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Environmental significance statement

Dissolution of metal oxides in alkaline environments, such as calcareous soils, is sometimes 
incorrectly considered negligible due to the high pH. However dissolved organic carbon 
concentration, rather than pH, controlled the concentration of dissolved Cu from copper oxide 
nanoparticles in calcareous soil pore waters varying in organic matter concentration. Soil 
management, root exudates, and root-colonizing bacteria altered the dissolved organic carbon 
concentration. Thus, agricultural applications of copper oxide nanoparticles, and perhaps other 
metal oxides, may have higher dissolution in alkaline soils and the crop rhizosphere than would 
be expected based solely on pH. 
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Abstract

Dissolution of CuO nanoparticles, releasing Cu ions, is a primary mechanism of Cu 

interaction in the rooting zone of plants. CuO dissolution is sometimes incorrectly considered 

negligible at high pH, since complexation of Cu with dissolved organic matter may enhance 

nanoparticle dissolution. Therefore data on the effects of plant-microbial-soil interactions on 

nanoparticle dissolution, particularly in alkaline soils, are needed. Dissolution of CuO 

nanoparticles (100 mg/kg Cu) was studied in sand supplemented with factorial combinations of 

wheat growth, a root-colonizing bacterium, and saturated paste extracts (SPEs) from three 

alkaline, calcareous soils. In control sand systems with 3.34 mM Ca(NO3)2 solution, dissolved 

Cu was low (266 µg/L Cu). Addition of dissolved organic matter via wheat root metabolites 

and/or soil SPEs increased dissolved Cu to 795-6250 µg/L Cu. Dissolution was correlated with 

dissolved organic carbon (R = 0.916, p < 0.0001). Ligands > 3 kDa, presumably fulvic acid from 

the SPEs, complexed Cu driving solubility; the addition of plant exudates further increased 

solubility 1.5-3.5x. The root-colonizing bacterium decreased dissolved Cu in sand pore waters 

from planted systems due to metabolism of root exudates. Batch solubility studies (10 mg/L Cu) 
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with the soil SPEs and defined solutions containing bicarbonate or fulvic acid confirmed 

elevated CuO nanoparticle solubility at > 7.5 pH. Nanoparticle dissolution was suppressed in 

batch experiments compared to sand, via nanoparticle organic matter coating or 

homoconjugation of dissolved organic matter. Alterations of CuO nanoparticles by soil organic 

matter, plant exudates, and bacteria will affect dissolution and bioavailability of the CuO 

nanoparticles in alkaline soils.

Introduction

CuO nanoparticles (NPs) may be formulated into agricultural fertilizers and agents that 

improve plant stress tolerance.1-4 CuO NPs have complex interactions with soil microbes, soluble 

soil components, and plant roots,5-7 altering the fate of NPs in the soil rooting zone. Recent 

reports indicate that the bioavailability of the dissolved Cu ion from CuO NPs, in particular, is 

closely associated with CuO NP toxicity.5-9 Qiu and Smolders observe no nanospecific toxicity 

of CuO NPs to barley in six soils ranging in pH from 5 to 7.9 Gao et al. find that soil ~ pH 5.7 

freshly spiked with CuO NPs is not toxic to wheat, although aging for 28-d causes toxicity; the 

difference is attributed to NP dissolution.7 Velicogna et al. see no difference between toxicity 

from CuO NPs or Cu salt, whether introduced to soil or soil with biosolids, to northern 

wheatgrass or red clover when the levels of resulting free Cu ions are considered.8 Pu et al. 

observe that CuO NP toxicity to maize in a pH 6.6 soil is controlled by bioavailable Cu released 

from the NPs.6 However, Shang et al. find that CuO NPs coated with maize root exudates are 

more toxic to maize in hydroponics, as measured by seedling growth rate, than uncoated NPs or 

an equivalent dose of Cu ions complexed with maize root exudates.10 The increased toxicity to 

maize of coated NPs is attributed to increased Cu in the root, possibly via reduced NP 

aggregation or enhanced Cu dissolution. Several organic and inorganic Cu complexes are 
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bioavailable to wheat roots.5,11-12 Differences in bioavailable Cu complexed to root exudates or 

other organic material may help explain the apparently-conflicting maize results, and highlights 

the importance of understanding Cu dissolution and complexation in the presence of soil 

components. 

While CuO is considered relatively insoluble in water, only low levels (µg/L) of free Cu 

ions are needed to provide significant toxicity to aquatic and plant life.12 NP dissolution depends 

on physical properties of the NPs (such as size, aggregation, and morphology), characteristics of 

the solution (such as pH, ligand availability) and surface chemistry (such as capping agents or 

coatings).13 Dissolution of free Cu ions from mineral CuO is largely controlled by pH, with a 

theoretical increase of an order of magnitude per 0.5 unit pH decrease. Minimal Cu solubility is 

found at pH 9-11, although above pH 11, CuO solubility increases slightly due to complexing 

with hydroxide ions.14 Prior studies confirm increasing dissolution of CuO NPs with decreasing 

solution pH15,16 and through Cu ion complexation with organic ligands including many amino 

acids,15-17 low molecular weight organic acids (LMWOAs),18 metabolites in wheat root 

exudates,19 and the soil factors humic15,20 and fulvic acids21 (HA and FA, respectively). 

Dissolved natural organic matter (DNOM) in soils, including FA/HA, may also coat CuO 

NPs,15,20,22-24 reducing NP solubility in some,22,24 but not all studies (Table S1).15,20 Inorganic 

anions, such as chloride25 and carbonate26, could increase CuO NP solubility due to complex 

formation. Phosphate alters CuO NP surface chemistry,22 but the effect on solubility is unclear. 

Cu, due to its high affinity for surface of soil minerals and organic matter even under 

acidic conditions, does not display a strong pH dependency controlling sorption27 or plant 

uptake.28-29 Alkaline soils are frequently assumed to have low metal solubility and bioavailability 

due to pH,30 but DNOM and aqueous carbonates could dissolve Cu via complexation at levels 
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comparable to a low-pH soil. Therefore dissolution and bioavailability of CuO NPs at high pH 

cannot be neglected.

Dissolution is also influenced by the factors released from soil life forms, such as 

metabolites in root and bacterial exudates. Wheat root exudates contain amino acids, LMWOAs, 

and the iron siderophore, 2’-deoxymugineic acid (DMA); these compounds may enhance CuO 

NP dissolution and shoot uptake.5,19 Furthermore, the composition of the root exudates changes 

with increasing CuO NP dose.19 Bacterial secretions, such as the iron siderophore pyoverdine 

that also complex Cu, similarly increase solubility of CuO NPs.31-34 While the effects of 

individual bacteria,31,32 wheat,7,19 or soil35,36 on CuO NP dissolution have been examined, there 

are little data on the effects of combinations of these environmental factors.

The size of the NPs present challenges when measuring NP solubility. The classic definition 

of water quality for dissolved metals, as those that pass through a 0.45-micron filter,37 is not 

applicable for sub-100 nm sized metals. Thus, techniques for measuring CuO NP solubility must 

remove the suspended solid phase nano- and micro-particle fractions from the dissolved fraction. 

