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Abstract:

Boehmite fibers synthesized from aluminum hydroxide by a hydrothermal process were shown to have the ability to remove a wide range of main group and transition metals from aqueous solutions with concentrations of 20 parts per million for the individual ions.  Filters were produced by the injection of Boehmite fibers onto a 0.2-micron nylon filter disk.  Standard cation solutions were then passed through the filter and the filtrate was collected and analyzed by Inductively Coupled Plasma (ICP) Emission Spectrometry.  Effluent metal concentrations were as low as five parts per billion yielding a removal efficiency of up to 99.997%.  Boehmite fibers synthesized in the presence of glass fibers under and basic conditions are more active, than those made under different conditions.  Metal ions in a strongly acidic aqueous solution (5% Nitric Acid) showed lower filter efficiencies compared to those at higher pH.

Introduction:
Fiberous Boehmite is a unique material that has a very high surface area (600 m2/gm) and very high aspect ratios (2nm diameter by 100s nm in length).  It potentially has significant applications in filters, composites and catalysis.  In the mid-1950s DuPont (1) patented a process for making Boehmite hydrothermally using a sodium sulphate catalyst.  This work was apparently not pursued.  In the 1980’s Russia developed a two-step process for Boehmite synthesis in which an electro-explosion of an aluminum wire first produced metal nano-powders. In a second step these nano-powders were hydrolyzed to produce Boehmite fibers.  Unfortunately the method proved to be too expensive for large-scale industrial production and much of the research was abandoned.  Recently, (1999-2001) activities in this area have been rekindled by funding of a DOE IPP program to investigate the application of these materials.  The program teams NREL, Argonide Corp. (Sanford, FL) and DTC in Tomsk, Russia to investigate the applications of fiberous Boehmite and look for low cost production techniques and unique application areas (2).

Aluminum oxyhydroxy nano-fibers (Boehmite) are potentially more useful than activated alumina for absorbing metals and nonmetals because of its high surface area and chemical activity caused by the hydroxyl groups.  Boehmite fibers can be used for water purification, the filtration of small particles such as viruses and bacteria, as well as the removal of heavy or precious metals in environmental applications.  NREL is interested in these fibers not only for their filtration abilities but in the energy savings, which fibers such as these would generate if they were to replace the current energy intensive methods for environmental clean up and waste water purification.  In addition to heavy metal filtration, research is currently being undertaken to discover whether or not Boehmite fibers can play a role in organic semiconductors and solar cells.  Boehmite fibers may also prove to be useful as a catalyst support, a precursor for low temperature fired substrates, and as a supporting or reinforcing material for metal, ceramic, and plastic composites (2).  Many of these applications stem from the fact that the materials are very high surface area, have very high aspect ratios and can be easily chemically derivatized.  In particular this makes these materials nearly ideal filter media.

In the work reported here we have synthesized fibers and employed them in filters for metal ion removal.  The work demonstrates that appropriately synthesized fibers can have very high removal efficiencies and that binding strength correlates to metal equilibrium constants.

Experimental Results:

The method of fiber growth employed is based on a hydrothermal process.  The product of this synthesis is an aluminum oxyhydroxy polymer, which has been characterized by X-ray Diffraction (XRD – Figure 1) as Boehmite.  It consists of interlocking aluminum and oxygen atoms to form nano-fibers.  Transmission Electron Microscopy (TEM – Figure 2) shows the fibers to range from 50 nanometers to hundreds of nanometers in length while retaining a diameter of only a few nanometers across.  This gives Boehmite fibers a surface area of 350-750 m2/g, and a size close to that of the DNA double helix or carbon nanotubes (1).  The current method of Boehmite production yields nano-fibers that are considerably cheaper than those produced via electro-explosion.  Research at NREL has shown that the fibers produced by an electro-explosion and those produced by a hydrothermal method are identical according to X-ray Diffraction, and Transmission Electron Microscopy (TEM) analysis.
Figure 1: XRD of Boehmite Nano-fibers
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Figure 2: TEM of Boehmite Fibers
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Boehmite, oxyhydroxy nano fibers are grown along the lines of the method previously described in a series of patents by DuPont in the 1950’s (1).  A mixture of aluminum hydroxide and water are first placed in a Parr Instruments High Pressure Bomb.  The bomb is then heated to a high temperature for an extended period of time producing Boehmite fibers.  The aluminum component of the mixture can either be aluminum hydroxide, or aluminum acetate either with one or two acetate ligands.  Efforts to improve the Boehmite fibers for filtration purposes lead to several variations that were made to the initial reaction conditions.  These variations include the addition of a base such as ammonium hydroxide in efforts to make the fibers more active, varying the reaction temperature and correspondingly the internal pressure, as well as the addition of different types of supporting fibers to provide a matrix for Boehmite growth including glass fibers, cellulous fibers, and molecular sieves.

