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ABSTRACT: A sol−gel method has been developed for the
synthesis of composite materials analogous to the previously
reported and commercialized silica polyamine composite (SPC)
materials made from amorphous silica. Monolithic xerogels were
formed using a two-step procedure with no templating agent using
acid catalyzed followed by base catalyzed hydrolysis. This reaction
was followed by 1H NMR. Initial sol−gels were formed using a
methyltrimethoxysilane (MTMOS) and 3-chloropropyltrimethox-
ysilane (CPTMOS) mixture. Elemental analyses and 13C CPMAS
NMR confirmed incorporation of both monomeric units into the
surface structure. Some control over surface morphology was
achieved by adjusting synthetic conditions. The resulting xerogels
were reacted with poly(allylamine) (PAA) to give composite
materials which showed much lower metal ion capacities than the
commercially available amorphous silica analogs. The low degree of reaction of the chloropropyl groups indicated they were not
surface-available to the polyamine. Addition of tetramethoxysilane (TMOS) produced a structural matrix and resulted in higher
chloride utilization (reaction of surface chloropropyl groups with the polyamine). The ratio of the three siloxane monomeric
components was varied until the resulting polyamine composite xerogels had metal capacities comparable with the
commercialized SPC materials. These composites had narrower average pore size distributions and fewer small pores. Further
modification of these composites with metal selective ligands showed material characteristics similar to those of commercially
available SPC materials. Subjecting a composite made by the sol−gel route to one thousand load-strip cycles with Cu2+ shows
essentially no loss in metal capacity, and this robustness compares favorably with that observed for the SPC made from
amorphous silica gels.
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■ INTRODUCTION
Solid phase hybrid materials are finding an increasingly wide
range of applications in device design, environmental
monitoring, separations science, and catalysis.1−11 Amorphous
silica gels and sol−gels combined with polymers define a major
portion of these hybrid materials for all these applica-
tions.2−4,6−9 These silica based organic−inorganic materials
offer a rigid matrix with high porosity and good thermal
stability.10,11 Our own studies have focused on silica polyamine
composites (SPC) and have led to a wide range of metal-
selective materials that in most cases provide the high loading
associated with polymer based materials while providing a more
rigid, porous, and hydrophilic surface that does not shrink or
swell.12−25 These patented materials are now in use in medium
to large scale metal recovery projects and promise to offer more
efficient on-stream processing of mining leaches and waste
streams.26 Copper recovery is among the most industrially
important mineral industries. It is normally done by chemical
reduction or increasingly by solvent extraction followed by
electrowhinning. These processes produce waste streams that

can contain upward of 1 g/L of copper in the presence of excess
ferric ion and other divalent metals. The SPC technology has
been shown to recover the copper from these waste streams to
levels of <1 mg/L while rejecting the ferric ion and other
divalent metals at low pH (∼1).12,18,23,26
The current manufacturing process does present problems in

that it relies on the use of halo-silanes that produce hydrogen
chloride to obtain good surface coverage and the use of
hydrocarbon solvents in this step to efficiently outgas HCl, a by
product, which requires a scrubber.22−25 In addition, the SPC
materials produced by this method have several deficiencies
that could be improved upon. Pore size distributions are very
wide and vary from batch to batch. This limits effective surface
area (large pores) and hinders kinetic accessibility by ions
(small pores). The maximum surface coverage achieved by the
current manufacturing process is about 55%. The sol−gel
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approach to the synthesis of the SPC materials could address
these deficiencies and could provide a more environmentally
benign synthesis. We recently reported a preliminary study on
the synthesis of SPC using the sol−gel approach.27 These initial
studies showed promise for the further development of such
materials, and we report here the results of these further
studies.
This work and prior art27,28 have shown that the

condensation of two-component silica sols can proceed without
favoring the condensation of individual monomeric units and
that the reaction rates of individual components (self-
polymerization) are only weakly related to the concentration
of cross-condensed species. The prevalence of cross-polymer-
ization makes it possible to incorporate tethers during the
formation of sol−gel composites. The sol−gel method also
offers a more complete surface coverage with alkyl silanes, and
the lack of exposed surfaces could result in greater alkaline
stability of the material.27

Porous silicas, made by the sol−gel method, have classically
been controlled by the use of templating agents, and while this
can be effective, the method also requires the removal of the
template, which is an undesirable step often requiring
calcination.29−32 The recent work of Dong and Brennan has
shown that morphological control of porous silica can be
achieved using a two-step processing method which does not
require the use of templates but can allow the tailoring of pore
structure to desired sizes and distributions.33

We report here an attempt to systematically improve the
characteristics of the sol−gel SPC materials by modifying the
proportions of the monomeric units while also changing the
conditions under which the polymerization, precipitation, and
gelation occur. The methods described here are an attempt to
increase understanding of pore formation processes. Increased
understanding of conditions affecting pore formation will then
hopefully lead to control of pore formation. Subsequent
reaction with the polyamine is performed under the same
conditions as for the commercially available SPC.22−25

Direct comparison of sol−gels with currently available SPC
materials is also reported here, with solid-state multinuclear
NMR used to define structural characteristics. Mercury
porosimetry was also used to determine the average pore size
distributions of the sol−gels and SPC materials, and the
performance of sol−gel synthesized materials was measured by
metal ion capture and selectivity and compared to SPC.

