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10  ABSTRACT

35 11 Environmental and geochemical systems containing paramagnetic species could benefit
37 12 by using nuclear magnetic resonance (NMR) spectroscopy due to the sensitivity of the spectral
40 13 response to small amounts paramagnetic interactions. In this study, we apply commonly used

42 14 solid-state NMR spectroscopic methods combined with chemometrics analysis to probe sorption
44 15 behavior of the paramagnetic cations Cu®* and Ni**at the amorphous silica surface. We exploit
47 16  the unique properties of paramagnets to derive meaningful structural information in these

49 17  systems at low, environmentally relevant cation surface loadings by comparing the NMR

o1 18  response of sorption samples to paramagnetic free samples. These data suggest that simple

54 19  sorption models where the cation sorbs as inner sphere complexes at negatively charged,
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deprotonated silanol sites is appropriate. These results help constrain sorption models that are
used to describe metal fate and transport.

KEYWORDS: Solid-state NMR spectroscopy, paramagnets, sorption

INTRODUCTION

Models which can accurately predict the fate and transport of subsurface contaminants
are an area of intense geochemical research. Extensive work has gone into developing models
which can accurately predict the behavior of sorbed cations based solely on measured solution
chemistry.[1-6] These models are based on electrostatic interactions between solution species
and mineral surfaces, and have demonstrated some success in modeling the sorption behavior
over a range of solution chemistries. However, these models are often over defined, and
therefore need accurate spectroscopic studies to constrain input parameters.

Detailed structural information about the sorbed cation complexes has been gleaned from
various spectroscopic investigations of reactions between divalent metals and minerals surfaces.
Specifically, we focus on the previous work aimed at the interactions of paramagnetic cations
Cu”* and Ni** with silicate mineral surfaces. A wealth of information about the sorption of Cu on
the amorphous silica surface has been derived from X-ray adsorption (XAS) and electron
paramagnetic resonance (EPR) spectroscopic studies.[7-12] These studies find that the Cu binds
strongly to the silica surface as inner sphere complexes, and that Cu diamers can form at low
surface coverages.[9, 10] Contrasting EPR results have also suggested that surface sorption is
limited and that Cu(OH), precipitation dominates.[7, 8] Similarly, XAS methods have also been
applied to the study of Ni interactions with mineral surfaces.[13-16] These studies have
suggested that at short reaction times the Ni forms inner sphere complexes, but that at longer

times the reactions are dominated by the formation of Ni surface precipitates [13].
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1

2

2 43 The study of Cu and Ni containing systems by NMR spectroscopy presents some unique
5

6 44  challenges and opportunities to derive structural information from simple NMR experiments. In
7

g 45  the fields of environmental chemistry and geochemistry the study of systems containing

ig 46  paramagnetic species with NMR spectroscopy has largely been avoided due to the perception
12

13 47  that their presence precludes the observation of useful structural information. Therefore, most
15 48  NMR based sorption studies have focused on loading surfaces with moderately high

18 49  concentrations of diamagnetic species such as Na*, Cs”, A" and PO43' which are easily

20 50  observed with standard solid state NMR methods.[17-21] However, strong interactions between
22 51 NMR observable nuclei and the unpaired electrons present in paramagnetic species have been

25 52 successfully exploited to derive precise structural information on organo-metallic complexes [22,

27 53 23].

28

ég 54 In this study, we exploit what are traditionally considered the detrimental effects of
31

32 55  paramagnetic species on the NMR spectral response to derive information about the surface

34 56  structure of sorbed metal species at low, environmentally pertinent surface loadings. We present
37 57  the results of NMR spectroscopic investigation of Cu?* and Ni** sorption on the amorphous silica
39 58  surface. The methods employed here allow us to identify the surface ligand with which these

41 59  cations interact. It is largely assumed based on electrostatic arguments that these cations should
a4 60  prefer to bind at negatively charged surface sites (i.e. >Si0"), no study has directly investigated
46 61  this assertion.