Reagents:

Aluminum reagents were purchased from Alfa Aesar and Strem Chemicals.  Metal salts used in making the reference solutions were purchased from a variety of chemical suppliers including Aldrich, Alfa Aesar, Strem, and Solution’s Plus Inc.  Solutions prepared in the laboratory used deionized water with out further purification.

Instruments:

Quantitative metal concentrations were obtained using a Varian, Liberty 150 Inductively Coupled Plasma (ICP) Emission Spectrometer.  Titration curves were generated using a Corning 345 pH meter with a standard multipurpose pH electrode.

Synthesis of Boehmite Fibers:

7.8 g (0.1 mol) of Al(OH)3 along with 1 ml of concentrated NH4OH solution or up to 50% (w/w) glass fibers were suspended in 50 ml of deionized water inside a glass beaker (Table 1).  The mixture was placed inside a sealed Parr Instruments High Pressure Stainless Steel Reaction Vessel and heated with a heating mantel to 200ºC for 4 to 6 hours.  The inside pressure was maintained at 150 to 180 psi, corresponding to 180 to 190ºC internal temperature. The reaction vessel was then slowly cooled overnight.  Excess pressure was released, and the white suspension of Boehmite fibers was removed and either used directly for filter preparations, or dried at 110ºC for several hours to yield a white solid.  Dried Boehmite fibers were redispersed in water by sonication or stirring for an extended period of time and then used directly for filter production.
Table 1:  Boehmite Synthesis

	Boehmite
	Starting Material
	Weight
	Water
	Reactant pH
	Product pH

	S1
	Aluminum Hydroxide 
	50.90g
	400 ml
	7.0
	6.0

	S1B
	Aluminum Hydroxide + 1ml NH4OH
	8.71g
	50 ml
	10.5
	7.5

	S1F
	Aluminum Hydroxide + Glass Fibers 35% (w/w)
	45.40g
	560 ml
	7.5
	7.5

	S2
	Aluminum Monoacetate 
	25.12g
	75 ml
	4.0
	3.0

	S3
	Aluminum Bisacetate 
	8.24g
	50 ml
	5.5
	2.5


Filter Preparation:

For evaluation purposes filters were prepared by injecting a suspension of Boehmite onto a Gelman Laboratory Acrodisc Syringe Filter containing a 0.45-micron or a 0.2-micron nylon filter membrane.  The amount of Boehmite in the filter can be varied within certain limits (only so much Boehmite fits into the disk) to improve filtration results or flow rate.  The syringe filters can also be stacked end to end as a way of increasing the amount of Boehmite that the filtrate has to pass through.  Most of the filters that were prepared contained 0.2 grams of Boehmite in a suspension of 20 ml of water using two filters stacked together (0.1g in each filter disk).  Filters were prepared in this fashion from two different source materials.
Method 1:

100mg of dried Boehmite fibers were suspended in 10ml of water by sonication or stirring for at least one hour and then applied to the filter membrane.  Boehmite filters containing glass fibers were always dried at 110ºC for 1 hour and resuspended in water (100mg in 10ml).  While the suspension of Boehmite synthesized in the presence of glass fibers is about pH 7 directly after synthesis, the dried and resuspended product showed a pH in the basic range (≥pH 9).

Method 2:

An aliquot of suspended Boehmite coming directly from the synthesis was used for filter preparation.  The correct weight was determined by drying a known volume of suspension, and measuring the mass difference.  Using that information, suspended Boehmite was either directly injected into the filter disk or 0.1g of dried Boehmite fibers were diluted with 10ml of water, followed by injection onto the filter disk.