■ EXPERIMENTAL SECTION
Materials and Methods. All chemicals were purchased from

Sigma-Aldrich and used as received unless otherwise noted.
Alkoxysilanes for the sol−gel preparations were purchased from
Gelest Inc. as well as Sigma-Aldrich. The methods of polymer binding
to the sol−gel ligand modified BP-1 composites were unchanged from
those using SPC materials; sample preparations from the sol−gel BP-1
of the composites BP-2 and CuSelect are given below.22−25 Raw silica
gel (10 nm average pore diameter, 250−600 μm particle size, 450 m2/
g surface area) was obtained from Qing Dao Mei Gow, Qing Dao,
China. Poly(allylamine) PAA-15B (15,000 MW) was obtained from
Summit Chemicals Inc., NJ, USA, as a 15% by weight aqueous
solution.
Atomic absorption (AA) analyses were done on an S series Thermo

Electron corporation AA spectrometer. Metal ion solutions were run
in a 2% nitric acid solution and were diluted to give approximately
0.1−0.2 absorbance units. AA analysis was used to determine the metal
ion remaining bound on the surface of composites by measurement of
the difference between the total metal ion in the initial solution and
the total metal ion in the filtrate and rinses. Acidified solutions (5%

HCl/5%HNO3) were used to test for silica leaching. Silica
concentrations were measured with a PerkinElmer inductively coupled
plasma atomic emission spectrophotometer (ICP). Standards were run
every 10−15 samples, and the initial leach solutions were examined to
make sure they contained no silica. Mercury porosimetry measure-
ments were performed on a 9500 Micromeritics Autopore Series
Mercury Porosimeter operating at a maximum pressure of 36 000 psi,
corresponding to a minimum intrusion diameter of 5 nm. Elemental
analyses were done by Galbraith Analytical Laboratories, Lexington,
KY.

Scanning electron microscopy (SEM) was performed using a
Hitachi S-4700 field emission scanning electron microscope at 3000×
and 20 000× magnifications. Sample preparation consisted of placing
the sample on a conductive carbon tab on an aluminum stub. When
necessary, samples were lightly sputter coated with a gold/palladium
coating using a Pelco Model 3 Sputter Coater from Ted Pella Inc.
Redding, CA.

Solid-state 13C and 29Si CPMAS NMR were measured on a 500
MHz Varian NMR spectrometer using a 4 mm rotor with parameters
described in the Supporting Information as Supplemental Table 1.
Solution-state 1H NMR was done with a 500 MHz Varian NMR.

Stock solutions of Cu2+ were prepared using Cu(SO4)·10H2O.
Stock solutions of Cu2+ mixed with Fe3+ were prepared using
Cu(SO4)·10H2O and Fe2(SO4)3·xH2O. Solution pH was adjusted
from the intrinsic pH, where necessary, using hydrochloric acid or
sodium hydroxide. Stripping and recovery of copper was achieved with
2 M H2SO4. Metal standards for AA/ICP analyses were obtained from
Fisher Scientific Co.

Synthesis of Xerogels by the Sol−Gel Method. Sol−gel
syntheses used the two step process modeled after the work of Dong
and Brennan.33 To a 50 mL polyethylene beaker was added 6 mL of
MeOH and 3.7 mL of pH = 2 HCl solution. To this mixture was
added 20 mL of a premixed solution in the desired ratios of
methyltrimethoxysilane (MTMOS), 3-chloropropyltrimethoxysilane
(CPTMOS), and tetramethoxysilane (TMOS) or tetraethoxysilane
(TEOS). These monomeric units were included in varying molar
ratios for different studies (7.5:1 MTMOS:CPTMOS; 4.25:7.5:1
MTMOS:CPTMOS:TEOS; and 4.25:7.5:1, 4.25:30:1, 15.5:30:1,
31:30:1, and 62:30:1 MTMOS:CPTMOS:TMOS).

After 1 h of magnetic stirring, 3.7 mL of 7 M ammonium hydroxide
was added to each sol−gel reaction. Upon gelation of the materials,
stirring was stopped, and the mixture was allowed to age overnight at
room temperature. This step was followed by aging at 40 °C for 24 h,
followed by aging at 100 °C for 24 h. The materials were then crushed
with a mortar and pestle and sieved to the desired particle size range,
250−600 μm for comparisons with commercial materials, and 150−
250 μm for some of the other studies. Solid-state CPMAS 13C NMR
was 50 ppm (propyl C(3)), 25 ppm (propyl C(2)), 10 ppm(propyl
C(1)), and −6 ppm (Si-Me).

Tracking the Acid Catalyzed Sol Step via 1H NMR. To a 20 mL
polyethylene vial was added 600 μL of MeOH and 370 μL of pH = 2
HCl solution. To this was added 2 mL of premixed MTMOS and
CPTMOS in a molar ratio of 7.5:1. The solution was mixed by
pipetting and then inserted into an NMR tube. 1H NMR spectra were
taken every 3 min to track the progression of the acid catalyzed
polymerization step.

Conversion of the Sol−Gel Xerogels to the Polyamine
Composite BP-1. For gels with particle sizes of 150−250 μm, the
reaction of the resulting sol−gels with PAA was done by placing 2.0 g
of sol−gel in a 250 mL, three-neck round-bottom flask; 16 mL of
methanol was added, and the mixture degassed for 5 min. 64 mL of
15% by volume PAA was then added. The reaction mixture was then
heated to 60−70 °C and stirred for 48 h. The solution was decanted
from the solid while still warm and then washed 5 times with 80 mL of
water, 1 time with 80 mL of 1 M NaOH, 3 times with 80 mL of water,
2 times with 80 mL of MeOH, and 1 time with 80 mL of acetone. All
washes were stirred for 15 min. After washing, the composite was dried
overnight at 70 °C. For gels with particle sizes of 250−600 μm, the
reactions of the resulting sol−gels with PAA were done by placing 5.0
g of sol−gel in a 250 mL, three-neck round-bottom flask; adding 8 mL
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of methanol; and degassing the mixture for 5 min. 32 mL of 15% by
volume PAA was then added. The reaction mixture was then heated to
60−70 °C and stirred for 48 h. The solution was decanted from the
solid while still warm and then washed 5 times with 40 mL water, 1
time with 40 mL 1 M NaOH, 3 times with 40 mL water, 2 times with
40 mL MeOH, and 1 time with 40 mL acetone. All washes were stirred
for 15 min. After washing, the composite was dried overnight at 70 °C.
Copper capacities for the sol−gel composites were determined as

described in the equilibrium batch experiment below. Elemental
analyses for the sol−gels are included in Table 2. Solid-state CPMAS
13C NMR was 50 ppm (propyl C(3)), 35 ppm (polymer CH and CH2

