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MODIFIED SOL-GEL DERIVED SORBENT MATERIALAND
METHOD FOR USING THE SAME

Cross Reference to Related Application

[0001 This application claims the benefit of Provisional Patent Application No. 61/293,346,

filed January 8, 2010.

Statement Regarding Federally Funded Research or Development

[0002] This invention was made with Government support under National Science

Foundation Grant SBIR award #1013263.

Background of the Invention

1. Field of the Invention

[0003] The present invention relates generally to the chemical arts. More particularly, the

invention relates to a material for use in removing sorbates, including contaminants, from a

gas or an aqueous solution and a method for using the material.

2. Discussion of the Related Art

[0004] Substantial effort has been directed to file removal of sorbates, such as contaminants,

from gas or aqueous liquid phases, such as from processed water from pharmaceutical or

textile fabrication operations. Examples of contaminants include dyes (e.g., azo dyes, eosin

yellow, methylene blue, malachite green, methyl orange, orange G) and ionic surfactants

(e.g., sodium dodecyl sulfate and benzalkonium chloride). The release of these contaminants

into the environment (e.g., v ia wastewater discharge) can pose serious health hazards.

[0005] Presently, contaminants are removed from gases or aqueous solutions by either

adsorption (e.g., onto granular activated carbon) or chemical processes, such as electrolysis or

ozonation. These methods, however, produce a substantial amount of waste and are

expensive. Additionally, such methods have a limited absorption capability in terms of both

the total quantity and type of contaminant removed from the gas o aqueous solution.



Summary of the Invention

[0006] The present invention generally relates to swellable compositions and methods of use, and more

particularly to a swellable hydrophobic composition for sorbing or extracting a sorbate, including a

contaminant, from an aqueous medium. Now m accordance with the invention there has been

discovered a novel sorbent material containing a sol-gel derived composition having a porous matrix

and a sorbent property modifier intermixed with at least a portion of the porous matrix. The sorbent

property modifier modifies a sorbent property of the sorbent material when compared to the same

sorbent property of the corresponding, unmodified sol-gel derived composition. For example, in some

embodiments, the sorbent property is the selectivity for a sorbate. In other embodiments, the sorbent

property is the capacity for a sorbate.

[0007] In some embodiments, the sol-gel derived composition is swellable to at least 1.5 times its

volume in an organic sorbate.

[0008] And in some embodiments, the sol-gel derived composition is an aromatically- bridged,

organosiloxane sol-gel derived composition, containing a plurality of alkyl siloxy substituents, the

aromatically- bridged, organosiloxane sol-gel derived composition having a porous matrix. In some

embodiments, the swellable, aromatically- bridged, organosiloxane sol-gel derived composition is

derived from a trialkoxysilane corresponding to the formula:

where n and m are individually an integer from 1 to 8, Ar is a single-, fused-, or poly-aromatic ring, and

each alkoxy is independently a C1 to C5alkoxy. Preferred trialkoxysilanes include

bis(trialkoxysilylalkyl)benzene with 1,4-bis(trimethoxysilylmethyl)benzene or

bis(triethoxysilylethyl)benzene being most preferred.

[0009] In some embodiments, the alkyl siloxy substituents correspond to the formula;

where R is independently a hydrocarbon containing up to about 30 carbons, x is 1 or 2, y is 2 or 3 and

the total of x and y is 4. And in some embodiments the alkyl siloxy substituents additionally include at

least one heteroatom selected from sulfur, oxygen, nitrogen, phosphorous, or halogen atoms or



combinations thereof.

[0010] In some embodiments, the sorbent property modifier is a polymer, pendant group, coupling

agent, nanoparticle or combinations thereof. Preferred polymers include polar organic polymers, such

as poly(4-styrene sulfonic acid), poly(4-styrene sulfonic acid co-maleic acid), polyethylenirnine,

polystyrene, polyvinylphenol, polymethylmethacrylate, polyphenylene sulfide or combinations thereof.

Prefered pendant groups include polar pendant groups, such as nitro or sulfonate groups.

[0011] In some embodiments, the sorbent mateial additionally contains a binder, such as a polymeric

binder. Useful polymeric binders include microcrystalline cellulose and elastomeric polymers.

Preferred elastomeric polymers have a glass transition temperature below about 150 C. For, example,

polystyrene is a currently most preferred elastomeric polymer binder. In some embodiments, the

binder is present in an amout of at least 50% and in some embodiments at least 95% and in some

embodiments at least 99.5% based on the weight of the sorbent material.

[00 ] Now in accordance with the invention there also has been discovered a novel method for

removing a sorbate, such as a contaminant, f om a gas or an aqueous solution containing the sorbate.

The method includes the steps of contacting the sorbent material with a gas or an aqueous solution

containing a sorbate to be removed and then separating the sorbent material from the gas or the

aqueous solution.

[0013] In some embodiments, the sorbate is dissolved in an aqueous solution and the method is of

especial use where the sorbate has a og > -0.32 and a molecular weight less than 1,000,000 or a log

ow >1.25 and a molecular weight less than 2,000. And in some embodiments, the contaminant is a

textile dye or an ionic surfactant. Additionally in some embodiments, the contaminant is negatively-

charged and the property modifier is positively-charged. And in still other embodiments, the

contaminant is positively-charged and the property modifier is negatively-charged.

Brief Description of the Drawings

[0014] The foregoing and other features of the present invention will become apparent to those skilled



in the art to which the present invention relates upon reading the following description with reference

to the accompanying drawings, in which:

[0015] Fig. 1 is a representation of exemplary derealization reactions used during the preparation of

one embodiment of the sorbent material in accordance with the invention.

[0016] Fig. 2 identifies exemplary chlorosilanes used to derivatize silanols during the preparation of

one embodiment of the sorbent material in accordance with the invention.

