 

bonds, which may require high activation barriers. [92] Ferric hydroxide-loaded fibrous 

sorbents are more amenable to regeneration than granular adsorbents because granular 

adsorbents disintegrate in basic solution. [37] More than 95% of arsenate has been 

recovered from fibrous adsorbents, while less than 80% of arsenate have been reported 

from granular media.   Moreover, lower concentration of eluents (less than 10% NaOH) 

have been used in several studies and none of the studies has performed mass balance of 

arsenic adsorbed and desorbed. [35,38] 

Although adsorption mechanisms of arsenate on ferric hydroxides are extensively 

studied in different perspectives, little attention has been given on desorption behavior of 

arsenate from ferric hydroxide based adsorbents.  Furthermore, none of the studies has 

looked onto surface characteristics of base materials and arsenate loadings for 

regeneration of arsenate from iron loaded media.  For example, materials containing 

weak base or no functionality are amenable to regeneration even at lower NaOH 

concentration, while addition of NaCl significantly enhances the arsenate recovery from 

media containing strong base anion exchange functionality even on using lower NaOH 

concentrations.  Moreover, aging effects have not been studied on arsenate loaded ferric 

hydroxides adsorbents to recover arsenate.  Aging may cause two possible effects: 

diffusion of arsenate within the internal pores and making the arsenate-ferric hydroxides 

bonds stronger on dehydration. [91,92] 
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1.7 Objectives 

The specific objectives for developing hybrid fibrous sorbents to remove arsenate 

from drinking water were to:  

 assess various modification approaches to functionalize raw homopolymer PAN 

fabric 

 characterize the modified fabrics to confirm types of functional groups developed 

 evaluate iron loading procedures to coat the modified PAN fabric with ferric 

hydroxides 

 perform adsorption isotherms to evaluate the performances of developed media  

Similarly, the objectives to understand regeneration of arsenate from ferric 

hydroxide based adsorbents were to:  

 understand arsenate reactions of adsorption/desorption onto ferric hydroxide 

adsorbents 

 assess the effects of surface properties on regeneration of arsenate from ferric 

hydroxide based adsorbents. 

1.8 Dissertation overview 

This dissertation consists of five chapters including three self-contained papers.  

Chapter 1 describes the rationale behind this research work with limitations and 

advantages of adsorption processes.  This chapter explains the concerns related to 

adsorptive media and practices on developing cost-effective adsorbents.  From this 

section, the research gap has been identified which needs to be studied for effective 

removal of arsenic from drinking water.   
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Chapter 2 consists of synthesis and evaluation of ferric hydroxide-based fibrous 

sorbents for arsenic removal from drinking water.  Various characterization techniques 

have been described to infer existence of functional groups on modified fibers.  Two iron 

loading procedures have been used to coat the ferric hydroxides.  This section illustrates 

the effects of surface properties of fabrics on iron loading and arsenate adsorption 

behavior.  Based on results obtained in this section, the developed adsorbent is believed 

to be a promising media for addressing the arsenic problem in developing areas of the 

world. 

In Chapter 3, the arsenate reaction kinetics with ferric hydroxide adsorbents have 

been described.  Density functional theory (DFT) molecular modeling has been used to 

compare Gibbs free energies of reactions and activation barriers for various types of 

complexes. This section demonstrates cause of slower fraction of arsenate 

adsorption/desorption onto ferric hydroxide adsorbents.  High energy barriers for forming 

and breaking arsenate-ferric hydroxides bonds contribute to the slow fraction of arsenate 

adsorption/desorption.  The results obtained in this section can be used for environmental 

fate of arsenic in natural environment or effective design of adsorption systems for 

arsenic removal from potable water  

Chapter 4 presents another aspect of understanding regeneration of arsenate from 

ferric hydroxide-based adsorbents.  Four ferric hydroxide based adsorbents, containing 

weak base, strong base or no functionality, have been used to study the effect of surface 

functionalities on recovery of arsenate.  The findings in this section suggest that NaOH 

regeneration is possible from the media containing no or weak base functionalities.  In 

contrast, addition of NaCl to NaOH is required to achieve same arsenate recovery from 
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the media containing strong base functionality using same strengths of NaOH solutions.  

Moreover, on increasing eluents concentrations high arsenate recovery can be obtained in 

lesser volumes of eluents.  

Chapter 5 concludes the overall study. This section consists of a summary of this 

research and the recommendations for future work. 
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CHAPTER 2: PREPARATION AND CHARACTERIZATION OF HOMOPOLYMER 

POLYACRYLONITRILE-BASED SORBENTS FOR ARSENIC REMOVAL 

2.1 Introduction 

Arsenic contamination of underground drinking water supplies is a global 

problem, affecting more than 100 million people. [93] The occurrence of arsenic in 

groundwater is due to both natural and anthropogenic activities, such as, geothermal 

processes, pesticides use, mining operations, and industrial activities. [42,94,95,96]  The 

arsenic contamination problem is especially acute in developing parts of the world where 

the water treatment infrastructure may not be capable of providing suitable treatment.  

Thus, there is a great need for point-of-use (POU) systems for removing arsenic from 

drinking water.  

Most POU treatment for arsenic removal use adsorbents or ion exchange media in 

small flow-through canisters; and a wide variety of treatment media have been 

developed. [81,87,97-102]  Many adsorbents for arsenic removal incorporate a metal 

oxide that chemically adsorbs arsenate and arsenite anions.  Because the retention 

mechanism involves chemical adsorption, metal oxide based adsorbents have a much 

higher specificity for arsenic over other anions that are normally present in potable water, 

such as chloride and sulfate. [103-109] 

Ferric hydroxide is the most commonly employed metal oxide in arsenic 

adsorbents.  Ferric hydroxides have been used to coat sand [110], activated carbon [111], 

fiberglass [112], cellulose [87], and polymeric fibers [35].  Ferric hydroxide nanoparticles 
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have also been incorporated into conventional granular anion and cation exchange media. 

[87,113] 

In recent years there has been increasing interest in polymeric fibers for arsenic 

removal. [114,115,116]  These fibrous adsorbents have faster adsorption kinetics than 

granular material because of shorter diffusional distances required for adsorption. [117] 

The two most commonly used fibers for adsorbent preparation are polyacrylonitrile 

(PAN) and polypropylene (PP).  Vatutsina et al. (2007) tested a variety of PAN and PP 

based cation and anion exchange fibers loaded with ferric hydroxide for arsenic removal. 

[40] They reported that PAN fibers functionalized with both weak base anion and weak 

acid cation groups showed the highest levels of arsenic removal.  Unfortunately, this 

work did not describe the fiber preparation or iron loading procedures.  Lin and SenGupta 

(2009) studied a PP based strong base anion fiber loaded with ferric hydroxide for arsenic 

and perchlorate removal. [35] Although they reported the iron loading procedure, the 

fiber was obtained from a commercial source and no details were given on the fiber 

preparation method. 

Previous work modifying PAN fibers for use as anion and cation exchangers have 

first employed a cross-linking step followed by a base hydrolysis step. [118-121]  

Hydrazine hydrate and other polyamines, such as, diethylenetriamine (DETA) and 

ethylenediamine, have been used for cross-linking. [122,123]  Subsequent base catalyzed 

hydrolysis introduces carboxylate functional groups on the fiber surface which serve as 

cation exchange sites.  Anion exchange sites and chelating sites for heavy metal 

adsorption have then been added by a second amination step using reagents such as, 
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DETA, hydrazine and ethylenediamine.  Schematic of functionalization of PAN based 

fiber and binding mechanisms of arsenate are shown in Figure 2.1. 

 

Figure 2.1: Schematic of binding mechanisms of arsenate with ferric hydroxides. O and 

N are the part of carboxyl and amine groups developed during modifications.  

 

The previous research into the use of modified PAN fibers as arsenic adsorbents 

employed PAN copolymers and did not study how the preparation procedures, such as, 

the degree of hydrazine cross-linking, the extent of base catalyzed hydrolysis, and the 

method of iron loading, affect arsenic removal. [40]  This research builds on previous 

efforts modifying PAN fibers by investigating the effect of the preparation procedures on 

the arsenic adsorption capacity for homopolymer PAN fibers prepared using hydrazine, 

NaOH and ferric chloride.  Towards that end, homopolymer PAN fibers were chemically 

modified using hydrazine alone, NaOH alone, and via both hydrazine and NaOH using 

different treatment times and reagent concentrations.  The effect of the method and 

amount of ferric hydroxide loading on arsenic removal was also studied.  The properties 

of the fibers were characterized using FTIR, scanning electron microscopy (SEM), and 
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titrimetric techniques to understand how fiber properties affected arsenic removal 

performance. 

2.2 Experimental 

2.2.1 Materials 

To explore the feasibility of polyacrylonitrile based fibrous materials for arsenic 

removal, homopolymer PAN needle-punched felt fabric was purchased from Heading 

Filter Material Co., Ltd, China.  The characteristics of PAN fibers are summarized in 

Table 2.1.  The obtained fiber was submerged in DI water at room temperature for 24 h to 

remove surface impurities, rinsed with DI water, and dried at 50 
o
C overnight before use.  

Sodium arsenate heptahydrate (99.7% trace metal basis) was used for arsenate, and 

reagent grade sodium chloride was used as an inert background electrolyte.  Reagent 

grade ferric chloride (>97% purity) was obtained from Sigma-Aldrich.  Reagent grade 

NaOH (>98% purity) and HCl were used for adjustments of pH.  All solutions were 

prepared using ultrapure water (UPW) with a resistivity of 18.2 MΩ cm.  All glassware 

and polyethylene bottles were soaked in 5% nitric acid for 24 h and rinsed with de-

ionized water at least three times before use.  

2.2.2 Functionalization of fiber  

The needle punched PAN fabric was cut into ~1 g samples that were then soaked 

in UPW overnight and dried at 50 
o
C before use. Before iron loading, the fibers were 

chemically modified using hydrazine hydrate (HH) and/or NaOH solutions.  One 

preparation procedure employed HH first, followed by NaOH treatment, and a second 

procedure employed these reagents in reverse order.  Fibers were also modified using HH 
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only or NaOH only.  Figure 2.2 shows the qualitative appearances of PAN fibers before 

and after the treatments.  The change in color of the fiber describes that the functional 

groups have been introduced on the fiber surfaces in different treatments.  Light brown 

color in Figure 2.2b may be due to amine groups.  Similarly, light orange color in Figure 

2.2c is believed to be carboxyl groups.  The yellowish color in Figure 2.2d could be the 

combination of functional groups illustrated in Figure 2.2b and 2c or due to formation of 

cyclic networks.   

Table 2.1: Properties of homopolymer PAN fiber. [124] 

Parameters Descriptions 

Compositions Acrylic fiber 

Weight (g/m
2
) 500 

Thickness (mm) 2 

Tensile strength, wrap (N/5 20 cm) ≥1200 

Tensile elongation (%) (wrap) <20 

Working temperature (
o
C) ≤140 

Anti-acid Excellent 

Anti-alkali Excellent 

Anti-abrasion Excellent 

The stability in water solution Good 
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The HH treatment involved placing 12.5 g of fabric in 0.5 liters of 10, 20 and 

35% HH solutions at 100 
o
C under vigorous stirring for 0.5 – 5 h.  The reactions were 

carried out in a 1.0 L round bottom flask equipped with a heating mantle and a reflux 

condenser mounted on a magnetic stir plate.  The initial pH values of the HH solutions 

were 11.5 (10%), 13.0 (20%) and 13.86 (35%).  The final solution pH values depended 

on the treatment time and ranged from 10.9 to 13.0.  After reacting with HH, the fiber 

samples were cooled to room temperature followed by repeated rinsing with solutions 

containing 50% ethanol in UPW.  The fibers were then dried at 50 °C until constant 

weight, and the weight gain or loss was recorded. 

 

Figure 2.2: Qualitative comparison of appearances of modified and unmodified PAN 

fiber (a) Raw fiber (b) hydrazine treated fiber (c) NaOH treated fiber (d) hydrazine 

followed by NaOH treated fiber.  

 
The NaOH treatment involved placing 12.5 g of the fabric into 0.5 liters of 10 and 

20% NaOH solutions at 95 
o
C for 0.5 – 3 h in the stirred flask reactor.  After NaOH 

treatment, the fibers were cooled, rinsed multiple times in the ethanol and water 

solutions, dried and weighed.   

2.2.3 Iron loading procedure 

Ferric hydroxide was loaded onto the chemically modified fibers from ferric 

chloride solutions using two different techniques (Shown in Figure 2.3).  The first 
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technique has been used by Lin and SenGupta (2009).  In this method, 1 g samples of the 

modified PAN fabric were immersed in 100 ml of 6% FeCl3 in a 50 wt% methanol, 50 

wt% UPW solution for 1 h.  After removal from the ferric chloride solutions, the fiber 

samples were then dried at temperatures of 25 or 50 °C.  After drying, the 1 g fabric 

samples were immersed in 100 ml of 1% NaOH solution for 0.5 h.  The fabric samples 

were then dried at the same temperature at which they had been dried after the ferric 

chloride treatment.  After drying, the fiber samples were then washed with UPW until a 

clear run off was obtained.  This loading procedure was repeated up to five times to 

increase the amount of ferric hydroxide loading (Appendix A.1).  The physical 

appearances of PAN fiber loaded with iron in different cycles are shown in Figure 2.4.  