Specialized techniques, such as single particle inductively coupled plasma mass spectrometry 

(ICP-MS) or field flow fractionation ICP-MS are sometimes used but are not available to all 

analysts. Therefore, two widely available NP separation techniques (centrifugation and 

ultrafiltration with molecular weight cutoff of 3 kDa) are selected for this work. These techniques 

used in combination also yield information about the size distribution of Cu-DNOM complexes.

Characterizing added NPs in soil is, as of yet, extremely difficult, owing partially to the 

challenge of separating engineered NPs from bulk soil38 and from natural NPs. Thus, a simplified 

soil and plant system, using sand as the growth matrix and augmentation with soil saturation 

paste extracts (SPEs), could be of use to identify factors that influence NP solubility5 leading to 
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better understanding of how CuO NPs interact with microbes, soil components, and plants when 

used in agricultural settings. Many studies utilize hydroponics, but roots in hydroponic studies 

are different than those grown in soil, and results of toxicity studies derived from hydroponics 

often yield different toxicity constants than soil studies.30 Plants grown in a sand matrix have 

similar root morphology to plants grown in soil, and there is better prediction of metal toxicity 

from sand culture than hydroponic culture.30

The objectives of this study were to examine: 1) the solubility of CuO NPs, and the 

causal mechanisms involved, as affected by agricultural soil SPEs, wheat roots, and a root-

colonizing bacterium, Pseudomonas chlororaphis O6 (PcO6)33,34; 2) the solubility of CuO NPs 

and the mechanisms involved in batch solubility studies with the SPEs compared with fulvic 

acid, phosphate, and bicarbonate; and 3) potential coatings on NPs after exposures to SPEs, and 

metabolites from PcO6 and/or wheat. 

Materials and Methods

Experimental Design

CuO NP solubility in 3.34 mM Ca(NO3)2 and SPEs was determined in sand matrices and 

in batch solubility studies. The sand matrix experimental design, setup, and methods are 

described in detail in Hortin et al.5 This former work5 examined wheat responses to CuO NPs in 

a sand and SPE/Ca(NO3)2 matrix, and thus only considered planted samples with and without 

CuO NPs. This paper extends the work to examine transformation of the CuO NPs in the 

SPE/Ca(NO3)2-amended sand matrix, with and without the growth of wheat and root 

colonization by PcO6. The combination of the two NP conditions (with/without), two planted 

conditions (with/without), two bacterial conditions (with/without), and three SPEs and one 3.34 

mM Ca(NO3)2 solution forms a 2x2x2x4 factorial design (Table S2). Thus, the influence of the 
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plant, bacterium, and differing SPEs on CuO NP transformations could be determined 

individually and in combination. The batch solubility studies confirmed observations made in the 

sand study and also yielded additional information about the kinetics of CuO NP dissolution in 

SPEs to supplement the sand-matrix experiments.

Soil saturation paste extracts and bacterium

Three soils were collected from agricultural sites in Cache County, UT, USA in late 

summer 2016 from depths of 0-10 cm. The three selected soils (Millville series, coarse-silty, 

carbonatic, mesic Typic Haploxerolls) had similar pH values between 7.7 and 7.8, but varied in 

crop management practices so that DNOM concentration differed. Soil characteristics, the 

cropping history and cultivation techniques are provided in Table S3. SPEs were generated from 

these soils per standard methods with saturation pastes.39 Characteristics of the SPEs after filter 

sterilization (pH, EC, soluble cations, anions, and organic matter) are given in Table S4. PcO6, 

originally isolated from a field-grown wheat root, was used as a model root colonizing 

bacterium. PcO6 preparation methods and usage conditions are described in Hortin et al.5

CuO NP wheat growth conditions

CuO NPs (Sigma-Aldrich) used in this study were thoroughly characterized.5,40 Briefly, 

the CuO NPs have a nominal size of 50 nm with 46 nm average diameter and 38 nm median 

diameter as measured by scanning electron microscopy, have an irregular rounded shape, are > 

99.3% pure as measured by metal digestion and analysis, were identified as crystalline tenorite 

by X-ray diffraction, have no surface alteration, and have negative zeta potentials in 1 mM KCl 

in the working pH range of 6.1-7.5. Preparation of white silica sand (UNIMIN Corp, ID), 

amendment with 100 mg/kg Cu as CuO NPs by 30 min. high speed shaking as needed, and 

autoclave-sterilization of Magenta boxes (Sigma-Aldrich, V8505, 10x7x7 cm) was performed as 
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described in Hortin et al.5 The sand matrix was superior to hydroponics or whole soil matrices 

for testing the objectives (see Introduction). The NP dose was chosen because it is sublethal to 

wheat and PcO6 colonizing its roots, but causes substantial root shortening.19 The autoclaving 

process is not expected to alter the fully-oxidized CuO NPs.19 A schematic of the preparation of 

materials preparation is found in Fig. S1.

The factorial treatments were designed to give differing combinations of CuO NPs with 

wheat, PcO6, and the three SPEs or a 3.34 mM Ca(NO3)2 solution. The 3.34 mM Ca(NO3)2 

solution has an ionic strength approximately in the middle of the values for the three SPEs and 

has no dissolved organic matter. Each treatment had triplicate boxes and was repeated for a total 

n = 6. Each sand-filled box received either 45 mL of sterile 3.34 mM Ca(NO3)2 (termed the 

“electrolyte” treatment) or 0.2 micron-filter sterilized SPEs (named OrgM, AgrM, GarM) and 

was mixed under sterile conditions. The ratio of water to sand was 1.5 times field capacity.19 

Inoculation with PcO6 involved adding a suspension of 5.6×104 CFU/mL cells to the sterilized 

sand. Pre-germinated, surface-sterilized wheat seeds (Dolores variety, hard red winter wheat) 

were planted and grown for 10 days under 18 h photoperiod as previously described.5 A 

schematic of the planting procedures is found in Fig. S1.

Extraction and analysis of pore water from the sand matrix

Planted and unplanted sand-filled Magenta boxes were harvested and analyzed at 10 d.5. 

A schematic of the harvesting procedures is found in Fig. S1 and additional methodology not 

previously used is described below. The term “sand pore water” (Sand PW) indicates any 

solution withdrawn from the planted or unplanted sand after 10 days, whereas the term “SPE”, 

saturated paste extract, identifies the extracts from the three soils (one of the factors of this 

study).
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The sand in each box was wetted with 45 mL of sterile deionized water and allowed to 

equilibrate for 15 minutes. Seedlings were gently removed from the sand, the roots and shoots 

were sectioned from just below and just above the coleoptile, and roots and shoot were dried. Cu 

in the roots, shoots, and sand samples was determined after hot nitric acid digestion41,42 by ICP-

MS (Agilent 7700x, USEPA method 6020). Also, one root per planted box and one 15 µL 

aliquot of sand PW were placed on Luria-Bertani agar plates to verify the presence (or absence) 

of PcO6 and/or contaminating bacteria; PcO6 was always detected from inoculated boxes and 

was absent in non-inoculated treatments. Endophytic contamination of the wheat seed in planted 

samples was noted but these bacteria did not detectably affect the pore water chemistry.5