Detailed Description of the Preferred Embodiments

[0017] Particular embodiments of the invention are described below in considerable detail for the

purpose of illustrating its principles and operation. However, various modifications may be made, and

the scope of the invention is not limited to the exemplary embodiments described below. For example,

while particular emphasis is made on the removal of undeirable contaminants, it will be appreciated the

the method is of equal use in extracting desirable sorbates, including biologies, such as DNA.

[0018] Unless otherwise defined, all technical terms used herein have the same meaning as commonly

understood by o e of ordinary skill in the art to which the present invention pertains.

[0019] As used herein, "sorbate" refers to a compound taken up by the sorbent materials of the present

invention, whether by adsorption, absorption, or a combination thereof.

[0020] In accordance with the invention, there has been discovered a novel sorbent material for

removing a sorbate from a gas or an aqueous solution. The sorbent material is formed of a sol-gel

derived composition having a porous matrix and a sorbent property modifier mtermixed with at least a

portion of the porous matrix, where the sorbent property modifier modifies a sorbent property of the

sorbent material when compared to the same sorbent property of the unmodified sol-gel derived

composition.

[0021] In some embodiments, die sol-gel derived composition, prior to modification, is swellable to at

least 1.5 times its original volume in a sorbate. Preferred sol-gel derived compositions are swellable to



at least two times their original volume, more preferably at least five times their original volume, and in

some embodiments up to about eight to ten times their original volume in an sorbate.

[0022] And in some embodiments, the sorbent material is formed of an aromatically-bridged,

organosiloxane, sol-gel derived composition containing a plurality of alkyl siloxy substituents. In such

embodiments, the swellable sorbent material contains a plurality of flexibly tethered and interconnected

organosiloxane particles having diameters on the nanometer scale. The organosiloxane nanoparticles

form a disorganized porous matrix defined by a plurality of cross-linked aromatic siloxanes that create

a porous structure having a first surface chemistry.

[0023] The porous, swellable, aromatically bridged, organosiloxane sol-gel derived compositions

contain a plurality of polysiloxanes that include an aromatic bridging group flexibly linking the silicon

atoms of the polysiloxanes. Such organosiloxane nanoparticles have a multilayer configuration

comprising a hydrophilic inner layer and a hydrophobic, aromatic-rich outer layer.

[0024] The sorbent materials are formed of a sol-gel derived composition obtained using a sol-gel

reaction beginning with trialkoxysilanes containing an aromatic bridging group. Suitable

trialkoxysilanes include, without limitation, trialkoxysilanes corresponding to the formula:

wherein n and m are individually an integer from 1 to 8, Ar is a single-, fused-, or poly-aromatic ring,

and each alkoxy is independently a C1 to C alkoxy. Bis(trialkoxysilylalkyl)benzenes are preferred and

include 1,4-bis r i methoxysilylmethyl)benzene (BTB), bis(triethoxysily]ethyl)benzene (BTEB), and

mixtures thereof, with bis(triethoxysilylethyl)benzene being most preferred.

[0025] The trialkoxysilanes are preferably present in the reaction medium at between about 0.25M and

about 1M, more preferably between about 0.4M and about 0.8 , most preferably between about 0.4M

and about 0.6M.

[0026] Conditions for sol-gel reactions are well-known in the art and include the use of acid or base

catalysts in appropriate solvents. Preferred conditions are those that contain a base catalyst in any

suitable solvent. Exemplary base catalysts include, without limitation, tetrabutyl ammonium fluoride

("TBAF"), 1,5-diazabicyclo[4.3.0]non-5-ene ("DBN"), and alkylamines (e.g., propyl amine), of which



TBAF is preferred. Suitable solvents for use with the base catalysts include, without limitation,

tetrahydrofuran ("THF"), acetone, dichloromethane/THF mixtures containing at least 15% by vol. THF,

and THF/acetonitrile mixtures containing at least 50% by vol. THF. Of these exemplary solvents, THF

is preferred.

[0027 As noted above, acid catalysts can be used to form swellable sol-gels, although acid catalysts

are less preferred. Exemplary acid catalysts include, without limitation, any strong acid such as

hydrochloric acid, phosphoric acid, sulfuric acid, etc. Suitable solvents for use with the acid catalysts

include those identified above for use with base catalysts.

[0028] After gellation, the material is preferably aged for an amount of time suitable to induce

syneresis, which is the shrinkage of the gel that accompanies solvent evaporation. The aging drives off

much, but not necessarily all, of the solvent. While aging times vary depending upon the catalyst and

solvent used to form the gel, aging is typically carried out for about 15 minutes up to about 7 days,

preferably from about 1 hour up to about 4 days. Aging is carried out at room temperature or elevated

temperature (i.e., from about 18 C up to about 60 C), either in open atmosphere, under reduced

pressure, or in a container or oven.

[0029] Solvent and catalyst extraction (i.e., rinsing) is carried out during or after the aging process.

Preferred materials for extraction include, without limitation, any organic solvent of medium polarity,

THF, acetone, ethanol, and acetonitrile, either alone or in combination.

[0030] As shown in Fig. 1, after rinsing, the sol-gel is characterized by the presence of residual

silanols. The silanol groups allow for derivatization of the gel using any reagent that includes both one

or more silanol-reactive groups and one or mo e non-reactive alky] groups. The derivatization process

results in the end-capping of the silanol-terminated polymers present within the sol-gel with alkyl

siloxy groups having the formula:

where each R is independently an aliphatic or non-aliphatic hydrocarbon containing up to about 30

carbons, with or without one or more hereto atoms (e.g., sulfur, oxygen, nitrogen, phosphorous, and

halogen atoms), including straight-chain hydrocarbons, branched-chain hydrocarbons, cyclic

hydrocarbons, and aromatic hydrocarbons, x is 1 or 2, y is 2 or 3 and the total of x and y is 4.