The amount of iron loaded onto the fiber was determined by a series of acid extractions 

using 1.0 M HCl solutions. [125]  

The second iron loading procedure consists of first adding the fiber to a 6% FeCl3 

solution and then the iron was precipitated by neutralizing with NaOH. [126] The 

neutralization was carried out by raising the pH of the solution to 8.0 by slowly adding 

1.0 M NaOH.  After 24 h of stirring, the fiber was repeatedly rinsed with distilled water 

to remove excess precipitates and dried at room temperature. [127,128,129]  The iron 

loading process were carried out using various combinations of coating temperatures 

(Appendix A.2), coating pH, and the initial iron concentrations (Appendix A.3).  The 

extent of iron loading (expressed as Fe/g-fiber) was used as a metric to compare different 

modification conditions.  Before iron analysis, the weight of the iron loaded fiber was 

measured and stored in a capped polyethylene bottles. 
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2.2.4 Characterization 

The surface morphology of the fibers was observed by SEM using a Hitachi S-

4800 Type II instrument.  The material was also characterized for maximum 

exchangeable ion exchange capacity, and mineralogy of iron oxide. 

Step-1 

 

 

 

Step-2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Schematic diagram showing modification and iron loading methods. 
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Figure 2.4: Qualitative appearances of iron loaded fibers: (a) 1 cycle (b) 2 cycles (c) 3 

cycles (d) 4 cycles (e) 5 cycles. 

 
2.2.4.1 FTIR characterization 

To study the existence of functional groups, the FTIR spectra were recorded using 

a Thermo Nicolet IR 200 instrument (Thermo Electron, Waltham, MA) at wave numbers 

ranging from 400-4000 cm
-1

.  The FTIR analysis were carried out on pre and post 

modified PAN fiber. No sample preparation techniques were employed.  To avoid the 

interfering effects of carbon dioxide, the samples were purged with nitrogen gas for about 

20 min before recording the spectra.  The spectra from various samples were recorded on 

the spectrophotometer at ambient temperatures. 

2.2.4.2 Mineralogy 

The XRD analysis of iron coated fibrous materials were carried out using Scintag 

XDS 2000 PTS diffractometer. This method characterizes the crystalline materials. The 

diffraction pattern obtained from crystalline materials indicated its structural information.  

The instrumentation of XRD technique includes high energy X-ray sources, sample and 

x-ray interactions and detectors to record the diffracted patterns from the samples.  The 

method uses Bragg’s equation to provide structural information. 
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To conduct XRD analysis of iron coated fibrous sorbents, the fabric samples were 

ground into fine powder using a mortar and pestle, and put on a microscope slide using 

double-sided tape.  The diffraction data were obtained for 2θ angles ranging from 10 to 

75
o
. (Operating conditions: radiation source (CuKα1 at 1.54056 Ǻ wavelength), voltage 

(40 kV), current (30 mA), method (step-scan), step size (0.04
o
 2θ), dwell time (1 sec). X-

ray diffractograms were then analyzed and the background peaks were subtracted to 

remove background noise from the XRD spectra using the Jade + software.  The 

computer-based library of the Joint Committee on Powder Diffraction Standards (JCPDS) 

and published literature was used to determine mineralogical phases. 

2.2.4.3 SEM imaging 

To observe the difference in surface appearances of the fiber, SEM of modified 

and unmodified fiber were compared. Both environmental and field emission SEM
1
 were 

used to characterize surface morphologies. In the SEM instrumentation, the high energy 

electrons penetrate into the sample and after the interaction, the secondary electrons (SE) 

and backscattered electrons (BSE) are recorded by electron detectors. The SE gives 

predominantly surface defects while BSE gives the compositional contrasts. 

2.2.4.4 Ion exchange capacity  

To establish the relationship between exchangeable capacity and the extent of iron 

loading, the ion exchange capacity of modified and unmodified fiber was determined.  

The ion exchange capacity was determined following the method used by Ezzeldin et al. 

                                                           

1
 Hitachi S-4800 Type II 
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(2010). [130]  In this method, 0.1 gram of fiber was conditioned by soaking in 1.0 M HCl 

at 25 
o
C for 24 h.  The fabric was immersed in 0.10 M NaOH overnight in capped 

polypropylene containers.  The amount of hydroxide depleted from the solution during 

the ion exchange process was determined by titration against standardized 0.10 M HCl 

using phenolphthalein
2
 as indicator.  To confirm the test, the ion exchange capacity was 

also determined following Zhang et al., 2011 approach. [131] In this method, the amount 

of chloride ion displaced by NaOH was determined via a standardized 0.1 M AgNO3 

solution using chromate as an indicator.  

2.2.5 Analytical methods 

2.2.5.1 pH measurements 

Symphony pH /ion meter
3
 and pH electrode

4
 were used to measure pH in aqueous 

solutions.  The pH meter was calibrated on every alternate day using pH buffer solutions 

of 4.01
5
, 7.00

6
 and 10.01

7
.  During pH measurement, the pH electrode was wiped with 

tissue paper, dipped in a stirred solution, and the pH reading was recorded.  After pH 

measurements, the pH electrode was rinsed with DI water and wiped with tissue paper. 

2.2.5.2 Filtration 

                                                           

2
 Sigma-Aldrich (0.5% in ethanol:water::1:1) 

3
 SympHony SP80PI 

4
 Orion 9172BNWP Sure-Flow Combination pH 

5
 Orion 910104 

6
 Orion 910107 

7
 Orion 910110 
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The solution was filtered through 0.45 µm syringe filter
8
 for arsenate and iron 

analysis.  

2.2.5.3 Arsenic analysis 

Arsenic concentration was determined in adsorption studies using inductively 

coupled plasma- optical emission spectrometry (ICP-OES)
 9

.  The minimum detection 

limit for the arsenic was 2 µg/L with error less than 5%. 

2.2.5.4 Sample preservation 

Before arsenate and iron analysis, the samples were preserved in 2% nitric acid 

(≥99.0% purity). 

2.2.5.5 Iron analysis 

The iron loaded fiber was acid digested using 1 M HCl to determine extent of iron 

in iron loaded fibrous sorbents.  For acid digestion, ~0.1 g of fiber was added into 25 ml 

of 1.0 M HCl, and the solution was left for 24 h.  The acid digested solution was filtered 

using 0.45 µm syringe filter and diluted using UPW.  The filtrate solution was preserved 

at 4 
o
C in a polypropylene bottle before iron analysis.  The acid digested samples were 

analyzed for iron using ICP-OES.  This step was repeated again until no detectable iron 

was found in extracted solutions.  

2.2.6 Arsenic adsorption experiments 

2.2.6.1 Arsenic feed solution preparation 

                                                           

8
 Cole-Parmer 

9
 Perkin Elmer Inc. 
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Feed solution with As(V) concentration ranging 100-1000 µg/L As(V) was  

prepared from sodium arsenate (Na2HAsO4.7H2O) and 15 mM NaCl was used as a 

background electrolytes.  The pH of the solution was adjusted to 8.0 using 0.10 M NaOH 

or HCl solutions.   

2.2.6.2 Kinetic study 

Batch experiments were conducted in 500 ml round bottom flask with initial 

arsenic concentration of 1000 µg/L.  The mass of adsorbent used were ~ 0.1 g. The pH of 

the solution was adjusted to 8.0 using dilute NaOH/HCl solutions and the solution was 

stirred using magnetic stirrer.  The filtered samples were taken over 48 h period at 

specified interval.  The pH of the solution was maintained to a constant value by 

monitoring on regular basis and adjusted as per need. 

2.2.6.2 Adsorption isotherm 

Batch uptake experiments were performed using feed solution at pH 8.0.  

Approximately 0.1 g of each adsorbent was added to 0.5 liters of solution contained in 

capped Erlenmeyer flasks.  The solutions were placed on a stir plate maintained at 

ambient temperature.  Filtered samples were taken for arsenic analysis after 24 h and then 

spiked with 1 ml of 50,000 µg/L As concentration to obtain various isotherm points.  

Thus, the isotherm data was plotted from the same sample.  
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2.3 Results and discussion 

2.3.1 Hydrazine and NaOH treatment 

Figure 2.5 shows the increase in the mass of the fabric versus elapsed time for 

treatment with HH concentrations of 10, 20 and 35%. A PAN reaction with hydrazine 

occurs through a nucleophilic attack on the nitrile groups by the lone pair of electrons on 

the nitrogen atoms in hydrazine. [132] Bonding of hydrazine to adjacent polymer chains 

results in cross-linking, as illustrated by: [123] 

 

In addition to cross-linking and amination of the fibers, treatment with hydrazine 

may also introduce carboxamide and carboxylate groups as a result of base catalyzed 

hydrolysis reactions. [133] Therefore, amphoteric ion exchange groups are expected on 

HH-treated PAN fibers. The anion exchange capacity (AEC) and cation exchange 

capacity (CEC) of the HH-treated fibers are shown in Table 2.2.  Increasing HH 

concentrations increased both the AEC and CEC of the fibers.  For each HH 

concentration, the AEC ranged from 82% to 285% greater than the CEC.   
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Figure 2.5: Relative increase in mass of PAN fabric after reaction with 10% HH, 20% 

HH and 35% HH at 100 
o
C. 

 
Figure 2.6 shows the weight gain for the HH-treated fibers as a function of 

treatment time during a subsequent alkali-hydrolysis step.  The greater the HH 

concentration, the greater the weight gain during the base catalyzed hydrolysis step.  

Treatment with NaOH results in conversion of nitrile groups to carboxamides, according 

to: 

 

The carboxamides may then undergo oxidation to carboxylate groups, with the 

release of ammonia, according to:  
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In the absence of cross-linking with HH, the PAN fabric dissolves in NaOH 

solutions.  Figure 2.7 compares the dissolution behavior of PAN fabric that was not 

subjected to HH cross-linking.  The weight loss shown in the absence of cross-linking 

contrasts with the weight gain found in the fibers first treated with HH.  The slow 

dissolution of unmodified fabric during alkali treatment can be attributed to transition of 

nitrile into hydrophilic carboxamide and carboxylate groups which then promote 

dissolution of the fiber. [122,134]  Although similar dissolution behavior was found in 

10% and 20% NaOH solutions over the first 2 h elapsed, the destruction and complete 

dissolution of the fabric in 20% NaOH was obtained after approximately 2.5 h.  In 

addition, without prior cross-linking, the color of the fiber treated with 10% NaOH 

gradually changed from light orange to light pink after 2.5 h. 
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Figure 2.6: Increase in weight of 10% HH, 20% HH, 35% HH reacted PAN fabric during 

alkali hydrolysis in 10% NaOH at 95 
o
C.  

 

 

Figure 2.7: Weight loss of PAN fabric samples during 10% NaOH and 20% NaOH 

treatment at 95 
o
C. 

 
FTIR spectroscopy was used to assess chemical changes in the fabric after HH 

and NaOH treatment.  The FTIR spectra of modified PAN fibers shows the presence of 

different functional groups than those of the original PAN fiber as shown in Figure 2.8.  

The characteristics peaks for untreated PAN fibers are assigned as follows: 2,239 cm
-1
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(C=N stretching), 2,942 cm
-1

 (C-H stretching), 1,454 cm
-1

 (C-H stretching on backbone 

of PAN fiber). [135]  After a reaction with NaOH, two new peaks at 1,561 and 1,654 cm
-

1
 correspond to the NH group in carboxamide and the carbonyl group (C=O) in 

carboxamide and carboxylate.  The NaOH-treated fiber also shows a small band ranging 

3,100 to 3,600 cm
-1

, corresponding to the hydroxyl group (OH) in carboxylate, which 

verifies the formation of carboxylate cation-exchange groups.  In the hydrazine modified 

fiber, the band centered at 3,414 cm
-1

 corresponds to the stretching vibration of amine 

and amino (NH, NH2) groups, confirming that anion-exchange groups have been 

introduced. A bending vibration of NH in amines appears at 1,652 cm
-1

 and at 1,561 cm
-1

, 

a bending vibration for NH in amide also appears in the HH-treated fibers.  In the 

HH/NaOH-treated fiber, the strong band ranging from 3,000 to 3,630 cm
-1

 corresponds to 

the stretching vibration bands of amine groups, and also the stretching vibration of 

hydroxyl groups (OH) in carboxylates.  A comparison of spectra for 10% and 35% HH-

treated fibers (data not shown) shows that the peak heights associated with these groups 

are a factor of ~2 higher in the 35% solution versus the 10% solution, which is consistent 

with the anion-exchange data shown in Table 2.2.  In addition, the peak of C≡N 

stretching is reduced in the HH-treated fibers, indicating that a reaction of C≡N has 

occurred. 

The weight gains associated with HH treatment suggest that hydrazine not only 

reacted with nitrile groups on the surface of the fiber, but also reacted with nitrile groups 

inside the fiber or was absorbed into the fiber.  The weight gain corresponds to 0.3 

mmol/g for 10% HH and 1.7 mmol/g for 35% HH. The unit molecular weight of PAN 

indicates that there are 18.9 mmol of nitrile groups per gram of untreated fiber.  Thus, in 
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the 35% HH solution, the molar hydrazine uptake is equivalent to 9% of the moles of CN. 

Based on the fiber diameter of 15 µm, only 0.01% of the nitrile groups reside in the 

surface (~5 Å) layer of the fiber.  Hydrazine incorporation inside the fiber is consistent 

with the SEM images in Figure 2.9 that show a 7% increase in the diameter of the fibers 

after 2 h of the 35% HH treatment.  Incorporation of hydrazine into the fiber may result 

from the fact that the treatments were conducted at 100 
o
C, which is above the ~95 

o
C 

glass temperature of PAN. [136] 

 

Figure 2.8: FTIR spectra of untreated and fiber treated in 10% NaOH (2 h), 35% HH (3 

h), and 35% HH (3 h) plus 10% NaOH (2 h). *amine groups; **carboxamide groups. 

SEM images of the fibers show that the fibers become thicker after modification, 

without any strong impact on their overall morphology (Figure 2.9a-c).  The surfaces of 

the untreated fiber look slightly wavy in Figure 9a.  Figure 9d has comparatively 
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smoother surfaces as a result of fiber swelling in 20% NaOH.  The combination of HH 

and NaOH treatment resulted in a ~12% increase in fiber diameter from 15.71 to 17.64 

µm.  Nonuniform iron loading can be seen in HH/NaOH-treated fiber as compared with 

fibers with only NaOH treatment, as shown in Figure 2.9e-f. 