25 ppm (propyl C(2))), 10 ppm (propyl C(1)), and −6 ppm (Si-Me).
Conversion of Sol−Gel Composites to the Metal Selective

CuSelect and BP-2 Sol−Gel Composites.
CuSelect Preparation. The sol−gel composite BP-1 was placed in

a three-neck, round-bottom flask and fitted with a condenser and an
overhead stirrer. To this flask 4 mL per gram of composite of
methanol was added and then allowed to sit for 5 min. The flask was
then cooled in an ice bath for an additional 5 min. Then, 0.6 mL per
gram of composite of pyridine-2-carboxaldehyde and 0.78 g per gram
of composite of sodium triacetoxyborohydride was added to the flask
while stirring. This was stirred for 1 h, while replenishing the ice bath
when needed. After 1 h, another addition of 0.78 g per gram of
composite of sodium triacetoxyborohydride was added to the flask
while stirring was continued in the ice bath. The ice bath was allowed
to come to room temperature, and the reaction was stirred overnight
(18−20 h). The resulting CuSelect was then washed once with
deionized water, three times with 5% by volume sulfuric acid, and then
two times with methanol. The volume of the wash solutions was equal
to the total volume of reaction solutions added to the flask, and the
solutions were stirred for 15 min before the wash solution was
removed through vacuum filtration using a stick frit. The modified
sol−gel composite CuSelect was then dried overnight at 45 °C. A mass
gain of ∼15% was seen with the conversion of BP-1 to CuSelect. Solid-
state CPMAS 13C NMR was 125, 145 ppm (aromatic), 50 ppm (ligand
bound polymer CH and CH2), 30 ppm (polymer CH and CH2), and
−6 ppm (Si-Me); propyl signals are obscured by the polymer.
BP-2 Preparation. The sol−gel composite BP-1 was placed in a

three-neck round-bottom flask and was fitted with a condenser and
overhead stirrer. To this flask, 2 g per gram of composite of sodium
chloroacetate and 5 mL per gram of composite deionized water was
added, and the mixture was stirred and degassed for 5 min. After the

degassing, the reaction was stirred and heated to 65 °C overnight and
the pH was monitored and maintained at basic levels using 8 M
sodium hydroxide. The resulting BP-2 was then washed three times
with deionized water, once with 2 M sulfuric acid, three times with
deionized water, and two times with methanol. The wash volume was
equal to the volume of reaction solution added to the flask, and all
washes were stirred for 15 min before the wash solution was removed
through vacuum filtration using a stick frit. The resulting modified
sol−gel composite BP-2 was then dried overnight at 70 °C. A mass
gain of ∼8% was seen with the conversion of BP-1 to BP-2. Solid-state
CPMAS 13C NMR was 168 ppm (carboxylate), 55 ppm (ligand bound
polymer CH and CH2), 30 ppm (polymer CH and CH2), and −6 ppm
(Si-Me); propyl signals are obscured by the polymer.

Method for Calculating the Number of Surface Anchor
Points per Polymer Molecule. The calculation of the number of
surface anchor points per polymer molecule was performed using
chlorine and nitrogen elemental analyses of the CP gels and
corresponding BP-1s. The method for the calculations has been
previously published16 but is also included in the Supporting
Information (Supplemental Figure 1).

Equilibrium Batch Experiments. Batch extraction tests were
conducted by adding 100 mg of SPC to 10 mL of metal solution at
selected pH values. All batch extractions were done in triplicate. To
ensure equilibration, the metal ion and SPC mixtures were placed in a
shaker bath. After 24 h, the mixtures were allowed to settle. The
supernatant was sampled and diluted using a 2% nitric acid solution for
analysis using the AA method.

Breakthrough Column Experiments. Breakthrough column
experiments on CuSelect were conducted by packing a 5 mL plastic
syringe column fitted with frits on both ends and packed with 3.3 g of
composite. The columns received flow from a variable flow FMI Lab
Pump, Model QG150 from Fluid Metering Inc., NJ. The flow rate was
0.15 column volumes/minute. The column was tested for metal ion
extraction by passing the following solutions in order: (1) 25 mL of
pH = 1.5 DI H2O (adjusted with HCl); (2) 300 mL of pH = 1.5
aqueous solution of 1.7 g/L Fe3+ and 0.5 g/L Cu2+; (3) 20 mL of DI
H2O; (4) 70 mL of 2 M H2SO4; (5) 20 mL of DI H2O.

