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FUNCTIONALIZED SORBENT FOR 

CHEMICAL SEPARATIONS AND 

SEQUENTIAL FORMING PROCESS 

This invention was made with Government support under 
Contract DE-AC05-76RLO1830 awarded by the U.S. 
Department of Energy. The Government has certain rights in 
the invention. 

FIELD OF THE INVENTION 

The present invention relates generally to sorbent materials 

and methods for selective capture and retention of target 

species. More particularly, the invention relates to a porous 
sorbent and process for chemical separations and retention of 15 

preselected gases. 

BACKGROUND OF THE INVENTION 

Selective capture and retention of unwanted gases, e.g., in 

flue gas streams, are of high interest. Various methods are 

known for sorption of gases including, e.g., use of liquids 

such as monoethanol amine (MEA). However, liquid amines 

can have volatile emissions, corrode infrastructure, quickly 

reach saturation, suffer from slow capture kinetics, and can 

degrade over time, losing capacity. Fluid methods thus have 

serious limitations for long-term chemical sorption and reten- 

tion of unwanted gases. Accordingly, new solid phase sorp- 

tion materials and methods are needed that are stable, exhibit 

fast sorption kinetics, provide long-term retention of 
unwanted gases, and are capable of being regenerated, pro- 

viding for long service lifetimes. Additional advantages and 

novel features of the present invention will be set forth as 

follows and will be readily apparent from the descriptions and 

demonstrations set forth herein. Accordingly, the following 

descriptions of the present invention should be seen as illus- 

trative of the invention and not as limiting in any way. 

SUMMARY OF THE INVENTION 

The invention in one aspect is a sequentially functional- 

ized, solid-state sorbent for chemical sorption that provides 

for capture and retention of preselected target analytes. The 

sorbent includes: a porous support (substrate) ofa preselected 

porous material that includes pores of a preselected size, pore 

volume, and surface area. The porous support is composed of 

a preselected material including, but not limited to, e.g., met- 

als, transition metals, main group metalloids, metal oxides, 

ceramic oxides, oxide coated materials, metal silicates, 
including combinations of these porous materials. Metals 

include, e.g., aluminum (A1), and tin (Sn). Transition metals 

include, but are not limited to, e.g., titanium (Ti), zirconium 

(Zr), zinc (Zn), iron (Fe), nickel (Ni), copper (Cu), including 

combinations of these metals. Main group metalloids include, 

but are not limited to, e.g., Si, Ge, As, Sb, Bi, including 

combinations of these metalloids. Metal oxides include, but 
are not limited to, e.g., A12 03 , Ga2 03 , GeO2 , SnO2 , and 

combinations of these oxides. Ceramic oxides include, but 
are not limited to, e.g., SiO2 and TiO2. The porous support 

includes pores with a pore size of from about 30 A to about 

500 A. The porous support further includes a pore volume that 

is greater than or equal to about 0.5 cc/g. More particularly, 

the pore volume is in the range from about 1 cc/g to about 3 

cc/g, but is not limited thereto. Porous support includes a 

specific pore surface area greater than or equal to about 150 
m2/g. More particularly, specific pore surface area is in the 

2 2 range from 200 m/g to about 1500 m/g. Pores of the porous 
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support are functionalized with a preselected quantity of 

short-length (e.g., 5-20 A) amino silanes that are chemically 

attached to surfaces (e.g., walls) of the pores, and substan- 

tially evenly distributed within the pores. In various embodi- 
5 ments, the short-length amino silanes include a terminal 

amine group. In one embodiment, the terminal amine group 

includes diethylenetriamine (DETA). In one embodiment, the 

short-length organic amino silane is 3-diethylenetriamine 

(DETA)-propyltrimethoxysilane. Short-length organic 
10 amino silanes preferably have a molecular weight of less than 

about 300 g/mol. Pores of the porous support further include 

a preselected quantity of organic polyfunctional oligomeric 

amino silanes (e.g., 25-45 A) that are chemically attached to 

surfaces within the pores and interspersed between previ- 

ously attached short-length amino silanes. The polyfunc- 

tional oligomeric amino silanes are substantially evenly dis- 

persed across the pore surface within the pore. In one 

embodiment, the terminal group of the polyfunctional oligo- 

20 meric amino silanes includes polyethyleneimine (PEI). In 
various embodiments, the polyfunctional oligomeric amino 

silanes have a molecular weight of from about 200 g/tool to 

about 1000 g/tool, but molecular weight is not limited thereto. 

Pores of the support further include a quantity of other short- 

25 length (e.g., 5-20 A) amino silanes of like or different kind 

that are interspersed and chemically attached between previ- 

ously attached short-length amino silanes and previously 

attached polyfunctional oligomeric amino silanes that serve 

to backfill open locations across the surface of the pores, 

30 forming the fully functionalized sorbent. The short-length 

organic amino silanes and organic polyfunctional oligomeric 

amino silanes in combination define a three-dimensional 
structure of active binding sites that are oriented substantially 

orthogonal to surfaces of the pores of the support. Crosslink- 

35 ing of silane groups between the short length organic amino 

silanes and the organic polyfunctional oligomeric amino 

silanes at the surface serves to maintain the 3-dimensional 

structure of amino silanes within the pores and further pro- 

vides thermal stability of the solid-state sorbent. Amine func- 

40 tional groups present on the backbone of the highiy function- 

alized silanes of the sorbent define active binding sites that 

provide the sorbent with a preselected functional density, 

selectivity, and capacity for retention of preselected target 

analytes. Functional density of the sorbent is defined by at 

45 least 3 or more amine functional groups per square nanometer 

of sorbent surface area. The density of active binding sites 

provide a preselected selectivity and capacity to selectively 

sorb, bind, capture, and retain preselected target analytes on 

the porous support of the sequentially functionalized sorbent 

50 when contacted by the analytes, including, e.g., gaseous ana- 

lytes. Gaseous analytes include, but are not limited to, e.g., 

HC1, SO2 , SO3 , CO2 , and combinations of these gases. In 

various embodiments, the binding sites of the sorbent can be 

further modified to include various functional groups includ- 

55 ing, but not limited to, e.g., thiols, carboxylates, sulfonates, 

phosphonates, phosphines, heteroaromatic ligands, ammo- 

nium salts, phosphonlum salts, and combinations of these 

functional groups to provide selective binding for various 

target analytes. Heteroaromatic ligands include, but are not 

60 limited to, e.g., pyridines; 1,10-phenanthroline; 2,2’-bipyri- 
dine; and combinations of these ligands. The sorbent can be 

