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ABSTRACT

Dissolved organic matter (DOM) is a very importantvironmental constituent due to its role in
controlling factors for soil formation, mineral wharing and pollutant transport in the environment.
Prediction of DOM physical-chemical propertiesdhiaved by studying its chemical structure and
spatial conformation. In the present study, dissdhorganic matter extracted from compost
obtained from the organic fraction of urban wag@®M-P) has been analysed by FT-IR, CPMAS
13C NMR spectroscopy and 1H T1 NMR relaxometry weékt field cycling (FFC) setup. While
the first two spectroscopic techniques revealedctiemical changes of dissolved organic matter
after adsorption either on kaolinite (DOMK) or mnarillonite (DOM-S), the latter permitted the
evaluation of the conformational variations as ssseé by longitudinal relaxation time (T1)
distribution at the fixed magnetic field of 500 mAlterations of T1 distributions from DOM-P to
DOM-K and DOM-S were attributed to a decreasing enolar complexity following DOM-P
adsorption on the clay minerals. This study apphedthe first time solid state 1H T1 NMR
relaxometry to dissolved organic matter from commigained from the organic fraction of urban
wastes and revealed that this technique is verynising for studying environmentally relevant
natural organic systems.

1. Introduction

Dissolved organic matter (DOM) originates from plétter, soil humus, microbial biomass and
root exudatesKalbitz et al., 200 As for soil organic matter, a general chemicafirdtion of
DOM is impossible, but it is often operationallypogted as a continuum of organic molecules with
different sizes and structures that pass throufliea of 0.45 Im pore sizeHerbert and Bertsch,
1995; Kalbitz et al.,, 200D However, many studies used different filter siz@aking the
guantitative comparison among experimental resiltgy complicatedHerbert and Bertsch, 1995
Notwithstanding the difficulties in finding an olofeve DOM definition, it must be emphasized that
it is very important in the regulation of hypolintitemetabolism of large lake&im et al., 2008,

in promotion of phytoplankton bloomBdgyer et al., 2006and as a major controlling factor in soil
formation Petersen 1976; Dawson et al978; Uselman et al., 20)7mineral weathering
(Lindroos et al.,2003, and pollutant transporKelbitz et al., 1997; Temmingho#t al., 1997;
Marschner, 1999; Persson et al., 2003; Blasioklet2008; Barrioso et al., 2010In addition,
interactions of dissolved organic matter with soiheral components strongly influence soil carbon
cycle Kaiser, 1998; Hansell and Carlson, 2001; Gabetedl., 2003; Kahle et al., 2003; Cookson
and Murphy, 2004Ravichandran, 2004; Park, 200%or this reason, DOM characterization and
analysis of DOM interactions with clay minerals bav relevant importance for the understanding
of its role in ecosystem functioning.



Typical analytical approaches for DOM charactertrat are fluorescence and absorbance
spectroscopyGhefetz et al., 1998aker and Spencer, 2004; Rivero et al., 2004; elat al.,
2004;Koch et al., 2008; Park, 200%ross polarization magic angle spinning (CPMASE NMR
spectroscopyHKaiser et al., 2003; Contet al., 2004 and high resolution liquid state 1H NMR
spectroscopy L@am and Simpson, 2008 Recently, Fourier transform ion cyclotron mass
spectrometry (FT-ICR-MS) has been applied to evalpaysico-chemical DOM characteristics as
related to molecular formulaggch et al., 2008 To the best of our knowledge, low field 1H T1
NMR relaxometry with fast field cycling (FFC) hagver been applied to the identification of
DOM conformational properties. The technique iseldasn the cycling of the Zeeman magnetic
field (BO) through three different values traditatly indicated as polarization (Bpol), relaxation
(Brelax) and acquisition (Bacq) field&i(nmich and Anoardo, 2004; Ferrante and Sykora,5200
Bpol is applied for a limited and ixed period ah& in order to obtain magnetization saturation and
sensitivity enhancemenKimnmich and Anoardo, 2004 Then, the magnetic field is switched to a
new one, Brelax, applied for a period (s) duringohfhthe intensity of the magnetization changes
(or relaxes) to reach a new equilibrium conditi¢iinally, the application of the acquisition
magnetic field together with a 1H 90 pulse makes magnetization observable and the free
induction decay (FID) acquirable. The proton londihal relaxation times are obtained