48 62 MATERIALS AND METHODS

51 63  Sorption Experiments

53 64 The Cu** and Ni** sorption experiments were conducted as a function of surface loading

55 65 atpH 8 and 9, respectively. pH conditions were maintained through the periodic addition of 0.01
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N NaOH by a Metrohm Titrando 902 autotitration unit. To ensure surface equilibration, 0.5 g of
high surface area amorphous silica (Mallinkrodt silica: 306 mz/g surface by BET, 75 — 100 um
particle size) was reacted in 100 ml of 0.1 M NacCl solution at the desired pH for 22 hrs before
proceeding with the sorption reaction. After the equilibration step, an aliquot of the cation stock
solution (10 mM CuCl, or 1 mM NiCl,) was added in order to achieve the desired initial
concentration (Table 1) and the system was allowed to react for 2 hrs. For NMR analyses, the
samples were collected by suction filtration, and dried overnight at 60 °C. "H NMR data (vida
infra) showed that a hydration layer remained on the silica surface following the drying
procedure indicating that it did not significantly alter the surface structure. Final surface loadings
were determined from solution chemistry by collecting10 mL aliquots of the reaction solution
immediately after the 22 hr equilibration period and after the 2 hr sorption reaction. These
solutions were filtered through a 0.2 um syringe filter and submitted to ICPMS analysis. Control
samples for baseline comparison of the NMR response were produced at pH 8 and 9 by
immediately halting the reaction after the equilibration step. A sample of the pH 9 control sample
was also physically mixed with Ni(OH), colloids in an agate mortar and pestle in order to test the
response to the presence of a seperate precipitated phase.

NMR Spectroscopy:

Solid-state **Si single pulse (SP) and *’Si{'H} cross polarization magic angle spinning
(CP/MAS) experiments were conducted on a 300 MHz Tecmag Apollo spectrometer at operating
frequencies of 59.63 and 300.19 MHz for ¥Sj and 'H, respectively. The »Si{'H} CP/MAS
spectra were collected over a range of CP contact times at spinning rate of 3 kHz using a
Chemagnetics probe configured for 7.5 mm (o.d.) rotors. A 6 ps 'H excitation pulse was used

and *Si was matched on the +1 sideband of kaolinite. All **Si spectra were referenced with
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respect to tetramethylsilane (TMS) using an external kaolinite standard (8g; = -92 ppm). 'H single
pulse (SP) MAS NMR spectra were collected on a 400 MHz Bruker Avance spectrometer at an
operating frequency of 400.06 MHz. The samples were contained in 4 mm (0.d) rotor and spun
at a 12 KHz spinning rate with a 4 mm Bruker triple resonance probe. Standard inversion
recovery techniques were employed to measure 'H spin-lattice relaxation constants (T;). All 'H
spectra were collected with a 6 us excitation pulse and are referenced with respect to an external
sample of TMS (6y = 0 ppm). In order to quantify the NMR spectral intensities for all NMR
experiments, the samples were loaded in pre-weighed ZrO, ceramic rotors, and their weights
recorded.
Chemometrics analysisof NMR data

Chemometric methodologies are a powerful group of techniques that extract relevant
spectral information from subtle variations in large multidimensional data sets.[24-26] Here two
subsets of chemometrics are utilized: evolving factor analysis (EFA) and multivariate curve
resolution (MCR). First EFA[27] is applied to the compiled CP NMR dataset whose rows are
comprised of a single CP spectrum for a characteristic contact time and the columns represent
the intensity change for a discrete frequency as a function of contact time. The advantage of
EFA is that it merely seeks to compile those components who share similar variant behavior into
separate factors and is independent of a chemical model. Those factors that show more variance
than the variance of the original spectra contain the dynamics of interest. All other factors were
discarded. Then these kept factors are fed into a multivariate curve resolution method utilizing an
alternating least squares algorithm (MCR-ALS) to iteratively deconvolute the spectroscopic data
matrix (D) into a pure component (C) and pure spectra (S") profile according to:

D=CS"+E (1)
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E is the residual matrix and contains the variance unexplained by CS”, here it is assumed to be
independent and have constant variance. The subtleties of this technique are explained
thoroughly in the literature [28, 29]. This so called soft-model (or model-free) approach is
advantageous when a hard-model is unavailable or inadequately describes the spectral response.
RESULTS AND DISCUSSION
Identification of ligand adsorption sites

At face value, the individual ’Si{'H} CP/MAS spectra of the sorption samples do not
appear much different from the control samples (Figure 1). They all have the same three major
peaks present at -93.4, -103.1, and -113.2 ppm which are typically assigned to the Q% Q’, and Q*
silica sites. The Q" notation refers to the number of bridging oxygens shared with surrounding
silica tetrahedra with the Q* and Q” site sites representing silanol sites whose remaining oxygens
are terminated with silanol protons, and the Q* site representing fully coordinated internal
siloxane groups.[17, 30] Although presence of paramagnetic cations does not change observed
peak chemical shifts or widths in the sorption samples, there are large decreases in the integrated
spectral intensities of these peaks (Figure 1). Given that individual CP/MAS spectra cannot be
treated quantitatively[31], we must consider how the intensity of these peaks vary as a function
of the CP contact time to quantify the effects the paramagnetic species have in these systems.