functionalized in various organic solvents, in supercritical 
fluids, or in the vapor phase. The sorbent can be used as a 

component of a sorption system or device, e.g., for trapping 

65 unwanted gases in a flue gas stream. The sorbent can also be 

used as a component of, e.g., analysis devices and applica- 

tions, assay devices and applications, chemical separations 
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devices and applications, including, e.g., biomedical devices 
and applications. No limitations are intended. 

In another aspect, the invention includes a method for 
making a sequentially functionalized sorbent that provides 
for capture and retention ofpreselected analytes. In one func- 5 
tionalization step, pores of the support are pretreated and 
functionalized with a sub-monolayer quantity of a short- 
length (e.g., 5-20 A) organic amino silane that is chemically 
attached to surfaces (e.g., walls) of the pores, and substan- 
tially evenly distributed within the pores. The pretreatment 10 
with short-length amino silane passivates the surface to allow 
passage and diffusion of other molecules larger than the 
short-length amino silanes into the pores of the porous sup- 
port. In various embodiments, the short-length organic amino 
silane is an aminoalkylsilane selected from the group consist- 15 
ing of: aminopropylsilanes; and 3-(2-aminoethyl)aminopro- 
pylsilanes; 3-(diethylenetriamine)-propylsilanes, including 
combinations of these silanes. In a preferred embodiment, the 
short-length amino silane is a diethylenetriamine (DETA) 
amino silane. In another embodiment, the short-length 2o 
organic amino silane is 3-diethylenetriamine (DETA) propy- 
ltrimethoxysilane. In a preferred embodiment, the sequen- 
tially functionalized sorbent includes short-length organic 
amino silanes with a molecular weight less than about 300 
g/mole. The step ofpretreating includes chemically dispers- 25 
ing short aminoalkylsilane molecules throughout the porous 
support in a sub-monolayer quantity, and then subjecting 
them to hydrolysis/condensation chemistry to chemically 
attach them to surfaces within the pores. This pretreatment 
step enables functionalization in subsequent functionaliza- 3o 
tion steps to include larger aminosilane molecules to perco- 
late easily throughout the porous support by saturating 
hydroxyl groups located at the surface of the pores through an 
acid/base interaction with the amine backbones of the ami- 
nosilanes introduced the pores. The step of pretreating 35 
includes heating the porous support at a temperature of from 
about 50° C. to about 150° C. In one embodiment, the step of 
pretreating includes use of a quantity of the short-length 
amino silane that is between about 10% and 50% of the 
monolayer quantity. In another embodiment, the step ofpre- 4o 
treating includes use of a quantity of the short-length amino 
silane between about 5% and 50% by weight of the mono- 
layer quantity. In another (sequential) functionalization step, 
pores of the support are functionalized with a preselected 
quantity of an organic polyfunctional oligomeric amino 45 
silane (e.g., 25-45 A) that is deposited, and chemically 
attached, to surfaces within the pores and interspersed 
between previously attached short length amino silanes such 
that they are substantially evenly dispersed across the pore 
surface within the pore. In various embodiments, polyfunc- 5o 
tional oligomeric amino silanes include an aminated terminal 
group including, e.g., polyethylene imines; aminodendrim- 
ers; aminated polymers; aminated chitosans; aminoethylcel- 
luloses; aminomethylpolystyrenes; and combinations of 
these amines. In a preferred embodiment, the polyfunctional 55 
oligomeric amino silane is a polyethyleneimine (PEI) silane. 
In one embodiment, the polyfunctional oligomeric amine 
silane includes polyethylene imine (PEI) that has been chemi- 
cally modified to include a propyltrimethoxysilane anchor. In 
another embodiment, the step of depositing includes use of a 6o 
polyethyleneimine (PEI) silane that is deposited using a 
method of incipient wetness (i.e., uses concentration solu- 
tion) to occupy about 90% of the total pore volume of the 
porous support sample. In another functionalization step, 
pores of the support are backfilled with a preselected quantity 65 
of another short-length amine of like or different kind that 
chemically attach to the surface within the pores, backfilling 
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the pores. Backfilling orients both short-length amines and 
polyfunctional oligomeric amines substantially orthogonal- 
to the surface forming a three-dimensional structure of active 
binding sites defined by amine groups on the silanes attached 
at the surface that provide the sorbent with a preselected 
functional density, selectivity, and capacity for capture and 
retention of target analytes. In various embodiments, the step 
of backfilling includes use of a short-length amino silane 
selected from: aminopropylsilanes; 3-(2-aminoethyl)amino- 
propylsilanes; 3-(diethylenetriamine)-propylsilanes; includ- 
ing combinations of these silanes. The step of backfilling 
includes crosslinking between adjacent siloxane groups 
located on the various short-length amino silanes and organic 
polyfunctional oligomeric amino silanes chemically attached 
at the surface that serves to maintain the 3-dimensional struc- 
ture of active binding sites within the pores of the sorbent. The 
sorbent has a demonstrated sorption capacity for CO2 that 
yields a residual concentration of CO2 in air of below 0.01% 
in a time of less than one second. The deposition ofpolyfunc- 
tional oligomeric amine silane polymers is accomplished by 
chemically modifying the amine with an organosilane cou- 
pling agent. In various embodiments, the organosilane cou- 
pling agent includes, but is not limited to, e.g., 3-isocyanato- 
propyltrialkoxysilanes;     3-chloropropyltrialkoxysilanes; 
3-bromopropyltrialkoxysilanes; 3-iodopropyltrialkoxysi- 
lanes; 2-isocyanatoethyltrialkoxysilanes; 2-chloroethyltri- 
alkoxysilanes; 2-bromoethyltrialkoxysilanes; 2-iodoethyltri- 
alkoxysilanes;     4 - (chloromethylphenyl)trialkoxysilanes; 
including combinations of these coupling agents. The step of 
back-filling is accomplished by a subsequent treatment of the 
pretreated support with a short-length aminoalkylsilane that 
fills in defects left over from the polymer deposition. The net 
result of these 3 sequential treatment steps is a higher overall 
functional loading than is possible with standard coating 
methods using typical amine terminated silanes. In one 
embodiment, the polyfunctional oligomeric amine is PEI and 
the polyfunctional oligomeric aminosilane is PEI silane. The 
sequentially functionalized sorbent provides a sorption 
capacity for target analytes that is from 2x to 3x greater than 
possible with sorbents made using standard coating methods 
using typical amine terminated silanes. The sequentially 
functionalized sorbent of the invention has a sorption capac- 
ity that can deplete concentrations of gas-phase target ana- 
lytes. In one embodiment, the sequentially functionalized 
sorbent removes CO2 to below 0.01% in less than one second. 
Time to capture a gas phase analyte is dependent on the 
selected analyte specific gas, and the molecular weight of the 
gas. Thus, no limitations are intended. 