at the fixed Brelax intensity through a progressiggation of the s values. Longitudinal relaxation
time (T1) represents the lifetime of the first ardate process that returns the 1H magnetization to
the Boltzman equilibrium along the z axBakhmutov, 200 The T1 magnitude depends on the
nature of the nuclei, the physical state of theéesysand the temperature. In particular, spin—kattic
relaxation occurs when the lattice experiences miagfields fluctuating at frequencies resembling
those of the observed nuclei (e.g. protons). Fatotg fields are obtained by molecular motions
which strongly affect dipolar interactions (Bakhtonn 2004). Namely, the faster the motions (e.qg.,
in small sized molecular systems), the lower isdip®lar interaction efficiency, thereby favouring
longer T1 values (Bakhtumov, 2004). Converselywslomolecular dynamics (as in large sized
molecules) can be associated with shorter spinedatelaxation times due stronger nuclear dipolar
interactions (Bakhtumov, 2004). In the present wtulissolved organic matter has been extracted
from the compost obtained from the organic fractadnurban wastes. After adsorption on clay
minerals (montmorillonite and kaolinite), FT-IR aGfPMAS 13C NMR spectroscopy were applied
to recognize DOM structural changes. The spectmsceesults were used to support DOM
conformational changes as revealed by solid statdield 1H T1 NMR relaxometry with fast field
cycling (FFC) setup at a Brelax of 500 mT.

2. Materials and methods
2.1. Preparation of dissolved organic matter

Dissolved organic matter was prepared accordintgggrocedure dBigliotti et al. (1997) Briefly,

100 g of the compost obtained from the organictivacof urban wastes were added to 1 | of
deionised and degassed water and shaken overmigitdra temperature.

After centrifugation (20 min at 2795 g), the su@damt was separated and filtered first through a
0.7 Im GF/C glass filter (Whatman Corp. Springfi#d!, UK) and then through a 0.45 Im Supor-
450 polysulfone membrane (Pall Gelman Sciences,

Ann Arbor, MIl, USA). The liquid was finally freezgried and the solid material (DOM-P) used for
the spectroscopic analyses.

2.2. DOM adsorption on clays



A montmorillonite (Wyoming smectite SWy-2, Crook @y, Wyoming, USA) and a kaolinite
(Washington County, Georgia, USA) were purchasammfrSource Clay Mineral Depository
(Colombia, MO, USA) and used without further pudiion. Ten grams of each clay were
suspended in 110 ml of a 5.0 mg/ml DOM solutionteAR24 h shaking at room temperature, the
mixtures containing either kaolinite or montmonilite were centrifuged at 15,000 g for 30 min and
then filtered through a 0.45 Im Supor-450 polysasfomembrane (Pall Gelman Sciences, Ann
Arbor, MI, USA). The supernatants obtained afteteraction with kaolinite (DOM-K) and
montmorillonite (DOM-S) were freeze dried and usamdhe solid state spectroscopic analyses.

2.3. FT-IR spectroscopy

Infra-red spectroscopy analyses were conducted avitficolet 6700 FT-IR spectrometer (Thermo-
scientific, MA, USA) with a resolution of 4 cm_1 thin a wavenumber range of 4000-400 cm_1.
Eight scans were used to acquire each spectrursibg ®MNIC

7.3 software. All the samples were analysed irstiig state after preparation of pellets. The pelle
were prepared by finely grinding 2 mg of each feedaed DOM (-P, -K or -S) in an agate mortar,
together with 98 mg of R-grade KBr (Sigma, Milartaly). All the DOM-KBr mixtures were
ground in a ball mill before being compressed petiets.

2.4. CPMAS®C NMR

Cross polarization magic angle spinning 13C NMRNZS 13C NMR) spectra were acquired by
using a Bruker Avance-1l 400 spectrometer (BrukersBin, Milan, Italy) operating at 100.6 MHz
on 13C and equipped with a 4 mm standard bore stdie probe.

