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Abstract

The accumulation of Cd in soils worldwide has iased the demand for methods to reduce
the metal’s plant bioavailability. Organic mattertr soil amendments have been shown to be
effective in achieving this. However, it is not kmo how long these amendments can retain
the Cd, and whether dissolved organic matter (D@&Based from them can enhance the
metal’s mobility in the environment. In this studse sought to test the Cd binding capacity
of various organic soil amendments, and evaludterdnces in characteristics of the DOM
released to see if they can explain the labilityhef Cd-DOM complexes. We collected ten
organic soil amendments from around New Zealang: diifferent composts, biosolids from
two sources, two types of peat and spent coffeargle. We characterised the amendments’
elemental composition and their ability to bind tbd. We then selected two composts and
two peats for further tests, where we measuredgadingtion of Ni or Zn by the amendments.
We analysed the quality of the extracted DOM frone four amendments using 3D
Excitation Emission Matrix analysis, and tested lduglity of the metal-DOM complexes
using an adapted diffusive gradients in thin-fil(R&ST) method. We found that composts
bound the most Cd and that the emergent Cd-DOM toaap were less labile than those
from the peats. Ni-DOM complexes were the leasiidafihe aromaticity of the extracted
DOM appears to be an important factor in deterngjrire lability of Ni complexes, but less
so for Zn and Cd.
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1. Introduction

Cadmium is a non-essential trace metal that hagsnadated in soils worldwide (Kabata-
Pendias, 2007). Its relatively high availabilityr folant uptake allows it to be transported
from soils, through the food chain and eventuatiggoa potential risk to humans and animals
(Kabata-Pendias, 2007; Gall et al., 2015). The medation of Cd in soils has been linked to
sustained application of phosphorous fertilizerserg it is a naturally occurring contaminant
(Loganathan et al., 2003; Kelliher et al., 2017ntazadeh et al., 2017). Cadmium can also
enter soils through road runoff, industrial emissiand land application of biosolids and
effluents (Kabata-Pendias, 2007). There are nedast means of removing Cd from soils,
and consequently, there has been an increasings facu options for reducing the

bioavailability of Cd instead (e.g. Simmler et@013a); Al Mamun et al. (2016)).

Various types of soil amendments have been coreidas potential means by which to
reduce the uptake of Cd by plants (Bolan and Danays 2003; Valentinuzzi et al., 2015; Al

Mamun et al., 2017; Shaheen et al., 2017). Thd mle@ndments should reduce Cd uptake,
but not impact on the availability of important maor micronutrients, such as P, Fe or Zn.
(Beesley and Marmiroli, 2011; Valentinuzzi et &Q15), or introduce other contaminants
(Beesley et al., 2011; Paramashivam et al., 2(Na@jeover, they should be readily available

and affordable to allow for their widespread useNtamun et al., 2016).

Recent work has shown the potential for differgmpies of organic amendments to bind soill
Cd in agricultural soils (Simmler et al., 2013b; Mamun et al., 2017), as well as other trace
metals é.g. Pb, Zn, As and Cu) in industrial contaminated s(fslan et al., 2014; Abad-
Valle et al., 2017; Van Poucke et al., 2017). Thiitg for different organic amendments to

influence trace metal bioavailability is informeg the characteristics of the organic matter
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that is employedgg. pH, CEC, humification degree) and the metal ofceon €.g. affinity
for solid and solution phase complexing ligands),weell as the soil type (Albiach et al.,

2000; Bolan et al., 2014).

Zinc and nickel can accumulate in soils throughaaety of means, including: atmospheric
deposition and application of sewage sludge, anmeaiure and phosphate fertilizers. Both
metals are essential to biota at low concentrati@mnelli and Renella, 2013; Mertens and
Smolders, 2013). Moreover, Zn deficiency in plams been linked to increased plant uptake
of soil Cd (Chaney, 2010). On the other hand, ¢&zl/aoncentrations of Ni and Zn can also
have deleterious effects on biota throughout tate¢$ood chains (Gall et al., 2015). Both of
these metals are intermediate Lewis acids, andireefore expected to show a greater
affinity to intermediate and hard Lewis aci@égy( carboxylic and phenolic functional groups)
than Cd, which is a soft Lewis acid. Cadmium iseotpd to bind strongly to soft Lewis
bases in organic mattex.q. reduced sulphur functional groups). By comparimgliinding of
these metals by a range of organic amendments,awediscover which amendments are
suited for optimal management of soils used fodfpooduction, and gain insight into the
chemical characteristics of the amendments thatvahem to best serve this function. This
comparison can also be extended to examine thatdtenobilization of these metals from

the amended soils.

Organic matter-based amendments that have beentaiseanobilize contaminants in soils
may be destabilized, resulting in the release gfamsociated trace metals back into the soil
(Grybos et al.,, 2007; Huang et al., 2016). Morepwsaveral studies have shown that
dissolved organic matter (DOM) can induce metal iEation through the formation of
metal-DOM complexes (see: Bolan et al. (2011) asfdrences therein). Although DOM

represents a labile energy source for soil microthesreadily mineralizable fraction has been

4
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found to be often less than 40% of the total (Kalbt al., 2000; Haynes, 2005). This makes
it a potentially powerful vector for mobilizing ahwise immobile trace metals in the
environment and raises the question of what pakntks may be associated with metal-

DOM complexes that are transported from contamadate!s.