The purpose of the foregoing abstract is to enable the 
United States Patent and Trademark Office and the public 
generally, especially scientists, engineers, and practitioners 
in the art who are not familiar with patent or legal terms or 
phraseology, to determine quickly from a cursory inspection 
the nature and essence of the technical disclosure of the 
application. The abstract is neither intended to define the 
invention, which is measured by the claims, nor is it intended 
to be limiting as to the scope of the invention in any way. 
Various advantages and novel features of the present inven- 
tion are described herein and will become readily apparent to 
those skilled in this art from the following detailed descrip- 
tion. Only the preferred embodiment of the invention is 
shown and described to illustrate the best mode contemplated 
for carrying out the invention. As will be realized, the inven- 
tion is capable of modification in various respects without 
departing from the invention. Accordingly, the drawings and 
description of the preferred embodiment set forth hereafter 
are to be regarded as illustrative in nature, not as restrictive. 



US 8,138, 
5 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. la is a cross-sectional view of a porous support used 

in conjunction with the invention. 

FIGS. lb-c present different cross-sectional views of a 

representative pore of the porous support. 
FIG. 2a shows surfaces of a pore of the silica support 

following pretreatment with short-length amine silanes. 

FIG. 2b shows surfaces of a pore of the silica support 

following deposition of polyfunctional oligomeric amine 

silanes. 

FIG. 2c shows the 3-dimensional structure of active bind- 

ing sites within a pore of the silica support after backfilling 

with additional short-length amine silanes. 

FIG. 3 shows CO2 gas absorption data for the sequentially 

functionalized sorbent as a function of time. 

DETAILED DESCRIPTION 

A sequentially functionalized, porous solid-state sorbent is 
described that provides for the chemical sorption and reten- 
tion of target analytes including, e.g., target gases, e.g., in flue 
gas streams. The sorbent has a substantially high surface area, 
is highly permeable, and has good physical and thermal sta- 
bility. The porous sorbent includes pores ofa preselected size, 
quantity, pore volume, and specific surface area that permit 
various amines and polymers with preselected sizes to enter 
and chemically attach to the surface within pores of the 
porous support. Amines and other basic molecules chemi- 
cally interact with hydroxyl groups located on surfaces within 
pores of the selected porous support material (e.g., silica) via 
an acid/base interaction. The selected amines of polymer 
molecules are chemically modified to include a preselected 
alkoxysilane group that undergoes hydrolysis and condensa- 
tion to covalently anchor selected molecules to surfaces (e.g., 
oxide surfaces) within the pores. The term "silanes" is used 
herein to describe general deposition precursors that are sili- 
con-based analogues of alkanes that include Si H and 
Si C bonds. Silanes encompass compounds including, but 
not limited to, e.g., chlorosilanes, aminosilanes, alkylamine 
silanes, and like silanes. The term "siloxane" is used herein to 
denote terminal end-groups ofalkylamine silanes of the form: 

�Si O , where R is a preselectedhydrocarbon group. 
The siloxane end group is used to anchor the selected silane to 
the surface of the support. The term "siloxane" is thus used 
when drawing attention to the oxygen-silicon bond at the 
surface, for example, when discussing crosslinking between 
adjacent tethered silanes. These terminal end-groups can also 
be aminated. In a preferred embodiment described hereafter, 
a propyl-silyl anchor is used to bind alkylamine silanes to the 
surface through an oxygen-silicon (SilO) bond. 