[0031] One suitable class of derivatization reagents includes halosilane reagents that contain at least

one halogen group and at least one alkyl group , as defined above. The halogen group can be any

halogen, preferably CI, F , I, or Br. Preferred halosilanes o dihalosilanes include, without limitation,

chlorosilanes, dichlorosilanes, fluorosilanes, difluorosilanes, bromosilanes, dibromosilanes,

iodosilanes, and di-iodosilanes. Exemplary halosilanes suitable for use as derivatization reagents

include, without limitation, cynanopropyldimethyl-chlorosilane, phenyldimethylchlorosilane,

chloromethyldimethylchlorosilane, (trideca-fluoro-l,1,2,2-tertahydro-octyl)dimethylchlorosilane, n-

octyldimethylchlorosilane, and n-octadecyldimethylchlorosilane. The structures of these exemplary

reagents are shown in Fig. 2.

[0032] Another suitable class of derivatization reagents includes silazanes or disilazanes. Any silazane

with at least one reactive group X and at least one alkyl group R, as defined above can be used. A

preferred disilazane is hexamethyldisilazane.

[0033] After derivatizjng, the reaction mixture is preferably rinsed in any of the rinsing agents

described above, and then dried. Drying can be carried out under any suitable conditions, but

preferably in an oven, e.g., for about 2 hr at about 60 C to produce the porous, swellable, sol-gel

derived composition.

[0034] In some embodiments, the resulting sorbent material is swellable to at least 1.5 times its original

volume in a sorbate. Preferred sol-gel derived compositions are swellable to at least two times their

original volume, more preferably at least five times their original volume, most preferably up to about

eight to ten times their original volume in a sorbate. A suitable swellable sol-gel derived composition

is Osorb® swellable sol-gel derived composition available from ABS Materials, Wooster, Ohio.

[0035] The sorbent material additional includes a sorbent property modifier mtermixed with at least a

portion of the porous matrix. The sorbent property modifier modifies a sorbent property of the sorbent

material when compared to the same sorbent property of the corresponding, unmodified porous, sol-gel

derived composition by modifying and at least partially defining the surface chemistry of the porous

matrix.

[0036] It is a distinct advantage of the invention that a wide variety of sorbent properties can be

improved, including, but not limited to, the selectivity of the sorbent material for a sorbate and the



capacity of the sorbent material for the sorbate. For example, the sorbent property modifier can

modify the surface chemistry by changing the chemisorption and/or physiosorption properties of at

least a portion of the surface chemistry of the sorbent material.

[0037] Suitable sorbent property modifiers include polymers (e.g., polar organic polymers), pendant

groups (e.g., polar pendant groups), coupling agents, nanoparticles and the like and combinations

thereof. Useful polar organic polymers include any natural or synthetic polymer having a non-zero

dipole moment. Representative polar organic polymers include both anionic polymers, such as

poly(4-styrene sulfonic acid co-maleic acid) and poly(4-styrenesulfonic acid) ("PSS"), and cationic

polymers, such as polyethylenimine. Other non-limiting examples of polar organic polymers include

polystyrene, polyvinylphenol, polymethylmethacrylate, polypbenylene sulfide, poly(ethyleneimine)

("ΡΕ ) polyethylene glycol ("PEG"), polycarbonate, polyester, polyurethane, combinations thereof,

and blends thereof with other polymers and copolymers of the monomers thereof.

[0038] Useful polar pendant groups include at least one ato capable of modifying the surface

chemistry of the porous structure. Representative polar pendant groups include at least one atom (e.g.,

sulfur, nitrogen o halogen atom) coupled to the porous matrix. Suitable pendant polar groups include

a nitro or sulfonate group coupled to an aromatic bridging group or silicon center (e.g., coupled to a

silicon center by derivation of silanol groups) of at least one organosilica nanoparticle.

[0039] Useful coupling agents include any molecule or compound mat directly or indirectly promotes

the coupling of two or more chemical compounds.

[0040] Useful nanoparticles include any particle having a diameter of less than about 300 n .

[0041] By modifying the surface chemistry of the porous structure to match the chemistry of a sorbate,

the sorbent properties of the sorbent material vis a vis the sorbate are improved. For example, using a

positively-charged sorbent modifier, such as a cationic sorbent modifier, produces a sorbent material

having a sorbent property that differs, such as improved sorbate selectivity o sorbate capacity r

negatively-charged, such as anionic, sorbates when compared to the same sorbent property of the

corresponding unmodified aromatically- bridged, organosiloxane sol-gel derived composition.

Similarly, using a negatively charged sorbent modifier, such as an anionic sorbent modifier, produces a

sorbent material having a sorbent property that differs, such as improved sorbate selectivity or sorbate



capacity for a positively-charged, such as a cationic, sorbate, when compared to the same sorbent

property of the corresponding unmodified aromatically- bridged, organosiloxane sol-gel derived

composition.

[0042] The property modifier can be intermixed with at least a portion of the porous matrix by any

suitable method. In some embodiments, the property modifier is disposed on the on the porous matrix,

by, for example, forming a thin film on the porous, such as by sputter coating or thermal deposition or

e-beam depostion or the like. In other embodiments, the property modifier is dispersed in the porous

matrix. In still other embodiments, the property modifier is chemcially bound to at least a portion of

the polymer matrix.