We aimed to determine the trace metal (Cd, Ni amdsorption capacities of different types
of organic matter, with a particular focus on Cde \Wso sought to elucidate whether the
DOM released from these substances show differealitees for enabling the transport and
subsequent release of these metals for biologjwiake. We used a combination of targeted
chemical analyses of soil organic matter stabibiyd capacity to bind trace metals,
spectroscopic analyses of DOM quality and novel sueaments of trace metal complex

lability to achieve these aims.

2. Material and Methods

2.1. Sample collection and pre-treatment

Ten different types of solid organic matter-rictbsuates that are used as soil amendments,
either by themselves, or as constituent parts, aelected for analysis. These were two types
of peat, used coffee grounds, two types of biosodidd five different composts. Forthwith,
these will be referred to as “amendments” for siaifyl The two types of peat were sampled
from the Kopuatai ombrotrophic peat dome on the tiNoisland of New Zealand,
37°24'45.79"S, 175°33'23.38"E) (Sample ID: OP) amkat formation on in the Canterbury
region of NZ's South Island (43°40'38.22"S, 17282803"E) (Sample ID: EP). The peat
samples underwent an initial screening upon catieaising a 10 mm mesh to discard stones
and larger plant material. The coffee grounds (Sanip: CFF) were collected from ten

different coffee shops around Christchurch, NZ. Thesolids were collected from two

5
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locations: the Kaigura Regional Treatment Works in Kaika, NZ, (Sample ID: KBS) and
Christchurch Wastewater Treatment Plant, ChristdihuNZ (Sample ID: CBS). KBS had
undergone an initial treatment of sedimentation amaerobic digestion in settlement ponds.
CBS was thermally dried to <10% water content tnielate pathogens and facilitate
transport. Both sets of biosolids samples wereigeal/by the plant operators. The composts
were obtained from three locations. Three typesoofipost were purchased from Parkhouse
Garden Supplies Ltd. (Christchurch, NZ). The conyparas only willing to provide general
descriptions of their compositions, which were: @mpost derived from commercial
mushroom growing waste (Sample ID: PH), (2) fistst®aand ocean botanicals (Sample ID:
PHW), and (3) pig manure and sawdust (Sample ICP)PHreen waste is not used in any of
these composts. Compost manufactured by LivinghHad. (Sample ID: LE) is made from
municipal green waste (includes: food and gardestayacollected as part of Christchurch
city’s kerbside waste collection program. The fifgpe of compost was purchased from
Oderings Nurseries Christchurch Ltd. (Sample ID:)QBe raw materials used to make this
are unknown. All samples were air-dried, manuatlyugpd and sieved using a nylon sieve (2

mm mesh).

2.2. Sample Analysis

All sample analyses and dilutions used high-punigter (HPW, 18.2 MR resistivity; Heal
Force® SMART Series, SPW Ultra-pure Water systerad®-PWUV). pH (Mettler Toledo
Seven Easy) and conductivity (Mettler Toledo Fivasy) of the sieved samples were
determined in triplicate using a 1:10 solid:watatia (w./vol.) and 24 h equilibration time
(Blakemore et al., 1987). Total carbon and nitrogentent of the amendments was measured
using a Vario-Max CN Analyzer (Elementar Analysestsyne GmbH, Germany). Cold and

hot water extractable carbon (CWEC and HWEC, rdspdy) were measured in all of the
6
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amendments following the method described by Glearal. (2003). Briefly, 3g of each

amendment was sequentially extracted, first witm@0HPW at ambient temperature for 30
mins, after which the extractant was separated fthen sample, filtered (0.45 um pore
diameter cellulose acetate filter) and analysedtdtal carbon (CWEC) using a Shimadzu
TOC-VCSH analyzer (Shimadzu Corporation, Kyoto,aigp The remaining sample was
then extracted with a further 30mL of HPW at 80%C 16 hours, after which the extractant
was separated from the sample, filtered as befodeaaalysed for total carbon (HWEC) as

before.

Cation exchange capacity (CEC) of the amendmenssmeasured using the silver thiourea
(AgTU) method (Blakemore et al., 1987). Briefly,/0.g of amendment was equilibrated
with 35 mL of 0.01 M AgTU in an end-over-end shaker 16 h. Samples were then
centrifuged at 2000 rpm for 10 min, after which thepernatant was filtered through a
Whatman no. 40 filter and analysed using Inducyiv€bupled Plasma-Optical Emission

Spectrometry (ICP-OES) (Varian 720 ES - USA).

Pseudo-total elemental content of the amendmenssdetermined by microwave digestion
(MARSXPRESS, CEM Corp.) of 0.5 g of sample in 8 oflAristar nitric acid (x69%). The
digest was then filtered through Whatman no. S2rfipaper (pore size: 7 pum) and diluted
with HPW to a volume of 25 mL (Kovacs et al., 2000grtified Reference Materials for soil
and plant matter (International Soil analytical Bxcge- ISE 921, and International Plant
analytical Exchange IPE 100; Wageningen Univerditye Netherlands) were also analysed
to confirm acceptable recovery of the analytes. digests were analysed for Cd, P, S, Ca,
Mg, K, Cd, Zn, Ni, Cu, Pb, Al and Cr using ICP-OBRd showed acceptable recoveries for

the analytes. The physical and chemical propeofidise amendments are shown in Table 1.
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The different amendments’ capacity to sorb Cd waalysed using previously developed
sorption experiments using spiked solutions of WDBf Ca(NQ), (Simmler et al., 2013b;

Al Mamun et al., 2016). Briefly, 5 g batches of lramendment, except OP, were mixed
with 30 mL of either 0.05 M Ca(N§)» (Sigma-Aldrich) extraction solution, or extraction

solution that had been spiked to 2 mg (18 pM) of Cd (salt: Cd(N€),-4H,0, BDH,

AnalaR). The mass of OP used was reduced to 2egdore a sufficient separation between
solid and solution phases. A vortex mixer was usedgitate the mixtures for 3 min, after
which the pHs of replicate sets of each mixtureensajusted to 4.5.5, 6.5 (+0.02) using 2 M
HNO3 (BDH Aristar) or 2 M NaOH (BDH AnalaR). The mixes were then placed in an
end-over-end shaker for 2 h, after which they weenatrifuged at 3000 rpm for 20 min. The
supernatant was then filtered through Whatman &dilter paper and analysed for the same

analytes as the digests using ICP-OES.

