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Abstract

Metal pollution in the aqueous environment has become an important issue in the past few decades leading to extensive research in the ai
of pollution remediation. Most of the recent research in this area has been in bioremediation including phytofiltration and phytoextraction.
Although there has been a lot of research done in the field of metal interactions with plants, the actual mechanism(s) and ligands involved ar
not well understood. Through a series of batch experiments, including pH profiles, time dependency studies, and capacity experiments, w
have investigated the binding of Gd(l1l) and Nd(lll) to alfalfa biomass. Batch pH studies showed that the optimum binding was at pH 5.0 for
both elements. The time dependency experiments showed that the binding occurs within the first 5min of contact and remains constant fc
up to 60 min. In addition, chemical modifications to the alfalfa biomass were performed to indirectly determine the ligands on the biomass
responsible for metal binding. For Gd(l11) binding, it was shown that the carboxyl groups on the biomass play the most important role in metal
ion binding. However, for Nd(l11), not only was it found that the carboxyl groups play an important role in the binding, butin addition, the amino
groups on the biomass also play an important role in the binding of the metal ions. Further studies using X-ray absorption spectroscopy (XAS
showed that the Gd(lll) and Nd(lll) ions were bound to the alfalfa biomass through oxygen (or nitrogen ligands), which were coordinated to
carbon atoms. The lanthanide complexes within the biomass included some coordinated water molecules.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and developed, there is an increasing need to develop new ef-
ficient ways to extract these elements from the environment,
The lanthanide elements are very unique to scientists be-as mining stocks decline. Mineral stocks containing a high
cause they possess some specific properties not exhibited bgnough quality and quantity of these elements are hard to find
the other transition elements. For example, many of the lan- even though the elements are quite ubiquitous in the natural
thanide elements have high magnetic moments and superenvironment at trace concentratidbg One such source for
conducting properties. The high magnetic moments allow the these elements may be their recovery from waste solutions,
lanthanide elementsto be used in medical applications such asf a cost effective and efficient means of extracting these el-
contrast agents for magnetic resonance imadirsj. Studies ements can be developed.
have been performed which indicate that europium(lll) com-  The pollution of natural waters with heavy metal ions has
pounds may have use in anti-cancer therajieY. Because raised concern on how to remediate and clean waters. In ad-
uses for the lanthanide elements continue to be discoveredlition, the dwindling mining stocks have also motivated re-
search on how to inexpensively recycle metal waste, includ-
ing metals in waste solutiori€]. In response to the pollution
* Corresponding author. Tel.: +1 915 747 5359; fax: +1 915 747 5748, and remediation of natural waters and the need to develop a
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water and waste solutions, many scientists have investigatechave used XAS to investigate Eu retention by calcium sil-
the possibility of using natural products to remediate heavy icate hydrates, which showed that the Eu(lll) ion replaces
metal contaminatiofi’—18]. The binding of heavy metalsto the calcium ion in the structure. In addition, XAS has been
plants has been studied for almost two decades, and manysed to study the exchange kinetics of An(lll) and Ln(lll)
different plant biomasses have been studied for their metalin humate interactiof86]. Rocca et al[35] have used XAS
binding capabilitie$7—18]. Plants such as alfalfa (Medicago to study the coordination of Pr(lll), Tb(lll), and Er(lll) in
sativa), creosote bush (Larrea tridentat®atura innoxia, silica gels. A more classical example of the use of XAS to in-
some algaes, and seaweeds are just a few of the plants thatestigate lanthanide complexation involves studying the co-
have been studied for the capabilities to bind heavy metalsordination and oxidation state of these ions within glasses
[19-23]. Many studies have been performed in an attempt [38—40]. Other investigators have used chemical modifica-
to develop an effective and inexpensive method to reme- tion and XAS studies to investigate the ligands involved in the
diate heavy metals from aqueous solutions. However, thesorption of gold(lll), copper(ll), chromium(lll), erbium(lIl),
plant-metal binding mechanism(s) are not well understood and holmium(lll) binding to alfalfa biomag&1,28,32,41].
and researchers continue to use various techniques to try and he results of these studies have shown that the major ligands
comprehend the metal binding mechanisms and the ligandsinvolved in the binding process, either directly or indirectly,
involved in the biosorption or phytofiltration of heavy metals. of heavy metals to alfalfa biomass are carboxyl ligands on the