The breakthrough column experiment on BP-2 was conducted by
packing a 10 mL adjustable Omnifit glass column with 3.3 g of
composite. The columns received flow from a variable flow FMI Lab
Pump, Model QG150 from Fluid Metering Inc., NJ. The flow rate was
0.15 column volumes/minute. The column was tested for metal ion

Figure 1. Solution-state 1H NMR of a 7.5:1 molar ratio MTMOS:CPTMOS sol during the acid catalyzed stage at varying 3 min intervals. Peak
intensities are normalized to the resonance furthest downfield.
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extraction by passing the following solutions in order: (1) 25 mL of
pH = 2 DI H2O (adjusted with HCl); (2) 170 mL of pH = 2 aqueous
solution of 1.5 g/L Ni2+ and 1.5 g/L Cu2+; (3) 25 mL of DI H2O; (4)
50 mL of H2SO4; (5) 25 mL of DI H2O. Fractions were taken every 10
mL and measured for metal ion content by AA analysis.
Silica Leaching Protocol. Silica leaching samples were prepared

as previously reported27 using 9.5 mL of a pH = 10 NaOH solution
and 0.5 mL of methanol. The mixtures were analyzed for
concentration of silicon via ICPAES. All leaching experiments were
done in triplicate, and the error bars are based on the standard
deviations of the triplicate data.
Longevity Testing Protocol. BP-2 longevity was studied using

the following procedure with 3.18 g of 62:30:1 TMOS:MTMOS:CPT-
MOS sol−gel BP-2 with a bed volume (BV) of 5.5 mL in a 10 mm
diameter, 12 cm glass Omnifit column: (1) pre-conditioning, hydrate
resin with 5.5 mL of DI H2O, wash with 5.5 mL of 20% sulfuric acid,
and rinse with 27.4 mL of DI H2O; (2) breakthrough Cu capacity test
(after 0, 1, 107, 522, and 1000 cycle tests; flow rate: 0.15 BV/min), (a)
condition with 5.5 mL of DI H2O and then 5.5 mL of 25% sulfuric
acid, rinse with 27.4 mL of DI H2O, (b) load, Cu feed (3000 mg/L,
pH 2.0, 90 mL), (c) load wash, DI H2O, 15 mL, (d) elute, 25% sulfuric
acid, 15 mL, (e) elute rinse, DI H2O, 15 mL; (3) cycle test, Cu
breakthrough (repeated 1000 cycles; flow rate: 2.4 BV/min), (a) load,
Cu feed (3000 mg/L, pH 2.0, 9.3 mL), (b) elute, 25% sulfuric acid,
13.7 mL (2.5BV), (c) rinse, DI H2O, 13.7 mL (2.5BV). Details of
copper analyses and the order of cycles can be found in Supplemental
Table 2, Supporting Information.

■ RESULTS AND DISCUSSION
Tracking Polymerization via NMR. The sol−gels

reported here have been synthesized by the two-step method

previously outlined by Dong and Brennan, using an initial acid
catalyzed step and a following base catalyzed step.33 Initial
studies of the sol−gel polymerization focused solely upon the
use of the monomers (MTMOS and CPTMOS) to investigate
the effects that each stage of the polymerization has upon
reaction progress. The initial studies utilized a molar ratio of
7.5:1 for MTMOS:CPTMOS which was chosen based upon
previous work.14−16

The initial, acid catalyzed step of the reaction involves rapid
hydrolysis of the monomers to form low molecular weight
oligomers and linear chain oligomers. This reaction has been
previously monitored by solution phase 29Si NMR.28 However,
1H NMR can also be used to follow reaction progress, as seen
in Figure 1. When a system where two alkyltrialkoxysilanes are
present is used, the 29Si NMR spectral lines for the individual
species are indistinguishable by solid-state CPMAS NMR. In
solution 1H NMR, the changes in the intensities of the methoxy
CH3 relative to the methanol CH3 can be used to monitor
reaction progress. This represents a more convenient way to
follow a mixed alkyltrialkoxysilane polymerization.28,34

Figure 1 illustrates the progress of the polymerization with
time. The furthest upfield resonance(s) (0.0−0.2 ppm)
represent H−C−Si bound protons. It can be seen that, as the
reaction proceeds, the peaks here merge as a result of the
formation of Si−O−Si bonds creating multiple environments.
The resonances at 0.7 and 1.8 ppm represent the CH2 and
CH2Cl of the chloropropyl group. The unique chloropropyl
peaks are seen to maintain constant intensity and chemical shift

Figure 2. SEM images varying times in the acid catalyzed step showing the formation of a collapsed pore structure at very long acid exposures. Times
of gelation were from 12 to 17 min.
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throughout the reaction, as would be expected from their
distance to the reactive centers. At 3.3 and 3.45 ppm,
resonances are seen representing the CH3 on MeOH and
Si−O−Me groups, respectively. The sum of the integrations of
these peaks remains constant over time, with the MeOH peak
increasing in intensity while the Si−O−Me peak decreases in
intensity proportionally. The furthest downfield resonance is
assigned as a hydroxyl group from the combination of methanol
and water. It can be seen that, as the reaction progresses, the
OH resonance shifts from 5.0 to 4.95 to 4.85 ppm at times of 7,
49, and 1122 min, respectively. This increased shielding is a
result of the increased concentration of methanol released from
the hydrolysis of Si−O−Me bonds.
The Effect of the Acid Catalyzed Step on Pore

Formation. As the polymerization progresses in the acid
catalyzed step, oligomeric chains grow longer. Upon transition
to the base catalyzed step, aggregation of the oligomers is
promoted. This aggregation is faster than during the acid
catalyzed step, with the larger clusters reacting more rapidly,
leading to broader average pore size distributions. The larger
clusters agglomerate throughout the entire solution, leading to
decreased flow and eventually gelation. This effect, in
conjunction with solvent hydrogen bonding effects, then
leads to pore formation and definition.33 Using shorter times
for the acid catalyzed step results in smaller pores due to the
aggregation of smaller clusters, though at very short times in
acid (ta < 1 h), a flocculated, nonporous precipitate forms
without gelation. Larger pores form as the time in acid
increases. However, at very long times in acid (ta > 3 h), a
nonporous resin forms due to high levels of chain cyclization, as
seen in Figure 2. At 3.0 h, the material formed with gelation;

however, the pores formed were rather large, on the
micrometer scale, and had high variability in diameter.