The metal adsorption coefficient&q] for the different soil amendments were determiaed

each pH as described by Simmler et al. (2013b) 1Eq.

Metal sorbed by substra(eng kg‘l)

K. (Lkg™)=
d( 9 ) Metal in solution fng L™ )

_(Caw (G =G ))x (1)

) (Ceq _Cb)

(Eq. 1)

WhereK, describes the solid-solution phase partitioninthefanalyte of interesEspie is the
concentration of metal in the spike soluti@, is the concentration in the spike solution
after equilibration with the amendment, a@gl is the metal concentration in the unspiked

extractant solution after equilibration. The volurog extractant (0.03 L) and mass of
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amendment used (0.002 or 0.005 kg) weé@ndm, respectively. Extraction sampl€g, and

Cp were analysed in triplicate for each amendmentpibination.

The results of the sorption experiment were usedeiect four amendments for further
analysis. These were the two peat samples (OP &)d Harkhouse mushroom-derived

compost and Living Earth municipal composts (PH bBEjl

A further sorption experiment using 0.05 M Ca@®ypiked with Cd, Ni and Zn (salts used:
Cd(NG;)2-4H,0, Ni(NGs),:6H,0, and Zn(NQ)'6H,O (BDH, AnalaR)) was carried out on
these amendments at pH 5.5 as before. The molaeotations of the metals in the spike
solution were the same as those of Cd (18 uM) éenpirevious sorption experiment. The
extracted solutions from the four amendments wereet into subsets. Three subsets were
allocated for DGT analysis (see below). The othdyssts were analysed in triplicate for
dissolved Cl SQ*, NO; and NH' using a Shimadzu lon Chromatograph (Thermo
Scientific, DIONEX, ICS-2100), total organic carb@measured as non-purgeable organic
carbon, NPOC) and dissolved inorganic carbon (DiS)nhg the Shimadzu TOC-VCSH
analyser. Differences between the mégrnvalues measured for Ni, Cd and Zn in the four
amendments were tested by ANOVA with Tukey’'s past-test using Minitab® 17 (Minitab

Inc, State College, Pennsylvania, USA) at the (208l of significance.
2.3. Dissolved Organic Matter Quality

The Ultra-Violet Absorbance of the dissolved orgamiatter in the extracts was measured at
254, 270 and 350 nm using a UV-VIS spectrophotom@i®/mini-1240, SHIMADZU)
(Carter et al., 2012). The specific UV-absorbararetlie dissolved organic matter (DOM) at

the set wavelengths was calculated using Equation 2
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SUya = A x1000

\ _—bX[DOC] (Eq. 2.)

Where, A is the wavelength (nm) at which the absorbamgg i€ measuredb is the path
length through quartz cell (cm) apDOC] is thedissolved organic carbon concentration (mg

L.

Fluorescence excitation-emission matrices (EEMS) doganic matter extractions were
obtained by measuring fluorescence emission irtieasross excitation wavelengths ranging
from 240-600 nm and emission wavelengths rangimgnf245-820 nm using a Horiba
Aqualog fluorescence spectrophotometer (Kyoto, dapall sample fluorescence intensities
were normalized using the pure water Raman peansity (350 nm excitation, 398 nm
emission) at the same analytical settings as thmplea Parallel factor analysis (PARAFAC)
for EEM results was conducted to identify statetic independent components within the
EEM set, and their relative contributions to thenpke EEMs (Fellman et al., 2010).
PARAFAC analysis was carried out in MATLAB usingetiN-way toolbox and DOMFlour
toolbox for MATLAB (Stedmon and Bro, 2008) follovgrsample screening for outliers. The
optimal number of components was selected in dalerinimise the residual sum of squares
and maximise model core consistency (Murphy et2811,3). On the basis of these criteria a

two-component model was adopted.
2.4. Diffusive gradientsin thin-films analysis

The lability of Cd, Ni and Zn in the extracts oloid from the sorption experiments on the
four different amendments was analysed by adaphti@egnethod used by Amery et al. (2010).
A 1 mL gel layer containing 1 g Chelex-100 catiamding resin (200-400 mesh, Bio-Rad) in

an agarose gel matrix (1.5%)(Total Lab Systemsemdar grade) was cast onto the bottom

10
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of a flat-base 30 mL sample vials (1.2 cm intemaalius); henceforth, this is referred to as
thebinding layer. A 1.36 cni agarose-only (1.5%) layer was cast on top of thisdiffusive
layer forthwith. During casting it was observed thatréhevas a small amount of even
adhesion to the sides of the SV-DGT, resulting slightly concave diffusion layer surface.
The vial containing the diffusion and binding layevas placed on a lab shaker with HPW for
24 h, during which the water was changed threediribe gels were then conditioned with
0.01 M NaNQ for at least 8 h before deployment. The use dusive and binding layers
within a confined test vessel allowed the applaratof the underlying principles of the
diffusive gradients in thin-films (DGT) techniqueyt in relatively small volumes; forthwith,

these devices are referred tosamll volume-DGT (SV-DGT) devices.
24.1. Theory of SV-DGT