Chemical modification techniques have been used to studybiomasg21,28,32,41]. Kelley et al. used solid state NMR,
the importance of particular functional groups in the binding FTIR, and XAS to elucidate the functional groups on water
of heavy metals to biomaterials. For example, chemical es- hyacinth responsible for europium(lll) bindifig0,42]. Car-
terification of carboxyl groups was used to investigate the rilho et al. [43] used!13Cd NMR and?’Al NMR to show
significance of carboxyl groups in the binding of copper(ll), that the ligands involved in cadmium and aluminum bind-
lead(ll), and nickel(ll) to different biomateria]22,24—26]. ing to Pilayella littoralis contain oxygen, such as carboxyl
Other chemical modifications used include ester group hy- groups, whereas Yun and co-workgtd] showed with FTIR
drolysis, sulfur group modification, and amino group modi- spectroscopy that the functional groups responsible for metal
fication. These modifications were done in order to study the binding onEckloniaseaweed are carboxyl groups. Results
effect of modifying the chemical functional groups on the from many studies show that the carboxyl groups in biomass
binding of copper(ll), cadmium(Il), lead(ll), europium(lll),  play animportant role in the binding of heavy metal ions from
and gold(lll) binding to biomaterial27,28]. In addition, di- aqueous solutions. However, it is possible that there may still
rect spectroscopic techniques have been used to investigatbe other metal binding ligands contributing, either directly or
the chemical binding sites on or in biomaterials for heavy indirectly, to the binding process.
metals[29-31], and FTIR spectroscopy has been used to In this study, various direct and indirect spectroscopic
investigate the ligand coordinating different metals such as techniques were used to determine binding mechanism(s)
chromium(lll) on or in biomaterial§31]. Solid state NMR and to identify the ligands involved in the phytofiltration of
and X-ray absorption spectroscopy (XAS) have been used toGd(lll) and Nd(lIl) ions from agueous solutions. The indi-
investigate the binding sites of europium(lll), cadmium(ll), recttechniquesusedwere biomass chemical modification and
copper(ll), erbium(ll), and holmium(lll) binding sitesin bio-  batch-type laboratory experiments such as pH profiles, time
materialg29,32]. XAS consists of two complimentary tech- dependency experiments, and capacity experiments. There
niques, X-ray absorption near edge structure (XANES) and were five different chemical modifications performed on the
extended X-ray absorption fine structure (EXAFS). The XAS alfalfa biomass within this study. The first modification was
technique is especially useful in the study of environmental a chemical esterification performed to reduce the number
systems because it provides very specific chemical informa- of carboxyl groups, which are potential heavy metal bind-
tion. XANES provides information on the coordination envi- ing sites on the biomass. The second and third modifications
ronment including atomic geometry (coordination), density to the biomass blocked the amino groups, another possible
of state, and the elemental oxidation stf@@]. EXAFS pro- heavy metal binding site on the biomass. The amino modifi-
vides similar information; however, it provides more specific cation was performed in two different ways: the firstinvolved
parameters such as coordination numbers, the nearest neigtthe addition of an acetyl group to the biomass blocking the
boring atom(s), and the interatomic distanfZ3. The com- amino groups; the second modification involved the addition
bination of both of these techniques allows an understandingof a carboxylic acid function group to the biomass. The fourth
of the types of binding that are occurring within a sample and chemical modification biomass was a hydrolysis, which was
a better understanding of the chemical processes involved inan attempt to increase the number of oxygen-bearing func-
the system under study. The usefulness of these techniquesional groups on the biomass to increase the total binding.
has been shown in the literature for the investigation on the The final chemical modification to the alfalfa biomass was
structure of different lanthanide containing samg3-40]. the blocking of the sulfhydryl groups on the biomass.

XAS provides structural information on compounds that By performing the chemical modifications to the alfalfa
are difficult to characterize crystallographically (e.g., amor- biomass and performing the different batch pH and capac-
phous materialg29]. More specifically, Schlegel et 487] ity studies, an understanding of the importance of each of
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the chemical functional groups to the sorption of Gd(lIl) and The first of the chemical modifications was an esterification,
Nd(lll) ions from aqueous solution can be developed. In addi- which involved reacting the biomass with an excess of acidi-
tion, by studying the time dependency of the sorption to the fied methanol to convert the carboxyl groups on the biomass
native and chemically modified alfalfa biomass, an under- in to their methyl esterf25]. The second biomass modifica-
standing of the type of reaction between the metal ions andtion was a hydrolysis modification that involved reacting the
the biomass can also be developed. Finally, the sorbent/metabiomass with 0.1 M sodium hydroxide, to increase the num-
reaction products were studied using XAS, a direct technique ber of carboxyl and alcohol grouf25]. The third and fourth
to determine which of the ligands on the sorbent were respon-modifications were to the amino groups, and were performed
sible for the metal ion sorption. In addition, the XAS will in two ways: (a) the biomass was reacted with acetic anhy-
indicate if any metal ion reduction or oxidation is occurring, dride, which adds an acetyl group to the bion{a3$, and (b)
again helping to define the reaction mechanism. the biomass was reacted with an excess of succinic anhydride,
which adds an additional carboxyl group in the place of the
amine group on the biomag7]. Finally, the sulfur groups on

2. Methodology the biomass were modified; this modification was performed
by reacting the biomass with dithiopyridine, which converts
2.1. Reagents and solutions the sulfhydryl groups to sulfur—sulfur double borj@g]. The

sulfhydryl groups on the biomass were also blocked by the
All chemical reagents were of the highest purity. addition of a pyridine grouf27]. After chemical modifica-