[0043 In one embodiment of the present invention, the sorbent property modifier is intermixed with at

least a portion of the porous matrix by dissolving the swellable, sol-gel derived composition in an

organic solvent or organic solvent system (such as an organic solvent system comprising 90% ethanol

and 10% water, by weight) for the sorbent property modifier to form a sorbent property modifier

solution and then adding the swellable, sol-gel derived composition to the sorbent property modifier

solution. The concentration of the sorbent modifier in the solution is typically from about 0.01 mg/mL

to about 10 mg/mL.

[0044] The swellable, so -ge derived composition is added to sufficient property modifier solution to

cause the sol-gel derived composition to swell from about one and eight times its original volume, thus

facilitating the dispersing of the sorbent property modifier into the porous structure. The resulting

sorbent material is then dried by evaporating the organic solvent or organic solvent system at room

temperature or elevated temperature (e.g., up to about 150 C), which collapses the porous structure

around the sorbent property modifier as the sorbent material returns to its unswollen state. The dried

material is then ready for use as a sorbent.

[0045] In another example of the present invention, the sorbent property modifier is mtermixed with at

least a portion of the porous matrix by coupling polar pendant groups to the at least a portion of the

porous structure using any one or more combinations of known organic reactions. Examples of

suitable organic reactions include substitution reactions in which functional groups of the sol-gel



derived composition are replaced by other groups. In an electrophilic substitution reaction, for

example, an electrophile can displace another group, such as a hydrogen atom. Examples of

electrophilic substitution reactions useful in accordance with the present invention include the

substitution of hydrogen atoms on the aromatic bridging groups with electrophiles containing nitro

groups, sulfonate groups or the like.

[0046] In addition to altering the bridging aromatic group, it will be appreciated that synthetic

chemistries can be used to alter the pendent groups resulting from silanol derivatization (described

above). It will be further appreciated that the resulting polar pendant groups can be used for additional

synthetic steps depending upon the intended application of the sorbent material.

[0047] The sorbent materials can be used in any suitable form, including in powder or pellet forms.

Powdered forms of the sorbent materials are characterized by a high surface area, for example, in the

range of about 800 nrVg,which allows for rapid and effective uptake of the sorbate. Depending upon

the manner in which grinding of the sorbent materials is carried out to obtain the powdered form, the

particle sizes may vary widely. Preferred powdered forms will have a high surface area (e.g., about

800 m /g) and an average particle size that is less than about 250 m, for example, between about 50 to

about 250 prn.

[0048] In some embodiments and in particular those embodiments where the sorbent material is in

pellet form, the porous swellable sol-gel derived composition and the property modifier are combined

with a binder, such as a polymeric binder. Useful polymeric binders include microcrystalline cellulose

and elastomeric polymers. Preferred elastomeric polymers have a glass transition temperature below

about 150 C, the temperature at which the sorbent material begins to decompose. For, example,

polystyrene is a currently most preferred elastomeric polymer binder. Other suitable thermoplastic

elastomers are described in U.S. Patent Nos. 7,834,093, 7,799,873, 7,799,868, 7,799,869, 7,790,805,

7,786,206, 7,776,968, 7,771,627, 7,744,781, 7,737,206, 7,655,719, 7,462,309, 6,596,792, 6,162,849,

5,194,480, 7,837,901, 7,815,998, 7,645,399, 7,608,342, 7,550,097, 7,402,616, 6,720,369, 4,634,730,

7,834,093, 7,799,873, 7,799,868, 7,799,869, 7,790,805, 7,786,206, 7,776,968, 7,771,627, 7,744,781,

7,737,206 which patents are herein incorporated by reference.



[0049] The amount of binder will depend on the particular application and will be readily determinable

by one skilled in the art. In some embodiments, the binder is present in an amout of at least 50% and

in some embodiments at least 95% and in some embodiments at least 99.5% based on the weight of the

sorbent material.

[0050] Pellets can be formed in any desired shape and size suitable for their desired application. For

example, in some embodiments, a sol-gel solution is poured into a silicone mold before gellation. The

solution is then gelled in the mold to produce a pellet having the desired dimensions.

[0051] In other embodiments, pellets are prepared by casting the sol-gel derived material in a die

having a desired internal configuration and dimension, which will result in a polymerized sol-gel

conforming to the desired size and shape. In such embodiments, the components are combined using

any suitable means, such as by combining in a ball mill. The ingredients are then feed into a die using

any suitable means such as by using a screw feeder or a gravity feeder. Screw feeders provide the

advantage that they crush infeed particles to achieve a more favorable size consistency before

compacting. In some cases, heat generated by the screw feeding process may be beneficial, for

example, by softening a thermoplastic polymer binder prior to casting.

[0052] The ingredients are then compressed at a sufficient force, typically from about 1-8 tonnes, for a

sufficient time, typically from about five to about ten minutes, to form a pellet. In some embodiments

where the binder is a thermoplastic polymer, the die is preheated to a temperature less than the

decomposition temperature of the sol-gel derived composition, typically less than about 0 C.

[0053] In some embodiments, the sorbent material is disposed on or within a suitable support. Useful

supports include any type of solid or semi-solid object capable of directly or indirectly supporting the

sorbent material. For example, the support can be any type of container, vessel, or material having at

least one surface for supporting the sorbent material. By "directly" it is meant that the sorbent material

is in intimate physical contact with at least one support surface. The sorbent material can be attached,

bonded, coupled to, or mated widi all or only a portion of the at least one surface. By "indirectly" it is

meant that the sorbent material is housed by or within die support without being in direct contact with

the support. For example, the sorbent material can float or be suspended in a fluid (e.g., water) that is



contained by the support.

[0054] In one embodiment of the present invention, the support is a fixed bed reactor (e.g., a packed or

fluidized bed reactor). The fixed bed reactor contains the sorbent material, so that the sorbent material

remains stationary or substantially stationary when an aqueous media containing the contaminant to be

removed is flowed through the reactor. The fixed bed reactor can include at least one inlet through

which the aqueous medium containing the contaminant sorbate is supplied, and at least one outlet

through which aqueous medium that is substantially free of the contaminant is discharged.