When a simple solution containing trace metalsstaxg mainly as their hydrated (free) ion
species, is deployed in an SV-DGT device, the metd diffuse through the diffusive layer
and towards the binding layer, where they are tggdund by the chelating resin. Within
approx. 60 minutes a linear concentration gradefdrmed within the diffusive layer and a
diffusive flux progressively depletes trace metaii the solution. When the diffusive flux
into the binding layer is greater than the diffesflux from the solution, a diffusive boundary
layer (DBL) emerges perpendicular to diffusive klayésing Fick’s first law of diffusion, the

flux, J (mol cni? s%), of metal from the solution at a given tinte ¢an be calculated using

Equation 2:
J(t):Ci(t)(DDL+ D ],O<t<T (Eq. 2)
JDL DBL

11
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where, C; is the trace metal concentration at the edge efD@BL, D°- and D" are the
diffusion coefficients of the metal in the diffusivayer and the solution, respectively, and
opL andopg are the length of the diffusive pathway through diffusive layer and the DBL

respectively.

In conventional DGT solution deployments, the voduaf solution is large enough to allow
an assumption to be made that the solute concemtrat the solution does not change
significantly during the deployment. Due to the 8malume used here, this does not apply.
If an assumption is made that the rate of diffubsolute is the same in the diffusion layer
and the surrounding solution, and that the fluxrate metal is directly proportional to the
concentration at the edge of the DBL, then the ghan the solution concentration can be

modelled by including Eqg. 2 into the expressionfii@t order decay (Equation 3).

DDLXA J
Xt

_ (_(5 +3ppL )V
Ct — CO X e DL DBL (Eq 3)

Where,Cp andC; are the metal concentrations in a solution wikmewn volume Ys,) at the
start of the deployment and at the end of the depémt, respectively, and the cross-sectional
area of the SV-DGT device is given By Given the highly confined nature of the SV-DGT
device, and the slightly concave gel-solution ifatee, accurate determinationd andopg.

is challenging. However, whety andCy are known, Equation 3 can be solved for the sum of
opL + JopsL. The sum of these two terms is referred to forthwas theapparent diffusion layer
(ADL, 0a), which is an operationally-defined lumped paranéat integrates differences in
rates of diffusion between the DBL and the diffuslayer, as well as the average length of
the diffusive path between the bulk solution in ®&-DGT and the resin layer-diffusion

layer interface during the deployment.
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When patrtially labile trace metal complexes aresgng, the depletion of the free metal ions
perturbs the equilibrium between the free metal &nd the metal complexes, and the
complexes begin to dissociate to re-establish ¢oudibrium. Under these conditions, the rate

at which the trace metal concentration in thegegition is depleted is determined by:

(1) the concentration of free metal ions in the sohutio

(2) the length of the diffusive pathway between theusoh and the binding layer, under
well stirred conditions this is closely approxinthtey the thickness of the diffusive layer

(3) the diffusive characteristics of the metal ion spepresent in the solution

(4) the concentrations of the metal-ligand complexe=sgmt and the rates at which they

diffuse and dissociate.

Under conditions where the availability of tracetahg¢o be bound by the resin layer is
limited by the rate at which its complexed spe@asn dissociate, the rate of trace metal
depletion is reduced. In equation 3, this can Ipeesented by increasing, given that all
other variables can be constrained by careful eéxyetal design and previously established
diffusion coefficients in the agarose gels usec {ghang and Davison, 1999; Wang et al.,
2016). This concept is analogous to the ‘apparéfitisive boundary layer thickness’
developed by Warnken et al. (2007). By compawpg measured in @ontrol solution,
where most of the metal exists as free metal i@gainsta 1 that has beedeterminedn test
solutions deployed under identical deployment conditions cjally: the same SV-DGT
device physical characteristics, temperatureisginrates and deployment time, it is possible
to gain a semi-quantitative estimate of the diffiees in lability of the dissolved complexes
in the test solutions. By using the diffusion caméint of the free-metal ion in calculating
oaT, the kinetic limitation imposed by the partialgbile complex can be related to the metal

availability in the well-defined control solution.
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In test solutions where the complexes are highydaand/or the majority of the metals exist
as free metal ion species, the radior/oac will be close to unity. In solutions where the
complexes are not labile within the timescale & tleployment, the complexes can diffuse
into the resin layer (Lehto et al., 2006; Shafaeiadeh et al., 2013; Galceran and Puy, 2015).
This results in a ‘dilution’ effect where metal cmtration is still depleted in the test
solution. This provides a theoretical maximum #arr/oac Wwhich is metal-specific and
determined by the relative volumes of the deployinseiution and the total volume within
the SV-DGT where the complex can dissociate {he sum of the resin layer, diffusion layer
and deployment solution volumes). For the SV-DGVides used to analyse Cd, Ni and Zn
here, where the ratio 0¥sy to total available volume is 0.81, therefore thearetical
maximum values ofa t/oac are 4.13 (Cd), 4.17 (Ni) and 4.26 (Zn). The ddéferes between

the metals are determined by their respective sliffu coefficients in agarose.