The sand PW was extracted by vacuum extraction of 300 g sand through a sterile glass 

funnel stoppered with glass wool. The pH and EC were measured in an aliquot of sand PW by 

standard methods37 and free Cu2+ ions by ion selective electrode (Orion 96-29 Ionplus).43 Other 

aliquots of sand PW (4.5 mL) were centrifuged (Eppendorf centrifuge 8504, Eppendorf rotor F45-

30-11)  at 20,800 x g for 15 minutes, a time and speed calculated by the Stokes-Einstein equation 

to pellet CuO NPs larger than 30 nm, and the supernatant was collected (3 mL). Additionally, 4 

mL of uncentrifuged sand PW was filtered by a triple-pre-rinsed 3 kDa ultrafilter to partition 

dissolved Cu complexed to DNOM  < 3 kDa from dissolved Cu complexed to DNOM > 3 kDa 

and NPs. The ultrafilters permitted a 93 ± 2.3% and 92 ± 1.6% (mean ± standard deviation, n =3) 

recovery of Cu ions in the filtrates when tested with 0.5 and 5 mg/L Cu2+ from Cu(NO3)2, 

respectively. The filters were used after triple rinsing per the manufacturer’s instructions44 and 

released no glycerin, as measured as dissolved organic carbon (DOC). Previously, centrifugation 

was shown to remove CuO NPs > 30 nm and ultrafiltration removed NPs > 2 nm in wheat root 

exudates from a sand matrix.19
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Dissolved metals in both the centrifuged and ultrafiltered portions were measured by ICP-

MS, and DNOM was detected using a carbon analyzer (Apollo 9000, Teledyne Tekmar) by 

standard methods.37 Hereafter, DOC is used in the discussion of the organic matter from SPEs, 

wheat and/or bacterial exudates. DOC is in units of mg/L C and is not corrected for the other 

molecular components of DNOM.

NPs were not adequately removed by centrifugation, from visual inspection, from the sand 

PW obtained from unplanted sand with 3.34 mM Ca(NO3)2. To eliminate overestimation of 

dissolved Cu due to suspended NPs for this particular treatment, only the ultrafiltration results 

are reported, as noted in the text and figure captions. The unplanted electrolyte treatments are 

marked in the treatment schematic in the supplementary information (Table S2). NPs were fully 

removed in other treatments, and a justification of this point is found in the supporting 

information (Fig. S2). It is proposed that the absence of DOC in the unplanted electrolyte 

treatments reduced agglomeration and a portion of the NPs remained suspended, limiting the 

effectiveness of centrifugation. DOC from the SPEs or root exudates, adsorbed to CuO NPs, 

lowers the isoelectric point of CuO NPs, creating opportunity for divalent cation-bridging 

induced flocculation enhancing separation with centrifugation. All treatments besides the 

unplanted electrolyte treatments contained DOC in the sand PWs. 

XAFS Analysis

To access the speciation of Cu in CuO NP samples, X-ray absorption fine edge 

spectroscopy (XAFS) was used. The samples were air-dried NP pellets collected by 

centrifugation of the sand PWs.10 The dried pellets were removed with a clean pipette tip and 

brushed onto layers of Kapton tape. Samples were analyzed on beamline 20-ID at the Advanced 

Photon Source of Argonne National Laboratory. XAFS regions were collected in fluorescence 

Page 10 of 38Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



mode at six separate points per sample. Replicate samples were combined in layers to obtain a 

sample thick enough for XAFS spectroscopy. Dwell times were set at 20 minutes to avoid 

reduction of Cu(II)→Cu(I), which occurred for 1-2 hour dwell times during early data collection. 

No further sample reduction was observed over the course of the XAFS measurements. 

Reference standards included unaltered CuO NPs, cupric phosphate, Cu-FA, Cu-HA, cupric 

acetate, cupric carbonate, cupric sulfate, cupric sulfide, cuprous sulfide, and copper foil. XAFS 

data on the aqueous sand PWs (with and without CuO NPs removed) was also collected on select 

frozen (77 K) samples on beamline 20-BM at the Advanced Photon Source in fluorescence 

mode. Replicate scans were collected on each sample (4-10 scans depending on Cu 

concentration). Standards measured in the aqueous phase were complexes of Cu with acetate, 

nitrate, citrate, cysteine, FA, HA, DMA, and gluconate.

Batch CuO NP dissolution studies

Batch CuO NP dissolution studies were performed in triplicate in 100 mL of SPE or 3.34 

mM Ca(NO3)2 at a dose of 10 mg/L Cu from CuO NPs contained in 250 mL glass Erlenmeyer 

flasks. A schematic of the batch dissolution treatment setups is shown in the supplementary 

information (Fig. S3). The concentration of CuO NPs was chosen to saturate the SPEs with Cu, 

because geochemical models predicted the highest concentration of Cu in any SPE to be ~4 mg/L 

Cu. All glassware was acid-rinsed with 50% nitric acid and DI water to eliminate metal 

contamination, and autoclaved prior to use. Ca(NO3)2 solutions were autoclaved and SPEs were 

filter-sterilized with a 0.2-micron filter. As the initial solution pH varied, pH was adjusted to a 

constant 7.5, to mimic the initial pH of the SPEs, using CO2 gas or minimal NaHCO3 solution 

prior to addition of NPs, after which no further pH control was used. Other pH modifiers and 

buffers were considered, including biologically compatible Good’s buffers and inorganic buffers 
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such as phosphate. Copper, however, complexes with some of Good’s buffers45 and precipitates 

with phosphate. The use of Good’s buffers would also interfere with the DOC analysis. 

The batch dissolution treatments were the three SPEs, a control solution of 3.34 mM 

Ca(NO3)2, and three 3.34 mM Ca(NO3)2 solutions with added defined components: alkalinity (as 

bicarbonate, 750 mg/L CaCO3 as NaHCO3), FA (20 mg/L C as Suwannee River FA), or phosphate 

(5 mg /L PO4-P). Follow-up batch dissolution experiments of CuO NPs were also performed on 

dilutions of the three SPEs with equal ionic strength Ca(NO3)2 (80% SPE, 60% SPE, 40% SPE, 

20% SPE, and 0% SPE) to test the influence of varying organic matter concentrations on NP 

solubility. All treatments were shaken on a rotary shaker at 200 RPM, in a constant-temperature 

room at 25 ± 1 °C in the dark for up to 240 h. Well-mixed samples (7 mL) were taken with sterile 

pipettes without replacement at 0, 2, 4, 8, 24, 48, 96, 144, and 240 h and pH, EC, and dissolved 

Cu were measured. Follow-up experiments were only sampled at 48 h. 