 

Figure 2.9: SEM images of PAN fiber samples. 

 

2.3.2 Iron loading 

The effect of the chemical modification steps on the amount of iron that could be 

loaded onto the fibers was studied using the dipping and precipitation iron-loading 

procedures.  From optimization tests, 0.4 M FeCl3 was found a suitable concentration for 

achieving highest amount of arsenic adsorption (Appendix A.3 and A.4).  Figure 2.10 
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compares the iron loading using the dipping procedure for fabric samples that were 

treated with HH for 3 h.  The iron loading decreases by increasing hydrazine 

concentration.  This can likely be attributed to the increasing number of cationic groups 

with increasing HH concentration, as shown by the AEC data in Table 2.2, and that 

cationic amine groups show a low affinity for adsorbing ferric chloride. X-ray diffraction 

of the iron-loaded fibers did not show any crystalline phases, indicating that the final 

product on the fiber surfaces was amorphous ferric hydroxide.  SEM images indicated 

that the fibers were uniformly coated with the ferric hydroxide. 

 

Figure 2.10: Iron loading for fabric samples treated with 10% HH, 20% HH, and 30% 

HH for 3 h at 100 °C.  Fabric loaded via a single dip in 6% FeCl3 dissolved in 50% 

methanol/50% UPW. 
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Table 2.2: Cation (CEC) and anion (AEC) exchange capacities of modified PAN 

fibers.  Also shown for comparative purposes are data measured for Purolite C-104 weak 

acid cation exchange beads and Purolite A-100 weak base anion exchange beads.  

Sample CEC (meq/g) AEC (meq/g) 

HH10% 0.23 0.42 

HH20% 0.32 0.79 

HH35% 0.35 1.00 

NaOH10% 2.67 0.20 

NaOH10%/HH20% 1.68 0.51 

HH20%/NaOH10% 0.85 0.50 

Purolite A-100 - 1.89 (1.25*) 

Purolite C-104 2.65 (3.64*) - 

*manufacturer’s specifications 

 

Figure 2.11 compares the iron loading on fabric samples treated with 10% NaOH 

for 0.5 and 3.0 h using 1 and 5 dipping cycles.  The longer NaOH treatment that resulted 

in greater conversion of nitrile to carboxamide and carboxylate groups resulted in the 

fibers having a greater affinity for adsorbing ferric chloride (Appendix A.5).  Comparing 

iron loadings between 1 and 5 dipping cycles shows that there was a 59% increase for the 

0.5 h treated sample and a 112% increase for the 3 h treated sample.  
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Figure 2.11: Iron loading for fabric samples treated with 10 % NaOH for 0.5 and 3.0 h at 

95 °C.  Fabric loaded via 1 or 5 dipping cycles in 6% FeCl3 dissolved in 50% 

methanol/50% UPW. 

 
Figure 2.12 compares the iron loading on fibers treated only with 30% HH or 10 

% NaOH, and with fibers treated first with 30 % HH followed by 10% NaOH 

(HH/NaOH) and with fibers treated first with 10% NaOH followed by 30% HH 

(NaOH/HH).  Using the dipping method, the highest amount of iron loading was found 

on the NaOH-treated fiber and the lowest loading was observed for the HH-treated fiber.  

Thus, the NaOH treatment that introduces more cation-exchange groups provides a more 

attractive surface for ferric chloride adsorption than the hydrazine treatment which 

introduces more anion-exchange groups.  Figure 2.12 also shows the iron loading using 

the single-step precipitation method.  In all cases, higher iron loadings were obtained 

using the precipitation method.  However, there was no trend of higher iron loadings on 

fibers with more CEC.  This suggests that the surface properties had a smaller effect on 

the iron loading using the precipitation method.  The iron loadings in Figures 2.10-2.12 
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are similar to those reported in previous investigations of ferric hydroxide-loaded fibers, 

which ranged from 17 to 120 mg/g as Fe. [35,40,112]  

 

Figure 2.12: Iron loading for fabric samples treated with 30% HH (2 h), 10 % NaOH (2 

h), 30% HH (2 h)/10% NaOH (2 h), and 10% NaOH (2 h)/30% HH (2 h) at 95 °C. Fabric 

loaded via 1 dipping cycle or 1 precipitation step in 6% FeCl3 dissolved in 50% 

methanol/50% UPW. 

 
Stability of the ferric hydroxide loaded on the fabric samples was investigated by 

vigorously stirring the fabric samples for 48 h in 500 ml of 15 mM NaCl solution.  In all 

cases, less than 1 % of the loaded iron was found in the solution, and there were no 

observable particles in solution.   

2.3.3 Arsenic adsorption 

Only some of the arsenic adsorption behavior on the fibers can be rationalized in 

terms of previously reported mechanisms.  Figure 13a shows arsenic adsorption 

normalized per gram of dry fabric for the four different fiber samples loaded with iron 

using the dipping procedure.  Arsenic adsorption on all four samples showed good 

conformance to the Freundlich isotherm model, as indicated by the high coefficients of 

determination (R
2
) shown in Table 2.3.  The greatest amount of adsorption was observed 
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on the fibers treated with only NaOH, which had the highest CEC (2.67 meq/g) and the 

lowest AEC (0.20 meq/g).  In previous studies, investigating arsenic adsorption on ferric 

hydroxide-loaded ion-exchange beads and ion-exchange fibers, arsenate uptake was 

positively correlated with AEC and negatively correlated with CEC. [40,88]  Thus, the 

high arsenic adsorption on the NaOH-treated fibers cannot be explained by previously 

reported effects of the ion-exchange sites.  A likely explanation for the high arsenic 

adsorption on the NaOH-treated fibers is the 23-90% higher iron loading, as compared 

with the other fibers.  

In addition to the iron loading affecting arsenic adsorption, there is also an effect 

of the surface chemistry of the fibers.  The adsorption density of arsenic on NaOH treated 

fiber increases with the amount of iron loading and the hydrolysis time (Appendix A.6 

and A.7).  Figure 13b shows the same arsenic adsorption data normalized per gram of 

iron on the fibers.  The fibers treated only with HH show the highest arsenic adsorption 

per gram of iron.  These fibers had the highest AEC and the lowest CEC.  The high 

arsenic adsorption per gram of iron on these fibers is consistent with previous 

observations that positively charged anion-exchange sites increase arsenic adsorption to 

ferric hydroxide by increasing anion concentrations near the surface of the fibers due to 

the electrostatic effects.  Very little of the arsenate uptake by the hydrazine-treated fibers 

can be attributed to ion exchange on positively charged functional groups.  In separate 

experiments with samples treated only with HH, there was negligible arsenate adsorption 

in the absence of the ferric hydroxide coating.  At an aqueous arsenic concentration of 

0.40 mg/L (in 15 mM NaCl), there was only 0.012 mg/g of arsenic adsorption.  This 

represents less than 1% of the uptake by the ferric hydroxide-loaded fiber at the same 
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aqueous concentration.  Furthermore, other nitrogen containing compounds such as 

DETA, dimethylamine (DMA) were used to introduce amine groups onto NaOH-treated 

fibers and ferric hydroxide was loaded on modified fibers in a dipping method.  However, 

arsenic removal by these media was not greater than only NaOH-treated fiber (Appendix 

A.8 and A.9). 

 

Figure 2.13a: Arsenate adsorption isotherms normalized per gram of dry fiber by iron-

loaded PAN fabric having different chemical modifications. Iron was loaded via a single 

dipping cycle. 

 
Arsenic uptake by fibers treated with both HH and NaOH was difficult to 

understand from the perspective of iron loading or the ion-exchange properties of the 

underlying support.  The fibers with the HH/NaOH treatment showed the lowest amount 

of arsenic adsorption per gram of fiber or per gram of iron in Figure 13.  The AEC of 

these fibers (0.50 meq/g) was similar to the NaOH/HH-treated fibers (0.51 meq/g), but 

the CEC of the HH/NaOH (0.85 meq/g) was significantly less than that for the NaOH/HH 

(1.68 meq/g) treatment.  Thus, rather than diminishing arsenic uptake, the extra CEC of 

the NaOH/HH fibers increased arsenic adsorption (Figure 13a), despite having 52% less 
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iron than the HH/NaOH fibers.  The net result of this effect is a more than a factor of two 

increase in arsenic uptake per gram of iron for the NaOH/HH-treated fibers as compared 

with the HH/NaOH treatment.  These results indicate that there are complex interactions 

between the fiber, the ferric hydroxide, and the arsenic which require further 

investigation. 

 

 

Figure 2.13b: Arsenate adsorption isotherms normalized per gram of iron for the data in 

Figure 2.13a. 

 
Figure 2.14a shows arsenic adsorption normalized per gram of dry fiber for the 

four different treatment procedures for the precipitation-loaded fibers.  The Freundlich 

isotherm parameters for this data are listed in Table 2.3.  The maximum arsenic uptake on 

the HH, NaOH/HH, and NaOH treated fibers was similar, with the HH/NaOH fiber 

showing significantly less arsenic removal.  Figure 14b shows the same arsenic 

adsorption data normalized per gram of iron on the fibers.  Here, the NaOH treated fibers 

show a similar maximum uptake per gram of iron.  This contrasts with the behavior 

shown in Figure 13b, and indicates that the fiber surface properties of the precipitation-
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loaded samples have a smaller effect on arsenic adsorption than for the dip-loaded 

samples.  This conclusion is supported by data from other fibers.  A comparison of 

Figures 13b and 14b shows that arsenic uptake per gram of iron is greater for NaOH, 

NaOH/HH, and HH/NaOH fibers when the iron loading is high (Figure 14b) than when 

the iron loading is low (Figure 13b).  Thus, the fiber surface properties on these samples 

inhibit arsenate adsorption, with thicker iron coatings leading to less inhibition.  In 

contrast, the maximum adsorption per gram of iron is higher for the HH-treated fibers 

when the iron loading is low (Figure 13b) than when it is high (Figure 14b).  Thus, the 

fiber surface properties on the HH-coatings leading to greater enhancement.  Although 

thicker iron coatings diminish the effects of fiber surface properties, the substantially 

lower arsenic uptake by the HH/NaOH-treated fibers in Figure 14b indicates that the fiber 

surface properties still affect arsenic adsorption, even at high iron loadings.   

 

Figure 2.14a: Adsorption isotherm of arsenate by iron-loaded PAN fiber having different 

chemical modifications.  Iron was loaded via the precipitation method. 
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2.3.4 Effect of temperature on arsenic removal 

Figure 2.15 compares adsorption isotherms at 25, 50 and 75 
o
C on the iron loaded 

HH plus NaOH treated PAN fiber.  The experiments were performed at pH value of 8.0 

in 15 mM NaCl as a background electrolytes.  No significant differences on amount of 

arsenic adsorption was observed at 25 and 50 
o
C.  But the lower amount of adsorption 

was found at the higher temperature.  Similar trend of arsenic adsorption was also found 

on the ArsenX
np

 media at 25 and 50 
o
C (Appendix A.10).  This indicates that the arsenic 

adsorption on ferric hydroxides based adsorbents is exothermic. 

 

Figure 2.14b: Arsenate adsorption isotherms normalized per gram of iron for the data in 

Figure 2.14a. 
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Table 2.3: Freundlich isotherm parameters for the adsorption of arsenate at a pH 

value of 8.  q is the adsorbed phase concentration, Ceq is the aqueous phase equilibrium 

concentration, and KF and n are the fitted parameters of the equation:  [   ⁄ ]  

     
 [   ⁄ ]. 

Sample 

Method 

Dipping Precipitation 

KF n R
2
 KF n R

2
 

10% NaOH (2 h) 3.45 0.28 0.9794 10.20 0.45 0.9765 

10% NaOH (2 h)/30% 

HH (2 h) 
1.49 0.21 0.9933 10.82 0.55 0.9083 

30% HH (2 h) 2.73 0.35 0.9892 6.04 0.26 0.9442 

30% HH (2 h)/10% 

NaOH (2 h) 
1.14 0.31 0.9760 2.73 0.24 0.9681 

 

 

 

Figure 2.15: Comparison of arsenate removal performances at various temperatures by 

HH/NaOH treated fiber loaded with ferric hydroxides in dipping procedure. 

 

0.0

0.2

0.4

0.6

0.8

0.0 0.1 0.2 0.3

q
 (

m
g

/g
) 

Ceq (mg/L) 

50 oC 25 oC

75 oC



66 

 

2.4 Conclusions 

This study investigated the effect of synthesis procedures on the properties and 

arsenate adsorption performances of ferric hydroxide-loaded homopolymer PAN fibers.  

By using homopolymer PAN fibers, which are more resistant to disintegration in hot 

alkaline solutions, the carcinogenic chemicals such as hydrazine can be avoided during 

modification.  The adsorption tests showed that arsenate removal was related to both the 

extent of iron loadings and the underlying surface properties of matrixes.  The extent of 

iron loadings was highest in the media containing highest cation-exchange groups in 

dipping procedure.  However, the effect of surface properties was not observed on the 

amount of iron loadings in precipitation method. Moreover, the support properties of the 

matrices affected arsenate adsorption in both methods of iron loadings.  Considering the 

facts such as single-step procedure, high arsenic adsorption capacity, lower costs, wider 

availability, and toxicity avoidance of using NaOH versus HH, the NaOH only treatment 

was found a preferred method of synthesizing hybrid fibrous adsorbent.  Therefore, an 

inexpensive hybrid homopolymer PAN sorbents may be developed in underdeveloped 

areas of the world where commercial products may not be available.    
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CHAPTER 3: UNDERSTANDING ARSENATE REACTION KINETICS WITH 

FERRIC HYDROXIDES 

3.1 Introduction 

Arsenic is often present in contaminated groundwater due to weathering of rocks, 

industrial waste discharges and agricultural use of arsenical herbicides and pesticides. 