2.4.2. SV-DGT measurements

To enable more direct comparison of the specifiarids present in the different organic
matter extracts, the extracts from the sorptionedrpents carried out for Cd, Ni and Zn at
pH 5.5 were modified to achieve matching metal:D@@lar ratios in the solutions.
Cadmium, Ni and Zn were added to their respectkteaet solutions to match the highest
metal:DOC molar ratio in the extract solutions {@Arthe EP extract solution) (Table 2). The
conductivities of the extract solutions were meaduand adjusted to 10.5 re8 (= 2.0)
using NaNQto approximate a consistent ionic strength betvgadutions, while reducing the
possible time within which microbial degradationghmi influence the DOM. The extracts

were then equilibrated at 5 °C for 24 h, after whilkey were brought to room temperature

14
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and deployed in SV-DGT devices placed on a laboyatbaker for 24 h. A subsample of

each test solution was then collected and analiggedd, Ni and Zn using ICP-OES.

The SV-DGT probes were also used to analyse thigyatf Cd, Ni and Zn from complexes
formed from two synthetic model ligands, nitrilattetic acid (NTA, Sigma-Aldrich) and
ethylenediaminetetraacetic acid (EDTA, Titriplek MERCK). These were made in 0.05 M
Ca(NQ), solutions and adjusted to pH 5.5, as before. Td@ntl concentrations used here
were chosen to achieve consistent metal:ligand mmataos (Table 2). The model ligand test
solutions were allowed to equilibrate for 24 h efdeployment. Each extract and model

ligand solution was analysed in triplicate.

2.5. Speciation modelling

The speciation of the metals in the model ligantutems was modelled using Visual
MINTEQ ver. 3.1 (Gustafsson, 2016). The speciafiorthe organic matter extracts was
estimated using the Windermere Humic Acid Model (M) VII (Tipping et al., 2011).
The proportion of DOM as fulvic acid (FA) in thegieextracts was assumed to be 25%, with
the rest as humic acid (HA) (Tipping et al., 20@3)borda et al. (2008) found that almost all
of the DOM in compost extracts was FA at pH 5, gitiee slightly higher pH used in this

work, the proportion of DOM as FA in the PH and &Eracts was set at 95%.

15



330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

3. Resultsand Discussion

3.1. Cadmium sor ption capacity of the organic amendments.

The results from the batch sorption experimentsficoad the previously observed high
capacity of composts to sorb Cd (Figure 1.) (Ulmanal., 2003; Al Mamun et al., 2016). Al
Mamun et al. (2016) suggested that the high CECGedhin composts could be an important
feature of these amendments’ capacity to bind Qs & further supported by the results
from these experiments. A regression analysis fahatt CEC correlated positively with the
logKq measured in these amendments and explained 646é whriation at pH 5.5 0.01,

n = 10; not shown), which may explain why the comptesived from fish waste and ocean
botanicals (PHW) did not appear to sorb Cd as a®lthe other composts. This can also be
seen in KBS, CFF and OP. The contrasting abilitie€BS and KBS biosolids to sorb Cd
may also be related to their CECs. Fard et al. {28howed a positive relationship between
pH and Cd sorption capacity of biosolids and a lsinpattern is seen here. The low pH KBS
did not sorb much Cd at pH 4.5, while tkg of CBS was over ten times higher than that of
KBS at around pH 4.5; however, at pH 6.5 CB&jnly increased ~20% from th& at pH
4.5. On the other hand, tkg of KBS increased twelve-fold across the same pigeawhich
suggests that Cd adsorption onto variable chargeling sites may be a significant
component of the overall binding of Cd to KBS. Tda®sults suggest that careful pH
management of biosolids amended soil is an impbitansideration when managing the
trace metal uptake from those soils. This is egplgdmportant given the relatively high Cd

concentrations in KBS (3 mg Kyand CBS (1 mg kg (Table 1).

Peat and coffee grounds are often used as a gaw&imdment in soil-less growth media, as

a bulking agent in composts, and peat has beerogpedpas a potential medium for treating
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wastewater (Brown et al., 2000; Barreto et al., 20Barrell and Jones, 2010), which
informed the decision to their use them in thigdgtuDespite the marked difference in their
provenance, the two peat samples showed almosteatical capacity to sorb Cd, while the
coffee grounds bound relatively little Cd. The tpeats’ CECs are very similar, while CFF
had the lowest CEC of the amendments consideredhatds reflected in the amendments’

ability to bind Cd (Table 1).

The two composts tested for Ni and Zn sorption ldoonmore Cd than either of the two other
metals, although the differences are only signifidaetween Cd and Zn at pH 5§<0.05)
(Figure 2.). Simmler et al. (2013b) suggested tletuced organic sulphur-containing
functional groups (soft Lewis bases) in lignite leieat to bind Cd effectively. Al Mamun et
al. (2016) subsequently proposed that these fumadtigroups may also be important in
allowing composts to reduce the dissolved Cd camagons, and hence plant bioavailability
of the metal. However, they also noted that thatretly high bioavailability of Zn in the
compost-amended soils may have also affected ttekeiwf Cd by the plant. The stronger
binding of Cd over Zn and Ni seen here providethiirsupport for these both these theories.
There are few significant differences in the peaggacity to sorb the different metals: their
CECs are approximately a half those of the compesgigch is reflected in differences Ky

values for each of the metals between the peatth@ncbmposts (Figure 2; Table 1).

An important question regarding the use of orgaammendments for managing the
bioavailability of potentially hazardous trace meta soils is the longevity of the effect, and
the fate of the bound trace metals if the orgaratten is degraded through microbial action.