Dissolved Cu was measured at all time points by ICP-MS after centrifugation and 

ultrafiltration, as previously employed. Unlike the sand PWs, centrifugation effectively removed 

all NPs due to the lower NP dose, even in the electrolyte treatment without DOC; there was no 

significant difference in dissolved Cu between centrifuged or ultrafiltered samples for the batch 

electrolyte treatment (Fig. S2). Samples of particulates from the suspensions were isolated by 

centrifugation, the supernatant was carefully removed with a pipette,10 and the pellet was stored 

under desiccated air for several days until analysis by Fourier transform infrared spectroscopy 

(FTIR) with attenuated total reflectance (Nicolet 6700) to determine NP coatings. The pellets were 

resuspended in 5 μL DI water10 and dried on a glass slide before transferring the sample to the 

FTIR crystal. Triplicate FTIR data were collected in attenuated total reflectance mode over 250 

scans from 525-4000 cm-1. 
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Data analysis and statistics

To facilitate sample recovery, the sand-filled Magenta boxes were diluted with sterile 

water at harvest; dilution factors for the measured constituents were calculated as previously 

described to correct measured concentrations to original concentrations.5 Dissolved copper and 

DOC were analyzed in samples with CuO NPs by three way ANOVA (factors: SPE or 

electrolyte, presence/absence of wheat, and presence/absence of PcO6) in JMP 846 followed by 

the Tukey Honestly Significant Difference (Tukey HSD) test. In samples lacking CuO NPs, 

dissolved Cu was not present above the SPE background and thus was not included in the three 

way ANOVA. A log or square root transformation was used where noted to maintain normal 

distribution of the residuals. Pearson’s correlations were used to ascertain the significance and 

strength of the relationships between dissolved Cu and other measurements. 

XAFS spectra of CuO NP and dissolved Cu samples were analyzed with Athena (Demeter 

0.9.25).47 Linear combination fits were applied to the XAFS spectra using Athena. Standards 

were selected by testing fits of all combinations of all standards using the combinatorics feature 

in Athena, and the lowest R-factors were consistently found with combinations of CuO NPs, Cu-

acetate, and Cu-sulfate; these standards were further confirmed by principal components analysis 

in Athena. Samples were considered significantly different from each other if the component fits 

and their standard deviations (as described by Ravel48) did not overlap.

Batch dissolution data were fitted by R49 to the first order kinetic equation:

eqn 1𝐶𝐶𝑢 = 𝐶𝐶𝑢,0 ∗ 𝑒 ―𝑘 ∗ 𝑡 + 𝐶𝐶𝑢,𝑒𝑞 ∗ (1 ― 𝑒 ―𝑘 ∗ 𝑡)

where CCu represents the concentration of dissolved Cu at any time t (hours), CCu,eq represents 

the estimated dissolved Cu equilibrium concentration, CCu,0 represents the initial measured 
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dissolved Cu, and k represents the rate (in h-1). Model quality was evaluated by residual 

distribution and root mean squared errors (RMSE). 

A geochemical equilibrium model (MINTEQ v 3.1)50 was used to compare theoretical 

dissolved Cu to actual measurements. The conditions of the model were the composition of the 

sand PWs at harvest, including input of FA and HA (if present) through the NICA-Donnan 

model using default FA/HA parameters, a crystalline CuO tenorite solid phase, closed 

atmosphere to allow alkalinity input, and no precipitation allowed. Selected metal-DMA and 

metal-gluconate stability complexes were added to the database from literature after correction to 

I = 0 by the Davies equation (Table S5).19 There are currently no NP-specific solubility constants 

for tenorite, but CuO NPs > 20 nm are not expected to have significantly more solubility than 

“bulk” sized particles.51

Results and Discussion

NPs primarily remained in the solid phase in sand matrices

After 10 d wheat seedling growth with 100 mg Cu/kg sand from CuO NPs, the distribution 

of Cu in the sand (undissolved), plant (roots and shoot), and dissolved in sand PWs in planted 

systems with and without bacteria was 85.5 ± 12.3%, 1.2 ± 1.2%, and 0.58 ± 0.29% (mean ± 

SD), respectively. The total mass balance was 88.6 ± 12.6%. In unplanted systems with and 

without bacteria, 88.2 ± 10.8% Cu from the NPs remaining in the sand and 0.22 ± 0.19% was 

dissolved in sand PWs; the total mass balance was 89.7 ± 10.8%. The sand Cu and overall mass 

balance were not significantly changed by the presence of wheat, SPEs, root colonization by 

PcO6, or any combination of factors (data not shown). The maximum percentages of Cu in the 

plant and dissolved aqueous phase in any treatment were 2.0% and 1.1%, respectively. 

Extraction of the sand PWs showed some CuO NPs to remain in suspension before 

centrifugation or ultrafiltration; black-colored suspensions with visible particle agglomerates 
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were observed in the initial extracts (Fig. S4). The mass of suspended CuO NPs was not 

measured in this study, but this material could account for the 10-11% that was missing from the 

mass balance analyses.

These results suggest that CuO NPs, at high doses in a solid matrix, could persist for long 

periods of time, dissolving as ligands become available and/or as pH allows. If a soil phase is 

continuously flushed by irrigation or rainwater and the aqueous phase remains undersaturated 

with respect to Cu2+, the dissolution of CuO NPs would continue indefinitely, as noted by Kent 

and Vikesland.52 

Dissolved copper was dependent on dissolved organic matter

Dissolved Cu, defined as ionic or complexed, was measured after removal of NPs by 

centrifugation in each of the treatments. As described in the Materials and Methods section, due 

to inadequate removal of NPs with centrifugation for the unplanted electrolyte sand PW, the 

results for this treatment were from ultrafiltration rather than centrifugation. 

A three-way ANOVA showed the interaction of SPE or electrolyte, wheat, and PcO6 were 

factors with significant impact on dissolved Cu (Fig 1A). The same three-way interaction was 

also significant for DOC (Fig 1B) and pH (Fig. 1C). The correlation between dissolved Cu and 

DOC in all samples with CuO NPs was R = 0.916 (p < 0.0001), the highest correlation of 

dissolved Cu to any other variable observed in this study (Table S6, Fig. S5). The correlation of 

pH and dissolved Cu was also significant (R = 0.292, p = 0.004), but dissolved Cu and pH 

increased together, contrary to predicted thermodynamics. This finding shows that the influence 

of DOC overrode the influence of pH on CuO NP dissolution. While pH was influenced by 

wheat and bacteria (Fig. 1C), pH had no significant influence in determining dissolved Cu. The 

finding that DOC was highly correlated with dissolved Cu in this study agrees with Gao et al.,35 

Page 15 of 38 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



though the influence of pH on dissolution kinetics was not tested in this design. Gao et al.35 

found that soil organic matter predicted the steady-state solubility of CuO NPs in soil, and that 

pH predicted the dissolution kinetic rate. 
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Fig. 1. The three-way interaction of wheat, PcO6, and SPE or electrolyte on sand PWs for: (A) 
dissolved Cu after centrifugation, (B) DOC, and (C) pH. Amendments to the sand were 3.34 mM 
Ca(NO3)2 (electrolyte) or SPEs from three alkaline soils, OrgM, AgrM, or GarM. The presence 
(+) and absence (-) of wheat and PcO6 is shown in the table below the charts. The dashed bars 
overlaying graph A show the geochemical model predicted concentration for dissolved Cu. Bars 
are average of 6 replicates. Error bars represent the 95% confidence interval and do not 
determine significance but are given to show the general spread of the data. Bars with differing 
letters are statistically different after Tukey HSD test. A square root transformation was required 
to maintain normal distribution of the residuals for dissolved Cu. † Values for this treatment 
were from ultrafiltered samples, i.e. Cu < 3 kDa, as explained in Materials and Methods section.