We have applied chemometrics analysis to the variable contact time *Si{'H} CP/MAS
spectra, and have identified two unique spectral components whose presence we attribute to the
existence of protonated (Figure 2A, blue) and deprotonated (Figure 2A, red) silica surface sites.
We see that the two spectral components contain contributions from all three silica sites, but
have very different intensity profiles (Figure 2B). The lesser of the two components has an

intensity profile which grows in rapidly with an average Ts;y of 1.0 ms, and decays away with an
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1

2

2 135  average T, n of 3 ms. This behavior is characteristic of silica sites which are directly bound to

5

6 136  protons [30, 31], and we assign this component to protonated surface silanols (>SiOH). The

7

8 137  other site, however, exhibits the opposite behavior with its intensity growing in more slowly and
9

ig 138 with no observed T,y decay. If the intensity of this second site is instead plotted as a function
12

13 139  of the square root of the contact time then there is a clear linear region in the middle of the

15 140  profile (Figure 2). This observed behavior is characteristic of a diffusion limited process [32].

18 141 Therefore, we assign this component to deprotonated silica species, because they are spatially

20 142  distinct from protons and are observed in the CP/MAS spectra only by long range couplings

22 143 through spin diffusion. This is further corroborated by the large presence of the Q* siloxane

o5 144 groups in this component which are by definition deprotonated and are present due to long range
27 145  couplings (Figure 2A, red). The Q” and Q’ sites contained in this fraction we assign to

29 146 deprotonated surface silanol groups (>Si0"). We attribute the contribution of the Q4 sites to

32 147  direct coordination or close proximity (<5 A) to the protonated surface silanol groups. Since

34 148  these Q” are contained within the bulk silica and unlikely to be important in the sorption process,
37 149  they will not be discussed further. All other discussion will center on the Q2 and Q3 silanol

39 150  surface sites.

41 151 With the assignment of these components to >SiOH and >SiO" surface groups we can

44 152 begin to draw conclusions about the sorption of Cu”* and Ni** to the silica surface. We find that
46 153  changes in the integrated CP signal intensity can be attributed to the sorption of Ni and Cu

48 154  metals occurs as inner sphere complexes at >Si0" surface sites (Figures 3 and 4). When we

51 155  compare the weight normalized spectral components of the sorption samples to those of the

53 156  control samples, we observe only slight changes in signal intensity for the protonated fraction,

157  but major changes in the deprotonated fraction. Assuming a conservative surface silanol density

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

Environmental Science & Technology Page 8 of 24

of 2 pmol/m? for amorphous silica at pH 8/9,[17] and the amount of Cu and Ni uptake, then
surface coverage ranges from about 0.1 to 3% (Table 1). For both the Cu and Ni samples, we
observe large systematic decreases in the signal intensity of the >SiO” component as a function
of surface loading. For the Cu samples, the intensity of the Q’ peaks relative to those of the
control reduces by 37.6% for the lowest concentration sample (0.33 % surface coverage) and
56.6 % for the highest concentration (3.23 % surface coverage). For the Ni samples, these same
peaks reduce by 62.5 % for the low concentration sample (0.08 % surface coverage), and 70.9 %
for the high concentration sample (2.7 % coverage). If the intensity losses were the result of site
blockage alone we should expect these to be proportional to the surface coverage. However, we
note the largest decreases in the Ni system where the coverage is lowest. We attribute the larger
decreases to the more paramagnetic character of the Ni** cation which as two unpaired electrons
compared to the single unpaired electron in the Cu* cation. The observed effects appear to result
only through the interactions with the silica surface with paramagnetic species.

We clearly observe a systematic effect in the CP/MAS data as we increase the
concentration of paramagnetic species, but we need to test if these effects result only from
through bond interactions with the surface, or if they would also occur if a distinct precipitated
phase is present. When we analyze the data collected for the pH 9 control sample and the
physical mixture of Ni(OH); colloids (not shown) we observe no differences between the
observed intensities and that of the pristine pH 9 control sample. The absence of an effect in this
sample supports our interpretation that intensity changes result from bonding interactions
between the sorbed metal species and the >SiO" groups on the amorphous silica surface.
Therefore, we propose that in the absence of sorbed paramagnets, 'H magnetization diffusion is

efficient between the >SiOH and >SiO" groups (Figure 5A). In the presence of the sorbed

ACS Paragon Plus Environment
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paramagnetic species this diffusion is inhibited due to the unpaired electron density interacting
strongly with the >Si0" (Figure 5B) causing the characteristic decrease in signal intensity we
observe with increasing sorbent concentration. These data also suggest that the transition
between sorption and precipitation could be identified with NMR spectroscopy with increased
surface loadings.