The sequential attachment of short-length amino silanes on 
surfaces within the pores of the porous support in a first 
functionalization step saturates hydroxyl groups at the sur- 
face with the selected amino silanes, which pretreats the 
porous support allowing larger polyfunctional oligomeric 
amines and polymers to diffuse freely throughout the porous 
matrix in subsequent functionalization steps. Introduction 
and dissemination of larger polyfunctional oligomeric 
amines and polymers into the pores of the porous matrix in 
these subsequent functionalization steps does not occur 
absent the first functionalization step. In one embodiment 
described hereafter, the porous support is pre-treated with 
DETA silane that passivates hydroxyl groups on the acidic 
surface. Pretreatment of the surface facilitates introduction of 
PEI silane molecules that can further functionalize the sur- 
face within the pores. Absent pretreatment, PEI molecules do 
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not diffuse readily through the porous matrix and are depos- 

ited predominantly at or near the mouth of the pores, which 

can plug the pores of the porous support. The inventive 

method of sequential attachment functionalizes the support 
5 sequentially, forming a unique 3-dimensional structure 

within the pores of the sorbent that provides a greater sorption 

capacity for capture and retention of various target analytes 

including, e.g., acid gases. The sorbent can be further func- 

tionalized with various functional groups including, but not 
10 limited to, e.g., carboxylates, sulfonates, phosphonates, and 

other groups that impart other types of chemical specificity to 

the sorbent, e.g., for sorption and retention of, e.g., transition 

metal cations, heavy metals, and/or radionuclides. The sor- 

bent has extremely good sorption kinetics target analytes 
15 retained from the gas phase, as described further herein. The 

process of functionalization of active binding sites within 

pores of the sorbent can be carried out either in routine 

organic solvents or in supercritical fluids, and can involve 

various ligands, e.g., as detailed in U.S. Pat. No. 7,019,037; 
2o U.S. Pat. No. 6,846,554; U.S. Pat. No. 6,753,038; U.S. Pat. 

No. 6,733,835; U.S. Pat. No. 6,531,224; and U.S. Pat. No. 
6,326,326, which patents are incorporated in their entirety, 

herein. Applications for the invention include, but are not 

limited to, e.g., uses in chemical catalysis; chemical separa- 
25 tions; biomedical applications; capture of toxic heavy metals 

in the body or in the blood; controlled release of pharmaceu- 

ticals or pheromones; refining; chemical processing; and 

material recovery. Functionalized sorbents of the invention 

are easy-to-use, do not require complex chemical pre-treat- 
3o ment, transport of liquid samples, or large complicated instru- 

ments. Sorbents of the invention can further be used as com- 

ponents of, e.g., gas-capture and release devices. No 

limitations are intended. Sorbents of the invention provide 

rapid rates of sorption, e.g., as described further herein. The 
35 sorbents can also be relatively low cost to produce. Because 

the sorbents are solids, they also exhibit greater physical, 

chemical, and thermal stability compared to liquid sorbents. 

40 

Porous Support 

FIG. la is a cross-sectional view of a porous support 10 

used in conjunction with the sequentially functionalized sor- 

bent of the invention. Porous support 10 is composed of a 

porous material including, but not limited to, e.g., silica 

45 (SiO2 ); germania (GeO2 ); alumina (A12 03 ); metals, includ- 

ing transition metals (e.g., Ti; Zr); solid oxides (e.g., SnO2 , 

ZnO2); as well as combinations of these materials. In a pre- 
ferred embodiment, porous support 10 is composed of porous 

silica, but is not limited thereto. In the figure, porous support 

5o 10 includes pores 12. Pores 12 of the preferred porous silica 

support 10 have a preselected pore size and pore volume that 

retains the structure of the pores in the sorbent product. Pores 

are preferably of a size in the range from about 30 A to about 

150 A, but size is not limited thereto. In one preferred size, 

55 pores 12 are about 50-60 A, but again, size is not limited 

thereto. Pores 12 of porous support 10 include surfaces 14 

that define the surface area and the pore volume of pores 12 of 

porous support 10. Specific surface area of porous support 10 

is in the range from 2 1500 m2/g, and about 200 m/g to about 

6o preferably in the range from about 500 m2/g to about 1000 

m2/g. Pore volume is preferably in the range from about 1.0 

cc/g to about 3.0 cc/g. The selected porosity enhances mass 

transport and kinetic properties in the fully functionalized 

product sorbent. In order to take full advantage of all of the 

65 surface area of the porous support, pores of the sorbent are 

functionalized in a manner that prevents plugging of the 

pores. Functionalization reagents must be dispersed uni- 
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formly throughout the porous matrix. The method of the 

invention, described further herein, sequentially functional- 

izes the sorbent that provides uniform dispersement of the 

functionalization reagents throughout the porous matrix. 

Those of skill in the ceramic processing and material arts will 5 

readily recognize that methods of the invention will be 

equally useful for silica particles derived from other particle 

and ceramic sources, e.g., precipitated silica, silica gels, chro- 

matographic silica, and like sources. Thus, no limitations are 

intended by the description to the preferred embodiments 10 

described herein. All porous materials as will be contem- 

plated or implemented by those of skill in the ceramic pro- 

cessing arts in view of the description of the invention are 

within the scope of the invention. No limitations are intended. 

Mass transport properties of the porous support enhance 15 

both the sequential functionalization process for preparation 

of the sorbent, as well as the speed of sorption of analytes by 

the fully functionalized sorbent. In short, porosity of the silica 

template provides the sorbent with a suitable pore volume for 

functionalization and a suitable surface area for sorption of 20 

analytes that contact the sorbent, including, e.g., gas analytes. 
Other properties of the sorbent are described further herein. 

FIG. lb shows a vertical cross-sectional view of a represen- 

tative pore 12 of porous support 10. In the figure, pore 12 

includes surfaces 14 (walls) that contain hydroxyl groups 16 25 

under standard conditions that are chemically attached to the 

surface. FIG. lc shows a horizontal cross-sectional view 

through pore 12. Hydroxyl groups 16 are again shown 
attached along surface 14 (wall) of pore 12 of porous support 

10. Preparation of the functionalized sorbent will now be 3o 

described. 