This is especially pertinent when considered indbetext of predicted effects of forecasted
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changes in global temperature and rainfall pattem®rganic matter stability in soils (e.g.
Puissant et al. (2017)). The cold and hot-wateraekbn methods sample different pools of
carbon from the amendments. Previous studies Hamersthat the CWEC fraction consists
mostly of hydrophilic carbon (e.g. amino sugargpohydrates and low molecular weight
organic acids, polysaccharides and high molecught fulvic acids) (Haynes, 2005; Said-
Pullicino et al., 2007). The focus here is on th&EL fraction, which has been associated
with weakly adsorbed dissolved organic matter toeral surfaces and humic acids, and has
been used as a general indicator of the labilgifra®f the organic carbon in soils (von
Lutzow et al., 2007). Out of the amendments comsaidnere, the HWEC fraction of CBS
was over twice as high as the next highest (PHbIETA) and between three to ten times
higher than values measured in soils under diftdeard uses (Ghani et al., 2003) . While the
Kq of CBS was relatively high (~400 L Rgat pH 5.5, Figure 1) compared to most other
amendments here, its high Cd concentration, cordbwigh the apparent vulnerability to
microbial degradation, could be seen as valid mmador restricting its use as a soill
amendment. The two peats (EP, OP) and the muniaqmhimushroom-derived composts (LE
and PH) had the next highest HWEC fractions, wipgobmpts the subsequent investigation
into the lability of Cd, Ni and Zn associated witle DOM extracted from them by the 0.05

M Ca(NG;), and the chemical characteristics of that DOM.

3.2. Speciation and lability of cadmium, nickel and zinc in the organic matter

extracts

Geochemical modelling of the extracted solutionagi$VHAM suggested that over 99.4%

of the total Cd, Ni and Zn was complexed by the D@MII of the respective extracts (Table
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2). This is considerably higher than seen in presiowork when the WHAM model has been
used to estimate trace metal speciation in soilaetd (Tipping et al., 2003; Cornu et al.,
2011; Ren et al., 2015). This is almost certainlg tb the very low metal:DOC ratios in the
extracts, driven mainly by the large amount of D@Mracted from the organic amendments.
With this in mind, it is important to acknowleddeat the lability and speciation estimates
carried out here are artificial and unlikely to bi@ectly representative of most soil
environments, where the amount of soil organic endttan can equilibrate with porewater is
considerably less, and a proportion of the DOMkisly to be mineralized rapidly and/or sorb
to soil solid interfaces (Lehmann and Kleber, 2015)loes however provide an opportunity
to estimate conservatively whether complexed metadfht become available for biological
uptake or a chemical reaction, following a changeaquilibrium. Kinetic limitations have
been reported previously for trace metal uptakelapts (Degryse et al., 2006; Custos et al.,
2014) and organisms native to sediments (Amirbahetaal., 2013), and natural water
(Jansen et al., 2002; Buffle et al., 2009; Shakedl las, 2012). These conditions are often
identified when equilibrium-based methods fail teegict biological uptake (Zhao et al.,

2016).

Amery et al. (2010) used a similar type of DGT dado the one employed here to show that
the method can be used to analyse complex labditg obtain comparable kinetic
information to the more conventionally used contpatiligand exchange method (CLEM)
(Lam et al., 1999). In our work the SV-DGT analysesfirmed the previously observed
kinetic limitation of Zn and Ni release from NTA GrEDTA complexes and that Zn
complexes were more labile than those of Ni, agdeater kinetic limitation of both metals’
dissociation from EDTA complexes (Bowles et al.0@D Analyses of the compost and peat

extracts showed that the Zn and Cd complexes &avedy labile when compared to Ni,
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which agrees with previous measurements in nawagdrs (Warnken et al., 2007; Levy et
al., 2012) and hints at relatively low solubility @rganic matter containing reduced sulphur
functional groups at this pH. Cadmium was relaiviglbile in the OP extracts, however
significantly less so in the EP and compost extraespecially LE. This could indicate that
Cd-DOM complexes mobilized from soils where theseposts had been used to manage
Cd bioavailability may persist longer in soils befalissociation than when peat similar to
OP was used. If composts were used to manage Karoamation, under leaching conditions
this could conceivably increase Ni mobility in thal, more than a less labile complex, such
as Zn, whose ability to participate in chemicaltemns or be taken up by biota would be less

kinetically limited.

3.3. Quality of the dissolved organic matter in the extracts

Excitation-emission matrix (EEM) fluorescence ofe tlextracts was characterised by
fluorophores consistent with aromatic (humic-likepanic acids (peaks C and A), proteins
and amino acids (tryptophan- and tyrosine-like;kgefl and T2) that are common features
of humic extracts (see: Supporting Information) & et al., 1991). Steady-state
fluorescence EEMs integrate information on the omxtof compounds present in DOM
which have been shown to consist of fluorophores wiultiple excitation peak centres for
both proteins and humic substances (Li et al., 20D&spite the complexity of EEM
fluorescence, previous workers have shown the egdglity of this method for understanding
both DOM metal binding properties (Luster et a@9@,; Baker et al., 2008; Ohno et al., 2008)