[0055] The fixed bed reactor can have any shape (e.g., cylindrical), dimensions, and orientation (e.g.,

vertical or horizontal). The fixed bed reactor may be stand-alone or placed directly in-line with the

media containing the sorbate to be removed. In some embodiments, the fixed bed reactor additionally

includes an inert, non-swelling filler or media (e.g., ground glass) to provide void spaces for swelling

of the sorbent material.

[0056] In another embodiment of the present invention, the support is a filter having at least one porous

membrane entirely or partially formed with, coupled to, bonded with, or otherwise in intimate contact

with the sorbent material. In some embodiments, the filter has a sandwich-like configuration formed of

the sorbent material disposed on or embedded between first and second porous membranes. Suitable

porous membranes include materials (e.g., metals, metal alloys, or polymers) having pores of sufficient

size to permit passage of the sorbent material. For example, the porous membrane can be comprised of

a nano- or micro-sized polymers or polymer-blended materials, such as a nano-sized nylon-polyester

blends.

[0057] In another embodiment of the present invention, the support is a vessel for holding the aqueous

medium containing the sorbate to be removed. Suitable vessels include stirred tanks or vats. The

sorbent material is disposed on or embedded within at least one surface of the vessel. Alternatively, the

sorbent material floats or is suspended in aqueous medium containing the sorbate contained within the

vessel.

[0058] The inventive method is of use for removing sorbates from a gas or an aqueous solution



containing the sorbate. The inventive method is of particular use with sorbates dissolved in aqueous

solutions, where the sorbates have a log kow > -0.32 and a molecular weight less than 1,000,000 and

where the sorbates have a log k >1.25 and a molecular weight less than 2,000.

[0059] The inventive method is useful in a variety of industrial remediation applications, such as

remediation of aqueous streams containing organic contaminants produced by textile and/or

pharmaceutical processes. The terms "remediating" and "remediation" as used herein refer to the

substantially complete removal of aqueous pollutants to achieve the standard(s) set by the responsible

regulatory agency for the particular contaminated aqueous media (e.g., National Primary Drinking

Water Regulations fo subsurface ground water).

[0060] It is a distinct benefit of the inventive method that by matching the chemistry of the sorbent

material with a sorbate, the removal of a wide variety of sorbates is possible. For example, the method

can be used to extract unwanted or toxic organic sorbates produced by various industrial processes.

Non-limiting examples of organic sorbates include textile dyes (e.g., eosin yellow, methylene blue,

malachite green, methyl orange, orange G, acid blue 25, and Congo red) and ionic surfactants (e.g.,

sodium dodecyl sulfate, SDS, benzalkonium chloride, polyoxyethylene sorbitan monolaurate,

polyoxyethylene sorbitan mono-oleate, polyethylene glycol 300, propoxylated polyethylene glycol,

polyoxyethylene 4 lauryl ether, and diethylene glycol monoethyl ether).

[0061] It is also useful in the extraction of beneficial sorbates, including biologies, such as DNA, from

aqueous solutions.

[0062] In accordance with the inventive method the sorbent material is contacted with the aqueous

medium containing the sorbate under conditions effective to remove sorbate. It is an advantage of the

inventive method that if can be used to remove essentially all of the sorbate from the aqueous media.

The specific conditions va y with the specific application and will be readily determinable by one

skilled in the art. For example, it is an advantage of the inventive method that it may be performed at

ambient temperature and pressure.

[0063] in preferred embodiments, sorbent material disposed on or within a support is contacted with



the aqueous medium containing the sorbate to be removed. In such embodiments, the aqueous media

flows through or is placed into the support so that intimate contact is made between the sorbent

material and the aqueous media. And in some embodiments, the media is agitated to facilitate intimate

contact.

[0064] Upon contact with the aqueous media, energy stored energy in the sorbent material is released

because the porous structure relaxes to a swollen state as the sorbate disrupts the inter-particle

interactions holding the sol-gel derived composition in the unswollen state. New surface a ea and void

volume is thus created in the sorbent material, which exposes additional portions of the sorbent

material to further capture additional sorbate as its diffuses into the expanded porous structure.

[0065] I some embodiments, the aqueous media is contacted with the sorbent material until

substantially all of the sorbent has been removed from the media. In such embodiments, the media is

contacted with a sufficient amount of the sorbent material to avoid complete saturation of the sorbent

material. Alternatively, the aqueous media is repeatedly contacted with fresh sorbent material until

substantially all of the sorbent has been removed. In other embodiments, the aqueous media is

contacted with the sorbent material until the sorbent material is saturated with the molecules.

[0066] The sorbent material including the sorbed sorbate is then separated from the aqueous media. In

some embodiments, the sorbent material is directly removed or collected (e.g., using tactile means)

from the support. In alternative embodiments, the sorbent material is removed by centrifugation,

filtration, flotation or the like.

[0067] In some embodiments, the sorbent material is regenerated from the sorbent material containing

the sorbed sorbate. The sorbent material can be regenerated by any suitable method. Representative

methods, include, without limitation, chemical extraction and/or thermal treatment. For example, the

the sorbent material containing the sorbed sorbate can be heated for a period of time and at a

temperature sufficient to separate the sorbate from the sorbent material. In some embodiments, the

contacting and the regeneration steps are repeated until the desired amount of sorbate has been

removed from the aqueous media.