A
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The growth of wheat increased dissolved Cu and DOC in every sand PW over the levels 

detected from nonplanted systems (green bars compared to white bars, Fig. 1 A and B) except for 

DOC in the treatment with GarM SPE. Release of plant metabolites as root exudates is proposed 

to account for the increase in DOC. By inference the released metabolites enhanced dissolution of 

the CuO NPs. In the planted systems, the presence of the root-colonizer PcO6 decreased dissolved 

Cu compared to non-inoculated plants (green/orange striped bars compared to green bars) except 

with the GarM treatment. However, PcO6 only decreased DOC from the plants grown in the 

electrolyte treatment. The DOC in the electrolyte treatment was all plant-derived, whereas the 

SPEs contained non-degradable humic material. Thus, PcO6 selectively metabolized root 

exudates, such as LMWOAs and amino acids that function as Cu chelators.5  Pseudomonad cells, 

such as those on the root surface, also sorb Cu,53 which could explain a reduction in dissolved Cu 

without a reduction in DOC. The presence of the bacterium alone in nonplanted sand (white vs 

orange bars, Fig. 1 A) had no effect on NP dissolution, though bacterial metabolism was probably 

limited from lack of available nutrients. The readily metabolizable compounds from root exudation 

were already absent from the SPEs that were used in the studies (Table S4).

Additionally, differences among the SPE or electrolyte treatments were seen. The sand 

PWs from the electrolyte, OrgM (42.7 mg C/L), and AgrM (73.4 mg C/L) treatments, which 

contained no or lower DOC initially, had similar patterns in DOC exudation and Cu dissolution; 

in these treatments, the plants generated significant increases of DOC and significant increases in 

dissolved Cu. In the GarM treatment which had high initial DOC (305 mg C/L), plants did not 

generate significant additional DOC, even though dissolved Cu increased. Despite the wide range 

of initial DOC values of the treatments, DOC and dissolved Cu at harvest were approximately 

equal across all treatments. The GarM SPE also had higher salt and ionic strength contents relative 
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to the other SPEs and electrolyte. Chloride particularly can reduce plant malate production (as seen 

for Vicia faba).54 These results may imply that with planting, soils with high organic or salt 

contents will not dissolve significantly more Cu because the plants reduce or adjust their exudation.

The dissolved Cu values determined by geochemical modeling (dash lined bars, Fig 1A) 

mostly agreed within the 95% confidence interval for analysis of sand PWs from the systems 

without plants but showed more disparity for the sand PWs from planted samples. This difference 

could be due to incomplete characterization of active rhizosphere components or variability in 

plant exudation. However, these results demonstrated that both the increases in DOC from 

metabolites from the plant roots and compounds present in the SPEs increased CuO NP 

dissolution. Rhizosphere bacteria, such as PcO6, moderated root exudate composition, which in 

turn altered NP dissolution; likely, such interactions would also occur in native planted soils. 

Wheat root exudates drove CuO NP dissolution

The size distribution of dissolved Cu from the sand PWs of the planted and unplanted 

sand matrices was determined by centrifugation and ultrafiltration with a 3 kDa filter. 

Concentration was assessed by ICP-MS and with a Cu ion- selective electrode. Four categories 

were defined: Total dissolved Cu (measured directly after centrifugation, NPs > 30 nm 

removed), complexed Cu > 3 kDa (calculated by centrifuged Cu – ultrafiltered Cu), complexed 

Cu < 3 kDa (calculated by ultrafiltered Cu – free Cu), and free Cu (measured directly by ion 

selective electrode). This procedure gives information about whether dissolved Cu was 

complexed to large molecules (> 3 kDa, primarily FA/HA), small molecules (< 3 kDa, primarily 

simple root metabolites), or was uncomplexed. Fig. 2 illustrates that the distribution of sizes for 

the dissolved Cu changed based on the presence of wheat. PcO6 influenced free Cu ions but not 

Cu size distribution, so data with and without PcO6 were pooled in Fig. 2. The fact that PcO6 
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did not influence Cu size distribution indicates that the metabolism of plant-generated organic 

acids and production of bacterial metabolites did not alter the complexation size patterns of the 

dissolved Cu.

Electrolyte OrgM AgrM GarM

No wheat 
(pooled data 

with and without 
PcO6)

247 μg/L† 841 μg/L 1330 μg/L 3580 μg/L

Wheat (pooled 
data with and 

without PcO6)

3170 μg/L 2900 μg/L 4270 μg/L 5650 μg/L
Legend

Fig. 2: Variations in the dissolved Cu size distribution in the sand PWs with treatments of 
electrolyte versus SPEs, with and without wheat growth, with CuO NPs. Data are pooled from 
systems with and without PcO6 inoculation. Pie areas and text below pie charts represent total 
dissolved Cu and are average of 12 independent sample measurements. Text overlays are shown 
as the amount of total dissolved Cu (µg/L), and % of the total per size category. Overlays that do 
not add to exactly 100% are due to rounding effects after two significant figures. The ‘no wheat’ 
treatments were statistically different from the ‘wheat’ treatments in each SPE. †Values for this 
treatment were from ultrafiltered samples, i.e. Cu < 3 kDa, as explained in Material and Methods 
section.

In the sand PWs obtained in non-planted systems, dissolved Cu was primarily (75-82%) 

in the > 3 kDa range when the SPEs, OrgM, AgrM, and GarM were present. This size range is 

attributed to complexation with FA/HA present in the SPE to produce complexes > 3 kDa. In the 

planted systems, there was increased total dissolved Cu (Fig. 1, Fig. 2), and the proportion of Cu 

complexed to molecules < 3 kDa was higher (41-60%, Fig. 2) in the SPEs due to complexation 

with low molecular weight metabolites in the root exudates. The highest percentage of dissolved 

Cu with < 3 kDa size was in the planted electrolyte treatment, where only plant factors 

influenced the size of the Cu complexes, although some Cu > 3 kDa was measured. While plants 

may produce some Cu-complexing molecules > 3 kDa (as seen by Shang et al.10 for maize), such 
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as proteins, sloughed root cap cells, or other components, most Cu-complexing molecules 

produced by wheat were < 3 kDa. Similarly, maize root exudate metabolites < 3 kDa were more 

effective at dissolving CuO NPs than root exudate metabolites > 3 kDa.10 These results support 

that organic exudates from the roots are the driver behind the increase of soluble Cu < 3 kDa in 

planted samples, while FA/HA derived from the soils are the major drivers of solubility for 

alkaline SPEs. 

Free Cu2+ was a significant fraction of total dissolved Cu in the electrolyte solution with 

no plants (18%), but only 0.71% was measured in the planted sand PWs since dissolved Cu was 

complexed with root exudate metabolites. In the electrolyte solution from the unplanted sand, the 

ligands complexing Cu are unknown but could be hydroxide, carbonate, gluconate, or nitrate 

according to geochemical modeling. 

Further speciation of the dissolved Cu in all treatments was attempted by linear 

combination fitting after XAFS, but failed because the dissolved Cu concentrations (<8 mg/L) 

were too low to be reliably measured and reconstructed through linear combination fits. 

However, the spectra collected, although noisy, confirmed that CuO NPs were absent after 

suspension in SPEs and centrifugation (Fig. S6). Also, the dissolved Cu in the sand PWs from 

the different treatments was present only as oxidized Cu2+-complexes (Fig. S6).