and biodegradability (Hudson et al., 2008; Hangdeal.e2016).
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The Peak T fluorophore indicates of the proportbbioavailable organic matter (Marschner
and Kalbitz, 2003), and hence the potential forrob@l activity in the sample (Hudson et
al., 2008). Peak T fluorescence in our samples stoa declining relationship with the
emission wavelength of maximum fluorescence intgresi Peak C (Figure 3 b), which has
been shown to increase in tandem with the degresrahaticity and conjugation in soll
organic matter (Senesi et al., 1991). DOM aromgti¢ie. phenolic content) may diminish
DOM biodegradability, whilst enhancing metal conxalgon strength (Baker et al., 2008).
However, aromaticity will increase in DOM if biod@glation acts preferentially on aliphatic
and low molecular weight DOM fractions (Hansen let 2016). Regardless of the precise
mechanisms of causation, refractory amendments gher metal binding strength are
likely to exhibit lower protein-like fluorescenc&his is consistent with the results of metal
lability measurements in the studied extracts (Feddia) that show a positive trend between
Ni and Zn kinetic limitation and the Peak C emisswavelength. These results are broadly
supported by the SUVA, measurements (Table 2). Shafaei Arvajeh et all3p0bserved
that Ni-HA complexes were less labile than Ni-FAnmexes, which further suggests that the
former may be more abundant in the compost extr8gtsontrast, Cd lability showed little
change as a function of DOM aromaticity, probalmiglicating Cd complexation with non-
phenolic moieties in DOM ligands. This suggestd thacrobial degradation of DOM may
reduce the mobility of Cd-DOM complexes to a greatdent than Ni-DOM complexes. The
work by Amery et al. (2008) provides further eamde to support this hypothesis. They
showed a strong correlation between Cu:DOM conagatr ratios and DOM aromaticity in
250 soil leachates, highlighting the role of DOMality in determining metal-complex

mobility in the environment.
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The relatively simple mathematical solution andlwehstrained system used to assess the
lability of the metal:ligand complexes here makes 8V-DGT method an attractive option
for measuring the dissociation rate constants ofjptexes. Previous work has shown that
when the kinetic window of a DGT device is chandsdusing different diffusion layer
thicknesses, it is possible to estimate complegadisition rate constants (Scally et al., 2003;
Warnken et al., 2007). This method could be adaptethe SV-DGT device; however,
measuring these rate constants was not an objeddtitres work. The greatest advantage of
the method is that enables the analysis of tradalmemplexes under circumstances where
extensive dilution of sample is would normally beguired, such as those from soil or

sediment porewaters.

As with the speciation modelling, it is importamt tecognize that the results herein are
subject to certain caveats caused by the experahapproach used. We normalized the
metal:DOC ratios across the different metal-amenmdnecembinations after the extraction
solutions had equilibrated with the amendments idensd. We did this to enable
comparison of the lability of the different DOM cplaxes and to elucidate whether the that
could be related to the quality of the DOM from th#ferent extracts. Previous studies have
shown that the metal:ligand ratio is an importagtedninant when assessing the lability of a
complex (Sekaly et al., 1999; Guthrie et al., 2003)is means that these measurements are
likely to overestimate the lability of Cd in theteacts where a kinetic limitation is observed.
It is also useful to note that, although numerousliss have shown that soil extractions
carried out using 0.05 M Ca(NJ2 can provide a good estimate of plant bioavailéfaetion

of soil Cd (Gray et al., 1999; Black et al., 20Black et al., 2012; Reiser et al., 2014), the
ionic strength of this extraction solution is highlean what is commonly observed in most

soil porewaters (Edmeades et al., 1985). Dissaluiicsolute from the amendments will have
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contributed to this. While the high ionic strengghikely to have reduced the probability of
solute binding to the agarose diffusion layer (Wahg@l., 2016), it is also possible that there
was a consequent increase in the perceived labilitlye Ni complexes due to ligand-assisted

dissociation in the resin gel (Puy et al., 2014rtlker testing is needed to quantify this effect.

4. Conclusions

Our results provide further evidence to suggeat tomposts are well-suited to managing
soil Cd bioavailability, without inducing Zn defemcy in plants. However, they also indicate
there may be an associated risk of Cd being trateghofrom the location of the
contamination, especially under conditions wheeedtganic matter is destabilized. The risk
of metal transport will probably be greater if cavspwas used to manage Ni contaminated
soils, owing to its apparently greater affinity DOM with a high aromaticity and the likely
stability of the Ni-DOM complexes that emerged. Whit should be recognized that this
work only considered four types of organic amendsieand further work is needed to gauge
whether leaching of Cd (or other trace metals) frmampost amended soils is significant,

there is increasing evidence that DOM quality kkigl be an important factor.
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739 Tables