Metal Filtrations:

Standard solutions of known concentrations either obtained commercially or prepared in the laboratory, were passed through the Boehmite filters.  Solutions were pushed through the filters under a constant nitrogen pressure or a commercial syringe pump (Sage Instruments / Model 355).  The commercially purchased reference solution consisted of a series of metals in concentrations of approximately 100 parts per million (ppm) prepared in a solution of 5% nitric acid.  The first solution (A) contained the metal ions of copper, indium, manganese, tin, titanium, and zinc.  It was later determined that the presence of a strong acid decreased the efficiency of the Boehmite filters.  As a result three other standard solutions were prepared (B, C, and D) in the laboratory using water as a solvent (concentration of 20 ppm) all of which had a pH in the range of 3 to 4.  Solutions contained a variety of metal ions and are listed in Table 2.  Filtration was followed by the analysis of the filtrate by Inductively Coupled Plasma (ICP) Emission Spectroscopy to obtain quantitative metal concentration data.

Table 2:  Metal Solutions

	Solution
	Metals
	Counter Ion
	mg / L
	Concentration

	A
	Cu, In, Mn, Ti, Sn, Zn
	Nitrate
	100 ppm
	≈ 20 ppm

	
	
	
	
	

	B
	Chromium (III)
	Chloride
	100.25 ppm
	≈ 20 ppm

	
	Cobalt (II)
	
	100.61 ppm
	≈ 20 ppm

	
	Copper (II)
	
	100.82 ppm
	≈ 20 ppm

	
	Iron (II)
	
	101.76 ppm
	≈ 20 ppm

	
	Nickel (II)
	
	85.65 ppm
	≈ 17 ppm

	
	
	
	

	C
	Indium (II)
	Trifluoromethanesulfanate

CF3SO3-


	20.02 ppm

	
	Barium (II)
	
	20.09 ppm

	
	Tin (II)
	
	19.94 ppm

	
	Silver (I)
	
	20.15 ppm

	
	Scandium (III)
	
	19.91 ppm

	
	Zinc (II)
	
	19.88 ppm

	
	
	
	

	D
	Ferricyanide – Fe(CN)63-
	Potassium
	20.15 ppm

	
	Manganese (II)
	Acetate
	20.00 ppm

	
	Ruthenium (II)
	Chloride
	20.00 ppm

	
	Vanadyl – VO2+
	Sulfate
	20.00 ppm

	
	Palladium (II)
	Tetrafluoroborate – BF4-
	20.00 ppm

	
	Tetrachloroaurate – AuCl4-
	H+
	20,00 ppm


Filters of different modifications of Boehmite were prepared as described in Table 3, and used to filter the four different types of metal solutions A, B, C, and D.  Controls were run using 0.2g of chromatography grade activated aluminum oxide (alumina) in the acidic, neutral, and basic form to determine the filtration differences between Boehmite and alumina.  Controls were also preformed using glass fibers, aluminum hydroxide, aluminum acetate, and the empty nylon syringe filter (Table 4).  All controls were tested for their filtration properties with the same protocol as that used for the Boehmite filters.

Table 3:  Filter Types

	Boehmite
	Starting Material
	Manufacturer
	Additives
	Notes

	S1
	Aluminum Hydroxide
	Alfa Aesar
	None
	Dried

	S1L
	Aluminum Hydroxide
	Alfa Aesar
	None
	

	S1B
	Aluminum Hydroxide
	Alfa Aesar
	Ammonium Hydroxide
	Dried / Washed

	S1F
	Aluminum Hydroxide
	Alfa Aesar
	35% Glass Fibers (w/w)
	Dried

	S2
	Aluminum Monoacetate
	Strem
	None
	Dried / Washed

	S3
	Aluminum Bisacetate
	Aldrich
	None
	Dried / Washed


Table 4:  Filter Controls

	Control No.
	Material
	Manufacturer
	Cat. No.

	I
	Aluminum Hydroxide
	Alfa Aesar
	12366

	II
	Aluminum Oxide - Basic
	Aldrich
	19,944-3

	III
	Aluminum Oxide - Neutral
	Aldrich
	19.997-4

	IV
	Aluminum Oxide - Acidic
	Aldrich
	26,774-0

	V
	Glass Fibers
	Lauscha
	B-06-F

	VI
	0.2 Micron Nylon Filter
	Pall
	4192


Titration Curves:

In order to correlate the surface properties of the filters with filtering ability we attempted to measure the point of zero zeta potential for the various types of Boehmite using adsorption isotherms.  This proved difficult and ordinary titration curves were employed to assess the acidity or basicity of the fibers.  Note that the fibers also acted as buffers both acidic and basic.