Gd(NGs)3-6H20 and Nd(NQ@)3-6H,0 were purchased from  tion, all biomass samples were washed with deionized water,
Strem Chemicals (Newburyport, MA). The chemical was centrifuged, and lyophilized as previously publisti2d].
99.999% on the basis of Gd or Nd. All water used for solution
preparation was deionized water. The nitric acid (Omni Trace 2.4. pH profiles
pure HNG) and NaOH used in this study were purchased
from Fisher Scientific (Pittsburgh, PA). All glassware was The pH profile studies were performed as previously pub-
washed in 10% nitric acid and washed three times in deion- lished in the literaturg6]. Separate 200 mg masses of sor-
ized water before use. Forthe Gd solutions, amass of 3.4327 goent, native and chemically modified alfalfa biomass, car-
of GA(NG;)3-6H20 was weighed out and diluted to 0.1 L re-  boxyl resin, amino resin, and activated carbon were washed
sulting in a 0.10 M solution. From this 0.10 M stock solu- three times, once in dilute nitric acid (0.01 M HNOand
tion, further serial dilutions were made using acid-washed twice in deionized water to remove any soluble materials
glass pipettes and volumetric flasks to make the appropriatethat may have interfered with the reactions. Each sorbent
solutions for all the studies performed in this investigation. was centrifuged (Fisher Scientific 8K) at 3000 rpm for 5 min,
The solutions containing Nd were made in a similar man- and after each washing the supernatants were discarded. The
ner as the Gd(N€)3-6H,O solutions. A mass of 3.3026g sorbent was then resuspended in 40 mL of deionized water
of Nd(NOz3)3-6H20 was diluted in 0.1L of deionized wa- and then pH adjusted from pH 2 to 5, extracting triplicate
ter which resulted in a 0.1 M solution. Serial dilutions were 4.0 mL aliquots of the sorbent slurries at each pH. The pH
performed using acid-washed glass pipettes and volumetricadjusted sorbent was then centrifuged again at 3000 rpm for
flasks to make the appropriate solutions for the studies per-5min and the supernatants discarded. A 4.0 mL aliquot of
formed in this investigation. The 1000-ppm solutions of Gd 0.1 mM pH adjusted solution of either Gd(lII) or Nd(l1l) was
and Nd were made in HNf2washed glassware. Masses of added to the pH adjusted sorbent. The sorbent/metal mixture
2.18 and 2.29 g of Gd(N§)s-6H,O and Nd(NQ)3-6H,0, was then equilibrated on a solution rocker for 1 h and sub-
respectively, were diluted in 1.0 L volumetric flasks. All so- sequently centrifuged and the supernatants were stored for
lution concentrations were checked using ICP-OES with pur- ICP-OES analysis. All ICP-OES analyses were performed
chased analytical standards of the appropriate metal solu-using a Perkin-Elmer 4300 DV ICP-OES spectrometer and
tions. calibration curves with correlation coefficients of 0.99 or bet-

ter were obtained for all analyses.
2.2. Biomass collection

2.5. Time dependency studies

The alfalfa biomass was collected from controlled field

studies located at New Mexico State UniversityinLas Cruces, Time dependency studies were performed as previously
NM, USA. The alfalfa was washed and treated as previously published6]. The sorbents were washed and pH adjusted to

published27]. their optimum binding pH as mentioned in the pH profile sec-
tion. The exception was the activated carbon and the amino
2.3. Biomass modification resin. These were not studied due to their low percentage

of adsorption and they were not a viable option for Gd(lll)
Five different chemical modifications were performed on and Nd(lll) ion recovery from aqueous solution. The sorbents
the biomass using previously published meth{@s,27]. were equilibrated on a rocker with 4.0 mL of a 0.1 mM so-
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lution of either Gd(lll) or Nd(lll) for varying times of 5, 10,  5min and the supernatant discarded. The sorbents were then
15, 20, 30, and 60 min. After equilibration, the samples were resuspended in 40 mL of deionized water and pH adjusted to
centrifuged and the supernatants stored for ICP-OES analy-pH 5 or 2 using diluted solutions of sodium hydroxide and
sis. All calibration curves obtained for the ICP-OES analyses nitric acid; they were subsequently centrifuged. The super-

had correlation coefficients of 0.99 or better. natants were discarded and the sorbents were resuspended in
40mL of a 1000-ppm solution of either Gd(lll) or Nd(ll),
2.6. Capacity studies made from their respective nitrate salts. The sorbent/metal

slurry was then equilibrated on a rocker for 1 h. After equili-

Capacity studies were performed as previously published bration, the samples were centrifuged again at 3000 rpm for
[25]. The sorbents were prepared and washed as mentioned min and the supernatants discarded. After centrifugation,
in the previous pH profile section. Again, the amino resin and the samples were washed using deionized water to remove
the activated carbon were not studied due to their poor perfor-any excess of unbound metal and the supernatants discarded
mance in the pH profile studies. The sorbents were then pHagain. The washed samples were then placed in liquid nitro-
adjusted to the optimum binding pH of 5, as determined from gen for 45min, and lyophilized in a Labconco freeze-dryer
the pH profiles. The sorbent was equilibrated on a rocker for (Freezone 4.5) until dry. The lyophilized samples were then
15 min with a 4.0 mL aliquot of a 0.3 mM solution of Gd(lll) ~ packed into 1.0 mm samples plates with Kaftamindows
or Nd(lIl); the time was determined based on the minimum for analysis at the Stanford Synchrotron Radiation Laborato-
amount of time required for binding to reach amaximum, and ries (SSRL) in Palo Alto, CA, for XAS analys|&5,26,28].
centrifuged at 3000 rpm for 5 min and the supernatants stored
for ICP-OES analysis. A fresh 4.0 mL aliquot of 0.30 mM of
Gd(l11) or Nd(Ill) was added to the reacted biomass and the (A)
equilibration was repeated. This equilibration and centrifu- 1%° |
gation process was repeated for 10 cycles or until the sorbent
was loaded with the respective ions. All analyses were per-
formed using ICP-OES and calibrations curves with correla-
tion coefficients of 0.99 or better were obtained.
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2.7. ICP-OES optimization and parameters