Sorbent Preparation 

Preparation of the sorbent includes a sequence of function- 35 
alization steps: 1) Passivation!pre-treatment with short- 
length or low-molecular weight amino silanes; 2) Deposition 
of polyfunctional oligomeric amines or polymers; and 3) 
Backfilling with another short-length or low-molecular 
weight amino silane. Each functionalization step is described 4o 
further hereafter. 

Pas sivation!Pretreatment 

FIG. 2a shows a cross-sectional view of pore 12 of porous 

support 10 immediately following a first functionalization 
step, {Step 102}, that passivates/pretreats surface 14 of pores 

12. Plugging or clogging of pores 12 can result when con- 

stituents including amines (or other functional-group con- 

stituents) that are basic come in contact with acidic moieties 
such as hydroxyl groups found, e.g., on oxide (e.g., silica) 

surfaces, e.g., at pore openings. Any plugging that occurs 

significantly reduces the quantity of amines that can enter 

into, and be distributed within, the pores during steps that 

functionalize the support and ultimately form the fully func- 

tionalized sorbent. Thus, preventing clogging of pores of the 

porous silica support maximizes the functionalization density 

of the functionalized pores of the functionalized sorbent, and 

thus the ultimate sorption capacity of the sorbent. To mini- 

mize potential for plugging of pores, in a first sequential 
functionalization step {Step 102}, acidic hydroxyl groups 16 

along the surface of pores 12 are passivated. Porous support 

10 is pretreated with a low molecular weight or short-length 

alkyl amino silane 30 that serves to passivate acidic hydroxyl 

groups 16 located along surfaces 14 of pores 12. In the pre- 

treatment step, porous silica 10 is mixed as a slurry with a 

short-length amino silane 30 dissolved in a preselected sol- 

45 

50 
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vent (e.g., toluene). The term "short length" means a molecu- 

lar weight less than about 300 g/mole. The low molecular 

weight alkyl amino silane 30 is readily and evenly distributed 

within pores 12 throughout porous support 10. Alkyl amino 

silanes 30 include a branched or unbranched aminated alkane 

bearing a siloxane (i.e., �Si O7 linking group 22 that 
is capable of covalently attaching to a surface 14 (e.g., an 

oxide surface) of pore 12. Once attached, amine functional 

groups 20 that define active binding sites 20 of low molecular 

weight alkyl amino silane 30 then chemically associate with 

other hydroxyl groups 16, aligning in a first dimension (e.g., 

horizontally) along surface 14 of pore 12, which anchors 

amine groups 20 to surface 14 of pores 12, which passivates 

(inactivates) hydroxyl groups 16 to which they anchor, mak- 

ing them no longer available to interact with other basic 

molecules. Passivation in the pretreatment step allows, and 

provides, for passage and diffusion of larger organic amino 

silanes and polymers into, and throughout, pores 12 of porous 

support 10 in subsequent functionalization steps described 

hereafter. Quantity of short-length amino silanes 30 used to 

pretreat and passivate surfaces 14 of pores 12 is a preselected 

fraction of the total available surface area of porous support 

10. The selected quantity is less than is required to cover 

surfaces 14 with an ordered monolayer film of short-length 

amino silanes, i.e., a submonolayer of coverage. The term 

"monolayer" means the quantity of amino silanes required to 

completely cover the entire surface area of the pores with an 

ordered monolayer film. The specific surface area of the sup- 

port is determined and then a quantity of the selected amino 

siloxane that will cover a preselected fraction (e.g., 50%) of 

the available surface area is added. Percentage of surface area 

covered is not limited. In particular, the preferred quantity of 
short-length amino siloxane used is between about 5% and 

50% by weight of the calculated monolayer quantity. More 

particularly, the quantity of short-length amino silanes used is 

about 25% by weight of the monolayer quantity. In practice, 

because the quantity used represents a sub-monolayer of cov- 

erage (i.e., less than needed for a monolayer), some fraction 

of hydroxyl groups 16 remain along surface 14 of pores 12 
between low-molecular weight amino silanes 30 attached at 

the surface. Short length amino silanes 30 initially introduced 

to pores 12 are generally uniformly distributed within pores 

12 and tend to align along surface 14 of pores 12 due to their 

short length. {Step 102} ends with the formation of a pre- 

treated support 75. Pretreated support 75 is air-dried at ambi- 

ent temperature to remove residual solvent, but temperature is 

not limited thereto. 

Deposition of Polyfunctional Oligomers/Polymers 

In another functionalization step { Step 104 }, illustrated in 

FIG. 2b, pores 12 of pretreated support 75 are further func- 

tionalized by depositing an polyfunctional oligomer/polymer 

40 to surface 14 that contains a preselected density of active 

55 binding sites 20 comprised, e.g., of selected functional groups 

that are selective for preselected analyte(s). Functional 

groups include, but are not limited to, e.g., amines, imines, 

pyridines, and other heteroaromatic amines. Polyfunctional 

oligomers/polymers have a molecular weight preferably in 

60 the range from about 250 g/mole to about 1000 g/mole. More 

particularly, molecular weights are in the range from about 

250 g/mole to about 500 g/mole. Most particularly, molecular 

weights are in the range from about 400 g/mole to about 450 

g/mole. In a preferred embodiment, the oligomeric polyfunc- 

65 tional polymer is a polyfunctional oligomeric amino silane 

40, e.g., polyethyleneimine (PEI) silane 40 (oligomer), but is 

not limited thereto. The quantity ofpolyfunctional oligomer/ 
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polymer introduced in solution includes up to about 90% of 

the total pore volume of the porous support 10 [e.g., quantity 

(cubic centimeter, cc) (selected %)x(pore volume, (cc/ 

gram))x(grams of sample)], but is not limited thereto. In the 
preferred embodiment, the PEI silane 40 is prepared by dis- 

solving the selected PEI oligomer in a solvent (e.g., toluene) 

and mixing it with a selected silane coupling agent (i.e., 

surface anchoring agent). The PEI silane 40 solution is then 

mixed with pretreated support 75, which permits the solution 

to migrate throughout the support. The PEI silane 40 chemi- 

cally attaches to free hydroxyl groups 16 located on surface 

14 of pores 12 between short length amines 30 previously 

attached in pretreatment step {Step 102} (see FIG. 2a). In the 

preferred embodiment, active binding sites 20 of the PEI 

silane 40 are amine groups, but are not limited thereto. {Step 

104} ends with formation of intermediate functionalized sup- 

port 85. 