[137] Both arsenic(V) and arsenic(III) are strongly adsorbed by iron oxide minerals, and 

by amorphous ferric hydroxide coatings on soils and sediments. [60,64,65,73,74,138-

145]
  

The strong adsorption of arsenic to ferric hydroxide is a significant natural 

attenuation mechanism for arsenic contamination in groundwater, and has also been 

exploited for removing arsenic from drinking water. [102] 

Previous studies have shown that the adsorption mechanism involves the 

formation of inner-sphere complexes via ligand exchange with OH
-
 or OH2 groups on 

ferric hydroxide (Figure 3.1). [138,139,146]  Investigators have used EXAFS 

spectroscopy results along with structures derived from molecular modeling to infer the 

type of chemisorption complexes that form. [32,147]  Several investigators have reported 

that arsenate (HAsO4
2−) forms both mono- and bidentate complexes with goethite (α-

FeOOH). [31,65,144]
  
In addition, Fendorf et al. (1997) reported that arsenate may form 

three types of complexes: monodentate, bidentate binuclear, and bidentate mononuclear 

with ferric hydroxides. [145] The type of complex that formed was found to be dependent 

on the surface loading, with the bidentate complexes dominating at high surface loadings. 

[65,145]  Other investigators have concluded that monodentate complexes are unstable 
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[32], and that previously reported evidence for monodentate complexes can be attributed 

to a misinterpretation of the EXAFS results. [146]  

 

Figure 3.1: Ligand exchange reaction between arsenate and ferric hydroxides.  

 
The kinetics for adsorption and desorption of arsenate on ferric hydroxides affects 

the transport of arsenic in groundwater and also affects arsenic removal from drinking 

water using iron oxide-based adsorbents.  Many studies have studied the kinetics of 

arsenate adsorption to iron and aluminum oxides and have observed biphasic kinetics 

consisting of a fast adsorbing fraction and a slowly adsorbing fraction. [30,31,91,148]  

The fast adsorbing fraction reacts on a time scale of less than 1 min [31], while the slow 

adsorbing fraction requires more than 162 h to reach equilibrium. [30,92]  This 

phenomenon has been attributed to slow diffusional mass transport, [30,64,149] 

heterogeneous adsorption sites, [148] the formation of surface precipitates [150] , the 

rearrangement of surface complexes [151] , and the conversion of monodentate to 

bidentate complexes. [31]  Using a kinetic model developed for anion adsorption [152] , 

Zhang and Stanforth (2005) concluded that slow adsorption was not due to diffusion, but 

rather to heterogeneity in surface site binding energy or to other rate controlling 

reactions. [148]  
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Studies investigating the release of arsenate from ferric hydroxides have used a 

variety of extractants, including phosphate or high pH solutions, to displace adsorbed 

arsenate. [30,90,153]  Fuller et al. (1993) reported that after raising the pH from 8.0 to 

9.0, the system required ~100 h to come within 5% of the equilibrium adsorption amount 

at pH=9.0, indicating a slow release of adsorbed arsenate. [30] O’Reilly et al. (2001) 

reported that at a pH value of 6.0, a 6 mM phosphate solution was able to displace 35% 

of the adsorbed arsenate in a 24 h period. [90] However, after the initial rapid release, the 

rate of release slowed dramatically, and after more than 150 days, approximately 40% of 

the adsorbed arsenic remained on the goethite.  A general finding in these desorption 

studies is that only a small fraction of adsorbed arsenate is released using a competing 

adsorbate, such as phosphate or hydroxide ions.  This has led investigators to speculate 

that a fraction of arsenate adsorption to iron oxides may be irreversible. [92]
 
 

The objective of this study was to study the reactions involved in arsenate 

adsorption and desorption from ferric hydroxides.  Towards that end, density functional 

theory (DFT) simulations were used to calculate the energy changes and activation 

barriers associated with physical and chemical adsorption of arsenate to ferric 

hydroxides.  The DFT is one of the most powerful, relatively efficient and unbiased tools 

to compute the ground state energy in a realistic models of bulk materials and material 

interfaces. [154] The consistency of the calculations is based on the development of 

approximations for the exchange-correlation energy function.  The exchange correlation 

functions depend on local density gradient, semi-local measured of the density and non-

local exchange functionals.  The reaction energies calculated here are useful in 

interpreting a wide range of experimental results.  
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3.2 Material and methodology 

DFT simulations were performed to determine the energy changes and Gibbs free 

energy activation barriers for arsenate adsorption to ferric hydroxides.  Energies for 

physical adsorption and for formation of mono- and bidentate surface complexes were 

calculated.  Ferric hydroxides were simulated using clusters similar to those used in 

several previous studies. [32,147,155]
  
As illustrated in Figure 3.2, the clusters consisted 

of two iron atoms in octahedral coordination with ten oxygen atoms, with the general 

formula Fe2O3(H2O)7.  Clusters with different numbers of protons were also used to 

simulate binding sites with positive or negative charges.  

 

Figure 3.2: Ferric hydroxide cluster used to simulate uncharged ferric hydroxide 

(Fe2O10H14). The O atoms indicated by * were held fixed in simulations of arsenic 

binding. Atom key: Fe‐blue; O‐red; H‐white. 

 
DFT calculations were performed using the DMol3 [156,157]

 
package in the 

Accelrys Materials Studio modeling suite using a personal computer. [158] All 

simulations were unrestricted spin, all electron calculations using double-numeric with 

polarization (DNP) basis sets, [159] and the gradient corrected VWN-BP functionals 

[160,161,162]
 
for exchange and correlation.  Implicit solvation was incorporated into all 
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aqueous phase simulations using the COSMO-ibs [163] polarizable continuum solvation 

model.  COSMO-ibs is based on the conductor-like screening model [164] and can 

account for solute induced polarization of the solvent.  In contrast to other widely used 

polarizable continuum models, COSMO-ibs can be used during geometry optimization of 

the solute, since it does not have the high computational costs and convergence problems 

of the widely implemented PCM model and its variants [164-167] when performing 

geometry optimizations.  In addition to the implicit solvation, all simulations also 

included one explicit water molecule to allow for hydrogen bonding and better outlying 

charge correction for negatively charged species. [168]  Previous investigators have 

reported that inclusion of a single water molecule nearly leads to better energies for 

charged species but inclusion of multiple water molecules may yield results with 

considerably greater errors than those with no explicit water molecules. [168]  

The geometry of the binding sites was optimized without any geometry 

constraints.  To simulate the binding sites being part of a larger ferric hydroxide structure, 

simulations that included bound arsenic species employed geometry constraints that fixed 

the positions of the six peripheral oxygen atoms that were not part of the binding 

reaction, as illustrated in Figure 3.2.  This was necessary to avoid gross distortions of the 

dioctahedral geometry seen in previous investigations performed using similar ferric 

hydroxide clusters. [169] Frequency calculations were performed on geometry optimized 

structures without any constraints to determine zero point vibrational energies and 

thermal corrections.  Transition state searches were performed using linear and quadratic 

synchronous transit (LST/QST) methods [170]
 
and refined using conjugate gradient 

energy minimization. [171] Transition states were confirmed by frequency analyses 

javascript:void(0);
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verifying that the single negative frequency corresponded to the normal mode along the 

reaction coordinate. 

Gibbs free energy changes for the adsorption reactions were calculated using 

published literature values for the dissolved species and DFT calculated values for the 

complexes and binding sites.  Standard Gibbs energies of formation (   
 ) for the binding 

sites and arsenic complexes were determined from the DFT calculated formation energies 

(   
   ) by adjusting the vacuum scale to the standard thermodynamic and 

electrochemical energy scales.  For uncharged structures, the ΔGf
DFT

 values were 

converted to standard Gibbs free energies of formation (ΔGf
0
) by subtracting ΔGf

DFT
 

energies calculated for the elements in their natural state at 25 °C and 1 atm.  Energies for 

charged structures were adjusted to the electrochemical scale by adding 417 kJ/mol for 

the standard hydrogen electrode (SHE) reaction (ΔGSHE
0
) to the ΔGf

DFT
for all species 

with a −1 charge, and subtracting ΔGSHE
0
 for all species with a +1 charge. [172] The 

standard Gibbs free energies of formation (ΔGf
0
) used in all calculations are listed 

Appendix B.1.  Based on previous research investigating similar systems, the ΔGf
0
values 

calculated for the binding sites and surface complexes are conservatively expected to be 

accurate to within ±20 kJ/mol. [173, 174]  However, errors in calculating standard Gibbs 

free energies of reaction (ΔGr
0
) and Gibbs free energies of activation (Ea) are likely to be 

much smaller, since bias in the calculations would largely cancel because only 

differences in energy between similar structures are used to calculate these values.  All 

reported energy values are Gibbs free energies. 
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3.3 Results and discussion 

The ferric hydroxide clusters used in modeling the complexation reactions had 

charges of -1 (Fe2O10H13
1-

), 0 (Fe2O10H14) or +1 (  2O1 H1 
1 ).  The    

  for each cluster 

was used to calculate the speciation of the clusters as a function of the pH, as shown in 

Figure 3.3.  The calculated pKa1 value for   2O1 H1 
1  was 7.78 and the pKa2 was 10.1.  

These values are close to experimental measurements for ferric hydroxide minerals, and 

yield a pHpznpc (point zero net proton charge) value of 8.94, which is intermediate 

between the pHpznpc for hematite (8.5) and goethite (9.4). [175]  The similar pHpznpc of the 

ferric hydroxide clusters to that for real ferric hydroxides indicates that the clusters bind 

H
+ 

ions similarly to real adsorbents.  Hirshfeld [176] charges on each atom in the 

uncharged binding site are shown in Appendix B.2.  

 

Figure 3.3: Fraction of ferric hydroxide clusters with -1, 0, and +1 charges as a function 

of pH 

 
Standard Gibbs free energies of reaction between arsenate and the ferric 

hydroxide clusters were calculated for physically adsorbed arsenate, a monodentate 
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complex, and a bidentate, binuclear complex.  The energy for systems where arsenate 

does not interact with the ferric hydroxide cluster were calculated by energy 

minimization of systems where the nearest O atom of the arsenate species was fixed 20 Å 

away from the Fe atom of the binding site.  Next, energies for physically adsorbed 

arsenate were calculated by energy minimization of systems after removing the 20 Å 

fixed distance constraint. 

At neutral pH, the most prevalent arsenate species is HAsO4
2– 

and the most 

prevalent binding site is Fe2O10H15
1+

 (Figure 1.2 and 3.3).  Figure 3.4 illustrates HAsO4
2– 

physically adsorbed to the binding site, which resulted in a net charge of -1 on the 

reaction product (Fe2O10H15–HAsO4
–
).  The overall Gibbs free energy change for the 

reaction-3.1 was ΔGr
0
 = -58 kJ/mol.  This is a highly exergonic value for physical 

adsorption and likely resulted from the negative charge assisted hydrogen bonds (CAHB) 

formed between the two reactants.  

HAsO4
2−    2O1 H1 

1     2O1 H1  HAsO4
1−    3.1 

 

Figure 3.4: Physical adsorption complex resulting from adsorption of HAsO4
2-

 on 

Fe2O10H15
1+

. Negative charge assisted hydrogen bonds (CAHB) are indicated by dashed 
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lines showing the internuclear distances between atoms in units of Angstron. Atom key: 

As, purple; Fe, blue; O, red; H, white. 

 
Negative CAHB are known to form between carboxylate and alkoxide ions and 

water [177] and have been recently implicated as being responsible for the strong 

adsorption of carboxylate anions to organic matter in soils and sediments. [178] Figure 

3.4 shows that there were three negative CAHB formed upon physical adsorption of 

HAsO4
2– 

to the binding site.  The hydrogen bonding is indicated by electron withdrawal 

from the two O atoms in HAsO4
2–

.  The Hirshfeld [176] charges on the two unprotonated 

O atoms in the isolated HAsO4
2– 

molecule increased from -0.63 to -0.46 and -0.43, after 

forming the CAHB.  For reaction-3.2 involving H2AsO4
–
 and Fe2O10H15

+
 to form a 

neutrally charged, physisorbed reaction product (Fe2O10H15 - H2AsO4), the physical 

adsorption energy reduced to ΔGr
0
= -21 kJ/mol.  Reaction of H2AsO4

– 
with a neutral 

binding site to form Fe2O10H14 - H2AsO4
–
 had a similar adsorption energy of ΔGr

0
= −20 

kJ/mol. 

HAsO4
−    2O1 H1 

1     2O1 H1  HAsO4      3.2 

Once physical adsorption occurs, an arsenate species may displace an OH
-
 or OH2 

from the binding site to form a monodentate surface complex, as illustrated in Figure 3.5.  

The shortest Fe–As distance in the −1 charged monodentate complex of 3.36 Å is slightly 

shorter than EXAFS observation of 3.60 Å that has been attributed to monodentate 

complexes. [145] However, the shortest Fe–As distance in the uncharged monodentate 

complex is 3.52 Å (shown in Appendix B.3) indicating that the charge on the complex 
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affects the interatomic distances.  This effect should be taken into account when using 

EXAFS spectra to determine binding modes.  

 

Figure 3.5: Monodentate complex with a net charge of −1. Atom key: As, purple; Fe, 

blue; O, red; H, white. 

 

Formation of the monodentate complexes required passing through activation 

energy barriers, the magnitude of which depended on the net charge of the complex.  