Percent Metal Bound

Different parameters on the ICP-OES spectrometer were 20
studied in order to obtain the optimal ICP-OES parameters to m
study Gd and Nd. The flow rates of the samples were varied ¢ .
from 1.0 to 1.75 mL/min; the nebulization rate of the sample
was also varied from 0.5 to 1.0 L/min. The torch power was
varied from 1300 to 1500 W. The optimal operational param-
eters for the ICP-OES spectrometer are showfTeiple 1.
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2.8. XAS sample preparation and data collection (B)
100 |
A mass of 500 mg of the native alfalfa biomass, chemi- -
cally modified alfalfa biomass, and the carboxyl resin was § 80
weighed and washed three times. The washing stages con@
sisted of one washing cycle in 50 mL of dilute nitric acid and § 6o |
two washing cycles in 50 mL of deionized water. Between =
each washing, the biomass was centrifuged at 3000 rpm for§ 40
2
Table 1 20 F
Optimized ICP-OES parameters for Gd and Nd determination g
Parameter Gd value Nd value 0 g . .
Wavelength (nm) 342.27 406.109 2
QL%((i)I?a]:;\g;:fO\(,b/(T;r?i n) 352 352 ¥l Native B Hydrolyzed B3 Succinated
Nebulization rate (L/min) 0.65 0-65 O Esterified & Acetylated O Sulfur
;r/?;\(l:vh power (W) i\i?::l) ii?;: Fig. 1. (A) pH profile for gadolinium(lll) binding to native and chemically
Integration time (s) 10-20 10-20 modified alfalfa biomass. (B) pH profile for neodymium(lll) binding to na-

tive and chemically modified alfalfa biomass.
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All samples were run at SSRL on beam-line 2—-3 using a 2.9. XAS data analysis
liquid helium cryostat at approximately 10 K. The samples
were analyzed in a liquid helium cryostat to reduce thermal  All XAS data analysis was performed using the WinXAS
disorder inthe samples, which causes dampening of the signakoftware and standard methdd®$]. The spectra were first
as well as poor signal to noise ratios. The operating condi- calibrated on the basis of the inflection point of the pure
tions of the beam-line included a double crystal Si(220) @ metal foil for Gd and Nd, respectively. The spectra were
90 monochromator, a beam energy of 3 GeV, and a current ofthen background corrected using a two-polynomial fitting,
60-100 mA. In addition, the samples were run in the trans- a first-degree polynomial was used on the pre-edge region,
mission mode using ion chambers filled with nitrogen gas. and a third-degree polynomial fitting curve was used on the
The model compounds were diluted using boron nitride and post-edge region and normalized to one absorption unit. The
analyzed in the same manner as the samples. The dilutionXANES spectra were then extracted from the entire spectra
procedure was to dilute the model compounds in boron ni- by sectioning the spectra from 7.2 to 7.3 keV and from 6.05
tride by grinding the model compounds in a mortar and pestle to 6.30 keV, for Gd and Nd spectra, respectively.
until a homogenous mixture was achieved, which gave aone The EXAFS spectra were extracted from the XAS spectra
absorption unit change across the absorption edge. The samby the following procedure: the background corrected spectra
ple and model compounds spectra were collected on theirwere converted into wave vector space K@pace ov&‘l).
respective ky edges 6.208 and 7.243keV for Nd and Gd, The conversion of the background spectra was performed on
respectively45]. For all sample data acquisitions, the beam- the basis of the energy of the photoelectron ejected from the
line was detuned by 50% to reject higher order harmonics

that would make data analysis more diffici26]. (A)
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Fig. 3. (A) Time dependency studies of gadolinium(lll) binding to native
Fig. 2. (A) pH profile for gadolinium(lll) binding to the amino resin, car-  alfalfa biomass, chemically modified alfalfa biomass, and the carboxyl resin.
boxyl resin, and activated carbon. (B) pH profile for neodymium(lll) binding  (B) Time dependency studies of neodymium(lll) binding to native alfalfa
to amino resin, carboxyl resin, and activated carbon. biomass, chemically modified alfalfa biomass, and the carboxyl resin.
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Table 2

Binding capacities for Gd(l1l) and Nd(lIl) binding to the native alfalfa biomass, the chemically modified alfalfa biomass, and the carboxyl resin at pH 5.0
Sample Capacity (mg/g) C.l. 95% Capacity (mmol/g) C.I1.95%
Gd(lll) native alfalfa 33.52 4.21 0.213 0.027
Gd(ll) hydrolyzed alfalfa 8247 14.39 0.524 0.092
Gd(lll) esterified alfalfa 8.64 0.18 0.055 0.0012
Gd(ll) succinated alfalfa 36.19 1.06 0.23 0.0068
Gd(ll) acetylated alfalfa 36.64 1.73 0.23 0.010
Gd(Il) sulfur-modified alfalfa 4224 3.27 0.268 0.0208
Gd(ll) carboxyl resin 93.75 2.16 0.596 0.014
Nd(lll) native alfalfa 34.25 7.58 0.237 0.053
Nd(Ill) hydrolyzed alfalfa 4157 1.84 0.288 0.012
Nd(lll) esterified alfalfa 8.00 0.29 0.055 0.020
Nd(lll) succinated alfalfa 19.14 0.99 0.133 0.0068
Nd(lll) acetylated alfalfa 11.32 0.36 0.079 0.0025
Nd(Il) sulfur-modified alfalfa 2044 154 0.142 0.0108
Nd(lI1) carboxyl resin 42.85 0.63 0.297 0.0043