Backfilling 

In another sequential functionalization step {Step 106}, 

illustrated in FIG. 2c, pores 12 of intermediate functionalized 

support 85 that contain both a sub-monolayer quantity of 

short-length amino silanes 30 {Step 102} and a sub-mono- 

layer quantity of polyfunctional oligomeric amino silanes 40 
{Step 104} are further functionalized by backfilling pores 12 

of intermediate functionalized support 85 with another short- 

length amino silane 30 of a like or different kind. Short-length 

amino silane 30 again contains a preselected density of active 

binding sites 20 that are selective for preselected analyte(s). 

In various embodiments, the selected short-length amino 

silanes 30 include an amine group, e.g., an ethylenediamine 

group, or a diethylenetriamine group, but are not limited 

thereto. Newly introduced short-length amino silanes 30 are 

dispersed into, and within, pores 12 chemically anchoring 

directly to surface 14, or to free hydroxyl groups 16 located 

along surface 14 at locations, e.g., between both short-length 

amines 30 anchored in pretreatment {Step 102} and poly- 

functional oligomers/polymers (e.g., PEI silanes) that were 

previously chemically attached in deposition step {Step 

104}. The selected short-length alkoxysilanes 30 are dis- 

solved in a solvent (e.g., toluene) and mixed with intermedi- 

ate functionalized support 85 prepared in {Step 104} (see 

FIG. 2b). Chemical attachment of the backfilled amino 
silanes 30 to surface 14 in {Step 106} functionalizes available 

attachment sites along surface 14 of pores 12, maximizing the 

density of these highly functionalized silanes 30. The density 

of silanes present in pores 12 permits crosslinking to occur 
between siloxane groups 22 of: 1) one or more adjacent 

short-length amino silanes 30 previously attached, 2) poly- 

functional oligomer/polymer silanes 40 previously attached, 

and/or 3) backfilled amino silanes 30 along highly function- 

alized surface 14 (e.g., between two adjacent ethylene-di- 

amine silanes or between an ethylene diamine silane and a 

polyfunctional oligomeric PEI silane, etc.). Backfilling 
forces silanes 30 and 40 to orient in a direction substantially 

orthogonal to surface 14, forming a 3-dimensional functional 

architecture within pores 12. Active binding sites 20 defined 

by the selected amine functional groups on the silanes serve 

as sites for sorption, capture, and retention of preselected 

target analytes including, e.g., gas-phase target analytes. 

Completion of Step {106} forms the sequentially functional- 

ized sorbent 100. Binding sites 20 of sequentially function- 

alized sorbent 100 can be further modified to include addi- 

tional functional groups or moieties including, but not limited 

to, e.g, thiols, carboxylates, sulfonates, phosphonates, phos- 

phines, heteroaromatic ligands, ammonium salts, phospho- 

10 
nium salts, as well as combinations of these functional groups 

that provide tailored and selective binding for particular tar- 

get analytes. Thus, the invention is not intended to be limited 

to amine functional groups described in the preferred 

embodiment herein. 

Thermal Stability 

The sequentially functionalized solid-state sorbent 100 
10 described herein comprised of a silica support 10, a sub- 

monolayer of short-length amino silanes 30, polyfunctional 

oligomers/polymers 40, and backfilled amino silanes 30 pro- 

vides a high density of active binding sites 20 that are chemi- 

15 
cally anchored to surfaces 14 within pores 12 of the sequen- 

tially functionalized sorbent 100. Sorbent 100 demonstrates 

good thermal stability at ambient temperatures at which the 

sorbent is used and/or regenerated. Sorbent 100 is expected to 

exhibit excellent stability at temperatures up to about 175° C. 

2o in air and over 200° C. in inert atmospheres. Temperatures 
will depend on the selected target analyte. For example, for 

CO2 capture, regeneration temperatures are generally in the 

temperature range from about 110° C. to about 115° C. No 

limitations are intended. 

25 

Sorption Capacity 

The sequentially functionalized sorbent was further tested 

with analytes of interest to determine sorption capacity for 

3o various analytes. Analytes were shown to readily diffuse into 

the pore structure of the sorbent and be retained by the sor- 

bent, e.g., in conjunction with the pendant surface chemistry 

described herein. Analytes, including target analyte gases, 

diffuse easily into pores 12 of the solid-state sorbent 100 due 
35 to the selected porosity (e.g., 50 A to about 150 A). The high 

density of active binding sites 20 provides a high sorption 

capacity, e.g., 5-6 wt % for CO2. Thus, the sorbent is effective 

for capture and retention of, e.g., unwanted gases, e.g., in flue 

gas streams or other gas-based fluid processes. FIG. 3 pre- 

4o sents CO2 gas absorption data obtained in preliminary tests 

using the sequentially functionalized sorbent from a gas 

stream containing 0.5% (v/v) CO2 in air as a function of time, 

measured using a non-dispersive infrared (NDIR) absorption 

spectrometer. The sorbent was sequentially functionalized in 

45 a 3-stage synthesis detailed in Example 4 hereafter. Baseline 

concentration of CO2 prior to contact with the sorbent is 

shown at the left of the graph. At time T 0, the air stream was 

introduced through a bed containing the sequentially func- 

tionalized sorbent. Results show a precipitous drop in CO2 

50 concentration to below a limit of detection (-0.002%) for the 
NDIR measuring equipment. CO2 levels equilibrate at -0.5% 

following saturation (e.g., at times >40 minutes in the 

reported test). Results show a CO2 sorption capacity of-4.6% 

by weight, with sorption kinetics greater than about 700 min- 

55 1. Preliminary tests further showed from 2 times to 23 times 

better sorption kinetics and approximately 2-fold better sorp- 

tion capacity compared to a conventional ethylenediamine- 

based sorbent used as a control. The functionalized sorbent of 

the invention further removed over 99% of CO2 from the feed 

6o stream and achieved an approximately 2.5 times lower 

residual concentration of CO2 (at equilibration) compared to 

a sorbent containing -30% MEA at a comparable capacity. 