[0068] In a first example of a method in accordance with the invention, high flow remediation of a

textile dye, such as acid blue 2 , is carried out using a fixed bed reactor. The fixed bed reactor includes

a fluid inlet, a fluid outlet, and a sorbent material formed of swellable sol-gel derived composition

modified with polyemyleniiriine ("PEI"), a polar organic polymer, encased between two or more layers

of a metal or metal alloy (e.g., stainless steel). The fixed bed reactor is placed directly in-line with an

aqueous medium containing acid blue 25 that is constantly fed from a textile-producing facility. The

aqueous media is flowed through the inlet of the fixed bed reactor so that acid blue 25 is sorbed by the

sorbent material. The water discharged from the outlet of the fixed bed reactor is substantially free of

acid blue 25. As the sorbent material sorbs the acid blue 25, the sorbent material can be removed from

the fixed bed reactor, regenerated, e.g., by using thermal treatment, and then replaced, if needed, to

continuously remove additional acid blue 25.

[0069] In a second example of a method i accordance with the invention, low flow remediation a

stream of water contaminated with another textile dye, such as methylene blue, is carried out using a

filter. The filter includes a sorbent material formed of a swellable sol-gel derived composition

modified with poly(4-styrene sulfonic acid) ("PSS"), a polar organic polymer, disposed between first

and second nano-porous, polymeric membranes, made of a nylon-polyester blend. The filter is placed

directly in-line with the methylene blue-contaminated stream. The contaminated stream is flowed

through the filter so that the methylene blue is sorbed by the sorbent material and thereby extracted

from the water. The water that has been passed through the filter is substantially free of methylene

blue. As the sorbent material sorbs the methylene blue and becomes swollen, the filter is removed from

the contaminated stream, the sorbent material regenerated (e.g., using thermal treatment), and the filter

then placed back into the stream to remove additional methylene blue. In alternative embodiments, two

or more filters are used to extract the methylene blue and/or new filters can be used to replace the used

filters.

[0070] In a third example of a method in accordance with the invention, the extraction of SDS, an ionic

surfactant, contaminating aqueous media produced by pharmaceutical manufacture is carried out using

a fillable tank. Either prior to, simultaneous with, or subsequent to the addition of the contaminated

aqueous media to the fillable tank, sorbent material formed of swellable sol-gel derived modified with

PEI, a polar organic polymer is added to the tank. The contaminated aqueous media is then mixed



thoroughly with the sorbent material using mechanical means or through fluid agitation (e.g., a vortex

system). Contact of the sorbent material with the contaminated aqueous media causes the SDS to be

sorbed by the sorbent material. As the sorbent mater sorbs the SDS, the sorbent material is removed

from the tank by flotation, filtration, and/or centrifugation. The removed composition 10 can then be

regenerated (e.g., using thermal treatment) and, if necessary, added to the tank to remove additional

SDS from the aqueous media.

[0071] The following examples are for the purpose of illustration only and are not intended to li it the

scope of the claims, which are appended hereto.

x ple 1

Matching the Properties of Sorbent Material with Acid Blue (Anionic Sorbate)

[0072] Acid blue 2 (an acidic organic sorbate) and methylene blue (a basic organic sorbate) were

separately added to water (pH 6.5) at a concentration of 1 mg/mL. To 20 mL of the resulting dye

media, 0.5% w/v of a sorbent material (Osorb®, an aromatically- bridged, organosiloxane sol-gel

derived composition, containing a plurality of alkyl siloxy substituents, modified with PEI (a basic

organic polymer)) was added and allowed to come to equilibrium (5 minutes). Control materials were

made of 20 mL of each dye media and 0.5% /v of the corresponding, unmodified Osorb®. The

amount of dye was measured spectrophotometrically by a UV-visible spectrometer using the

wavelength of maximum absorption for each dye.

[0073] As shown in Table 1, the Osorb® modified with PEI showed enhanced and preferred binding

for of the negatively-charged organic sorbate when compared to the corresponding Osorb® without

PEI (>99% vs 5%). This is demonstrated by the absorption of acid blue 25, which possesses a sulfonic

acid group that renders the sorbate negatively-charged in pH conditions greater than 0, by the Osorb®

with PEI , which possesses basic amine groups distributed throughout the PE polymer chain.



[0074] In contrast, as shown in Table 2, the Osorb® without PE did not show enhanced and preferred

binding for the positively-charged organic sorbate when compared to the corresponding Osorb®

without PEI (>4% vs 3%). This is demonstrated by the poor absorption of methylene blue, which is

positively-charged at all pH levels.

Example 2

Matching the Properties of Sorbent Material with Methylene Blue (Cationic Sorbate)

[0075] Osorb® swellable, sol-gel derived composition was fully swollen with a 3.3 mg/mL media of

PSS (ammonium salt) in 90% ethanol:10% water and allowed to dry.

[0076] The resulting cationic polymer modified sorbent material was then added to a 50 ppm solution

of methylene blue (a cationic dye soluble in water). After 3 hours of shaking, the modifeied sorbent

material had absorbed greater than 99% of the dye (as detected by UV-Visspectroscopy). The

corresponding unmodified Osorb® failed to reduce the dye concentration after the same incubation

time.

Example 3

Matching the Properties of Sorbent Material with DNA (Anionic Sorbate)

[0077] DNA is an anionic biologic sorbate with negatively charged phosphodiester linkages. Three 50

pg/mL solutions of pET17 plasmid DNA with a length of 4,4333 base pairs (Novagen, obtained form

EMD Chemcials, Glasstown, NJ) in 50 mM Tris buffer pH 8.0 were prepared. The solutions were then

contacted with either unmodifed Osorb®, Osorb® modified with 5 g PE /g Osorb® or Osorb®

modified with 5 mg PSS/g Osorb®.