Note: C.I. 95% is the calculated 95% confidence interval.

absorption edge of the sample spectra. The sample spectréed using FEFF V8.0(47]. The inputs for the FEFF fittings
were then extracted using a spline of 7 knots kmeighted were created using the ATOMS progrda8]. The EXAFS

to 2. The sample spectra were then Fourier transformed fromwere fitted using least squared fittings of the output from
2.0t0 11.24-1 and subsequently back transformed and fit- the FEFF program to calculate the interatomic distances, the
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Fig. 4. (A) Fourier transformed Gd . EXAFS of gadolinium(lll) binding to native alfalfa biomass, chemically modified alfalfa biomass, and the carboxyl resin
(not phase and amplitude corrected). (B) Fourier transformed&KAFS of gadolinium(lll) model compounds, gadolinium(lll) acetate, gadolinium(lll)
2,4-pentadionate, gadolinium(ll) oxide, gadolinium(lll) chloride hydrate, and gadolinium(lll) sulfate hydrate (not phase and amplitude corrected). (C) Fourier
transformed Nd ly EXAFS of neodymium(lll) binding to native alfalfa biomass, chemically modified alfalfa biomass, and the carboxyl resin (not phase and
amplitude corrected). (D) Fourier transformed N@ EXAFS of neodymium(lIl) model compounds, neodymium(lll) acetate, neodymium(lil) 2,4-pentadionate,
neodymium(lll) oxide, neodymium(lll) chloride hydrate, and neodymium(lll) sulfate hydrate (not phase and amplitude corrected).
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number of neighboring atoms, the Debye—Waller factors, and B, the chemical modification that had the largest effect on
energy shifts. The model compounds were fitted using the the sorption of the Gd(IIl) and Nd(lll) ions from aqueous so-
ideal crystallographic inputs from the literature and the un- lution was the esterification. The esterification of the alfalfa
knowns were fitted using crystal structure of Gd(lIl) acetate biomass caused approximately a 60% decrease in the bind-
and Nd(lll) acetate. ing at the optimal binding pH of 5.0 compared to the other
biomasses for both Gd(lll) and Nd(lll) ions. This strongly
indicates that the carboxyl groups on the alfalfa biomass are
3. Results and discussion responsible for the majority of the binding of the Gd(lll) and
Nd(lll). In Fig. 2A and B, the amino resin and the activated
The results of the pH profile studies are shown in carbon have less than 10% binding of the Gd(l11) and Nd(lII)
Figs. 1A and B and 2A and B, for Gd(lIl) and Nd(lll) reacted ions from agueous solution, indicating that the phenyl and the
with the native alfalfa biomass, chemically modified alfalfa amino groups on the biomass are only minimally responsible
biomass, and the ion-exchange resins, and activated carborfor the binding of the metal ions. However, the binding trend
respectively. The overall trend observed in the pH profiles observed for the carboxyl resin is very similar to that of the al-
for all adsorbents is a general increase in binding with an falfa biomass. A large increase in the percentage metal bound
increase in pH, with the largest increase in binding occurring from solution is observed between pH 3 and 4, the range ofthe
between pH 3 and 4. This trend has been observed for manypK, of the carboxyl groups on the resin and on the biomass.
different metals and sorbents; it also indirectly indicates that Similar behavior between the carboxyl resin and the biomass
the functional group on the biomass responsible for the metal supports the idea that the major groups on the alfalfa biomass
binding is the carboxyl groupt9]. As seen inFig. 1A and responsible for metal binding are the carboxyl groups.

Table 3
FEFF fittings of the gadolinium(lll) reacted with native and chemically modified alfalfa at pH 5, and the fittings of the model compounds gadajinium(lll
acetate, gadolinium(lll) 2,4-pentadionate, gadolinium(lll) oxide, gadolinium(lll) chloride hydrate, and gadolinium(lll) sulfate hydrate

Sample Interaction CN R(A) 02 (A2
Gd(lll) reacted with native alfalfa, pH 5 Gd-O0 3.0 231 0.0041
Gd-O 6.4 245 0.0040
Gd-C 4.6 3.60 0.0069
Gd(l) reacted with hydrolyzed alfalfa, pH 5 Gd-O 4.6 2.35 0.0017
Gd-O 4.6 2.50 0.0016
Gd-C 4.4 3.64 0.0022
Gd(ll) reacted with succinated alfalfa, pH 5 Gd-O 4.0 2.34 0.0015
Gd-O 45 251 0.0025
Gd-C 2.9 3.47 0.0019
Gd(ll) reacted with sulfur-modified alfalfa, pH 5 Gd-O 5.2 2.37 0.0025
Gd-O 4.1 2.53 0.0047
Gd-C 3.9 2.36 0.0043
Gd(lll) reacted with carboxyl resin, pH 5 Gd-O 5.3 2.36 0.0039
Gd-O 5.3 251 0.0052
Gd-C 3.8 3.62 0.0039
Gd(Ill) reacted with acetylated alfalfa, pH 5 Gd-O 4.7 2.37 0.0010
Gd-O 4.0 2.53 0.0019
Gd-C 3.61 3.61 0.0016
Gd(lll) acetate Gd-0 3.4 2.38 0.0012
Gd-O 3.9 2.54 0.0013
Gd-C 3.1 3.61 0.0027
Gd(lll) sulfate Gd-O 2.8 2.25 0.0087
Gd-0 7.2 2.40 0.0064
Gh0O3 Gd-O 1.6 2.13 0.0088
Gd-O 6.7 2.32 0.0048
GdCk-6H,0 Gd-O 7.0 2.39 0.0054
Gd-ClI 2.9 2.73 0.0078
Gd(ll) 2,4-pentadionate Gd-O 3.8 2.33 0.00053
Gd-O 43 2.48 0.00081
Gd-C 5.7 3.48 0.0061