Thus, the functionalized sorbent of the invention exhibits 
superior results compared to MEA-based liquid sorbents and 

65 other conventional solid sorbents. 

The following examples will further assist in the under- 

standing of the invention. 
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Example 1 

Pretreatment of Porous Support 

See (Step 102), FIG. 2a 
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analysis revealed that the sorbent product retains a high sur- 
face area and open pore structure. 

5.0 g mesoporous silica (surface area: -585 m2/g; pore 
size: -60 A; pore volume: 2.45 cc/g) as a support material was 
suspended in 150 mL of toluene. 1.0 mL of 3-(diethylenetri- 
amine)propyltrimethoxysilane ("DETA silane"), was added 
to the suspension, representing -25% of the amount of silane 
needed to produce a full monolayer of coverage in the support 
material. The mixture was stirred and heated to a reflux tem- 
perature of 110° C. Reflux was maintained for 2 hours to 
pretreat the support. The pretreated support was collected by 
vacuum filtration, washed with isopropyl alcohol to remove 
reaction by-products, and air-dried. Mass of the pretreated 
product showed the desired sub-monolayer coverage by 
DETA silane was achieved. 

Example 2 

Deposition of Polyfunctional Oligomeric Polymer 

See (Step 104), FIG. 2b 

A solution containing 18.0 mL ofpolyethyleneimine (PEI) 

(423 g/mole; 1.07 g/mL; 45.5 mmole) in 100 mL of diglyme 

was prepared. 11.4 mL of 3-isocyanatopropyltrimethoxysi- 

lane was added to the solution and stirred overnight at ambi- 

ent temperature to form PEI silane. The pretreated support 

product obtained in Example 1 was mixed with 10 mL of PEI 

silane solution, representing a solution volume less than the 

total pore volume of the pretreated silica support sample. The 

pretreated silica support sample was mixed thoroughly by 

rotating and stirring the mixture to obtain a uniform distribu- 

tion ofPEI silane in the pores of the porous silica. Sample was 

placed in a thick-walled thermolysis tube sealed with a 

threaded teflon stopper and heated in an oven at -80° C. for 18 

hours to deposit and attach PEI silane at surfaces of pores of 

the silica support. Product was cooled to ambient tempera- 

ture, washed with isopropyl alcohol to remove reaction by- 

products, and air-dried. The polymer deposition step can be 

repeated if additional polymer loading is desired. Mass of the 

product showed incorporation of PEI silane. BET surface 

area analysis revealed that the product still maintained high 

surface area and an open pore structure. 

Example 3 

Backfilling of Intermediate Treated Support 

See {Step 106}, FIG. 2c 

The DETA!PEI-coated silica product from Example 2 was 

suspended in 150 mL of toluene and treated with 4 mL of 

DETA silane, representing an excess quantity (above mono- 

layer coverage) of DETA silane. DETA silane was added to 

the suspension and the mixture was heated at a (solvent) 

reflux temperature of 110° C. for 4 hours to produce the fully 
functionalized sorbent product. Sorbent product was col- 

lected by vacuum filtration, washed copiously with isopropyl 

alcohol and air-dried. Mass of the sorbent product showed 

that additional DETA coverage had been achieved in the 

product. Brtmauer, Emmett, and Teller (BET) surface area 

Example 4 

Sorption Capacity Tests of Sequentially 

Functionalized Sorbent 

The sequentially functionalized sorbent was prepared in a 
10 3-stage synthesis that included: 1) pretreatment with a 12.5% 

DETA pre-fill; 2) a one-time deposition with PEI, which 
number is not limited; and 3) backfilling with DETA silane. 
Sorption data were characterized using a gas stream contain- 
ing 0.5% CO2 in air. Baseline concentration of CO2 prior to 

15 contact with the sorbent is shown in FIG. 3. At time T 0, the 
stream of air containing CO2 was introduced through a bed 
containing the sorbent. Results showed a precipitous drop in 
CO2 concentration to below a limit of detection for the NDIR 
measuring equipment. CO2 levels equilibrated at -0.5% fol- 

2o lowing saturation (e.g., at times >40 minutes in the reported 
test). Sorbent results showed a CO2 sorption capacity of 
-4.6% by weight, with sorption kinetics greater than about 
700 min-1. Preliminary tests showed from 2 to 23 times better 
sorption kinetics and an approximately 2-fold better sorption 

25 capacity compared to an EDA-based silica sorbent used as a 
control. Results for the sequentially functionalized sorbent of 
the invention further achieved approximately 2.5 times lower 
residual concentrations of CO2 (at equilibration) compared to 
a -30% MEA liquid sorbent at comparable capacity. 