Conversion of an uncharged physisorbed complex to an uncharged monodentate complex 

via the reaction-3.3 had a transition state that was 73 kJ/mol higher in energy than the 

physisorbed complex, as illustrated by the energy for the monodentate transition state (TS 

Mono-) species in Figure 3.6.  The data used for the plot (Figure 3.6 and 3.8) is given in 

Appendix B.4.  Although there was a high activation barrier, conversion of the 

physisorbed complex into the monodentate complex was energetically favorable, with a 

reaction energy of    
   -38 kJ/mol, as indicated by the energy of the mono-species in 

Figure 3.6.  Once formed, the monodentate complex may convert into a bidentate, 

binuclear complex, as illustrated in Figure 3.7.  The average Fe–As distance in the 
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uncharged bidentate complex of 3.23 Å is close to the 3.25 Å observed for bidentate, 

binuclear complexes in previous spectroscopic studies. [32]  

  2O1 H1  H2AsO4     2AsO13H1  H2O     3.3 

 

Figure 3.6: Relative standard Gibbs free energies of formation for complexes with a net 

charge of zero. The zero of the energy scale is the sum of the Gibbs free energies for the 

isolated H2AsO4
 −

 and Fe2O10H15
+
 species. Shown are energies for the physical adsorption 

complex (Phys), the transition state for forming the monodentate complex (TS Mono-), 

the monodentate complex (Mono-), the transition state for forming the bidentate complex 

(TS Bi-) and the bidentate complex (Bi-). 

 
The transition state for formation of the uncharged bidentate complex (shown in 

Appendix B.5) had an energy that was 112 kJ/mol higher than the uncharged 

monodentate complex, as illustrated by the energy of the bidentate transition state (TS Bi-

) species in Figure 3.6.  The overall Gibbs energy change for converting the neutral 

monodentate complex into a neutral bidentate complex was ΔGr
0
 = −55 kJ/mol. 
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Figure 3.7: Bidentate complex with a net charge of 0. Atom key: As, purple; Fe, blue; O, 

red; H, white. Hirshfeld [176] atomic charges for this structure are shown in Appendix 

B.6. 

 
The energy changes and activation barriers associated with formation of 

complexes with a −1 net charge are illustrated in Figure 3.8.  The most notable 

differences between the −1 and the neutrally charged systems are the relatively higher 

energies for the mono- and bidentate complexes in the −1 charged system.  In the −1 

charged system, formation of the mono- and bidentate complexes from the noninteracting 

species were 15 and 35 kJ/mol less energetically favorable than their neutrally charged 

counterparts.  This finding is consistent with experimental observations of weaker 

adsorption with increasing pH that is observed for arsenate. [141]  In addition to weaker 

adsorption for the −1 charged complexes, the activation barriers for converting the 

physisorbed complex into the monodentate complex was only 62 kJ/mol, which is 10 

kJ/mol smaller than the activation barrier for the uncharged complex.  The transition state 

structure for formation of the −1 charged monodentate complex is shown in Figure 3.9.  
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The activation barrier associated with formation of the −1 charged bidentate complex was 

100 kJ/mol, which is 12 kJ/mol smaller than the activation barrier for the uncharged 

complex. 

 

Figure 3.8: Relative standard Gibbs free energies of formation for complexes with a net 

charge of −1. The zero of the energy scale is the sum of the Gibbs free energies for the 

isolated H2AsO4
−
 and Fe2O10H14 species. Shown are energies for the physical adsorption 

complex (Phys), the transition state for forming the monodentate complex (TS Mono-), 

the monodentate complex (Mono-), the transition state for forming the bidentate complex 

(TS Bi-), and the bidentate complex (Bi-). 

 
The relative energies of the mono- and bidentate complexes were also affected by 

the net charge on the system.  The -1 charged bidentate complex was only 36 kJ/mol 

lower in energy than the -1 charged monodentate complex, whereas in the neutral system, 

the bidentate complex was 55 kJ/mol lower in energy than the monodentate complex.  

For systems with a -2 net charge, the bidentate complex was only 11 kJ/mol lower in 

energy than the monodentate complex.  This trend in relative favorability between the 

mono- and the bidentate complexes is consistent with several experimental observations 
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showing increasing importance of the monodentate complexes with decreasing surface 

loadings. [65,144,145]  In these studies, the surface loadings of arsenate were controlled 

by the pH, and thus the lower surface loadings were the result of the higher pH values. 

[65,145]
  

Results from the DFT calculations suggest that the factor influencing the 

relative preponderance of different binding modes is the pH rather than the surface 

loading. 

Although the bidentate complexes had lower energies than the monodentate 

complexes, in real systems, ligands adsorbed to neighboring sites may prevent conversion 

of mono- to bidentate complexation.  Thus, there may be both mono- and bidentate 

complexes present at the same time.  The low energies of both the mono- and bidentate 

complexes, as compared to the initial reactants, helps explain the kinetic hysteresis and 

the strong resistance to release of arsenate in competitive displacement experiments. 

[30,90,153]  The release of arsenate adsorbed via a bidentate complex would first require 

conversion into a monodentate complex.  To convert an uncharged bidentate complex 

into an uncharged monodentate complex required passing through an activation barrier of 

167 kJ/mol, as illustrated in Figure 3.6.  To convert an uncharged monodentate complex 

into H2AsO4
− physisorbed to   2O1 H1 

1  required passing through an activation barrier of 

110 kJ/mol, as illustrated in Figure 3.6.  Thus, even for a ligand that strongly binds to 

ferric hydroxide, such as phosphate, the kinetics of the displacement process should be 

slow due to the high activation barriers.  This may explain the observation that 40% of 

the arsenate adsorbed on goethite could not be displaced by a 6 mM, pH = 6.0 phosphate 

solution, even after 150 days. [90]  
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Figure 3.9: Hirshfeld [176] charges on the transition state structure for formation of the -1 

charged monodentate complex. Atom key: Fe-blue; As-purple; O-red; H-white. 

 
As the charge on the bidentate complex decreased from 0 to -1, the barrier to 

convert the bidentate to the monodentate complex decreased from 167 to 134 kJ/mol, as 

illustrated in Figure 3.8.  For a system with a -2 net charge, the activation barrier to go 

from bi- to monodentate decreased to 64.8 kJ/mol.  This trend of decreasing activation 

barriers for conversion of bi- to monodentate complexes suggests that with increasing pH 

values (and concomitantly, increasingly negative charges on the surface complexes), the 

rate of arsenate release from ferric hydroxides should increase.  This is consistent with 

past experimental observations.  Fast rates of arsenic release from ferric hydroxides have 
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been observed in ~1 M NaOH solutions when regenerating ferric-hydroxide based 

adsorbents. [35]
 
In these studies, a large fraction of the adsorbed arsenate was released 

over 2 to 3 h.  Although the rate of arsenate release was much slower than the adsorption 

rate, it was several orders of magnitude faster than release rates observed at a pH value of 

9.0. [30] 

Understanding the mechanisms controlling the kinetics of arsenic adsorption is 

important for assessing the transport and fate of arsenic in the environment.  The 

modeling data from this study can be used to better understand published experimental 

results.  Because the physical adsorption reaction does not have an activation barrier, it 

should proceed rapidly.  This is consistent with observations of a fast adsorbing fraction 

of arsenate on ferric hydroxides.  The zero activation barrier is also consistent with the 

work of Grossl et al. (1997)
 
who used a pressure jump relaxation technique to show that 

there was an adsorption reaction of arsenate on goethite with a time constant less than 50 

ms.  The high activation barriers for forming the mono- and bidentate complexes helps 

explain the slow approach to equilibrium for arsenic uptake by ferric oxides.  This slow 

approach to equilibrium has often been attributed to mass transfer effects and surface 

precipitation phenomena. 
 
The slow release of arsenate from ferric hydroxides has also 

been attributed to mass transfer effects, however, they can also be explained by the high 

activation barriers for the reactions required for arsenic desorption.  The slow kinetics of 

these reactions must be taken into account in transport modeling. 
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3.4 Conclusions 

The kinetics of arsenate adsorption and desorption on ferric hydroxide adsorbents 

were investigated on the basis of reaction energies and activation barriers.  Although 

arsenate-iron complexes were found energetically favorable at natural environmental 

conditions, the biphasic nature of arsenate adsorption and desorption on ferric hydroxides 

was described with activation barriers needed for various complexes.  Fast adsorption 

fraction of arsenate on the adsorbents has been attributed to physical adsorption that 

proceed with no activation barrier, while high activation barrier for forming mono- and 

bidentate complexes results slow fractions of arsenate adsorption.  Similarly, the 

desorption kinetics were also related to activation barriers for physical, bi- and 

monodentate complexes.  The molecular modeling results showed 2-3 times higher 

activation barrier for reverting than forming bidentate complexes. Such a high activation 

barriers may cause slow desorption of arsenate from ferric hydroxides.  Therefore, 

arsenate adsorption and desorption kinetics on ferric hydroxides is important in 

understanding arsenic transport in the environment and in designing systems for 

removing arsenic from potable water.  
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CHAPTER 4: UNDERSTANDING REGENERATION OF ARSENATE LOADED 

FERRIC HYDROXIDE ADSORBENTS  

4.1 Introduction 

Drinking water contaminated with arsenic is a worldwide problem, especially in 

developing nations.  Consumption of drinking water with high arsenic concentrations can 

lead to acute gastrointestinal illness, cardiac damage, vascular disorders, and skin and 

lung cancer. [96] Chronic exposure to low concentrations of arsenic in drinking water has 

been suspected to cause bladder cancers, diabetes, high blood pressure, and embryonic 

heart defects. [10] More than 30 million people are regularly exposed to high (up to 5,000 

µg/L) arsenic concentrations in Bangladesh, Vietnam, and other regions of Indian 

subcontinent. [179] In other parts of the world arsenic concentrations in potable water 

supplies are much lower.  However, in many cases the concentrations are above the 10 

µg/L maximum recommendation of the WHO. 

In recent years, there has been substantial research in developing treatment 

technologies for removing arsenic from potable water. [102]
  

Most of the treatment 

technologies are based on ion exchange [45] or adsorption to granular ferric hydroxide 

[55], activated alumina [56]
 
or other metal oxide compounds [36,57,58].

  
The most 

common type of adsorbents are based on ferric hydroxide, and come in the form of 

porous ferric hydroxide granules or polymeric ion exchange resins containing imbedded 

ferric hydroxide nanoparticles. [81,102]
  

Recently, ion exchange fibers
 

have been 

developed for removing arsenic, including fiberglass coated with conventional 

polystyrene/divinyl benzene copolymers [116], cellulosic fibers doped with iron 
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nanoparticles [87], and derivatized polyacrylonitrile fibers loaded with ferric hydroxide 

[40,115].   

Arsenic removal by ferric hydroxide media involves physical adsorption, 

chemical adsorption and ion exchange. [35] Physical adsorption, also known as outer-

sphere complexation, results from dispersion and electrostatic interactions between the 

arsenate species (H2AsO4
− or HAsO4

2−) and ferric hydroxide.  Chemical adsorption, also 

known as inner-sphere complexation, involves replacing an OH
-
 or H2O ligand with an 

arsenate species. [138,139,146]  This involves a chemical bond between one or more Fe 

atoms with one or more O atoms in arsenate.
 

Investigators have used EXAFS spectroscopy results along with structures 

derived from quantum chemistry modeling to determine the type of binding between 

arsenic and ferric hydroxides. [147]
 
Arsenate (HAsO4

2−) may form mono-, bi- and 

tridentate surface complexes with one or more Fe atoms. [144,145,180]
  

The type of 

complex that forms has been found to depend on the amount of adsorbed arsenic.  At low 

arsenic loadings, monodentate arsenate complexes are favored, while at higher arsenate 

loadings bidentate complexes predominate. [144,145,147]
  

At high As/Fe ratios, 

tridentate, polynuclear complexes have also been observed. [180,181] 

Studies investigating the release of arsenate from ferric hydroxides have used a 

variety of extractants, including phosphate [90,182] and high pH solutions [183,184], to 

displace adsorbed arsenate.  The effect of NaOH solutions on desorption of arsenate is 

well-understood.  Many experimental studies have shown that the amount of arsenate 

adsorption decreases with increasing pH values. [141,144,145,147]
  

This has been 

attributed to electrostatic repulsion between negatively charged arsenate species, such as 
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H2AsO4
-
 and HAsO4

2-
, and the negative surface charge that develops on ferric hydroxides 

at pH values above their point of zero net proton charge (pHpznpc). 

There have been several studies where arsenate-loaded ferric hydroxide based 

adsorbent media have been regenerated in column experiments. [35,88,113,185]  These 

studies have used NaOH solutions with concentrations ranging from 0.8 to 10% and 

elution times ranging from 60 to 140 min.  In two of these studies, NaCl was added to the 

regenerant solutions at concentrations of 3% or 10%. [35,88]  Each study used only one 

eluent composition and the effects of eluent concentration on the kinetics and extent of 

arsenate release was not investigated.  Furthermore, the amount of adsorbed arsenic 

remaining on the adsorbents after regeneration was not quantified. 

Several investigators have found that mixtures of 2% NaOH containing 2 to 10% 

NaCl make effective regenerant solutions for ferric hydroxide based adsorbents. [35,88]
  

The mechanism through which chloride ions promote release of chemically adsorbed 

arsenate is not understood.  Experiments investigating anion effects on arsenate 

adsorption to ferric hydroxides have reported that Cl
-
 ions have little effect on arsenate 

adsorption [75,186,187], and concentrated NaCl or CaCl2 solutions are not effective at 

displacing adsorbed arsenate. [188,189] 
 
Several studies have compared the effectiveness 

of phosphate, carbonate, sulfate, and chloride solutions for removing arsenate adsorbed to 

ferric hydroxide adsorbents. [189,190]
  
The ability of extractants to desorb arsenate from 

ferrihydrite was found to order as: phosphate>carbonate>sulfate>chloride. [144,145,191]  

When regenerating arsenate-loaded adsorbent media, it is desirable to minimize 

both the eluent volume and chemical additions.  Therefore, it is important to understand 

the effects of eluent composition on the equilibrium and kinetics of arsenic desorption.  
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The goal of this research was to investigate the effect of eluent composition and time on 

regeneration of arsenate loaded ferric hydroxide adsorbent media.  Towards that end, the 

effects of 0.10 to 5.0 M NaOH and 0.10 to 1.0 M NaCl regenerant solutions on arsenic 

release from three fibrous and one granular ferric hydroxide media were investigated.  