Note: CN denotes the coordination numiiedenotes the interatomic distancesiine? is the Debye—Waller factor.
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The results from the time dependency experiments arebeen observed with the binding of gold(lll) ions, platinum(ll)
shown inFig. 3A and B. As shown in this figure, the bind- and platinum(IV), and chromium(VI) to different adsorbents
ing to all the studied sorbents occurs within the first 5 min of [6,28,50].
contact and remains constant up to 60 min. There is a slight Table 2displays the results of the capacity experiments
observed decrease (approximately 10%) in binding with time for the native alfalfa biomass, chemically modified alfalfa
of the Nd(l11) on the esterified biomass. This could be a com- biomass, and the carboxyl resin. Higher binding capacities
petition or a concentration effect; after the first 10 min of were obtained for the Gd(lll) binding to all the adsorbents
contact time, the biomass may have a higher concentrationstudied. This difference in the binding capacities could be
of Nd(ll) than the solution and the concentrations may be related to the ionic size of the Nd(lll) and the Gd(lll). The
equilibrating between the solution and the solid adsorbent. size of Nd(lll) is approximately 0.04, which could cause
However, the other adsorbents and the lanthanide metalsghe metal ion not to fit correctly into the binding site on the
bound to the sorbents do not change with time, indicating different adsorbents. Additionally, it could be an indication
that the binding is stable. Furthermore, the other biomassof the presence of a secondary binding site on the alfalfa
modifications do not cause the biomass to physically interact biomass for the binding of Gd(lll) that becomes apparent
with the metal ions differently than the native alfalfa. This through the chemical modification. There are also some dif-
also indicates that the main groups on the alfalfa biomassferencesinthe chemistry between these two elements: Gd(ll1)
responsible for binding of Gd(lll) and Nd(lll) ions are the forms daisy chain polymeric molecules whereas Nd(lll) does
carboxyl groups. If the binding was a complexation, a re- not [5]. Other factors that may explain this binding differ-
duction in the oxidation state, or a ligand exchange reac- ence could be binding affinity and equilibrium concentra-
tion, then the kinetics of the reaction would be slower, as has tion during the reactions. That is, the sorbents may form a

Table 4
FEFF fittings of the gadolinium(lll) reacted with native and chemically modified alfalfa at pH 5, and the fittings of the model compounds neodymium(lll)
acetate, neodymium(lll) 2,4-pentadionate, neodymium(lll) oxide, neodymium(lll) chloride hydrate, and neodymium(lll) sulfate hydrate

Sample Interaction CN R(A) 02 (A2
Nd(lll) reacted with native alfalfa, pH 5 Nd-O 5.4 2.37 0.0033
Nd-O 3.6 2.56 0.0062
Nd-C 3.6 3.56 0.0013
Nd(lll) reacted with hydrolyzed alfalfa, pH 5 Nd-O 5.4 2.38 0.0052
Nd-O 6.4 2.56 0.0047
Nd-C 4.8 3.71 0.0056
Nd(lll) reacted with succinated alfalfa, pH 5 Nd-O 5.7 2.39 0.0026
Nd-O 4.8 2.56 0.0026
Nd-C 3.7 3.57 0.0028
Nd(lll) reacted with sulfur-modified alfalfa, pH 5 Nd-O 3.6 2.29 0.0032
Nd-O 6.6 2.49 0.0017
Nd-C 3.0 3.58 0.0039
Nd(lll) reacted with carboxyl resin, pH 5 Nd-O 4.9 2.36 0.0012
Nd-O 4.9 2.53 0.0012
Nd-C 4.4 3.8 0.0032
Nd(lll) reacted with acetylated alfalfa, pH 5 Nd-O 4.9 2.35 0.0047
Nd-O 6.0 2.54 0.0038
Nd-C 23 3.53 0.0041
Nd(Ill) acetate Nd-O 3.7 2.39 0.0016
Nd-O 3.9 2.58 0.0012
Nd-C 3.1 3.66 0.0089
Nd(lll) sulfate Nd-O 3.0 2.65 0.0021
Nd-O 6.3 245 0.0029
Nd»03 Nd-O 34 2.40 0.0086
Nd-Nd 9.0 3.77 0.0081
NdClz-6H,0 Nd-O 4.6 2.38 0.0095
Nd-Cl 2.9 2.79 0.0096
Nd(lll) 2,4-pentadionate Nd-O 3.3 2.54 0.0041
Nd-O 6.0 2.37 0.0037
Nd-C 4.6 3.56 0.0039