The Effect of the Base Catalyzed Step on Pore
Formation. The base catalyzed step utilized in the synthesis
of sol−gels is a faster process promoting the reaction of more
highly substituted Si centers as well as cluster−cluster binding,
leading to increased cluster sizes and eventually a single cluster
spanning the entire solution, restricting flow to the point where
gelation occurs.34 The properties of the resulting gel show a
dependence upon the length of time between base addition and
gelation, which can be partially controlled by the concentration
of base during this step in the catalysis. At low concentrations
of base, gel formation proceeds at a slower rate, resulting in
increased pore size, as seen in Figure 3. At a 5 M base
concentration, it is observed that pore size diameters are
relatively large, larger than desired for further modifications
with polyamines. At 6 M base concentration, pore sizes are
decreased, and at 7 and 8 M base concentrations, pore size
diameters appeared approximately equivalent and in the range
desired for materials with characteristics designed for ion
exchange.

The Effect of Tetraalkoxysilane Addition on Material
Characteristics. The materials made using only alkyltrialkox-
ysilyl monomeric units showed that it was possible to exercise
some control over the characteristics of pores formed during
the polymerization process. Upon PAA addition to form BP-1,
however, the best of these materials showed only 87.1 mg/g
copper batch capacities. Repeated syntheses showed poor
reproducibility, resulting in average pore diameters ranging
from 9 to 13.6 nm and copper capacities ranging from 41.5 to
87.1 mg/g.27 A proposed reason for the difficulty in

Figure 3. SEM images showing the formation of smaller pores with increased base concentration. Times of gelation were from 30 s to 17 min.
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reproducing the materials is internalization of the hydrophobic
alkyl groups present in the alkyltrialkoxysilanes.32,36

The SPC materials tested have so far shown very long usable
lifetimes, with <10% capacity loss in more than 3000 copper
loading−acid stripping−base regeneration cycles.37 Much of
this stability is attributed to the multiple point covalent
anchoring of the polyamine to the surface and to the bulk silica
matrix which provides increased mechanical stability. It was
thought that the addition of a tetraalkoxysilane to the reaction
mixture would not only increase mechanical stability through
cross-linking but also may increase the reproducibility of the
sol−gel reaction and expose more of the chloropropyl silanes to
reaction with PAA.30,31,38−41

Initial introduction of tetraalkoxysilanes was attempted using
TMOS and TEOS; however, TEOS did not fully react under
the experimental conditions tried, and it was found that TMOS
was a more suitable monomer for the intended purpose.27

Initial reactions used a 4.25:7.5:1 TMOS:MTMOS:CPTMOS
ratio in an attempt to form a structure that utilized all the
alkoxide groups.

13C NMR of the resulting composite made from this material
suggests the same rates of incorporation of all of the
monomeric units, despite their different rates of self-polymer-
ization. This is evidenced by the splitting of the halocarbon
resonance on C3 of the chloropropyl group as seen in Figure 4.

This splitting is assigned to a neighboring group effect and is
present in commercial SPC materials with mixed silanes but not
in those utilizing only 3-chloropropyltrichlorosilane as the
monomer for surface silanization. This then suggests that two
main environments for the 3-chloropropyl groups are (1)
having one or more neighboring 3-chloropropyl groups and (2)
having only neighboring methyl surface groups. Predominant
agglomeration of 3-chloropropyl groups would result in this
resonance not being split.36

Copper capacities of materials using the 4.25:7.5:1 ratio still
varied significantly, ranging from 68.7 up to 100 mg/g. It was
found that the reaction of PAA with the chloropropyl group
was incomplete, with only 35−38% of surface halocarbons
being reacted. Though this resulted in multipoint anchoring at

∼38 anchors per polymer molecule on average, the low level of
chloride utilization (reaction of surface chloropropyl groups
with the polyamine) further supports the concept that nonpolar
alkyl groups were being internalized into the support matrix.
Gels made with increasing amounts of MTMOS resulted in
decreased chloride utilization, down to 31% on a gel made with
4.25:30:1 TMOS:MTMOS:CPTMOS. Copper batch capacities
decreased with increasing ratios of MTMOS to CPTMOS.

The Effect of Increasing TMOS to Make Halocarbons
Surface Available. The low chloride utilization observed
prompted us to investigate further increasing the relative
concentration of TMOS, increasing internal framework density
and “pushing” the nonpolar alkyl groups to the surface,
effectively increasing the number of halocarbons available for
nucleophilic attack by PAA. This increased cross-linking and
internal framework development can be followed by the solid-
state 29Si NMR spectra of sol−gels with increasing relative
amounts of TMOS in Figure 5.

The nomenclature used for the identifiable 29Si NMR
resonances are shown in Chart 1.13,27 Q4 species represent Si
atoms with four Si−O−Si bonds. Q3 species represent atoms of
Si with three Si−O−Si bonds and one Si−O-R bond where R
can be a hydrogen or alkyl group. Q2 species represent atoms of
Si with two Si−O−Si bonds and two Si−O-R bonds. Q1 species
represent atoms of Si with one Si−O−Si bond and three Si−O-
R bonds. T3 species represent atoms of Si with three Si−O−Si
bonds and one Si-R′ bond where R′ is an alkyl group. T2 species
represent atoms of Si with two Si−O−Si bonds, one Si-R′ bond,
and one Si−O-R bond. T1 species represent atoms of Si with
one Si−O−Si bond, one Si-R′ bond, and two Si−O-R
bonds.34,38,40

The 29Si NMR spectra in Figure 5 show that increasing
TMOS results in increasing intensities of Q peaks (those

Figure 4. 13C CPMAS NMR of sol−gel with a TMOS:MTMOS:CPT-
MOS molar ratio of 4.25:7.5:1, with the halocarbon resonance circled
to emphasize splitting.