The media were selected to span a range in support properties that included weak base 

anion (WBA) and types I and II strong base anion (SBA) exchange sites.  

In type I SBA exchange resins, the anion exchange reaction is described by 

following pathway (modified from MWH, 2005): [192] 

(   )[ ( H3)3 
 ]OH−  H AsO4

( −3)

 [(   ) ( H3)3 
 ]H AsO4

( −3)  (   )OH−1 

For type II SBA exchange resins, the anion exchange reaction can be written as 

following (modified from MWH, 2005): [192] 

(   )[ ( H3)2( H3 H2OH) 
 ]OH−  H AsO4

( −3)

 [(   ) ( H3)2( H3 H2OH) 
 ]H AsO4

( −3)  (   )OH−1 

The key difference between type I and II SBA exchange resin is presence of 

ethanol group in type II SBA. The ethanol groups in type II SBA possess the lower 

basicity. 

4.2 Experimental 

4.2.1 Materials 

All solutions were prepared from UPW (18.2 M-cm).  All chemicals were 

analytical grade and were obtained from Sigma-Aldrich (Saint Louis, Missouri).  The test 

solutions in the column breakthrough experiments consisted of 600 µg/L As(V), prepared 
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from sodium arsenate dibasic heptahydrate (Na2HAsO4.7H2O) (purity > 99.7%), 15 mM 

NaCl (purity > 99.0%), and 0 or 30 mg/L SiO2, prepared from sodium metasilicate 

nonahydrate (Na2SiO3.9H2O) (purity >98.0%).  The pH of the solutions was adjusted to 

8.0 using 0.10 M NaOH or HCl solutions.  The NaCl was included as an inert 

background electrolyte since it does not chemically adsorb to ferric hydroxides but will 

compete with arsenate for anion exchange sites on the adsorbent media.  Silica was 

included because it has been found to compete strongly with arsenic adsorption on ferric 

hydroxide media [37], adsorbs to SBA but not WBA exchange sites [193], and is often 

present in groundwater at concentrations 1 to 3 orders of magnitude greater than arsenic. 

Four ferric hydroxide-based adsorbent media spanning a range in support 

properties were selected for this study (Table 4.1).  Fiban As5 and Fiban A1 media were 

obtained from National Academy of Science in Belarus (Minsk) and ArsenX
np

 was 

obtained from the Purolite Company (Bala Cynwyd, Pennsylvania).  An adsorbent 

prepared in our laboratory from homopolymer polyacrylonitrile (PAN) obtained from 

Heading Filter Material Co., Ltd (Zhejiang, China) was also studied. [194] The Fiban 

As5 material consists of a nonwoven PAN felt that has been treated with hydrazine and 

N-N’-dimethyl-1,3-propanediamine, and contains 4.2 meq/g WBA exchange groups 

consisting of ternary amines. [120,133] The Fiban A1 media consists of a polystyrene-

divinyl benzene copolymer that has been treated with trimethylamine and contains 2.4 

meq/g of quaternary amines with type I SBA exchange functionality. [120]
 
The Fiban 

As5 comes loaded with ferric hydroxide from the manufacturer.  The Fiban A1 was 

loaded with ferric hydroxide using a technique employed by Lin and SenGupta (2009) for 

this same fiber. [35]
 
The ArsenX

np 
media consists of a polystyrene/divinyl benzene 



89 

 

copolymer that has been treated with dimethylethanolamine, and contains type II SBA 

exchange functionality. [195]
 

The ArsenX
np

 media is doped with ferric hydroxide 

nanoparticles using a previously reported technique. [81]
 

The PAN-Fe media was 

prepared from homopolymer PAN needle-punched felt fabric with a weight of 500 g/m
2
 

and a fiber diameter of 15 µm. [194]
  

The PAN-Fe adsorbent was loaded with ferric 

hydroxide without any pretreatment of the fiber and thereby contains no ion exchange 

functionality.  The same iron loading method used for the Fiban A1 was used for the 

PAN-Fe media.  Before use, the adsorbents were soaked in UPW overnight at room 

temperature and then thoroughly rinsed with UPW before drying at 50 
o
C.  The SBA 

exchange capacity for each media after loading with ferric hydroxide was determined by 

measuring sulfate uptake at a pH value of 12.0.  Properties of the adsorbents are listed in 

Table 4.1.   

Table 4.1: Physical properties of adsorbent media 

Structure 
ArsenX

np 

[81] 

Fiban As5 

[40] 

Fiban A1 

[35] 
PAN-Fe 

Iron content 250 mg/g 60 mg/g 110 mg/g 75 mg/g 

Diameter 300-1200 μm 44-54 μm 5-50 μm 15-20 μm 

Form of ferric 

iron 

poorly 

crystalline 
amorphous amorphous amorphous 

Shape 
spherical 

porous grain 
cylindrical fiber cylindrical fiber 

cylindrical 

fiber 

Ion exchange 

groups 

type II 4° 

amine 
3° amine type I 4° amine none 
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SBA capacity 

post Fe-loading 

 

1.7 meq/g 0 meq/g 2.4 meq/g 0 meq/g 

 

4.2.2 Column experiments 

Arsenate breakthrough and desorption behavior of the adsorbents were 

determined in column studies by operating a column (40 mm height, 8 mm diameter) in 

an up-flow mode using a constant flow peristaltic pump and polytetrafluoroethylene 

(PTFE) tubing.  The schematic of the experimental setup is shown in Figure 4.1.  The 

column was loaded with ~1 g of adsorbent and was operated in upflow mode.  The air 

bubbles generated in the column was allowed to escape by passing UPW water until no 

any bubble was observed in the column.  The test solutions were passed through each 

column using a liquid chromatography pump, and the arsenic loading was controlled by 

varying the EBCT from 1.0 to 4.0 min. 

The columns were regenerated using NaOH alone, NaCl alone, and NaOH plus 

NaCl at concentrations ranging from 0.10 to 5.0 M.  An EBCT of 2.0 min was used for 

the regeneration experiments.  This short EBCT was selected to allow the kinetics of 

arsenate desorption to be studied, and to minimize the solution phase mass transfer 

resistance for arsenic release from the media.  Samples were collected using a Gilson FC-

204 fraction collector. 
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Figure 4.1: Schematic diagram showing the setup of the column experiments. 

 

4.2.3 Mass balance 

Arsenate loading onto the adsorbents after the regeneration was determined via 

extracting the arsenic in 1.0 M HCl solutions to dissolve the ferric hydroxide.  Sequential 

extractions was performed to confirm complete arsenate recovery and mass of the 

arsenate adsorbed and desorbed was computed.  The acid digested samples were filtered 

with 0.45 μm syringe filters and analyzed for arsenic using ICP-OES. 
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4.3 Results and discussion 

4.3.1 Arsenate adsorption 

Column breakthrough experiments measuring effluent concentrations of arsenate 

and silica were performed for all media, as illustrated in Figure 4.2.  The adsorbed arsenic 

and silica concentrations per gram of dry media were (mg-As, mg-SiO2): Fiban A1 (2.1, 

11.9), Fiban As5 (0.9, 20.0), ArsenX
np

 (3.6, 12.8) and PAN-Fe (0.6, 5.2).  When silica 

was absent in feed solution, adsorbed arsenate concentrations increased by factors of 2.3 

to 10.8.  This significant reduction in arsenate adsorption by dissolved silica is similar to 

that reported by others. [75,76]  The causes of decrease in arsenic adsorption could be: i) 

decrease in iso-electric point (pHzpc) of the adsorbents on adsorption of silica, ii) 

interfering effect of silica on arsenic adsorption sites, and iii) formation of polymeric 

species of silica lowering the binding sites for arsenic adsorption. [76]  

4.3.2 Regeneration of ferric hydroxides-based adsorbents 

Figure 4.3 illustrates the effect of 0.10 M NaOH solutions with an EBCT of 2.0 

min on release of arsenate from the four media.  For the Fiban A1 and the ArsenX
np

 

media, less than 3% of the adsorbed arsenic was released after 125 empty bed volumes.  

In contrast, 85% of the arsenic was released from the Fiban As5, and 78% of the arsenic 

was recovered from the PAN-Fe media.  This difference in behavior can be attributed to 

differences in ion exchange functionality of four media. 
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Figure 4.2: Effluent concentrations of arsenate and silica during a fixed-bed column run 

operated with an EBCT of 4.0 min by various adsorbents. a) Fiban A1, b) PAN-Fe, c) 

ArsenX
np

, and d) Fiban As5. 

 

The low arsenate recovery from the ArsenX
np

 and Fiban A1 using the 0.10 M 

NaOH can be attributed to the fact that these media contain strongly basic quaternary 

amine groups that can adsorb anions, such as AsO4
3-

, even at pH values greater than 12.5 

(i.e., pH of 0.10 M NaOH).  Adsorbed arsenate released from chemisorption to the ferric 

hydroxide could exchange for Cl
-
 or silicate (H2SiO4

2-
/H3SiO4

-
) ions adsorbed to the SBA 

exchange sites.  In contrast, the PAN-Fe and Fiban As5 media have zero SBA exchange 

functionality, and arsenate released from the ferric hydroxide cannot be retained 

elsewhere on the media in 0.10 M NaOH. 
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Figure 4.3: Fractional arsenate recovery from adsorbent media using 0.10 M NaOH with 

an EBCT of 2.0 min.  PAN-Fe (○), Fiban As5 (∆), ArsenX
np

 ( ), Fiban A1 (■). 

 

 

Figure 4.4: Fractional arsenate recovery from adsorbent media with increasing 

concentrations of NaCl or NaOH using an EBCT of 2.0 min. The concentrations of both 

eluents were 0.10, 0.20, 0.50, 0.75 and 1.0 M, with each concentration covering 120 bed 

volumes.  

 
The desorption behavior for Fiban As5 and PAN-Fe media in Figure 4.3 cannot 

be attributed to release from WBA exchange sites since a little of the arsenate was 

retained via ion exchange on any of the media.  Figure 4.4 shows the effect of 0.10-1.0 M 
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NaCl eluent solutions on arsenate release from all four media.  The data used for the 

generation of Figure 4.4 are given in Appendix C.1.  The arsenic concentrations in the 

effluent solutions for the data in Figure 4.4 are shown in Figure 4.5 and Appendix C.2-4.  

Eluents with NaCl concentrations of 0.10, 0.20, 0.50, 0.75, and 1.0 M were used in 

succession, each for 120 empty bed volumes.  After eluting with 600 empty bed volumes 

of NaCl solutions, only 3.0% of the arsenate was released from the Fiban As5 and only 

1.3% was released from the PAN-Fe.  This indicates that the mechanism for arsenic 

retention by these two media was not ion exchange, but rather chemisorption to ferric 

hydroxide.  The effect of 0.10 to 1.0 M NaOH solutions on arsenate release from the 

Fiban As5 and PAN-Fe media shown in Figure 4.4 confirms this conclusion.  Changing 

the eluent from 1.0 M NaCl to 0.10 M NaOH increased the rate of arsenate release from 

the Fiban As5 media by a factor of 737, and by a factor of 1757 for the PAN-Fe media 

(Appendix C.5 and C.6).  Further increases in NaOH concentration resulted in spikes in 

the effluent arsenate concentrations, as shown in Figure 4.5 for the PAN-Fe media.  For 

example, changing the eluent from 0.10 to 0.20 M NaOH immediately increased the 

arsenate concentration in the column effluent from 178 to 227 µg/L, but this increased 

effluent concentration lasted less than 50 empty bed volumes and the arsenate release 

rates reverted to the trend established in the 0.10 M NaOH solution.  Increasing the 

NaOH concentration from 0.20 to 0.50 M resulted in a factor of 2.4 increase in the 

effluent arsenate concentration.  These immediate increases in effluent arsenate 

concentrations with increasing NaOH concentration show that equilibrium partitioning 

between the liquid and solid phases was limiting effluent concentrations.  Interruption of 

the 0.50 M NaOH eluent flow for 12 h, followed by eluting with 0.75 M NaOH resulted 
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in a factor of 18 increase in the effluent arsenate concentration, as shown in Figure 4.5.  

This indicates that mass transfer or desorption rate limitations were also limiting the 

arsenate release rates from the PAN-Fe media.  Similar behavior was observed for the 

Fiban As5 media, as shown in Appendix C.1. 

Figure 4.4 shows that the NaCl eluents had a greater effect on arsenate release for 

the Fiban A1 and ArsenX
np 

media, where 6.5 and 4.1%, respectively, of the arsenate was 

released by the series of 0.10 to 1.0 M NaCl eluents.  This release could result from 

arsenate adsorbed to SBA exchange sites, or could result from Cl
-
 displacement of 

adsorbed silicate anions, which then displace arsenate bound to ferric hydroxide.  Silica 

concentrations in the column effluent during elution with NaCl show that the latter 

explanation is more likely.  For example, during elution with NaCl solutions, effluent 

silica concentrations in the column effluents averaged 100 times greater than effluent 

arsenate concentrations for the Fiban A1 media.  Thus, although arsenate adsorbs to ferric 

hydroxide more strongly than silica [196], the much higher concentrations of dissolved 

silica resulted in arsenate displacement from the ferric hydroxide. 
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Figure 4.5: Effluent concentrations of arsenate from PAN-Fe during a desorption 

experiment using NaCl and NaOH operated with an EBCT of 2.0 min. 