All the above structural observations are only possible because of spectral interferences
from paramagnetic species. Similar to the above Ni(OH), colloid experiment, the absence or
decrease in the EPR spectral response in Cu uptake experiments has been used as evidence for
either the precipitation of Cu(OH), or the formation of diameric Cu-hydroxide species [7, 8, 12]
The understanding is that these phase loses the paramagnetic character of the Cu?* and will not
cause a response in the EPR experiment. Therefore, the presence of such a phase in our samples
would be equally ineffective at producing the NMR responses we observe. The large spectral
response observed for our highest Cu loadings suggests that none of the previously suggested
Cu-hydroxide phases have formed in our experiments.

Identification of external versus internal sorption sites

Powerful information about the bonding environment of these cations can also be gleaned
lw&mdywmwmyHmaTHWWMSNMmemmmG@mﬂﬂTMmeMHmww
that the surface sorbed metal species strongly interact with surface water species, but interact less
strongly with >SiOH. This is evidenced by again comparing the NMR signal obtained for control
samples to that of the samples containing surface sorbed metals. What is immediately apparent is
the suppression of the 4.7 ppm peak corresponding to water sorbed to the dried silica surface
from the spectra of the sorption samples (Figure 6). Also observed is the conspicuous emergence

of a strong, sharp (0.1 ppm FWHM) 'H peak near 2 ppm from isolated, weakly H-bonded SiOH
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groups (>SiOHy,)[30]. Since the silica we used is mesoporous with a significant amount of
internal porosity[33], we interpret these >SiOH,, sites as silanols contained within internal pore
spaces. This peak is present in spectra of the control samples, but significantly muted compared
to the strong signal from surface water species. In the spectra collected for the Ni samples, the
mobile water peak is entirely suppressed, unmasking the sharp peak from >SiOH,, and a peak
peak at 5.5 ppm from strongly H-bonded >SiOH groups (>SiOHy).[30] This peak is also present
as a shoulder in all other 'H spectra, but difficult to resolve from the main H,O peak. These
>Si0H; sites represent silanols on the external surface which are hydrogen bonded to the surface
water species. The strong suppression of the water peaks indicates that these surface waters are
strongly interacting with the paramagnetic cation species, and the >SiOH surface groups are
largely unperturbed. The proton NMR provide complementary evidence that Ni and Cu sorb to
the >Si0' sites near surface water.

The measured 'H relaxation properties (T;) can be related to the relative proximity of the
surface protonated species to the sorbed paramagnetic species, and can be used to further
constrain the structural models for the sorption process (Table 2). The results, again, indicate that
the paramagnets are most closely associated with sorbed surface water, but do exert some
influence on the >SiOH; and >SiOHj, species. The observed 'H T; can be thought to contain
contributions from two separate interactions through the relation:

/Ty =UTip+ UT\gia (1)
where 1/Tp is the contribution from the paramagnetic species, and 1/T 4, is the contribution
from all other diamagnetic interactions (e.g. 'H-'H spin diffusion, and 'H-#si dipole
coupling).[23] The paramagnetic contribution here is proportional to the distance (r) between 'H

and the paramagnet center and the number of the paramagnetic species (Np).[34]

10

ACS Paragon Plus Environment



Page 11 of 24 Environmental Science & Technology

1

2

> 227 1/Tipa Np - 1/ )
5

6 228  We use the above relationships only as guides for the discussion of the measured T; values and

7

8 229  how we can relate these to relative proximity of the paramagnet species. In general, we can state
9

ig 230  that the T, of a 'H species will decrease if either the distance to the paramagnet decrease, or the
12

13 231  density of paramagnets increases. We note the most dramatic decreases of the T, values relative
15232 to the control for the residual water peaks, followed by the >SiOH; sites (Table 2). With the

18 233 exception of the highest surface loading Cu sample, the T, of the >SiOHy, is largely unaffected.
20 234  These data indicate that in the Cu system, at the highest loadings, the paramagnet is in close

22 935 enough proximity to affect the relaxation properties of the >SiOH,,. In all other samples, the

o5 236 paramagnet species are most closely associated with surface sorbed water, and the strongly H-
27 237  bonded silanol sites.