Free Cu ion levels were primarily controlled by SPE presence

There was no three-way interaction of wheat, SPE, and PcO6 on free Cu ions in the sand 

PWs, but there were two significant two-way interactions: the interactions of SPE/wheat and 

SPE/PcO6 (Fig. 3). Free Cu2+ ions were highest in the electrolyte sand PW, with or without 

wheat (Fig. 3), and these extracts had the lowest pH (Fig. 1C). There was also no HA/FA in the 

electrolyte sand PWs. Wheat growth did not change free Cu2+ in any sand PW. The presence of 

PcO6 only reduced free Cu2+ levels in the electrolyte, probably by pH effects or ion sorption.53 
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These results indicated that the SPE type was the most consequential in determining the 

availability of the free Cu2+ ion. 
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Fig. 3. The two-way interactions of wheat and SPE or electrolyte (A) and PcO6 and SPE or 
electrolyte (B) on free Cu2+ in the sand PW samples with CuO NPs. Amendment to the sand is 
3.34 mM Ca(NO3)2 (electrolyte) or SPEs, OrgM, AgrM and GarM. The presence (+) and absence 
(-) of wheat or PcO6 is shown in the table below the charts. As a two-way interaction, PcO6 and 
non-PcO6 samples are pooled in graph A, and planted and unplanted samples are pooled in 
graph B; thus bars are average of 12 replicates. Error bars represent the 95% confidence interval 
and do not determine significance but are given to show the general spread of the data. Bars with 
differing letters are statistically different after Tukey HSD test. A logarithmic transformation was 
required to maintain normal distribution of the residuals. 

Batch CuO NP dissolution studies

Batch dissolution studies were conducted to provide information about the relative 

importance of SPE components on NP dissolution, as well as a view of the effect of time on Cu 

dissolution. The tested soil PW individual components were alkalinity as bicarbonate, FA, and 

phosphate, which were present at different levels in the SPEs (Table S4). 

Over 10 days, most treatments reached a steady-state condition for dissolved Cu as 

defined by at least the final three dissolution values being statistically the same. Steady-state 

dissolution was reached immediately (0 h) with the electrolyte, at 8 h for FA, 24 hours for the 

alkalinity and AgrM PW treatments, and 48 h for the OrgM PW treatment. No steady state was 
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reached in the GarM PW or phosphate treatment (Fig. 4). The pH also increased from 7.5 to 

range between 8.3-8.8 in all treatments by 240 h except with the electrolyte treatment; steady 

state pH was reached at 0 h in the electrolyte, 4 h for AgrM PW, 8 h for OrgM PW and GarM 

PW, 24 h for FA and phosphate, and 48 h for alkalinity (Fig. S7). Although a more alkaline pH 

thermodynamically inhibits Cu2+ solubility, there was no significant relationship between pH and 

dissolved Cu for all the treatments (p = 0.1126) at 240 h. These results again demonstrate the 

importance of DOC in governing CuO NP dissolution, particularly at high pH. Overall, FA was a 

more effective ligand than bicarbonate, and phosphate did not promote NP dissolution, as either 

a ligand or modifier of NP surface chemistry.
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Fig. 4: Measured dissolved Cu and calculated first order kinetic models of dissolved Cu in all 
SPEs (A) and electrolyte, alkalinity (bicarbonate), phosphate, and fulvic acid treatments (B) as a 
function of time. Points are average of independent sample measurements (n = 3, except n = 6 in 
electrolyte and n = 2 in AgrM after 8 hours due to bacterial contamination of one sample). The 
dashed lines are the first order model results. 

First order kinetic dissolution models described the formation of dissolved Cu in most 

treatments (Fig. 4, Table 1). Model residuals are shown in the supporting information (Fig. S8, 
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Fig. S9). Dissolved Cu was at steady state at 0 h in the electrolyte solution, so no kinetic model 

could be calculated. Dissolution in GarM SPE or phosphate did not reach steady state, indicating 

that kinetics may have followed a different order model. Consequently, the first order rate 

constants for GarM SPE and phosphate treatment, while still shown, were considered unreliable.

Table 1: First order model parameters of fits to measured dissolved Cu in all treatments (Eqn 1) 
and MINTEQ predicted Cu solubility. CCu,0 = initial dissolved Cu; CCu,eq = dissolved Cu at 
equilibrium; k = first order rate constant; RMSE = root mean squared error of the model; t1/2 = 
half-life of reaction. *indicates that treatment did not reach steady state in 240 hours, and first 
order rate estimate is considered unreliable. **indicates that treatment was always at steady 
state. 

Treatment MINTEQ 
model 

solubility 
(μg/L)

CCu,0
(μg/L)

CCu,eq
(μg/L)

k ± 95% confidence 
interval (h-1)

RMSE
(μg/L)

t1/2 
(h)

Electrolyte** 6.74 17.8 N/A N/A** N/A N/A**
OrgM PW 571 40.7 166 2.23x10-2 ± 1.16x10-2 21.7 31.1
AgrM PW 819 83.6 313 2.24x10-2 ± 0.74x10-2 20.4 30.9
GarM PW* 3680 81.8 153 5.04x10-3 ± 8.26x10-3 * 10.2 138*
Alkalinity 27.3 3.1 75.6 8.83x10-2 ± 7.17x10-2 21.7 7.8
Fulvic acid 402 53.3 359 3.39x10-2 ± 1.49x10-2 48.8 20.4
Phosphate* 6.18 2.7 16.2 7.50x10-3 ± 9.60x10-3 * 2.5 92.4*

The rates observed in this study were within a large range, spanning three orders of 

magnitude, of those reported in other studies. The half-lives reported in this study, ranging from 

7.8-31.1 h, were comparable to measurements by Vencalek et al.55 of 30-32 h for CuO NPs in 

stagnant/stirred DI water (pH 5.8) and 29-73 h for stagnant/stirred freshwater mesocosms (pH 

7.7, DOC 8.8 mg/L). The range of first order rate constants reported in Gao et al.36 for a soil (pH 

5.6), 4.58 and 5.42x10-3 h-1 for two NP doses, and the range reported in Jiang et al.21 for water 

(pH 6.3-7.0) with one of three sources of DOC, 2.02-9.36x10-3 mol Cu mol CuO-1 h-1, are lower 

by an order of magnitude than the measurements here. On the other hand, the range reported in 

Miao et al.32 for 10 mM NaCl with alginate, bovine serum albumin, or bacterial extracellular 

polymeric substances, 2.9-6.4x10-1 h-1, was greater by an order of magnitude than the 
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measurements here. Kent and Vikesland52 reported that CuO NPs fully dissolved within hours in 

a flow-through system of DI water adjusted to pH 6.6 or 8.4; much faster rates than observed 

compared with closed systems. Gao et al.35 found that the concentration of soil organic matter 

did not affect dissolution kinetics whereas pH did, so variability in rates is certainly influenced 

by soil/solution characteristics. 