Figure 5. 29Si NMR showing increasing internal framework with
increasing relative amounts of TMOS, with ratios given as
TMOS:MTMOS:CPTMOS. Peak intensities are normalized to the
T3 resonance.
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assigned to the bulk siloxane). In addition to this effect, there is
also some broadening of the T resonances (those assigned to
the alkyltrialkoxysilanes) and an increased T2 peak intensity,
suggesting less complete reaction of alkyltrialkoxysilanes. This
effect does not persist upon polymer addition, however, as the
matrix undergoes further reaction under the conditions of the
reaction (heat and alkalinity), as evidenced by the disappear-
ance of the T2 resonance (vida infra).

25 Further evidence of this
is shown in 29Si NMRs of the BP-1s (Supplemental Figure 2,
Supporting Information) made from the same composites
shown in Figure 5.
Sol−gels were prepared using four mixtures with increasing

molar ratios of TMOS relative to the other monomers. The
four ratios chosen were 4.25:30:1, 15.5:30:1, 31:30:1, and
62:30:1 for TMOS:MTMOS:CPTMOS. BP-1 composites
made from these gels showed several significant trends with
improved characteristics as the level of TMOS increased. Both
chloride utilization and copper binding of the resulting
composites showed strong correlations with increasing amounts
of TMOS (Figure 6). Chloride utilization in the commercially
available SPC BP-1 was found to be ∼80%. Chloride utilization
for the sol−gel BP-1 materials made with increasing amounts of
TMOS varied from 31 to 51%, still utilizing less of the surface
anchors than materials made from amorphous silica (Table 1).
Interestingly, however, this did not have a significant impact on
polymer tethering, which was found to range from 12.2 to 13.3

anchors per polymer molecule (Table 1). For the material with
the highest molar ratio of TMOS, copper batch capacity was
found to be 118 mg/g, which is slightly higher than the copper
capacities found in amorphous silica SPC materials (95−105
mg/g) (Table 1). This observation is consistent with the
internalization model proposed earlier, where increasing
internal cross-linking increased the number of available
halocarbons.28,35

Table 2 shows that elemental analyses on the different
composites show higher levels of carbon, hydrogen, and
chlorine relative to SPC materials, due to having less bulk
silica framework. At very high ratios such as 62:30:1, this effect
is diminished. All of the BP-1 materials showed increased
amounts of carbon relative to the initial gels, and nitrogen is
not observed prior to the addition of PAA to the composite
surface.
Gelation and pore structure are also highly affected by the

addition of TMOS. Figure 7 shows the effects of three different
ratios of TMOS:MTMOS:CPTMOS upon the average pore
size distribution. At very low amounts of TMOS, little porosity
is observed and the average pore size distribution is relatively
broad. The composite resulting from a 4.25:30:1 ratio of
TMOS:MTMOS:CPTMOS showed this low level of porosity.
As the amount of TMOS increases, porosity increases and pore
sizes decrease. The composite resulting from a 31:30:1 ratio of

Chart 1. Structures of Different Types of Silicon Sites in
Composites, Where R Represents H or an Alkyl Group

Figure 6. Copper capacities and chloride utilizations for sol−gel BP-1s with varying relative amounts of TMOS.

Table 1. Copper Capacities, Chloride Utilizations, and
Anchor Points for Sol−Gel BP-1 Materials with Varying
Relative Amounts of TMOS

ratio of silanes
(TMOS:MTMOS:CPTMOS)

anchor points
per polymer
moleculea

percent
chloride
utilization

batch copper
capacityb (mg

Cu/g
composite)

4.25:7.5:1 37.7 38 100
4.25:30:1 13.3 31 52
15.5:30:1 12.8 36 83
31.0:30:1 12.2 41 84
62.0:30:1 12.5 51 118

aNumber of anchor points per molecule of polymer and percent
chloride utilization calculated from the difference in Cl content before
and after polymer grafting, %N and MW of polymer. bBatch capacity
at pH = 3.5−4 for BP-1 in mg/g as measured by AA.
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TMOS:MTMOS:CPTMOS showed greatly increased porosity
and much narrower average pore size distribution, with an
average pore diameter of 9.1 nm. The composite resulting from
a 62:30:1 ratio of TMOS:MTMOS:CPTMOS showed even
higher porosity but a decreased average pore diameter of 8.0
nm. This is expected for materials having increased cross-
linking. Additionally, the gelation times were seen to decrease
with increasing levels of TMOS, which would result in smaller
clusters agglomerating and the formation of smaller pores.
BP-2 and CuSelect Composite Characterizations and

Performance. Further modification of polyamine composites
provides the ability to design composites with ligands selective
for certain metal separations. The picolylamine functionalized
material, CuSelect, has been shown to be selective for copper
over ferric ion and other divalent transition metals at low
pH.24,25 The aminoacetate functionalized materials (BP-2) have
been shown to be effective for the separation of Cu2+ from Ni2+

at low pH.16 In both, CuSelect and BP-2 the ligands are
bidentate . The copper is likely square planar in both cases with
water or sulfate filling out the coordination sphere in CuSelect.
Two aminoacetates provide a square planar coordination
sphere in the case of BP-2.16 Some of the sites on BP-2 have
two acetates on one amine, and these sites act as tridentate
ligands.16 Scheme 1 illustrates the synthesis of these two
materials from BP-1. CuSelect is synthesized by the reaction of
pyridine-2-carboxaldehyde and sodium triacetoxyborohydride

in MeOH with the primary amines of BP-1. BP-2 is synthesized
by reaction of sodium chloroacetate with BP-1 under basic
conditions.
Ligand loading on the composites CuSelect and BP-2 is