29 938 Sorption complexation models

32 239 We frame these results within the context of simple sorption models where the metals

34 240  sorb to a single type of surface site. In the Ni system we propose that the sorption behavior

g? 241  observed can be explained by a single surface reaction.

38

39 242 >Si0 externaty + Ni** > >SiONi* external) 3)
40

41 243  The 'H data indicate that the Ni does not interact with the internal silanol sites (>SiOH,,), and

44 244 that all the sorption reactions occur at the external surface sites. In the Cu system, the data

46 245  suggests that a two stage sorption model is necessary to describe the »Si{'H} CP/MAS and 'H
48 246 NMR data. At lower concentrations the Cu sorbs following the reaction:

51 247 >Si0 externaty + Cu”" > >SI0CU" external) 4)
53 248  As these external sites become less favorable at higher surface coverages the Cu then sorbs at

55 249 sites within the internal pore spaces via:

11
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>Si0 internat) + Cu”* > >SI0CU internal) Q)
This second step is evidenced by the shortening of the >SiOH,, T; as the Cu loading increases
which indicates a closer association of the Cu with these internal sites. It is unclear why these
same processes are not active in the Ni system. One possible explanation could be that diffusion
of large Ni complexes to these internal sites is limited. More work is necessary to determine if
these processes are active. In general, these results agree well with previous solution chemistry
studies which predict the inner sphere sorption of Cu and Ni at the silica surface. [3, 35] We
believe that the NMR techniques presented here can be easily extended to probe a range of
interactions between paramagnetic sorbates and diamagnetic surfaces. The results of such studies
should help grow our understanding of the basic reactions needed to model the fate and transport
of metals.
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1

2

3

4 268

5

6 269  FIGURE CAPTIONS

7

8 270  Figure 1. Si{'H} CP/MAS spectra collected contact time of 2ms (left) and 7 ms (right) for the
9

ig 271  pH 9 control sample, and two Ni sorption samples.
12

13 272

14

15273 Figure 2. Results of chemometrics analysis for the pH 9 Control sample A. The two components
18 274  which fully describe the intensity variation. B. The intensity versus contact time profiles for the
20 275 >SiO and >SiOH components. C. The intensity profile of the >SiO" The dotted lines are present
22 276 only to guide the eye.

o5 277

27 278  Figure 3. The results of chemometrics analysis for the a — b) Cu and ¢ — d) Ni sorption samples
29 279 compared to that obtained for their respective control samples. All spectra were collected for the
32 280 same number of acquisitions (4096) and their intensities are scaled based on their measured

34 281  weights.

282

39 283  Figure 4. Schematic representations of 'H magnetization transfer (blue arrows) through spin

41 284  diffusion between different surface silica sites. A. In the absence of paramagnetic cations

44 285  magnetization is shuttled from the >SiOH? (blue) to the >SiO- groups (red). B. The presence of a
46 286 >SiOM" (red and green) surface species blocks the magnetization transfer due to the presence of
48 987 unpaired electrons (represented by the green circle).

51 288

53 289  Figure 5. Sample 'H NMR spectra collected for the a) pH 9 control sample, and the highest

5 290  loaded b) Cu and c) Ni samples.
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TABLES

Sample PH M2+inital M2+final %removed Bulk coverage % coverage
(pmol) |  (pmol) (nmol M**/m’ Si0,)

Cu 01 8 1.0 0.012 98.8 6.5 0.33

Cu 1 8 10.0 0.15 98.5 64.4 3.23

Ni 01 9 1.0 0.75 24.6 1.6 0.08

Ni 1 9 10.0 1.73 82.6 54.0 271

Table 1: Results of solution chemistry measured for the sorption experiments. The % coverage is

calculated assuming a surface silanol density of 2 pumol/m? (see text).

Sample Site Chemical Shift (ppm) | T (ms)
Control pH9 | >SiOH; 5.82 25042
H,0 4.74 155+1
>SiOH,, 2.38 58115
Cu 01 >SiOH; 5.46 1401
H,O 4.92 89.2+0.1
>SiOH,, 2.38 612+
Cul >SiOH; 5.54 110+£1
H,0 4.56 38.1£0.1
>SiOH,, 2.37 3171
Ni 01 >SiOH; 5.48 105+1
H,O - -
>SiOH,, 2.38 685+1
Ni 1 >SiOH; 5.48 1061
H,O - -
>SiOH,, 2.38 564+1

Table 2: '"H MAS NMR results for the sorption samples.
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