Samples were packed into a 4 mm zirconia rotor WiehF cap and the rotor spin rate was set at
13,000 £ 1 Hz. In total, 4 k data points (TD) weddlected over an acquisition time (AQ) of 50 ms,
a recycle delay (RD) of 2.0 s, and 1024 scans (B8ihtact time (CT) was 1 ms. All spectra were
acquired with a 1H RF field of 40 kHz and a ramy &dHz. The radio frequency field applied

to 13C during the spin lock pulse was set at 51.KHe 1H RAMP sequence was used to account
for possible inhomogeneities of the Hartmann—Halaiching condition at high rotor spin rates
(Conte et al., 2004 The recycle delay was chosen after evaluation

of T1(H) values in order to fix RD > 5T1(HLOnte et al. 2004 Contact time was set at 1 ms after
evaluation of variable contact time experimentsi@scribed irConte et al. (1997)Precise 1H 90 _
pulse calibration for CP acquisition was obtainedeported irConte and Piccolo (2007Bruker
Topspin_ 2.0 software was used to acquire all gextsa. Spectra elaboration was conducted by
Mestre-C software (Version 4.9.9.9, Mestrelab ResgaSantiago de Compostela, Spain). Free
induction decays (FID) were transformed by applyirg a 4 k zero filling and then an exponential
filter function with a line broadening (LB) of 1a8z. Fully automatic baseline correction using a
Bernstein algorithm was applied for baseline cdroecBrown, 19995.

2.5. Solid state low field 1H T1 NMR relaxometry

A Stelar Spinmaster-FFC-2000 field-cycling relaxoengStelar s.r.l., Mede, PV — Italy) was used
to run T1 NMR relaxometry experiments. The solidtstDOM samples were studied at the
constant probe temperature of 298 K. The experiaierdlaxometry setting consisted of a
polarization field with a flux density of 580 mT rcesponding to a proton Larmor frequency (xL)
of 25 MHz applied for a period of time (Tpol) ofl0s; a relaxation field with a flux density of 500

mT (XL = 20 MHz) chosen inside the highest sensjtiv

instrumental region and applied for a period syadawith 64 values varying from 1 to 800 ms. The
s array was chosen in a geometrical progressiaorder to cover the entire relaxation curve of
interest. Finally, a 380 mT (xL = 16.2 MHz) acqtimn field with a 1H 90_ pulse of 7 Is was



applied in order to obtain observable magnetizatiod reveal free induction decay (FID) with a
time domain of 100 Is sampled with 512 points. Stans were accumulated. Acquisition of
relaxation curves was achieved with the AcquNMR V%oftware provided by Stelar. The
experimental data were processed with UPEN algari(Alma Mater Studorium, Universita di
Bologna), which gives the distributions of T1 vauBorgia et al., 1998, 2000The T1 distribution
curves (also indicated as relaxograms) were exgpakeOriginPro 7.5 SR6 ((Version 7.5885,
OriginLab Corporation, Northampton, MA, USA) in erdto perform deconvolution with Gaussian
functions and to recover the different componentsg rise to the longitudinal relaxation

time distributions. The number of Gaussian funditmt were used for the deconvolution without
unreasonably increasing the number of parameters eetermined by means of the Merit function
analysis Halle et al., 1998

3. Results and discussion
3.1. FT-IR analyses

Fig. 1A shows the FT-IR spectrum of the dissolved orgamadter used in the present study before
adsorption on clays (DOM-P).

The spectrum is typical for DOM systenk&a(ser et al., 1997; Kovac et al., 2002; Vane gt2408

and a detailed spectral assignmenteaported inTable 1 After interactions with kaolinite, the
resultingDOM-K sample revealed a spectrufig. 1B) with few modifications: (1) the bands due
to the stretching vibrations of Glnd

CHjs groups (2963, 2926 and 2850 cm_1) and those asbignthe C—-O stretching vibrations in
carbohydrates and alcohols (between

1000 and 1100 cr) show larger intensity compared Eig. 1A; (2) the intensity of the band
associated to the aromatic ring stretching vibretjdo the C—H in-plane deformations and possibly
to COO stretching vibrations (1402 ef) is lower than that reported in the spectrum of\ND®
(Fig. 1B). These results can be explained by the abifikaolinite to adsorb aromatic systems.