Unexpectedly, solubility of CuO NPs for a SPE in the sand (no plant or PcO6) was about 

an order of magnitude higher than the same SPE in a flask (for OrgM, 795 µg/L in sand vs. 181 

µg/L in the flask; for AgrM, 1020 µg/L in sand vs. 328 µg/L in the flask; for GarM, 3780 µg/L in 

sand vs. 131 µg/L in the flask; data were from Fig. 1A compared to Fig. 4A endpoints). While 

dissolved Cu predicted using MINTEQ mostly agreed with the measured dissolved Cu from the 

sand matrix for each SPE (Fig. 1A), the concentrations of dissolved Cu seen in the flask studies 

were lower than the model for each SPE (Table 1). The apparent suppression of solubility could 

be due to two mechanisms: 1) The association of DOC molecules with other DOC molecules, 

resulting in homoconjugation to limit interactions with the NPs,56 and 2) NP coating by DOC 

that would limit dissociation of the NPs.22 For instance, high concentrations of HA (20-100 mg/L 

HA) lower the log KC of Cu-HA binding by 2.87-3.13;56 FA is expected to behave similarly. NP 

coatings inhibited the solubility of CuO NPs in freshwater22 and stream water,24 and release of 

Ag from Ag NPs in soil solutions.57

The suspensions in both the sand and flasks were oversaturated with respect to the solid 

cupric phase, but the amount of surface area available for coating by DOC differed between the 

two systems. Each Magenta box contained 300 g sand, 36 mg CuO NP (30 mg Cu), and 45 mL 

solution; whereas, each flask contained 1.2 mg CuO NP (1 mg Cu) and 100 mL solution. The 

sand and CuO NPs are estimated to have 0.1 m2/g and 29 m2/g (Sigma-Aldrich) of surface area, 
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respectively, for a total surface area from the sand and NPs of 30.9 m2. The flasks contained 

about 0.029 m2, three orders of magnitude lower. Increased surface area in the sand box would 

provide more area for the DOC to coat, reducing coatings on the NPs and also lowering the 

effects of homoconjugation. 

Three additional experiments were conducted to test the hypothesis that DOC limited 

solubility via NP coating in the batch solubility flask studies. In the first two experiments, the 

doses of CuO NPs in a sand Magenta box and a flask with SPE were adjusted to have the same 

NP:solution ratio. When the CuO NP dose in a flask with SPE was set at 667 mg/L Cu (23.2 m2 

surface area) equivalent to a 100 mg/kg Cu/sand Magenta box with the SPE (30.9 m2 surface 

area), soluble Cu was the same between the two systems (Fig. S10). In the second experiment, 

when the CuO NP dose in a sand-filled Magenta box with SPE was set at 1.5 mg/kg Cu/sand 

(30.1 m2 surface area) equivalent to the 10 mg/L Cu dose in the flask with SPE (0.029 m2 surface 

area), soluble Cu was suppressed in the flask compared to the sand (Fig. S10). This result shows 

that the suppression of NP dissolution occurred when the surface area was low in the flasks, with 

DOC coating more of the NPs or homoconjugation more active, limiting solubility.

In the third experiment, NP dose and surface area in a flask were held constant (10 mg/L 

Cu, 0.029 m2) while SPEs were diluted in steps of 20% with an equal ionic strength Ca(NO3)2 

solution, creating a range of DOC concentrations from 8.5 to 305 mg/L C across the three SPEs. 

The Ca(NO3)2 solution was used as a control with 0 mg/L DOC. All solutions were shaken for 48 

h. Solubility in the OrgM and AgrM SPEs deviated from predicted values of the geochemical 

model (filled circles) at higher DOC levels but met predictions at lower DOC levels (Fig. 5). In 

the GarM SPE, the highest dissolution was measured at the lowest DOC concentration (Fig. 5). 

Further dilution of the GarM SPE would likely result in dissolution results approaching model 
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predictions. The possibility of dissolved ions sorbing to the glass walls or to large colloidal 

organic matter, and thus not being measured as soluble Cu, was ruled out by no observable loss 

of added Cu ions in the SPEs over 48 hours (Table S7). These findings demonstrated that at 10 

mg/L Cu from CuO NPs and 0.029 m2 surface area, coupled with DOC above ~30 mg/L DOC, 

restricted the solubility of CuO NPs.
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Fig. 5: Dissolved Cu concentrations from batch dissolution studies at 48 h measured after 
centrifugation (blue triangles) as a function of dilution of three SPEs at constant ionic strength. 
Measurements were compared to MINTEQ modeled Cu concentrations using default 
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fulvic/humic acid complexation values in the NICA-Donnan model (filled black circles). Data 
points represent the average of three independent replicates, and error bars on measured 
dissolved Cu represent standard deviations. Measured Cu was analyzed by one-way ANOVA per 
SPE and differing letters indicate statistically different measurements.

Nanoparticle coating

In an attempt to shed more light on the potential NP coating by DNOM, the CuO NPs 

isolated after exposure to SPEs for 10-d from the flasks were examined by FTIR. Also, NPs 

isolated from the sand matrix were examined by XAFS. Both techniques would reveal NP 

coatings,10,15,58 depending on the degree of coating and/or transformation.

Dissolved Cu is reported to have affinities, from greatest to smallest, for carboxyl (1250-

1260 and 1720 cm-1), polysaccharide (1038-1100 cm-1), phenolic (1390-1400, 1280, and 1020 

cm-1), aromatic (1620, 850, and 780 cm-1), amide (1660-1665 cm-1), and aliphatic groups (2926, 

2853-2856, 1440-1465, and 1350-1375 cm-1).58-60 CuO NPs preferentially bind, in a similar order 

to dissolved Cu, from greatest to smallest, to carboxyl (1432 cm-1), polysaccharide (1057 cm-1), 

amide (1600 cm-1), aromatic (842 cm-1), and phenolic (913, 1300 cm-1) groups.61 Covalent 

binding of Cu to functional groups quenches the FTIR signal of the group,58,59 but would allow 

the remaining functional groups in the structure, particularly weak-bonders like aliphatic groups, 

to be observed. Non-covalent bonds, such as adsorptive reactions, would also preserve the FTIR 

signal.

The FTIR spectra of CuO NPs from the SPEs were convoluted but showed clear changes 

in peaks in the organic fingerprint regions compared to the spectra of NPs exposed only to 

electrolyte (Fig. 6). The spectra from all the SPEs samples had intensities above the 

corresponding signals from CuO NPs suspended in electrolyte to varying degrees for the 

aliphatic methyl and methylene (2926, 2853), hydroxyl (3000-3500), polysaccharide (1038-

1100), and amide (1600-1665) groups. Shang et al.10 saw similar signal enhancements with CuO 
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NPs coated with maize root exudates; there were increases at 1000-1150 cm-1 (alcohol, ether, and 

carbohydrate), 1600-1650 cm-1 (C=O), and 2500-3600 cm-1 (alcohols, phenols, carboxylates, 

amides). Carboxylic signals were not observed in the samples with any SPE treatment although 

they were expected from the FA content. This finding could be explained by the NPs or ions 

binding at the carboxylic acid groups to eliminate their signal. Characteristic inorganic carbonate 

peaks (~860-880, ~1410 cm-1) were apparent at relatively low levels in the NP samples. The 

varied FTIR fingerprints between the SPEs also suggested that the different dissolved organic 

materials in the pore waters from these alkaline soils lead to different types of coating on the 

NPs. The complexity of the existence of many functional groups, owing to the diverse types of 

DOC, made further interpretation of the spectra difficult and deserving of further research. The 

phosphate, alkalinity, and FA treatments were not examined by FTIR.
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Fig. 6: FTIR scans of CuO NPs isolated from suspension in SPEs compared to CuO NPs 
isolated from suspensions in 3.34 mM Ca(NO3)2 (electrolyte). Dashed lines indicate important 
wavelengths for different groups with the potential to bind Cu: at 3300 (hydroxyl), 2926/2853 
(aliphatic), 1660 (amide) 1620 (aromatic), 1038 (polysaccharide) cm-1, 1410/870 (carbonate) 
cm-1.   