Note: CN denotes the coordination numtiedenotes the interatomic distancesiine? is the Debye—Waller factor.
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weaker bond to the Nd(lll) and as the concentration of the of coordination complexes have been observed for these el-
metal ion on the biomass increases above the solution con-ements in other systems in the literature, indicating coor-
centration, the metal may be released from the biomass todination to the solid adsorbent and water molecules com-
the solution. This could explain the higher binding capacities pleting the coordination sphef®]. The coordination ob-
observed for the Gd(lll) ions over the Nd(lll) iongable 2 served in the samples very closely resembled a mixture of
shows that there is a general trend for higher binding ca- particular metal acetate and the 2,4-pentadionate as can be
pacities for the Nd(lll) with the native alfalfa biomass, hy- seen from the coordination numbers and interatomic dis-
drolyzed alfalfa biomass, and the carboxyl resins. However, tances given iffables 3 and 4. Similar coordination com-
succination and acetylation result in a drastic decrease in theplexes, with acetate type structures, have been seen with
binding of the metal ions from solution. The succinated al-

falfa biomass binds a higher amount than the acetylated al- T 1 ' ' T
falfa biomass, showing the importance of the amino group in _ r @) ]
the binding of the Nd(lll) ions from aqueous solution. This .2 80 | ,, B
. . . . 18 Gd Sulfur modified pH 5
is also shown in the pH profiles for the resins, where the 5 r
Nd(lll) reacted with the amino resin at pH 5 bound approx- é 60 = Gd Succinated pH S
imately 10% and the Gd(lll) reacted with the amino resin 3 o Gd Esterified pH 5
bound only 2-3% of the Gd(lll) ions from solution. In ad- = i d Acetytated pH 5
dition, the acetylated alfalfa biomass bound approximately g 40 [
60% of the amount of Nd(I1l) compared to the succinated al- 2 r Gl Hydrolyzed pf 5
falfa biomass, showing the importance of the carboxyl group 20 F Gd Carboxyl Resin pH 5
in binding Nd(lll) from solution. However, the esterifica- L Gd Native pH 5
tion of the alfalfa biomass almost eliminated the binding of [ 1
both ions from solution, again showing the importance of 00 - — ]
the carboxyl group in binding both Gd(l1l) and Nd(lll) ions L (B) 1
from aqueous solution. Similar binding capacities have been § g4 - Gd Sulfur modified pH 2
shown for Gd(lll) binding taB. subtilisfrom aqueous solu- & -
tion [51]. § L Gd Esterified pH 2

The results of the XAS studies are shown in < 0 [ o Suecated pi 2
Figs. 4A-D, 5A-C, and 6A—-@nd inTables 3 and 4-ig. 4A 8 C
and B shows the Fourier transformed EXAFS spectra of the E 40 - Acetylated alfalfa pH 2
Gd(Ill) reacted with the different adsorbents and the Gd(lll) g C o Hydroiyzed pH 2
model compounds. It should be mentioned that for the pH X
2 reactions, the signal to noise ratios were too low to ob- 29 T o el
tain useful EXAFS spectra for fitting purposes. As observed L G Native pH2
in Fig. 4A, the spectra of the Gd(lll) bound to the differ- 06 B/ —_— . -
ent sorbents all appear to be very similar and they also ap- 8o - © 5
pear to be the same as the Gd(lll) acetate and Gd(lll) 2,4- § -
pentadionate. The Fourier transformed spectra of the sam-& i Gol(l) Acetate
ples have very similar features and peak shapes compared tl 6.0 -
the organic ligand model compounds. The FEFF fittings of < i Gel 2,4-pentadionate
the Gd(lll) samples and model compounds are presented in 0 -
Table 3. As seenimable 3, the samples are coordinated to be- é a0 T
tween eight and nine oxygen atoms, and on average, they havi 5 L G(Ill) Sulfate Hydrate
four and five oxygen atoms. The fittings indicate that at least 2 20 L
three to four of the oxygen atoms are water molecules, indi- C Gel(Ili) Chloride Hydrate
cated by the shorter interatomic distances of approximately -
at 2.3-2.4, and the remaining oxygen ligands in the com- 00 = -
plex are from the biomass, at an approximate interatomic a Ty ‘7_;6' = ‘7_'28' Y
bond distance of 2.8, which are coordinated to carbon Energy [keV]
atoms.

Similar results are seen for the Nd(lll) reacted with the Fig.5. (A) Gd Ly XANES spectra of the gadolinium(lll) reacted with the
different sorbents, where there are approximately 8—10 oxy- nat?ve alfalfa biomass, chemically modified alfalfa‘ b_iomass, and cark_)oxyl
gen atoms bound to the Nd(III) atom Split between two dif- resinsatpH 5. (B) Gd s XANES spectra of the gadolinium(lll) reacted with
f t shell t imatelv 2.3 ’ d é5| dditi the native alfalfa biomass, chemically modified alfalfa biomass, and carboxyl
erent shells, atl approximately an n addion, resins at pH 2. (C) Gd |k XANES of gadolinium(lll) model compounds,
there is a third shell of atoms, which COI’]SIStS of approx-  gadolinium(iil) acetate, gadolinium(ill) 2,4-pentadionate, gadolinium(ili)

imately three to four carbon atoms at A6These types oxide, gadolinium(lll) chloride hydrate, and gadolinium(lll) sulfate hydrate.
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other trivalent transition metal complexes with biosorbents
[52].