evidenced from the solid-state CPMAS 13C NMR. All three
materials (BP-1, CuSelect, and BP-2) show the resonance for
the Si-Me group at −6.0 ppm. The three resonances
corresponding to the 3-chloropropyl group can also be seen
at 9, 23, and 44 ppm on the BP-1. The CuSelect and BP-2 show
the Si−C1 resonance from the 3-chloropropyl group at 9 ppm,
but the other two resonances are overshadowed by the
polyamine resonances. The polyamine can be seen as a broad
resonance ranging from ∼25 to 45 ppm for the BP-1 and ∼20
to 40 ppm for the CuSelect and BP-2. The CuSelect shows a
ligand bound polymer resonance at 48 ppm which is very
broad, beginning at ∼40 ppm and then tailing off to ∼80 ppm.
The ligand bound polymer resonance in BP-2 is seen ranging
from ∼40 to 65 ppm with the apex at 56 ppm and a shoulder at
∼48 ppm. The aromatic carbons on CuSelect show two
resonances: one ranging from ∼120 to 133 ppm and the other
ranging from ∼133 to 160 ppm. The carboxylate group on BP-
2 can be seen as a broad resonance from ∼160 to 175 ppm.
The SPC BP-2 made from amorphous silica has many doubly

modified amine groups after reaction of BP-1 with chloroacetic
acid. This BP-2 has ∼2.7 mmol ligand/g composite, while
CuSelect has ∼2.0 mmol ligand/g composite.16 This is
significantly higher than the 0.4−1.1 and 0.7−1.0 mmol/g
found for sol−gel materials made into BP-2 and CuSelect,
respectively. Figure 8 shows the comparison of ligand loading
and copper batch capacities for the ligand modified BP-1
composites CuSelect and BP-2. When comparing Figures 6 and
8, it can be seen that, with increasing relative amounts of
TMOS, the BP-1 chloride utilization and copper batch capacity
increase. This trend also carries through to ligand loading on
modified composite materials.
CuSelect made from 4.25:7.5:1 TMOS:MTMOS:CPTMOS

showed a ligand loading of 0.7 mmol ligand/g composite. This
increased to 0.83 and 0.96 mmol ligand/g composite for
31:30:1 and 62:30:1 TMOS:MTMOS:CPTMOS ratios,
respectively. BP-2 made from 4.25:7.5:1 TMOS:MT-
MOS:CPTMOS showed a ligand loading of 0.42 mmol
ligand/g composite. This increased to 0.72 and 1.07 mmol
ligand/g composite for 31:30:1 and 62:30:1 TMOS:MT-
MOS:CPTMOS ratios, respectively.
However, when a comparison of copper capacities at pH = 2

for BP-2 is made, the sol−gel materials show improved

Table 2. Elemental Analyses, Copper Capacities, Chloride Utilizations, and Anchor Points for Conventional Silica Based
Materials as well as Sol−Gels with Varying Monomeric Unit Composition

name of sample %C %H %Cl %N anchor points/polymer moleculea % chloride utilizationa copper capacityb (mg/g)

7.5:1 silanized gel 3.8 0.97 1.05 N/A N/A N/A N/A
7.5:1 SPC BP-1 11.6 2.36 0.17 3.26 24 81 95−105
7.5:1 sol−gel 20.1 4.75 5.46 N/A N/A N/A N/A

7.5:1 sol−gel BP-1 24.9 5.31 4.44 2.47 20 10 92
4.25:7.5:1 sol−gel 10.4 3.44 2.66 N/A N/A N/A N/A

4.25:7.5:1 sol−gel BP-1 20.2 4.46 1.73 3.02 21 26 96
4.25:30:1 sol−gel 14.1 4.32 1.19 N/A N/A N/A N/A

4.25:30:1 sol−gel BP-1 22.7 5.06 0.73 2.61 13 31 80
62:30:1 sol−gel 6.69 2.37 0.51 N/A N/A N/A N/A

62:30:1 sol−gel BP-1 12.0 2.73 0.23 1.99 12.5 51 118
aNumber of anchor points per molecule of polymer and percent chloride utilization calculated from the difference in Cl content before and after
polymer grafting, %N and MW of polymer. bBatch copper capacity at pH = 3.5−4 for BP-1 in mg/g as measured by AA.

Figure 7. Average pore size distributions for sol−gels with varying
relative amounts of TMOS.
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capacities over conventional materials (51 vs 38 mg/g). This is
thought to be an effect of a decrease in the number of small
pores, resulting in more availability for active sites after ligand
modification. For CuSelect, however, the capacities at pH = 1.5
are somewhat lower (25 vs 35 mg/g), which is thought to be
due to decreased ligand loading resulting from the bulky ligand
being too large for the available average pore diameters seen in
Figure 9.
The breakthrough experiments show metal capacities that are

significantly decreased for both materials relative to SPC
materials. BP-2 synthesized from sol−gels had Cu2+ capacities
of 36 mg/g under breakthrough conditions in competition with
Ni2+. CuSelect synthesized from sol−gels had Cu2+ capacities of
15 mg/g under breakthrough conditions in competition with
Fe3+. BP-2 synthesized from sol−gels and SPC materials gave
selectivities for Cu2+ over Ni2+ of 11:1 and 27:1, respectively.
CuSelect from sol−gels and SPC materials gave selectivities for
Cu2+ over Fe3+ of 40:1 and 67:1, respectively. The decreased
selectivity for the ligand-modified sol−gel SPC materials is
tentatively assigned to the decreased ligand loading, though
further investigation is warranted.
The Effect of Polymer Binding on Gel Reorganization.