The XAFS spectra of all NPs incubated in the sand matrices appeared similar to each 

other and to the CuO NP standard, indicating that there was little change due to a specific 

treatment (Fig. 7). In the CuO NP standard (Fig. 7), the shoulder in the rising edge is attributed to 

the 1s → 4pπ shake-down transition (an electron transfer from O to Cu), and the white line peak 

(maxima) is attributed to the 1s → 4pσ transition.62 In the spectra of the CuO NPs from the sand 

matrixes, the 1s → 4pπ transition was suppressed and the white line 1s → 4pσ transition was 

increased relative to the standard (Fig. 7, annotations, Fig. S11). There was no edge shift, 

indicating no changes in the oxidation state in any treatment.
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Fig. 7. Normalized X-ray absorption spectra of five standards (cupric sulfate, cupric acetate, 
CuO NPs, cuprous sulfide, and Cu foil) and CuO NPs from four sand PWs with wheat and PcO6. 
The red circles highlight subtle difference in the shoulder between environmentally exposed and 
pristine CuO NPs. The linear combination fitting (LCF) results are shown with dashed lines 
overlaying the sample spectra. The peak appearing just before 8980 is a monochromator glitch 
and present in all measurements, but preserved in this figure to restrict manipulation of the data.

To elucidate the composition of the samples, several standards were measured and linear 

combination fitting (LCF) was used. Combinations of the signals from cupric sulfate, cupric 

acetate, and CuO NPs consistently gave the best fit (lowest R-factor) to the NP samples, 

regardless of treatment. Cupric acetate was used to model Cu-carboxylic acid bonding, a 

preferred ligand for free Cu. In general, regardless of SPE or electrolyte, wheat growth or 

presence of PcO6, 80-90% of the Cu remained as CuO NPs, 10-15% as Cu-acetate, and 0-5% as 

Cu-sulfate (Table S8). Results were similar whether the LCFs were applied to the normalized 
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spectra, first derivative spectra, or χ(k) space; however, the first derivative and χ(k) trended 

towards greater amounts of CuO in the samples (85-95%) and less cupric acetate/sulfate (Table 

S9, S10). The large differences in solubility of the CuO NPs in the different treatments, 

compared to the relatively minor differences in NP surface transformation, indicates that NP 

surface transformation was not a prerequisite or hindrance of dissolution in the sand matrices. If 

NPs from the batch dissolution studies had been measured by XAFS, there may have been a 

larger transformation of the NPs correlating with increased surface coating and the suppressed 

dissolution seen in those systems.

Peng et al.15 reacted CuO NPs with aqueous citric and HA for 48 h, and observed by 

XANES analysis a 5-13% transformation of the CuO NPs to an organic phase. Sekine et al.63 

incubated the same dose of CuO NPs as this study (100 mg/kg Cu) in two alkaline soils (pH 8.0) 

for five days and observed by XANES that 54-73% of the Cu transformed to Cu associated 

primarily with ferric oxyhydroxides and partially with DOC. Soils with higher pH reacted slower 

and had more Cu associated with the iron oxyhydroxides.63 Gao et al.36 also applied the same 

dose of CuO NPs as this study to a low-pH soil (pH 5.6) and found that 41-44% of the CuO NPs 

transformed to Cu-humic acid over 7-19 days, although the authors note that clay or metal oxide 

solid surfaces could contribute to the Cu-humic acid signal via the shared Cu-O bond of both 

surfaces. The large NP transformations observed by the soil studies, which were not observed in 

this study or that of Peng et al.,15 were probably due to the lack of iron oxyhydroxides and other 

soil minerals in the aqueous solutions or the quartz sand used as the growth matrix. Soil minerals 

would provide a substantial surface area for sorption of Cu ions, which would drive the CuO NP 

dissolution reaction forward with the removal of Cu ions from solution. For example, the pH 5.6 

soil sorbed 100% of the 100 mg/kg Cu dose when added as Cu(NO3)2.36 Nevertheless, all the 
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cited studies and this work indicated a portion of the CuO NPs were transformed to give signals 

characteristic of Cu-bound to organic ligands. The mineral phases of soil will have additional 

impact on the transformations, and probably bioavailability of CuO NPs in soils.

Conclusions

CuO NPs dissolution occurred at varied levels in all systems: ±wheat, ±PcO6, and 

regardless of whether sand was amended with SPEs or Ca(NO3)2 electrolyte. Wheat growth 

promoted Cu dissolution to values of 1-6 mg/L in pore water. Colonization of the root with the 

pseudomonad decreased the dissolved and free Cu through mechanisms involving the catabolism 

of chelates in the root exudates, altered pH, and possibly sorption of ions to the microbial cell 

surface. The DOC in the sand PWs and the dissolved Cu were strongly correlated, with Cu 

complexation to components both below and above 3 kDa, indicating influence of both root 

exudates and larger HA and FA interactions. Free ionic Cu was low (<25 µg/L) when SPEs and 

root exudates were present. These results indicate that CuO NPs dissolve in alkaline and 

calcareous soils dependent on the organic matter content. In alkaline conditions, plant toxicity of 

CuO NPs is unlikely to be derived through the influence of the free ion alone, but also from 

complexes. As such, plants will likely increase CuO NP dissolution, particularly in the 

rhizosphere of low organic matter soils due to enhanced production of exudates as observed for 

the SPE treatments from ArgM and OrgM compared to GarM soils, amplifying the 

bioavailability of Cu. At conditions and the dose of CuO NPs utilized in this study (100 mg/kg 

Cu), generally less than 1% of the NPs dissolved and, thus, the majority of the Cu remained in 

the solid, NP form, indicating that CuO NPs would persist in the alkaline/calcareous soil 

environment for long periods of time.

Batch dissolution studies confirmed the importance of FA as the main Cu chelator in 

SPEs. Bicarbonate ions also increased CuO NP dissolution. Dissolution could be suppressed by 
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high concentrations of dissolved organic matter and low surface area availability. These results 

demonstrated mechanisms by which CuO NPs dissolve in soil. The suppressing effect of NP 

coating on CuO NP dissolution is probably limited in soil owing to the vast surface area 

presented by the soil minerals, minimizing the DOC coating interaction with the NPs or 

homoconjugation. Overall, the combined effects of crops, plant-colonizing microbes and soil 

organic matter could have large effects on the dissolution of CuO NPs, and hence their 

bioavailability to agricultural crops – in some cases for beneficial effects, but in other cases for 

unexpected negative effects.
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TOC abstract

Dissolved organic carbon concentration from soil management, root exudates, and root-
colonizing bacteria is dominant over the effect of pH in determining dissolved Cu concentration 
from CuO nanoparticles at alkaline pH.
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