[0078] Adsorption of DNA was then detected by UV spectrometry at 260 nm and fiuorometry using

ethidium bromide as a fluorescent probe. Neither nonionic Osorb® nor Osorb® modified with PSS,

an anionic polymer, extracted DNA. However, Osorb® modified with PEI, a cationic polymer,



extracted ovr 98% of the DNA om the solution when a 5% w/v amount was used.

[0079] From the above description of the invention, those skilled in the art will perceive improvements,

changes and modifications. Such improvements, changes, and modifications are within the skill of the

art and are intended to be covered by the appended claims.



I claim:

1. A sorbent material comprising:

a sol-gel derived composition having a porous matrix, the sol-gel derived composition

swellable to at least 1.5 times its volume in a sorbate, and

a sorbent property modifier intermixed with at least a portion of the porous matrix, the sorbent

property modifier modifying a sorbent property of the sorbent material when compared to the same

sorbent property of the corresponding, unmodified sol-gel derived composition.

2. The sorbent material of claim 1, wherein the sorbent property modifier is a polymer,

pendant group, coupling agent, nanoparticle or combinations thereof.

3. The sorbent material of claim 2, wherein the polymer is a polar organic polymer.

4. The sorbent material of claim 3, wherein the polar organic polymer is poly(4~styrene

sulfonic acid), poly(4-styrene sulfonic acid co-maleic acid), polyethylenimine, polystyrene,

polyvinylphenol, polymethylmethacrylate, polyphenylene sulfide or combinations thereof.

5. The sorbent material of claim 2, wherein the sorbent property modifier is a pendant

group.

6. The sorbent material of claim 2, wherein the pendant group is a polar pendant group.

7. The sorbent material of claim 6, wherein the polar pendant group is a nitro or sulfonate

group.

8. The sorbent material of claim 1, wherein the sorbent property is the selectivity for a

sorbate.

9. The sorbent material of claim 1, wherein the sorbent property is the capacity for a

sorbate.



. The sorbent material of claim , further comprising a binder.

11. The sorbent material of claim 10, wherein the binder is microcrystallme cellulose or an

elastomeric polymer having a glass transition temperature below about 150 C.

12. The sorbent material of claim 11, wherein the binder is present in an amout of at least

50% based on the weight of the sorbent material.

13. A sorbent material comprising;

a swellable, aromaticaliy- bridged, organosiloxane sol-gel derived composition, containing a

plurality of alkyl siloxy substituents, the aromaticaliy- bridged, organosiloxane soi-gel derived

composition having a porous matrix and

a sorbent property modifier interrnixed with at least a portion of the porous matrix, the sorbent

property modifier modifying a sorbent property of the sorbent material when compared to the same

sorbent property of the corresponding, unmodified sol-gel derived composition.

14. The sorbent material of claim 13, wherein the swellable, aromaticaliy- bridged,

organosiloxane sol-gel derived composition is derived from a trialkoxysilane corresponding to the

formula;

where n a d m are individually an integer from 1 to 8, Ar is a single-, fused-, or poly-aromatic ring, and

each alkoxy is independently a C to C al oxy

15. The sorbent material of claim 14, wherein the trialkoxysilane is a

bis(trialkoxysilylalkyl)benzene.

16. The sorbent material of claim 15, wherein the bis(trialkoxysilylalkyl)benzene is 1,4-

bis(trimethoxysilylmetby])benzene or bis(triedioxysilylethyl)benzene.

17. The sorbent material of claim 14, wherein the alkyl siloxy substituents correspond to the



formula:

where R is independently a hydrocarbon containing up to about 30 carbons, x is 1 or 2, y is 2 or 3 and

the total of x and y is 4.

18. The sorbent material of claim 17, wherein the alkyl siloxy substituents include at least

one heteroatom selected from sulfur, oxygen, nitrogen, phosphorous or halogen atom or combinations

thereof.

19. The sorbent material of claim 13, wherein the sorbent property modifier is a polymer,

pendant group, coupling agent, nanoparticle or combination thereof.

20. The sorbent material of claim 19, wherein the polymer is a polar organic polymer.

21. The sorbent material of claim 20, wherein the polar organic polymer is poly(4-styrene

sulfonic acid), poly(4-styrene sulfonic acid co-maleic acid), polyethylenimine, polystyrene,

polyvinyiphenol, polymethylmethacrylate, polyphenylene sulfide or combinations thereof.

22. The sorbent material of claim 19, wherein the sorbent property modifier is a pendant

group.

The sorbent material of claim 19, wherein the pendant group is a polar pendant group.

24. The sorbent material of claim 23, wherein the polar pendant group is a nitro or sulfonate

group.

25. The sorbent material of claim 13, wherein the sorbent property is the selectivity for a

sorbate.

26. The sorbent material of claim 13, wherein the sorbent property is the capacity for a

sorbate.



27. The sorbent material of cla 13, further comprising a binder.

28. The sorbent material of claim 27, wherein the binder is microcrystalline cellulose or an

elastomeric polymer having a glass transition temperature below about 150 C.

29. The sorbent material of claim 28, wherein the binder is present in an amout of at least

50% based on the weight of the sorbent material.

30. A method for removing a sorbate from a gas or an aqueous solution containing the

sorbate, the method comprising the steps of:

contacting a sorbent material with a gas or an aqueous solution containing a sorbate to

be removed,

die sorbent material comprising:

a swellable, aromatically- bridged, organosiloxane sol-gel derived

composition, containing a plurality of alkyl siloxy substituents, the swellable, aromatically- bridged,

organosiloxane sol-gel derived composition having a porous matrix and

a sorbent property modifier, the sorbent property modifier modifying a

sorbent property of the sorbent material when compared to the same sorbent property of the

corresponding, unmodified sol-gel derived composition under conditions sufficient to remove the

sorbate from the gas or the aqueous solution,

then separating the sorbent material from the gas o the aqueous solution.