 
Lack of arsenate retention via ion exchange by the Fiban A1 is also supported by 

the data in Figure 4.6 comparing the effects of 0.10 to 1.0 M NaCl solutions on arsenate 

release in systems with and without adsorbed silica.  The absence of silica decreased the 

fraction of arsenate released by the 0.10 to 1.0 M NaCl solutions by factor of 10 for the 

Fiban A1 media.  Similar behavior was observed for the ArsenX
np

 media, where the NaCl 

promoted arsenate release in the silica-containing column was a factor of 16 greater than 

that in the column without silica, as shown in Appendix C.7.  Thus, the two media with 

SBA exchange sites retain significant silica via ion exchange.  During the elution 

experiments with NaCl, 67 and 57%, respectively, of the retained silica was released 

from the Fiban A1 and ArsenX
np

 media. 

 

Figure 4.6: Fractional arsenate recovery from Fiban A1 media with increasing 

concentrations of NaCl or NaOH using an EBCT of 2.0 min.  The concentrations of both 

eluents were 0.10, 0.20, 0.50, 0.75 and 1.0 M, with each concentration covering 120 bed 

volumes.  Media was loaded with feed solutions containing 0 or 30 mg/L of SiO2.  

Initially adsorbed arsenate in the column without silica (3.8 mg/g) was a factor of 1.9 

times greater than that in the silica containing column (2.0 mg/g). 
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The effect of NaOH solutions on arsenate release by the Fiban A1 and ArsenX
np

 

media are also shown in Figure 4.4.  Replacing the 1.0 M NaCl eluent by 0.10 M NaOH 

increased the arsenate release rate by a factor of 95 for the Fiban A1 and by a factor of 19 

for the ArsenX
np

.  This increase was due to release of arsenate chemically adsorbed to 

ferric hydroxide.  Further increases in the NaOH concentration increased the rates of 

arsenate release, as shown by the inflection points in the data in Figure 4.4, and by the 

effluent arsenate concentration profiles in Appendix C.3-4. 

For the Fiban A1 media, silica also had a significant effect on arsenate release by 

NaOH, as shown in Figure 4.6.  Eluents containing 0.10 and 0.20 M NaOH released only 

6% of the arsenate in the column without silica, and 42% in the column with silica.  The 

factor of 7 greater arsenate release in the silica-containing column can be attributed to 

silicate anions preventing arsenate released from ferric hydroxide from being retained by 

the SBA exchange sites.  In the column without silica, the only anion in the eluent 

solutions that could bind to the SBA exchange sites was NaOH.  Therefore, in solutions 

containing only NaOH, a significant fraction of the arsenate could be retained by the type 

I SBA sites on the Fiban A1 media.  Only 45% of the arsenate could be recovered by 0.10 

to 1.0 M NaOH eluents from the Fiban A1 column without silica, whereas in the column 

with silica, Figure 4.6 shows that 82% could be recovered.  The arsenate remaining on 

Fiban A1 media after elution with 1.0 M NaOH represents only 3% of the SBA exchange 

capacity of the media.  Therefore, the 1.0 M NaOH was able to regenerate most, but not 

all the SBA exchange sites, and indicates that some sites show stronger arsenate binding 

than others.  Although the chemical composition of the SBA sites on the Fiban A1 media 

are all the same, not all the sites have the same relative affinity for AsO4
3-

 versus OH
-
.  
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Previous investigators have found that the spacing of the ion exchange sites can affect the 

selectivity of SBA exchange media. [197] The positioning of the SBA sites within the 

media depends on the tacticity and orientation of the polymer chains.  In locations where 

two or three SBA sites are near, an AsO4
3-

 anion can interact with more than one amine 

site and there may be a much stronger preference for a multivalent over a monovalent 

anion.  In contrast, in locations where SBA sites are spaced so that an AsO4
3-

 can interact 

with only a single site, monovalent ions may be preferred over multivalent ions. [197] 

The effect of silica on arsenate release by NaOH solutions was much smaller on 

media without type I SBA sites.  As shown in Appendix C.7 for the ArsenX
np

 media, the 

arsenate release rate in the 0.10 M NaOH eluent was 50% greater in the silica-containing 

column, as compared to the column without silica.  This difference can likely be 

attributed to silicate anions preventing arsenate adsorption to SBA sites in 0.10 M NaOH.  

This effect of silica on the ArsenX
np

 media is much smaller than for the Fiban A1 due to 

differences in the type of SBA exchange sites.  The type II sites on the ArsenX
np

 media 

have a lower Kb, and are more easily regenerated by NaOH [193,198], and thus there will 

be less arsenate retained via ion exchange.  The difference in regenerability of the SBA 

sites by NaOH can be seen by comparing the NaOH concentration that resulted in a 

dramatic increase in the arsenate release rate in columns without silica.  For the type II 

media, this concentration is 0.20 M (Appendix C.7) while for the type I media, 0.50 M 

(Figure 4.6) is required.  Thus, the main effect of silica on arsenate release is that it 

competes with arsenate for type II SBA sites in 0.10 M NaOH solutions, and with type I 

sites in 0.10 and 0.20 M NaOH solutions. 
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In the presence of other anions, such as Cl
-
, silica does not have a significant 

effect on arsenate release from media containing SBA exchange sites.  Figures 4.7 and 

4.8 show that arsenate release from SBA media with and without adsorbed silica is 

similar.  For media without SBA exchange sites, silica does not significantly affect 

arsenate release, even without other anions present in the NaOH eluent, as illustrated in 

Figure 4.9 for the PAN-Fe media.  

 

Figure 4.7: Fractional arsenate recovery from ArsenX
np

 with 0.10 M NaOH and 0.10 M 

NaOH plus 0.10 M NaCl using an EBCT of 2.0 min.  Media was loaded with feed 

solutions containing 0 or 30 mg/L of SiO2.  Initially adsorbed arsenate in the column 

without silica (4.6 mg/g) was a factor of 2.5 times greater than that in the silica 

containing column (1.8 mg/g). 
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Figure 4.8: Fractional arsenate recovery from Fiban A1 with 0.10 M NaOH and 0.10 M 

NaOH plus 0.10 M NaCl using an EBCT of 2.0 min.  Media was loaded with feed 

solutions containing 0 or 30 mg/L of SiO2.  Initially adsorbed arsenate in the column 

without silica (1.9 mg/g) was a factor of 1.1 times greater than that in the silica 

containing column (1.8 mg/g). 

 

Chloride ions have an effect on arsenate release only for media that contains SBA 

exchange sites.  Figure 4.10 shows the effect of adding 0.10 M NaCl to 0.10 M NaOH 

eluent solutions after 120 empty bed volumes.  For the two media containing SBA 

exchange sites, rates of arsenate release increased by factors of 374 and 93, respectively, 

for Fiban A1 and ArsenX
np

 media.  Conversely, Cl
-
 anions had no effect on arsenate 

release from the media lacking SBA exchange sites.  These dramatic increases in arsenic 

release rates can be attributed to the ability of Cl
-
 ions to displace AsO4

3-
 ions from the 

SBA exchange sites.  The weak ability of 0.10 M NaOH to displace ion exchanged 

AsO4
3-

 can be attributed to the weak affinity of OH
-
 ions for SBA media.

 
[199]

  
Although 

the SBA sites may have a greater affinity for the trivalent AsO4
3-

 over monovalent Cl
-
, 

the concentration of Cl
-
 was a factor of 2.4 x 10

5 
greater than the arsenate concentrations 
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when NaCl was added to the eluent for the Fiban A1 media.  When all media are 

regenerated by a combination of 0.10 M NaOH plus 0.10 M NaCl from the start, all 

media behave qualitatively similar, as shown in Appendix C.8. 

 

Figure 4.9: Fractional arsenate recovery from PAN-Fe with increasing concentrations of 

NaOH using an EBCT of 2.0 min. The concentrations of eluents were 0.10, 0.20, 0.50, 

0.75 and 1.0 M, with each concentration covering 120 bed volumes. Media was loaded 

with feed solutions containing 0 or 30 mg/L of SiO2.  Initially adsorbed arsenate in the 

column without silica (2.7 mg/g) was a factor of 1.4 times greater than that in the silica 

containing column of (1.9 mg/g). For the silica containing column, flow was interrupted 

for 12 h after 240 bed volumes. 
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Figure 4.10: Fractional arsenate recovery from adsorbent media with 0.10 M NaOH and 

0.10 M NaOH plus 0.10 M NaCl using an EBCT of 2.0 min.  PAN-Fe (○), Fiban As5 (∆), 

ArsenX
np

 ( ), Fiban A1 (■). 

 
The effect of the larger diffusional length scale and support porosity on 

regeneration of the ArsenX
np

 media appears to be small.  The arsenate breakthrough 

profiles in Figure 4.2 show that the adsorption kinetics were slower for the ArsenX
np

 

media than for the fibrous adsorbents.  For all fibrous adsorbents, complete arsenate 

removal to below the 1 µg/L detection limit was observed for at least a short time.  In 

contrast, there was immediate arsenate breakthrough for the ArsenX
np

 media.  The 

arsenate desorption rates in Figures 4.4 and 4.10, and Appendix C.8 for the ArsenX
np

 are 

not substantially different from those for the Fiban A1 media, which is also based on a 

polystyrene/DVB copolymer containing SBA exchange sites.  Also, the extent of 

regeneration by the 0.10 to 1.0 M NaOH solutions was greatest for the granular ArsenX
np

 

media, showing that the fibrous media is not more easily regenerated by NaOH.  

The role that mass transfer kinetics have on arsenate release from the adsorbents 

cannot be separated from equilibrium considerations and desorption reaction kinetics.  

The immediate increase in the arsenic desorption rates after increasing the eluent 

concentrations shown in Figures 4.5 and Appendix C2-4 show that arsenate release was 

limited by equilibrium partitioning between the solutions and solid phases.  Further 

evidence that equilibrium was limiting arsenate desorption can be seen in Figure 4.11, 

which compares arsenate release rates in 0.10 M NaOH with those in 2.5 and 5.0 M 

solutions.  Over the first 100 empty bed volumes, arsenate recovery was 17% greater in 

the 2.5 M eluent than in the 0.10 M solution.  However, further increasing the NaOH 
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concentration to 5.0 M at 100 bed volumes did not further increase the rate of arsenate 

release.  This indicates that the kinetics of the desorption reaction and/or slow diffusional 

mass transfer were limiting arsenate release rates during this time.   

 

Figure 4.11: Fractional arsenate recovery from PAN-Fe using 0.10 M NaOH followed by 

0.10 M NaOH plus 0.10 M NaCl or 2.5 M followed by 5.0 M NaOH. 

 

The effect of time on arsenate release can be seen in the experiments where the 

elution experiments were paused for 12 h, as shown in Figure 4.5 and Appendix C2-4.  

This 12 h pause resulted in arsenate concentrations in the columns increasing by factors 

of 10 to 20 after recommencing the elution experiments.  These increases are 5 to 10 

times greater than the increases associated with increasing the eluent concentration 

without pausing the experiment.  Thus, the desorption reactions were kinetically limited, 

or diffusional mass transfer limits the arsenate release rates.  The small diffusional 

distances associated with the fibrous materials suggest that the kinetics of the desorption 

reactions may be the most important factor.  This hypothesis has been previously 

proposed and attributed to high activation barriers for breaking mono- and bi-dentate 

surface complexes. [200] 



105 

 

4.4 Conclusions 

This study investigated the effect of anion exchange groups on regeneration of 

arsenic loaded on ferric hydroxide adsorbents. Effect of NaOH and NaCl or combination 

of these eluents were studied on four types of media containing different type of anion 

functionality.  Supports without strong base anion functionality are amenable for 

regeneration using just NaOH.  However, the regeneration of arsenic from strong base 

anion functionality required NaCl along with NaOH for effective regeneration.  Effect of 

silica on type I SBA exchanger was clearly observed which had little impact on type II 

SBA support matrixes.  In 1.0 M NaOH solutions, slow desorbing fractions of arsenate 

were found to range from 5-25%.  However, these fractions reduced significantly in 2.5-

5.0 M NaOH.  This shows that the amount of eluents and regenerant wastes can be 

reduced using higher strengths of NaOH.  
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CHAPTER 5: CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH 

5.1 Summary and conclusions  

This study showed the preparation of ferric hydroxide-based fibrous adsorbents 

using homopolymer PAN fabrics and identified the best method of developing low-cost 

adsorbents to remove arsenate from drinking water.  The molecular modeling and 

desorption experiments were used to understand regeneration of arsenate loaded ferric 

hydroxide-based adsorbents.  

Functional groups were successfully introduced on surfaces of homopolymer 

PAN fabrics using simple chemical treatment. NaOH treatment introduced carboxylate 

and carboxamide groups on matrices surfaces, while amine groups were predominant in 

hydrazine hydrate (HH) treated fiber.  The existence of these groups were confirmed by 

FTIR and ion exchange measurements.  The effect of chemical treatments was evaluated 

from iron loading and arsenate removal from drinking water.  Iron loading procedures 

used in this study included dipping and precipitation.  In dipping procedure, the greatest 

amount of iron loading was obtained in fabric treated with NaOH.  However, the 

relationship between surface treatment and iron loading was not clear in precipitation 

technique.  

Equilibrium adsorption experiments were conducted to evaluate the fabricated 

adsorbents for removing arsenate from synthetic groundwater.  There was a clear trend of 

arsenate removal by the media having single reagent treatment loaded with ferric 

hydroxides in dipping procedure.  The highest arsenate removal (~4 mg As/g dry fiber) 

was obtained using a pretreatment procedure of soaking in 10% NaOH at 95 °C for 
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ninety min, followed by precipitation coating of ferric hydroxide. Only NaOH treatment 

was found to be a preferred method of adsorbent preparation due to its high arsenic 

adsorption capacity, one-step procedure, lower cost, wider availability, and absence of 

toxic reagents.  Therefore, adsorbents based on inexpensive homopolymer PAN fabric 

may be produced in developing regions of the world where commercial products may be 

not be available. 