To determine the differences in the Boehmite that was produced under various conditions, as well as to determine the acid base surface characteristics of the fibers, 0.5g samples of Boehmite were suspended in 50ml of water and 25ml of 0.0013M NaOH. The suspensions were then titrated with 0.0010M HCl, generating a pH based titration curve.  The sodium hydroxide was added to the suspension to raise the pH to a range where the sample could be effectively titrated (Figure 3).

Figure 3:  Boehmite Titration Curves:
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As can be seen in Figure 3 there are distinct differences in the fibers.  Boehmite form aluminum hydroxide with glass fibers added in the original reaction mixture, are more basic after being dried in the oven than most of the other fibers, and so far have produced the best overall filters.  Boehmite from aluminum acetate (mono or diacetate) is acidic in nature and would appear to have much smaller or much finer fibers than that of Boehmite prepared form aluminum hydroxide.  The aluminum hydroxide based fibers were essentially neutral.  Understanding the titration curves provides an insight into how the fibers are likely to behave under different conditions, and to what types of metal ions were most likely to be successfully filtered.  Compared to a standard acid-based titration curve Boehmite acts as a weak buffer, as shown by the flat titration curves.

Results and Discussion:
Of the four reference solutions intended for Boehmite filtration, three were successfully used for metal removal, and one was less active due to the high acid concentration.  Solution A was a commercially purchased reference that had most likely been prepared by dissolving solid metal in concentrated nitric acid, followed by the addition of water.  After several attempts, using a variety of types and amounts of Boehmite it was determined that the high concentration of acid in solution A (5 vol. % HNO3) was producing very poor filtration results.  A number of mechanisms may be important including direct binding of the acid to the metals, or direct binding to the Boehmite fiber damaging the fiber structure and reducing their ability to coordinate metals. (Figure 4)

Figure 4:  Filtration of Solution’s Plus Reference Standard

[image: image4.png]30.00

25.00

15.00

Metal Ion Concentrations (PPM)

Solution A - Metal Ions in 5% Nitric Acid

20.00

10.00 |

5.00 -

We

Cel

m Copper (II) = Indium (IT) = Manganese (II) = Tin (II) m Titanium (II)

>
0e

oe“‘“.\w
2
!

o

Zinc (IT)

o

. m““‘\




Early qualitative colorimetric results for the neutral solutions had shown positive signs for metal removal.  Metal solutions were made and analyzed qualitatively using the intensity of the color before and after filtration as a means for measuring Boehmite’s filtration ability.  These results led us to believe that solutions of low pH might interfere with Boehmite’s filtering activity.  As a result three new metal solutions B, C, and D were prepared in the laboratory.  With water as the solvent instead of 5% nitric acid the filtration results improved dramatically.  Depending on the specific metal solution, 0.2 grams of aluminum hydroxide based Boehmite with glass fibers was able to successfully remove 99.997% of specific metal ions, and 0.4 grams was able to remove at least 99.92% of specific metal ions in140ml of metal solution (20 ppm per metal ion) (Figure 5).

Figure 5:  Filtration of Metal Chlorides
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Of the different filter types, the ones where glass fibers were incorporated into the reaction mixture tended to work the best.  Filters prepared with plain Boehmite from aluminum hydroxide as well as those made from either aluminum monoacetate or bisacetate Boehmite were not as effective for removing metals as was hoped.  If binding metals to Boehmite could be explained only as a function of pH of the synthesis conditions, such as adding additional ammonium hydroxide should improve the filter quality.  Although Boehmite fibers S1B were synthesized under basic conditions (starting pH 10.5, final pH 7.5) they only showed slightly better filtration abilities indicating insufficient base addition.  Also metal filtration might not be only a function of pH, but also a function of the type of supporting material provided for the fiber synthesis.
Solution C, which was prepared with trifluoromethanesulfanate counter ions behaved very similar to solution B.  Once again the Boehmite made in the presence of glass fibers showed excellent filtration ability, removing up to 97.2% barium and 99.7% of the all metals in solution C (Figure 6).