Binding of PAA on the surface of the sol−gel composites is
performed using a very similar procedure to that used for
amorphous silica SPC composites. The conditions under which
the polymer addition proceeds appear to result in further
conversion of the T2 sites to T3 sites (Chart 1). This is evident
by the decrease in Q3 and T2 peak intensities at −102 and −56

ppm, respectively, in the 29Si NMR before and after polymer
addition. It is proposed that this reorganization is due to the
heating under aqueous, alkaline conditions.27

The Q3 and T2 resonances represent unreacted silanol or
alkoxysilane sites. These sites are more receptive to alkaline
attack, and their decreased level upon polymer addition is also
corroborated by silica leaching studies.
The decreased leaching shown upon polymer grafting defines

a fundamental difference between SPC and sol−gel materials.
The surface of amorphous silica composites becomes more
susceptible to alkaline attack upon modification with PAA.27

This suggests that the materials made by sol−gel methods,
though they show greater leaching than the conventional SPC
materials prior to binding of PAA, have weaker surface
interactions with PAA because of the better surface coverage
by alkyl groups.27

SEM and Mercury Porosimetry of “Best” BP-1s.
Polymer binding has been shown to lower both pore size and
surface area. It is suggested that some of the decrease in surface
area is due to the clogging of smaller pores41 and that the
formation of slightly larger pores relative to conventional silica
could result in increased composite performance following
polymer addition. The ability to design pores of specific sizes is
a great advantage for an ion exchange material. As seen in
Figure 7, conditions of the sol−gel reaction can be altered to
achieve a level of control over pore formation. Figure 9
illustrates the differences between the most desirable sol−gel
BP-1 to date (made from 62:30:1 TMOS:MTMOS:CPTMOS)

Scheme 1. Synthesis of Ligand Modified Sol−Gel Compositesa

aNote: based on metal loading and analysis, not all amine sites are modified.
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and a typical SPC BP-1. The sol−gel BP-1 demonstrates pore
sizes with a narrower distribution than the conventional SPC
materials. Conventional materials have many of their pores
present in sizes smaller than the 5 nm minimum that can be
measured by the mercury porosimeter used for these

measurements. Many of these pores would become inaccessible
upon polymer binding. The maximum average pore diameter of
the amorphous silica BP-1 was 6.3 nm. The average pore
diameter of 8.0 nm for the sol−gel BP-1 is closer to the desired
range.

BP-1 Silica Leaching Comparison of SPC with 62:30:1
and Previous Materials. The susceptibility to silicate leaching
under alkaline conditions is considered to be the greatest
weakness of SPC materials. It was thought that, with sol−gel
materials, some of this susceptibility could be avoided through
both a decreased amount of bulk silica and the avoidance of
“bare” silica surfaces which have not been silanized. Though
both of these effects are observed in sol−gel composites,
leaching increases upon dilution of chloropropyl anchors with
methyl groups. The large increase in leaching from 9.2 to 36.0
ppm for the conventional SPC materials upon polymer addition
is thought to be a direct result of polymer−surface interactions.
The initial sol−gel experiments, using only or small relative
amounts of MTMOS, showed similar silica leaching levels to
conventional materials.27 However, materials produced with
very low levels of CPTMOS, such as the BP-1 made from a
ratio of 62:30:1 TMOS:MTMOS:CPTMOS, show strong
increases in the level of silica leaching at pH = 10, up to 70.0

Figure 8. Ligand loading and copper batch capacity for sol−gel CuSelect and BP-2.

Figure 9. Average pore size distributions for SPC BP-1 and 62:30:1
TMOS:MTMOS:CPTMOS BP-1.
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ppm for the BP-1. However, the sol−gel materials with very
low amounts of CPTMOS also show a decrease in leaching
upon polymer grafting (Figure 10). This is thought to be a

direct result of the decreased number of Q3 and T2 sites upon
surface reorganization during the polyamine addition step.
BP-1 Longevity Studies. The SPC materials made

commercially have very long usable lifetimes. An SPC made
from commercial silica gel showed <10% loss in capacity after
more than 3000 copper loading−acid stripping−base regener-
ation cycles.37 This structural durability is maintained with the
62:30:1 sol−gel BP-2, which shows no observed capacity loss in
1000 copper loading−acid stripping−base regeneration cycles
with an average breakthrough copper capacity of 27 mg/g at
pH = 2 (Supplemental Table 2, Supporting Information).

■ CONCLUSIONS

A number of important conclusions can be made from the work
reported here. Sol−gel materials offer an alternative to
amorphous silica gels as a matrix for polyamine composites.
Pore size distributions are narrower, and the ability to change
the pore size provides additional potential for modification with
bulkier ligands. The systematic studies of the reaction
conditions for formation of the sol−gel provided insight into
mechanisms of pore formation, allowing more effective tailoring
of pore size. Both the acid catalyzed step and the base catalyzed
step can have significant impacts on pore formation. Silicate
leaching at pH = 10 from sol−gel materials is similar to that of
conventional silica for the polymer modified composites, but
higher concentrations of methyl groups relative to chloropropyl
groups increases leaching, as a result of decreased steric
hindrance and/or hydrophobicity of the small methyl group.
The introduction of TMOS showed improvements in sol−gel
composite performance, particularly in providing narrower pore
size distributions that also decreases internalization of
chloropropyl group and results in increased copper capacities
due to better polymer loading. BP-1 and BP-2 copper batch
capacities, equal to or greater than those of commercial
materials, have been achieved for sol−gel based materials,
indicating potential as a replacement material for amorphous
silica in some applications. Lower batch copper loading
capacities were expressed for sol−gel derived CuSelect, due
to low levels of ligand loading thought to be related to a

decrease in the number of larger pores needed to accommodate
the larger aromatic ligand. Similar or slightly less selectivity was
found for ligand modified materials in breakthrough experi-
ments. CuSelect selectivity was 40:1, which is significantly less
than the 67:1 for amorphous silica materials. BP-2 selectivity
was 11:1 (Cu2+:Ni2+) similar to that observed for the
amorphous silica analog . Finally, The durability of the sol−
gel SPC compares favorably with the commercially produced
materials.
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