To evaluate arsenate reaction kinetics onto ferric hydroxides adsorbents, density 

functional theory (DFT) molecular modeling was used to compare the free energies of 

reactions and activation barriers for formation of different types of arsenate-iron 

complexes.  The conversion of physically adsorbed arsenate into monodentate surface 

complexes had activation barriers ranging from 62 to 73 kJ/mol.  Similarly, the activation 

barriers ranging from 79 to 112 kJ/mol were found in the conversion of monodentate 

complexes to bidentate binuclear surface complexes.  For release of arsenate from 

bidentate complexes, activation barriers as high as 167 kJ/mol were encountered.  This 

showed that the slow kinetics associated with arsenic adsorption/desorption can be 

attributed to the high activation energies for forming and breaking bonds with the ferric 

hydroxide.  Understanding these arsenate reaction kinetics would be a useful tool for 

assessing environmental fate of arsenate and designing effective adsorption systems to 

remove arsenate from drinking water. 

Effects of matrices properties were evaluated to understand desorption behavior 

of arsenate from arsenate loaded ferric hydroxide-based adsorbents.  Four types of ferric 

hydroxide based adsorbents containing various surface functionalities were loaded with 

arsenate under identical conditions in fixed bed adsorption columns.  The solutions 



108 

 

containing only 0.10 to 5.0 M NaOH or 0.10 to 1.0 M NaCl, as well as combination of 

boths, were used to desorb the adsorbed arsenate.  Adsorbents containing support 

material with no or weak anion exchange functionality were regenerated with NaOH 

solutions alone.  Regeneration of media containing strong base anion (SBA) exchange 

functionality was greatly enhanced by addition of 0.10 M NaCl to NaOH regenerant 

solutions.  Moreover, the wastes generated from regeneration reduced when 

concentration of NaOH was increased above 10%.  In all media, 5 - 25% of the adsorbed 

arsenate was resistant to desorption in 1.0 M NaOH solutions.  The results obtained in 

this section will be a helpful to better understand the regeneration process and will give 

an insight for further improvement of the process. 

5.2 Environmental significance and future work 

The results of this study show that the media developed could be a potential 

adsorbent for removing arsenic from drinking water especially in developing areas of the 

world.  The significance of this work is modification of raw homopolymer PAN fabrics 

using commonly available reagents to introduce functional groups.  The ferric hydroxide 

immobilization technique employed in this study can be used to develop engineered 

materials for a variety of environmental applications.  

Future work in controlled synthesis of ferric hydroxides-loaded fibrous adsorbents 

could lead to some interesting advancements such as enhanced arsenate adsorption 

capacity, uniformity and stability of loaded ferric hydroxides, and high regeneration 

potential.  The extended work should be done on desorption studies to assess the 

reusability of the adsorbents and potential cost savings.  In addition, further study is 
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required to understand the effects of pH of initial solution and aging time on forming 

various forms of ferric hydroxides-arsenate complexes.  Understanding these correlations 

can help to improve overall adsorption capacity.  

To commercialize the media developed in this study, the entire process of 

development may take few years.  In the meantime, regulatory agencies may reduce the 

current MCL of arsenic due to number of studies focusing on risk at levels below 10 

µg/L.  Therefore, it is recommended that the development process of this media in pilot 

and commercial level should be accelerated.  

Information provided on arsenate reaction kinetics to ferric hydroxide can be 

useful to assess the environmental fate of arsenate and design of effective adsorption 

systems for arsenate removal from water.  The DFT molecular modeling can be used to 

better understand published experimental results.  Understanding desorption behavior of 

arsenate from ferric hydroxides-based adsorbents can help in developing adsorbents that 

are amenable to regeneration.  By regenerating the adsorbents, amount of disposable 

arsenic-laden wastes can be significantly reduced.  

The following recommendations, based on this study, are made:  

 Further investigations on synthesis of PAN-based sorbents regarding process 

optimization, detail characterization, social and economic aspects. 

 Use of local materials for filter column needs to be studied because the column 

used in this study may not be locally available.  

 The materials need to be tested in pilot studies using actual groundwater.  

 Long term study of the developed media should be conducted to assess the 

nature of adsorbent behavior over time.  
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 Cost analysis for economic viability should be made.  

 The media should also be tested for arsenite to minimize the cost for oxidation 

and impact of oxidants on media properties should be evaluated.  
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APPENDICES 

APPENDIX A 

A.1 Amount of iron loaded on NaOH treated fiber in various loading cycles in dipping 

procedure. The fiber was treated with 10% NaOH at 95 
o
C for 2 h. 

 

 

 

 

A.2 Comparison of iron loadings onto NaOH treated PAN fiber in dipping procedure. In 

x-axis, number shows temperature of FeCl3 and NaOH solutions (i.e.50/50 represents 50 
o
C in FeCl3 solution and 50 

o
C in NaOH solution). 
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A.3 Comparison of iron loadings with various initial FeCl3 concentrations. The loading 

was performed in 10% NaOH treated fiber in dipping procedure.  

 

 

 

 

 

A.4 Comparison of arsenic removal performances by NaOH modified fiber loaded with 

different initial FeCl3 concentrations. 
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A.5 Effect of hydrolysis times on loading of iron in NaOH treated fiber. The loading was 

performed using 0.4 M initial FeCl3 solution in dipping procedure. 

 

 

 

 

 

A.6 Comparison of arsenic removal by NaOH treated fiber loaded with iron in different 

cycles. The fiber was treated with 10% NaOH at 95 
o
C for 2 h. 
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A.7 Effect of hydrolysis times on arsenic adsorption by NaOH treated fiber. The iron 

loading was performed using 0.4 M initial FeCl3 solution in dipping procedure. 

 

 

 

 

 

A.8 Effects of pretreatment of PAN fibers on the extent of iron loadings. The iron loading 

was performed using 0.4 M initial FeCl3 solution in dipping procedure. The NaOH 

modified fiber was treated with dimethylamine (DMA) at 55 
o
C and diethylenetriamine 

(DETA) at 100 
o
C for 3 h.  
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A.9 Comparison of arsenic removal by PAN fiber having various treatments as described 

in A.8. 

 

 

 

 

 

A.10 Adsorption isotherms of As(V) on ArsenX
np

 at 25 and 50 
o
C. 
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APPENDIX B 

B.1: Standard Gibbs free energies of formation for species used in complexation reaction 

calculations. Bidentate corner complexes are indicated by 
2
C and modentate corner 

complexes are indicated by 
1
C. 

 

Species ∆  
  (kJ/mol) 

Fe2O10H14 (aq)  

Fe2O10H13
-
 (aq)  

Fe2O10H15
+
(aq)  

Fe2O12AsH14
+
(aq) 

2
C  

Fe2O12AsH13 (aq) 
2
C  

Fe2O12AsH12
- 
(aq) 

2
C  

Fe2O12AsH11
2-

 (aq) 
2
C  

Fe2O12AsH10
3-

 (aq) 
2
C  

Fe2O13AsH15 (aq) 
1
C  

Fe2O13AsH14
1-

 (aq) 
1
C  

Fe2O13AsH13
2-

 (aq) 
1
C  

Fe2O13AsH13
3-

 (aq) 
1
C  

H3AsO4 (aq)  

-1784.1 

-1726.3 

-1828.4 

-2234.3 

-2222.5 

-2130.1 

-2026.7 

-1981.5 

-2407.5 

-2343.5 

-2241.8 

-2188.7 

-766.1 [201] 
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H2AsO4
-
 (aq)  

HAsO4
2-

 (aq)  

AsO4
3-

 (aq)  

H3AsO3 (aq)  

H2AsO3
-
 (aq)  

H2O (l)  

OH
-
 (aq)  

-753.1 [201] 

-714.6 [201] 

-648.5 [201] 

-639.7 [201] 

-587.0 [201] 

-237.2 [202] 

-157.3 [202] 

 

B.2: Hirshfeld [176] charges on uncharged ferric hydroxide (Fe2O10H14). Atom key: Fe-

blue; As-purple; O-red; H-white. 
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B.3: Hirshfeld [176] charges on the uncharged monodentate complex. Atom key: Fe-

blue; As-purple; O-red; H-white.  

 

 

 

B.4: Relative standard Gibbs energies of formation for neutral and negatively charged 

complexes. 

 

Type of Complexes 

G (kJ/mol) 

Phys TS Mono- Mono- TS Bi- Bi- 

Neutral complexes -21.35 51.46 -58.99 53.14 -114.22 

Negatively charged complexes -20.50 41.51 -43.93 56.48 -79.50 

 

 

 

 

 



119 

 

B.5: Hirshfeld [176] charges on the transition state structure for formation of the 

uncharged bidentate complex. Atom key: Fe-blue; As-purple; O-red; H-white. 

 

 

 

B.6: Hirshfeld [176] charges on the uncharged bidentate complex. Atom key: Fe-blue; 

As-purple; O-red; H-white. 
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APPENDIX C 

C.1: Arsenic recovery from various ferric hydroxide based adsorbents using NaCl and 

NaOH 

 

Cum. Bed Volumes Eluents 

As Recovery (%) 

Fiban A1 ArsenX
np

 FibanAs5 PAN-Fe 

0 

0
.1

0
 M

 N
aC

l 

0 0 0.00 0.00 

5 0.37 0.20 0.08 1.78 

15 1.46 0.86 0.49 0.00 

30 2.20 1.43 1.10 0.07 

60 2.89 2.04 1.83 0.22 

120 3.65 2.74 0.04 0.55 

125 

0
.2

0
 M

 N
aC

l 

3.70 2.78 0.05 0.57 

135 3.82 2.86 0.17 0.60 

150 4.00 2.95 0.36 0.63 

180 4.30 3.12 0.70 0.68 

240 4.75 3.39 1.29 0.80 

245 

0
.5

0
 M

 N
aC

l 

4.79 3.41 1.33 0.82 

255 4.87 3.44 1.42 0.87 

270 4.98 3.49 1.56 0.90 

300 5.19 3.57 1.82 0.92 

360 5.53 3.71 2.29 0.99 

365 

0
.7

5
 M

 N
aC

l 

5.57 3.72 2.33 0.99 

375 5.66 3.74 2.42 1.00 

390 5.76 3.76 2.55 1.02 

420 5.91 3.81 2.80 1.04 
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480 6.15 3.89 3.19 1.11 

485 

1
.0

 M
 N

aC
l 

6.17 3.90 3.22 1.11 

495 6.20 3.93 3.28 1.13 

510 6.25 3.96 3.37 1.14 

540 6.34 4.01 3.53 1.17 

600 6.51 4.10 3.83 1.26 

605 

0
.1

0
 M

 N
aO

H
 

7.18 4.90 6.61 11.1

5 

615 8.88 6.84 24.67 34.5

6 

630 9.70 7.62 55.36 42.5

4 

660 10.66 8.65 65.32 49.6

3 

720 16.20 11.48 71.45 56.3

9 

725 

0
.2

0
 M

 N
aO

H
 

18.16 12.22 71.75 56.8

5 

735 22.85 14.80 72.51 57.7

8 

750 26.34 18.20 73.62 59.0

3 

780 30.92 22.70 75.08 61.6

9 

840 41.08 29.83 76.77 65.4

7 

 

845 

0
.5

0
 M

 

N
aO

H
 

48.60 32.49 77.72 65.6

6 

855 67.10 42.66 79.60 66.2

3 



122 

 

870 75.42 55.27 79.89 67.1

0 

900 79.22 68.94 80.39 68.3

0 

960 80.33 82.43 81.20 69.5

9 

965 

0
.7

5
 M

 N
aO

H
 

80.40 83.36 81.26 70.1

6 

975 80.54 85.80 81.38 71.2

9 

990 80.70 88.85 81.52 71.4

3 

1020 81.04 91.92 81.69 71.6

7 

1080 81.64 94.14 81.93 72.1

0 

1085 

1
.0

 M
 N

aO
H

 

81.69 94.22 81.96 72.1

2 

1095 81.78 94.40 81.99 72.1

4 

1110 81.91 94.61 82.04 72.2

4 

1140 82.16 94.90 82.24 72.4

5 

1200 82.69 95.33 82.60 73.0

7 
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C.2: Effluent concentrations of arsenate from Fiban As5 during a desorption experiment 

using NaCl and NaOH operated with an EBCT of 2.0 min. 

 

 

 

 

C.3: Effluent concentrations of arsenate from Fiban A1 during a desorption experiment 

using NaCl and NaOH operated with an EBCT of 2.0 min. 
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C.4: Effluent concentrations of arsenate from ArsenX
np

 during a desorption experiment 

using NaCl and NaOH operated with an EBCT of 2.0 min. 

 

 

 

C.5: Rate of arsenate release from Fiban As5 using NaCl and NaOH solutions. 
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C.6: Rate of arsenate release from PAN-Fe using NaCl and NaOH solutions. 

 

 

 

 

C.7: Fractional arsenate recovery from ArsenX
np

 with increasing concentrations of NaOH 

or NaCl using an EBCT of 2.0 min. The concentrations of both eluents were 0.10, 0.20, 

0.50, 0.75 and 1.0 M, with each concentration covering 120 bed volumes. Media was 

loaded with feed solutions containing 0 or 30 mg/L of SiO2.  Initially adsorbed arsenate 

in the column without silica (8.4 mg/g) was a factor of 2.3 times greater than that in the 

silica containing column (3.6 mg/g). 
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C.8: Fractional arsenate recovery from adsorbent media with 0.10 M NaOH plus 0.10 M 

NaCl using an EBCT of 2.0 min. PAN-Fe (○), Fiban As5 (∆), ArsenX
np

 ( ), Fiban A1 

(■). 
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