The XANES spectra for the reactions of the Gd(lll) and
Nd(lll) ions with adsorbents and model compounds are
shown inFigs. 5 and 6, respectively. The XANES spectra
provide information on the geometry of ligands attached to

[ T T T T T T T T T T T T L—
8.0 — (A) -
- L 4
2 i ]
a r Nd Esterified Alfalfa pH 5 T
g - -
o . ]
2 6.0 C Nd(llly Hydrolyzed Alfalfa pH 5 ]
< L =
g Nd(Ill} Sulfur modified pH 5 T
N -
"—; 4.0 — —
£ Nd(lll} Acetylated Alfalfa pH 5 g
g : Nd(lll} Succinated Alfalfa pH 5 g
2.0 ; Nd([ll} Carboxyl Resin pH 5
= Nd(lll} Native Alfalfa pH 5
0.0 T T T T T l] T T T i T T T T __
c ool ® ]
S 6.0 Nd{lly Acetylated Alfalfa pH 2
= L 4
= i -
2 L Nd(Illy Esterified Alfalfa pH 2 |
a |
< L Nd(lll) Native pH 2 1
g 4.0 — =
N I Nd(I11} Hydrolyzed Alfalfa pH 2 T
= n |
§ I Nd(Ill) Sulfur modified alfalfa pH 2 1
=] - p— i
=4 20 = Nd(lll} Carboxyl Resin pH 2 —
Nd(l1l) Succinated Alfalfa pH 2 _
0.0 T T T T ] T T T T i T T T T —~
Y 1
[
o 6.0 =
=1 L 4
o | Nd(lll) 2,4-pentadionate |
< r Nd(ll) Oxide 1
T 4.0 = -
8 :
g Nd(lll) Acetate Hydrate 1
s _v
o B
Z 590 Nd(lll) Chloride Hydrate -
Nd(lIl) Sultate Hydrate g
0.0 | 1 1 ) L | | 1 | | I 1 1 ]
6.2 6.25 6.3
Energy [keV]

Fig. 6. (A) Nd L; XANES spectra of the neodymium(lll) reacted
with the native alfalfa biomass, chemically modified alfalfa biomass,
and carboxyl resins at pH 5. (B) Nd;L XANES spectra of the
neodymium(lll) reacted with the native alfalfa biomass, chemically mod-
ified alfalfa biomass, and carboxyl resins at pH 2. (C) Ngd KANES of
neodymium(lll) model compounds holmium(lll) acetate, neodymium(lIl)
2,4-pentadionate, neodymium(lll) oxide, neodymium(lll) chloride hydrate,
and neodymium(lll) sulfate hydrate.

a compound and thus indicate if the reaction products are
the same or differe{63]. The geometry of a compound is
determined through changes in the XANES spectra such as
changes in the pre-edge features or changes in the shoulder
region after the absorption edge can be observed. In addi-
tion, shifts in the positions of shoulders and the white lines
also indicate changes in the geometry. The XANES region
consists of the region approximately 20 eV before the in-
flection point of the absorption edge to approximately 50 eV
past the absorption edf&3]. Fig. 5A—C shows the XANES

of the reaction of the Gd(lll) with the sorbents at pH 5,
the XANES of the reaction of the Gd(lll) with the differ-
ent sorbents at pH 2, and the XANES of the model com-
pounds. The XANES of the Gd(lll) reacted with the sor-
bents at pH 2 and 5 all appear to be very similar and are
similar to three model compounds Gd(lll) 2,4-pentadionate,
Gd(lll) sulfate hydrate, and the Gd(lll) acetate. The Gd(lll)
oxide and Gd(lll) chloride have extra features present in the
XANES region that make them appear different. The dif-
ferent geometrical arrangements of the atoms around the
Gd(lll) ion in different compounds make the XANES re-
gion appear different, which is shown in the XANES spectra
of the model compounds. The position and the sharpness of
the white line feature in the XANES spectra are different
for the different geometrical arrangements. In addition, the
position of the shoulder after the white line in XANES re-
gion appears at higher energy for the Gd(lll) chloride and
the Gd(lll) oxide compared to the other model compounds
and samples. As with the XANES of the Gd(lll) samples,
the XANES of the Nd(Ill) samples also appear to be sim-
ilar to the acetate and the 2,4-pentadionate which all have
coordination numbers of 9 giving them a complex geometry
[5]. The XANES data compliment the EXAFS data showing
that both Gd(lI) and Nd(lll) are bound to oxygen ligands on
the alfalfa biomass with the presence of carbon in the outer
shell.

4. Conclusions

The results from all the studies conducted show that the
carboxyl groups play a vitally important role in the bind-
ing of Gd(lll) and Nd(lll) to alfalfa biomass. The results
also show that alfalfa is a potential biosorbent for the re-
covery of Gd(Ill) and Nd(IIl) from aqueous solutions. In
addition, the time dependency experiments showed that the
biomass binds both Gd(lll) and Nd(Ill) quickly and effec-
tively from solution, showing almost 100% binding within
the first 5min of contact. The results of the pH profiles of
the native alfalfa biomass, the chemically modified alfalfa
biomass, and ion-exchange resins indicate that the carboxyl
groups are the major functional group on the biomass re-
sponsible for the sorption of Gd(lll) and Nd(lIl) to the al-
falfa biomass. In addition, the capacity experiments show
the importance of the carboxyl groups on the biomass for
the binding of the studied metals as the esterification of
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the alfalfa biomass almost eliminated the binding. However,
the results on the binding of Nd(Ill) suggest that there is a

secondary binding site which likely is an amino group on

the biomass. Finally, the EXAFS and the XANES studies

showed that both Gd(lIl) and Nd(lll) binding to the alfalfa

biomass occur through an oxygen ligand with an atomic ge-
ometry very similar to that of their respective acetates or

2,4-pentadionates.
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