In fact, Harris et al. (2001andZhang et al. (2009eported that kaolinite can be used to remove
polycyclic aromatic hydrocarbons and azobenzera® faqueous solutions through formation of
Van der Waals interactions between clay surfacetlamglanar structures of the aromatic rings. As
a consequence, all the FT-IR bands which are hiddeer the aromatic signal in DOM-P spectrum
(Fig. 1A) become more accentuated and intense in therspecf DOM-K (Fig. 1B).

As DOM-P adsorbs on montmorillonite, DOM-S samglesgtrieved.

Comparison between DOM-FFifj. 1A), DOM-K (Fig. 1B) and DOM-S Fig. 1C) spectra revealed
that an intensity decrease of the band at 165%, alisappearing of the signal at 1402 cm_1 and
decrease of the bands between 1100 and 966 mwcurred in the spectrum of DOM-S. These
results appear in line with the findings fr@ntton et al. (2005)n fact, these authors showed that
montmorillonite interacts with —OH containing syste through formation of H-bonds via two
different mechanisms. On the one hand, —OH comtginnolecules move closer to clay surface
being attracted by the surficial oxygen in montrdhanite. The —OH groups in alcohol-like
molecules and in acid systems act as proton ddapthe formation of surficial H bridges with the
clay system. On the other hand, clay surface @svitiue to a lack of nearby charge compensating
inter-layer cations, may attract the small wateteoales present in DOM solutions. Water, in turn,
can form H-bonds with the hydrophilic DOM moietidbgreby acting as a bridge between the
organic systems and the clay mineral. As the s@bant in equilibrium with the solid clay phase is
removed, oxydril-containing organic molecules remailsorbed and a FT-IR spectrum of DOM-S
(Fig. 1C) with less intense C-O stretching vibration baasscompared to the spectra of DOM-P
(Fig. 1A) and DOM-K (Fig. 1B) resulted.
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Fig. 1. FT-IR spectra of dissolved organic matR®OM-P, A) and the dissolved organic matter
after interaction with kaolinite (DOM-K, B) and mionorillonite

(DOM-S, C).

Table 1

FT-IR spectral assignment of dissolved organic endldOM) used in the present study.

Wavenumber, cfh Spectral assignment

3412 Hydrogen bonded —OH and —NH groups

2963, 2926, 2850 Symmetric and asymmetric stirggchibrations of
primarily CH, and CH groups

1651 C=0 stretching of amide |

1402 Aromatic rings stretching vibrations; Cid-plane
deformations; COO- stretching vibrations

1100-900 C-O0 stretching of carbohydrates archals

3.2. CPMAS 13C NMR spectra

The CPMAS 13C NMR spectrum of the dissolved organatter before interactions with clay
minerals (DOM-P) is reported ifig. 2A. Figs. B and C report the spectra of DOM after



interaction with kaolinite (DOM-K) and montmorillde (DOM-S), respectively. All the spectra
reveal the typical NMR signal pattern of humic-liketerials {Vilson, 1987. In fact, as expected,
six different intervals are recognized/i{son, 1987; Conte et al., 20p4The first one, between 0
and 45 ppm, is attributed to alkyl systems. Thetrmoportant signals in this interval are a shoulder
at 18 ppm and two large bands at 24 and 30 ppmaddittion, a signal at 39 ppm is present only in
the spectra of DOM-KKig. 2B) and DOM-S Fig. 2C). The resonance at 18 ppm is usually
assigned to methyl group#/({lson, 1987, while the bands at 24 and 30 ppm are attributed

to linear methylene (—CH2-) chain#/i{son, 1987; Roscoe et al., 2Q0delonging either to cutin-
like structures or to other aliphatitch bio-moieties lierop et al., 2001 The signal at 39 ppm
(spectraof DOM-K and DOM-S) is due to the resonance of seemy methyne carbons (—CH-)
possibly generated by chlorophyll-lilkexd terpene-like systemSkjemstad et al., 1983

The second spectral interval between 45 and 60 ipgnaditionally attributed to nitrogenated and
oxygenated alkyl system¥\Vflson, 1987; Conte et al., 2004However, the sole signal visible

in all the spectra is at 56 ppm conceivably duexygenated carbons. In fact, accordingMdson
(1987) only O-alkyl groups such as methoxyls in lignikelstructures or -CH20- systems into
branched molecules can resonate at that chemiiéavahe.
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Fig. 2. CPMAS 13C NMR spectra of dissolved organatter (DOM-P, A), and the dissolved
organic matter after interaction with kaolinite (MK, B) and montmorillonite (DOM-S, C).