Figure 6:  Filtration of Metal Trifluoromethanesulfanates
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In order to test the Boehmite fibers further, a complex metal solution (solution D) was prepared using several different counter ions, and a variety of metals in different forms.  Gold and Iron were tested as complexed anions.  The potential interference of the metal ions with each other was not examined initially, and as a result colloids may have formed, producing extraction efficiencies that were not as high as those for solutions B and C (Figure 7).  Even Boehmite prepared in the presence of glass fibers only showed positive filtration results for the manganese (II) ion.  Ruthenium chloride and vanadyl sulfate did not pass through any of the filters including the controls.  This potentially indicates that these metals formed a precipitate or colloidal suspension and could have been simply removed by any part of the filter including something as simple as the nylon filter pad.  Negatively charged species such as gold were not removed by any of the filters including Boehmite synthesized with glass fibers, while iron was most successfully removed by the acidic aluminum oxide and the filters made with just aluminum hydroxide.  In general, the controls showed similar filtration ability to that of the Boehmite filters with only the acidic aluminum oxide and aluminum hydroxide completely removing all ions except for gold and manganese.  

While solutions B and C contained simple metal cations with only a single type of counterion, solution D contained a wide variety of metal salts.  It could be argued that the reason for the poor filter performance of solution D was due to the formation of complex metal clusters with unknown overall charge, including neutral species.  Earlier results showed that the Boehmite fiber surface only interacts with charged metals, allowing neutral molecules to pass through the filter unhindered.  A broad selection of metal salts is perhaps not the best method for testing filter performance.  Further investigations are needed using more controlled, and better-understood mixtures of metal salts.

Figure 7:  Filtration of Mixed Metal Counterions
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Filter Fatigue:

As with any commercial filter, Boehmite filters fatigue and become less effective for filtering metals over a period of time.  Boehmite is essentially a basic material with a large number of bound hydroxide groups that coordinate with the different metals.  Clearly the equilibrium constants for metal sequestration are not the same.  Thus, some metals are much more strongly bound than others.  In certain cases metals that are already bound to the filter can be displaced by ions that show a higher affinity or binding constant with the Boehmite fiber.  Figure 8 shows such an elution experiment for a test solution containing Co, Cr, Cu, Fe, and Ni.  Clearly chromium is the most strongly bound and would eventually displace all of the other ions.  The apparent order of binding is Cr>Fe>Cu>>Ni and Co.  Based on the concentrations in the input stream, it is clear that the binding constant of the metal would need to be taken into account in the design of the filter.  I.E. the filter must be sized to be able to hold the ions with the weakest binding constants.  The same trends that were observed for solution B also applied to solutions C and D.  One or two ions showed a greater affinity to the filters resulting in the displacement of other ions as binding sites on the fibers became more rare.

Assuming that filter saturation is reached at about 30 milliliters (Figure 8) the total molar concentration of all metals at that point is estimated to be about 7x10-5 moles.  This compares to 7x10-3 moles of Boehmite in a 0.4g filter, giving a ratio where one metal ion is absorbed for every 100 aluminum atoms.  Assuming that a significant amount of aluminum atoms must be bound inside each fiber, this would indicate that most of the surface aluminum atoms are quite active and are used to bind metals.

Figure 8:  Solution B Metal Adsorption and Release
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Filter Regeneration: 

To generate Figure 8, 160 ml of solution B was passed through 0.4 grams of Boehmite containing glass fibers in 4 filters (0.1g in each filter) stacked in series.  The first three of those filters were used to test the Boehmite’s ability for metal retention.  The first of the four filters was flushed with 5ml of 1M NaOH, the second filter in the series was flushed with 5ml of 1M HCl, and the third filter was flushed with 5ml of deionized water as a control (Figure 9).  While treatment with water and base only removed a small amount of the metals form the filters, treatment with 1M HCl successfully removed those ions that had before shown the greatest affinity to Boehmite.  Metals such as cobalt and nickel, which before had shown less affinity for the Boehmite fiber tended not to be present in large concentrations in the acid wash.  This is because during the filtration of solution B, most of the cobalt and nickel ions were already displaced by chromium and iron.

Figure 9:  Filter Regeneration
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Regeneration of the Boehmite filters could be potentially useful in removing a large volume of toxic metals or radioactive wastes at one location, and releasing them in smaller volume under acidic conditions at a different place.
Summary:

This work has demonstrated that Boehmite fibers synthesized by a hydrothermal method in the presence of glass fibers are capable of filtering a variety of metal ions form neutral solution.  The retention of the metals varied as a function of the binding constant for the various metals.  Metal ions bound to Boehmite fibers can be released by the addition of an aqueous acid.  Overall the filters appear to have a significant potential for the filtration of metals.  Future work will focus on the chemical modification of the fibers to optimize extraction for particular metals ions.
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