30 We claim: 
1. A sequentially functionalized sorbent for chemical cap- 

ture and retention of a target analyte, comprising: 
a porous support comprising pores functionalized with 

short-chain alkyl aminosilanes interspersed between 
35 polyfunctional oligomeric aminosilanes, wherein said 

short-chain alkyl aminosilanes include a tether group 
with a chain length of 4 atoms or less and a terminal 
amine group coupled thereto with a chain length of 7 
atoms or less, wherein said short-chain alkyl aminosi- 

4o lanes and said oligomeric aminosilanes provide a uni- 
form density of active binding sites within said pores 
defined by a quantity of nitrogen greater than or equal to 
about 5.0x l0-3 mmoL N per m2 of pore surface area for 
chemical binding and retention of said target analyte 

45     therein. 
2. The sequentially functionalized sorbent of claim 1, 

wherein said short-chain alkyl aminosilanes are of a size 
below about 20 A and said polyfunctional oligomeric ami- 
nosilanes of a size greater than about 20 A. 

5o 3. The sequentially functionalized sorbent of claim 1, 
wherein said short-chain alkyl aminosilanes are selected from 
the group consisting of: aminopropylsilanes; 3-(2-aminoet- 
hyl)aminopropylsilanes; 3 - (diethylenetriamine)-propyl si- 
lanes; and combinations thereof. 

55 4. The sequentially functionalized sorbent of claim 1, 
wherein said terminal amine group portion of said short-chain 
alkyl aminosilanes comprises 3-diethylenetriamine (DETA). 

5. The sequentially functionalized sorbent of claim 1, 
wherein said short-chain alkyl amino silanes include 3-dieth- 

6o ylenetriamine (DETA)-propyltrimethoxysilane. 
6. The sequentially functionalized sorbent of claim 1, 

wherein said polyfunctional oligomeric alkyl aminosilanes 
include polyethyleneimine (PEI). 

7. The sequentially functionalized sorbent of claim 1, 
65 wherein said binding sites further include a functional group 

selected from the group consisting of: thiols; carboxylates; 
sulfonates; phosphonates; phosphines; heteroaromatic 
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ligands; ammonium salts; phosphonium salts; and combina- 
tions thereof that provides selective binding of said analyte. 

8. The sequentially functionalized sorbent of claim 7, 
wherein said heteroaromatic ligands are selected from the 
group consisting of: pyridines; 1,10-phenanthroline; 2,2’-bi- 
pyridine; and combinations thereof. 

9. A method for making a sorbent for retention of a target 
analyte, comprising the steps of: 

sequentially functionalizing pores of porous support by: 
1) attaching a quantity of short-chain alkyl aminosilanes 

within said pores to passivate surfaces therein, wherein 
said short-chain alkyl aminosilanes include a tether 
group portion with a chain length of 4 atoms or less and 
a terminal amine group portion with a chain length of 7 
atoms or less coupled thereto, allowing unhindered pas- 
sage of larger molecules within said pores thereafter; 

2) interspersing polyfunctional oligomeric aminosilanes 
within said pores between said short-chain alkyl ami- 
nosilanes and chemically anchoring same therein; and 

3) backfilling said pores with another quantity of short- 
chain alkyl aminosilanes to maximize density of active 
binding sites within said pores; 

wherein said short-chain alkyl aminosilanes and said oli- 
gomeric aminosilanes provide a uniform density of 
active binding sites within said pores defined by a quan- 
tity of nitrogen greater than or equal to about 5.0xl 0.3 
mmol. N per m2 of pore surface area for chemical bind- 
ing and retention of said target analyte therein. 

10. The method of claim 9, wherein said short-chain alkyl 
aminosilanes are of a size below about 20 A and said poly- 
functional oligomeric aminosilanes are of a size greater than 
about 20 A. 

11. The method of claim 9, wherein said short-chain alkyl 
aminosilanes are selected from the group consisting of: ami- 
nopropylsilanes;     3 - (2 -aminoethyl)aminopropylsilanes; 
3-(diethylenetriamine)-propylsilanes; and combinations 
thereof. 

14 
12. The method of claim 9, wherein said terminal amine 

group portion of said short-chain alkyl aminosilanes com- 
prises diethylenetriamine (DETA). 

13. The method of claim 9, wherein said short-chain alkyl 

5 aminosilanes include diethylenetriamine (DETA) propyltri- 
methoxysilane. 

14. The method of claim 9, wherein the sequentially func- 
tionalizinq includes heating said porous support at a tempera- 
ture in the range from about 50° C. to about 150° C. 

15. The method of claim 9, wherein said polyfunctional 
10 

oligomeric aminosilanes are selected from the group consist- 
ing of: polyethylene imines; aminodendrimers; aminated 
polymers; aminated chitosans; aminoethylcelluloses; ami- 
nomethylpolystyrenes; and combinations thereof. 

16. The method of claim 9, wherein said polyfunctional 
15 

oligomeric aminosilanes include polyethylene imine (PEI). 
17. The method of claim 9, wherein said polyfunctional 

oligomeric aminosilanes include polyethylene imine (PEI) 
that has been chemically modified to include a propyltri- 

2o methoxysilane anchor. 
18. The method of claim 9, wherein the backfilling includes 

backfilling with a short-chain alkyl aminosilane selected 
from the group consisting of: aminopropylsilanes; 3-(2-ami- 
noethyl)aminopropylsilanes: 3 - (diethylenetriamine)-propyl - 
silanes; and combinations thereof. 

25 19. The method of claim 9, wherein the backfilling includes 

crosslinking adjacent silane groups of said short-chain alkyl 
aminosilanes and said polyfunctional oligomeric aminosi- 
lanes at said surfaces. 

20. The method of claim 9, wherein said binding sites are 
30 

further modified to include a functional group selected from 
the group consisting of: thiols; carboxylates; sulfonates; 
phosphonates; phosphines; heterocyclic aromatic rings; 
ammonium salts; phosphonium salts; and combinations 
thereof that provide selective binding of said analyte. 

35 
21. The method of claim 9, wherein said sorbent is a com- 

ponent of a sorption device or sorption system. 
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