The region in the chemical shift interval 60-90 pggnindicative of the presence of carbohydrates
with the largest contribution due to celluloses aedicelluloses§chmidt et al., 2000; Lemnet

al., 2007; Taylor et al., 2008In particular, the shoulders at 68 and 84 ppmhmdue to carbon 6
and 4 respectively, while the signal at 72 ppmsigally assigned to carbons in positions 2, 3 and 5
in cellobiose units. Signals of carbohydrates dse abserved in the range 90-120 ppm. Here the
resonance at 103 ppm can be attributed to C1 ¢blgese units into cellulose I, while that at



around 98 ppm is assigned to the acetal carborthenxylane systems inside hemicelluloses
(Larsson et al., 1999; Schmiekt al., 2009. The 90-120 ppm interval also contains a sighal a

116 ppm which is attributable to acetal carbonseifulose II-like systems.

The spectral region that is usually assigned tanati moieties is 120-160 ppm. In particular, the
spectrum of DOM-PKig. 2A) reveals a main signal centered at 128 ppm, vaseEOM-K and
DOM-S (Figs. B and C, respectively) show also signals at 137 d® ppm. All these signals are
assigned to lignin systemd&Rd@scoe et al., 2004 In particular, p-hydroxyphenol derivative
structures are assumed to give a signal at arogd8dpopm, O-aryl carbons from guaiacyl-like and
syringil-like units may give resonances at 137 da%® ppm. Finally, the last spectral region
between 160 and 190 ppm is attributable to —COQHms. The visual inspection Bfg. 2reveals
that the relative intensity of the signal at 24 pignlarger in DOM-P than in DOM-K and DOM-S
spectra. Moreover, the latter two spectra also shppearance of signals at 39, 137 and 152 ppm
with the contemporary intensity diminution of thesonance at 128 ppm. Finally, DOMS spectrum
uncovers intensity reduction of the signals at B8 475 ppm. All these findings confirm FT-IR
results. In fact, as part of DOM-P is retained awolkite and montmorillonite (such as lignin-like
structures), a reduction of signal intensity in #ikyl (0—45 ppm) and aromatic (120-160 ppm)
regions arises. Proportionally, sensitivity enhaneet for the signals attributable to chlorophyll-
like, terpene-like, guaiacyl-like and syringil-likeystems is achieved. The recorded changes are
similar in both DOM-K and DOM-S CPMAS 13C NMR spegtthereby revealing that both clays
can adsorb hydrophobic systems in accordance itetlature dataHarris et al., 2001; Sutton et al.,
2005; Zhanget al., 2009 In addition, however, the signal intensity dese at 56 and 175 ppm in
the spectrum of DOM-SHg. 2C) indicates that montmorillonite also adsorbs bypthilic
compounds as already reported in literati@atton et al., 2005and in the FT-IR section of the
present study.

3.3. Longitudinal relaxation time distributions

Fig. 3A reports the relaxogram of DOM-P. It shows a carplll distribution which was
deconvoluted in five different relaxing componecgstered at 3, 6, 19, 55 and 121 ms. The number
of relaxing components certainly accounts for tl@MBP molecular complexity which was already
described in many papeiGlefetzet al., 1998; Gigliotti et al., 1997; Koch et &008; Vane et al.,
2008 and in the spectroscopic analyses reported here.
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Fig. 3. 500 mT relaxograms of dissolved organictengDOM-P, A), and dissolved organic matter
after interaction with kaolinite (DOM-K, B) and miomorillonite (DOM-S, C). The black dots are
the experimental data. The dashed lines representifferent T1 components as obtained by
deconvolution. The full lines are the fitting oktkexperimental data obtained by deconvolution.