31. The method of claim 30 wherein the swellable, aromatically- bridged, organosiloxane

sol-gel derived composition is derived from a trialkoxysilane corresponding to the formula:

where n and rn are individually an integer from 1 to 8, Ar is a single-, fused-, or poly-aromatic ring, and

each alkoxy is independently a C1 to C5alkoxy.

The method of claim 31, wherein the trialkoxysilane is a bis(trialkoxysilylalkyl)benzene.



33. The method of claim 32, wherein the bis(trialkoxysilylalkyl)benzene is 1,4-

bis(trimethoxysiiyImethyl)benzene or bis(triethoxysilylethyl)benzene.

34. The method of claim 30, wherein the alkyl siloxy substituents correspond to the

formula:

where R is independently a hydrocarbon containing up to about 30 carbons, x is 1 or 2, y is 2 or 3 and

the total of x and y is 4.

35. The method of claim 33, wherein the alkyl siloxy substituents include at least one

heteroatom selected from sulfur, oxygen, nitrogen, phosphorous or halogen atom or combinations

thereof.

36. The method of claim 30, wherein the sorbent property modifier is a polymer, pendant

group, coupling agent, nanoparticle or combination thereof.

37. The method of claim 36, wherein the polymer is a polar organic polymer.

38. The method of claim 37, wherein the polar organic polymer is poly(4-styrene sulfonic

acid), poly(4-styrene sulfonic acid co-maleic acid), polyemylenimine, polystyrene, polyvinylphenol,

polymethylmethacrylate, polyphenylene sulfide or combinations thereof.

39. The method of claim 36, wherein the sorbent property modifier is a pendant group.

40. The method of claim 39, wherein the pendant group is a polar pendant group.

41. The method of claim 40, wherein the polar pendant group is a nitro or sulfonate group.

42. The method of claim 30, wherein the sorbent property is the selectivity for a sorbate.

The method of claim 30, wherein the sorbent property is the capacity for a sorbate.



44. The method of claim 30, further comprising a binder.

45. The method of claim 44, wherein the binder is microcrystalline cellulose or an

elastomeric polymer having a glass transition temperature below about 150 C.

46. The method of claim 45, wherein the binder is present in an amout of at least 50% based

on the weight of the sorbent material.

47. The method of claim 30, wherein the sorbate is dissolved in an aqueous solution.

48. The method of claim 47, wherein the sorbate has a og kow > -0.32 and a molecular

weight less than 1,000,000.

49. The method of claim 47, wherein the sorbate has a log k w >1.25 and a molecular weight

less than 2,000.

50. The method of claim 47, wherein the sorbate is a textile dye, a non-ionic surfactant or an

ionic surfactant.

51. The method of claim 30, wherein organic contaminant is negatively-charged and the

property modifier is positively-charged.

52. The method of claim 30 wherein organic contaminant is positively-charged and the

property modifier is negatively-charged.

53. A method for removing an contaminant from a gas or an aqueous solution containing the

sorbate, the method comprising the steps of:

contacting a sorbent material with a gas or an aqueous solution containing a sorbate to

be removed,

the sorbent material comprising;



a sol-gel derived composition having a porous matrix, the sol-gel derived

composition swellable to at least 1.5 times its volume in a sorbate, and

a sorbent property modifier, the sorbent property modifier modifying a

sorbent property of the sorbent material when compared to the same sorbent property of the

corresponding, unmodified sol-gel derived composition under conditions sufficient to remove the

sorbate from the gas or the aqueous solution,

then separating the sorbent material from the gas or the aqueous solution.

54. The method of claim 53, wherein the sorbent property modifier is a polymer, pendant

group, coupling agent, nanoparticle or combination thereof.

55. The mediod of claim 54, wherein the polymer is a polar organic polymer.

56. The method of claim 55, wherein the polar organic polymer is poly(4-styrene sulfonic

acid), poly(4-styrene sulfonic acid co-maleic acid), polyethylenimine, polystyrene, polyvinylphenol,

polymethylmethacrylate, polyphenylene sulfide or combinations thereof.

57. The method of claim 56, wherein the sorbent property modifier is a pendant group.

58. The method of claim 57, wherein the pendant group is a polar pendant group.

59. The method of claim 58 wherein the polar pendant group is a nit or sulfonate group.

60. The method of claim 53, wherein the sorbent property is the selectivity for a sorbate.

61. The method of claim 53, wherein the sorbent property is the capacity for a sorbate.

62. The method of claim 53 further comprising a binder.

63. The method of claim 62, wherein the binder is microcrystalline cellulose or an

elastomeric polymer having a glass transition temperature below about 150 C.



64. The method of claim 63, wherein the binder is present in an amout of at least 50% based

on the weight of the sorbent material.

65. The method of claim 53, wherein the sorbate is a textile dye, a non-ionic surfactant or an

ionic surfactant.

66. The method of claim 53 wherein organic contaminant is negatively-charged and the

property modifier is positively-charged.

67. The method of claim 53 wherein organic contaminant is positively-charged and the

property modifier is negatively-charged.

68. The method of claim 53, wherein the sorbate is dissolved in an aqueous solution.

69. The method of claim 68, wherein the sorbate has a log k
w

> -0.32 and a molecular

weight less than 1,000,000.

70. The method of claim 68, wherein the sorbate has a log k >1.25 and a molecular weight

less than 2,000.

71. The method of claim 68, wherein the sorbate is a textile dye, a non-ionic surfactant or an

ionic surfactant.

72. The method of claim 53, wherein organic contaminant is negatively-charged and the

property modifier is positively-charged.

73. The method of claim 53 wherein organic contaminant is positively-charged and the

property modifier is negatively-charged.
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