740 Table 1. Chemical properties arelemental concentrations of the amendments comslder
741

EP oP PH LE PHW PHP CFF oD KBS CBS
pH 7.13(#0.00)  3.25(0.02)  6.92(x0.08)  7.65(+0.07) 555 (x0.02)  6.26 (:0.00)  4.89 (x0.06)  5.30 (+0.00)  3.68 (x0.01)  6.49 (+0.03)
Conductivity (LS/cm) 307 (+0.35) 296 (+6.09) 4060 (+1.23) 2370 (x0.54) 309 (+0.46) 1408 (:0.46) 2893 (+0.75) 3096 (+6.82) 4340 (x0.40) 6733 (0.89)
( Lo 0 26.4 21.4 42 44.8 36.1 42.2 16.8 37.9 17.4 30.9
C (%) 15.7 46.9 345 22.0 16.1 25.5 50.2 30.4 26 nd
N (%) 1.20 1.56 1.58 1.93 0.45 1.63 2.30 1.03 2.6 nd
Watezueg‘éagf;b'e ¢ 671 7939 3073 2196 428 2070 37017 1173 903 6531
Hot Wat(irg']eétg‘f;tab'e ¢ 3928 4690 5219 4538 1530 3536 5 2100 3860 11265
P (mg kg™ 836 241 7378 2786 836 2798 1158 2976 5369 17760
S (mg kg™ 2538 2347 6856 2360 837 3438 1496 3056 10580 14867
Ca (mg kg?) 8350 1486 27916 22406 15848 15892 1140 10899 11200 30320
Mg (mg kg™®) 2326 699 3965 4510 9168 3008 1682 2031 4043 5842
K (mg kg™ 2684 833 6020 5363 3000 5019 4526 4843 3379 3354
Cd (ug kg™ <0.21 <0.021 <0.021 0.1 <0.021 <0.021 0.01 <0.021 3 1
Zn (ug kg 49 8 649 294 73 153 9.8 441 1356 1108
Ni (ug kg™ 10.7 0.185 46 7.5 27.7 5.6 0.17 5.0 20.7 314
Cu (ug kg™ 15.8 1.7 109.9 46.3 29.7 26.2 233 74.0 782.9 318.1
Pb (ug kg™ 13.9 2.4 5.5 99.7 11.1 10.2 <0.21 7.6 135.0 60.7
Al (ug kg™ 15888 1364 6666 10461 28189 12229 4 9840 19008 15605
Cr (ug kg?) 17.9 1.2 10.2 25.3 33.7 39.5 0.0 23.9 41.9 153.2
Where values are averages, standard errors are given in brackets (n=3). nd: not determined
742
743
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745 Table 2. Solution composition in the extract and test sohg analyzed using SV-DGT.

[DOC] or
Initial [DOC] [ligand] in test
Initial [Me] or [ligand] Conductivity [Me] in test solution Free ion SUVA
Metal Sample (UM) (mM) (mS cm) pH solution (UM) (mM) activity (nM) % complexed (Lgtem™

NTA - - 10.51 5.49 1.537 (+0.005) 5.0 2.38 99.6 nd

EDTA - - 10.06 5.59 1.362 (+0.004) 5.0 0.007 99.9 nd
EP 0.658 (+0.008) 185.6 (+ 4.9) 9.37 5.6 3.92 13.92 541 99.6 17.84
e OP 1.16 (+0.01) 841.6 (+4.3) 9.50 55 17.77 63.06 6.36 99.9 10.31
PH 0.35 (x0.02) 452.6 (+ 16.8) 11.93 5.6 9.56 33.91 10.96 99.5 16.41
LE 0.102 (+0.002) 378.6 (+9.1) 12.02 5.6 8.12 28.82 11.45 99.4 24.33

NTA - - 10.54 5.47 1.141 (x0.008) 5.0 0.03 >090.9 nd

EDTA - - 10.40 5.62 1.185 (+0.009) 5.0 6 x 10° >99.9 nd
) EP 0.95 (+0.01) 185.6 (+ 4.9) 9.69 5.6 3.92 13.92 6.08 99.5 17.84
N OP 1.08 (+0.11) 841.6 (+4.3) 9.39 55 17.77 63.06 7.17 99.9 10.31
PH 0.18 (x0.02) 452.6 (+ 16.8) 12.28 5.6 9.56 33.91 14.68 99.5 16.41
LE 0.24 (x0.02) 378.6 (+9.1) 12.39 5.6 8.12 28.82 15.67 99.4 24.33

NTA - - 10.56 5.51 1.106 (x0.003) 5.0 0.29 99.5 nd

EDTA - - 10.10 5.53 1.152 (+0.002) 5.0 9x 1073 99.6 nd
EP 4.36 (x0.15) 185.6 (+ 4.9) 9.38 5.6 3.92 13.92 3.23 99.8 17.84
an OP 2.47 (x0.10) 841.6 (+4.3) 9.48 55 17.77 63.06 3.61 99.9 10.31
PH 7.33 (x0.08) 452.6 (+ 16.8) 11.89 5.6 9.56 33.91 6.25 99.8 16.41
LE 2.29 (x0.09) 378.6 (+9.1) 12.02 5.6 8.12 28.82 6.75 99.7 24.33

The concentration of DOC is given as mmol C L™, while the concentrations of NTA and EDTA are based on their molecular weight.
Where values are averages, standard errors are given in brackets (n=3). n.d.: not determined.
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746  Figures

747 Figure 1. Sorption of Cd at three different pHs by the orgammendments considered. The

748 error bars show standard deviatior3).
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751 Figure 2. AverageKy of Cd, Ni and Zn at pH 5.5 in two types of peaP(@nd EP) and two
752 composts (PH and LE). The error bars show standenat of the mean, different letters

753 indicate significant differences between the mgar®.05,n=3, exceptky,ni for LE where

754  n=2).
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756

757

758

759

760

Figure 3. The relationship between the relative kinetic restn of DOM-metal complexes

(d &ontro) @and DOM aromaticity (Peak C Raman-normalisednisity) (a); and (b) negative

correlation between DOM amino-acid fluorescenceakp€2; inferred biodegradability) and

DOM aromaticity (emission wavelength of maximum P€afluorescence intensity).
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761 Figure 4. The relative kinetic limitation of Cd, Ni and Zn the extracted spiked 0.05 M
762 Ca(NGy), solutions from the four organic amendments and maxel ligands, NTA and

763 EDTA. The error bars show standard erroe(3).
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Highlights

* Adapted DGT method measures complex lability in small volumes
» Composts bind Cd effectively, but may mobilize trace metals via DOM-complexes.
» Nickel complexes are less labile than Cd or Zn complexes in compost extracts

* Aromatic DOM reduce lability of Ni complexes, and Zn to alesser extent.