DOM-P can be considered as a complex mixture demdiht organic molecules among which
hydrophobic alkyl and aromatic systems and hydidappeptidic and saccharidic moieties play the
major roles Gigliotti et al., 199F. These components form supramolecular assocgatiwid
together by dispersive forces (e.g. p— p, CH—p, ¥ad der Waals forces), thereby promoting
formation of aggregates with a wide distribution mblecular sizesGonte and Piccolo, 1999
After freeze drying, the smaller sized DOM-P scdidgregates are subjected to fast rotational



motions which lead longitudinal relaxation time sds longer values (increasing T1 valueEim
3A). Conversely, the slow rotational motions affagtilarger DOM-P aggregates promote more
efficient intraand inter-proton dipolar interactsrfor this reason, shorter longitudinal relaxation
time values are obtained (decreasing T1 valudsign3A). As dissolved organic matter interacts
with kaolinite, adsorption on a clay surface anchfoomational re-arrangement of the organic
matter occurs. Adsorption of organic moieties wadidated by FT-IR and CPMAS 13C NMR
spectroscopy (see above). On the other hand, thd-RQ@elaxogram inFig. 3B reveals that the
deconvoluted T1 distribution is made by four comgmus all centered at T1 values (i.e. 5, 9, 35 and
166 ms) different from those found for DOM-P samBlellowing interaction with kaolinite, all the
organic DOM-K components occurring in the supemmiasalution reaggregate, thereby promoting a
new distribution of aggregate sizes and a new dgponent of the T1 valuesF(g. 3B). The
relaxogram of DOM-S appears significantly simpléant that of DOM-K as only two T1
components at 9 and 15 ms were apparent after delcmion (Fig. 3C). A conceivable explanation
for this experimental evidence can be related @ dlferent layer structure of montmorillonite
which can adsorb small organic matter componentsonty on its surface, but also in its inter-
layers. As a consequence, the amount of organicemaetrieved after interaction with
montmorillonite is lower than that recovered aftgeraction with kaolinite.

4. Conclusions

This study presented a chemical-physical charaetiton of dissolved organic matter extracted
from compost obtained from the organic fractioruddan wastes before and after adsorption on two
clay minerals (i.e. kaolinite and montmorillonitd)T-IR and CPMAS 13C NMR spectroscopy
indicated that kaolinite adsorbed preferentiallydiophobic DOM components, whereas
montmorillonite showed higher affinity for hydrofibi —OH containing moieties. Following
adsorption on clay minerals, a conformational reragement of the DOM subunits was observed
by application of 1H T1 NMR relaxometry with a fdstld cycling setup. This latter technique
revealed that a simplification of the relaxograneswred when DOM-P was adsorbed either on
kaolinite (DOM-K) or on montmorillonite (DOM-S). Iparticular, the number of relaxometric
components varied in the order DOMP > DOM-K > DOMA®cording to literature dat&Chefetz

et al., 1998 Gigliotti et al., 2002;Koch et al., 2008; Vane et al., 2Q0&nd to the FT-IR and
CPMAS 13C NMR spectroscopy results, the higherxatgetric complexity of DOM-P reflected
its molecular complexness. In fact, dissolved olganatter is a mixture of molecules resulting
from the degradation of plant materials, humusiaisses and root exudates. All of them associate
in superstructures having a wide distribution dfedlent molecular sizegConteand Piccolo, 1999
thereby producing the distribution of T1 valuesamed inFig. 3A. After adsorption on kaolinite
and montmorillonite, the remaining organic moietéshe dissolved organic matter re-aggregate to
form new superstructures with a different T1 disition as compared to DOM-P. Finally, the
simplest T1 distribution of DOM-S was explaineddonsidering the inter-layer adsorption capacity
of montmorillonite which enabled the retention oflamger amount of organic molecules than
kaolinite. Although the combination with conventbrspectroscopy (i.e. FT-IR and CPMAS 13C
NMR) provided a good basis for the comprehensioD©@M relaxograms, much more must still be
done to retrieve additional and more detailed @tatric information. In fact, field cycling NMR
relaxometry can be used to investigate the undgglgorrelation functiongimmich and Anoardo,
2004; Ferrante and Sykora, 2005; Conte et al., 2B0%ohImeier et al., 2009; Pru° Sova et al.,
2010 which in turn contain the physicaiformation needed for the understanding of theireaof

the interactions involved in the complexation of natuseganic matter(such as DOM) and the
organic and inorganic componentsioé environmental compartments.
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