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Abstract: The environmental fate of contaminants, particularly nanomaterials, has raised increasing
concerndue totheir potential risks to ecosystems and human health. While adsorption of heavy metals
onto carbonaceous nanomaterials (CNMs) has been widely investigated, most studies have focused on
single-metal systems, overlooking competitive interactions in mixtures. In addition, many have been
conducted under unrealistic CNM/metal ratios and without accounting for metal precipitation, limiting
environmental relevance. This study addresses this gap by examining the simultaneous adsorption of
Cd, Cu, Pb, and Zn onto CNMs with varying surface properties (surface oxidation, surface area) under
environmentally relevant conditions (pH, organic matter content, CNM/metal ratios). Adsorption
isotherms show a maximum at neutral pH (13 mmol/g cumulative uptake), with Cu and Pb displaying
stronger affinities for oxidized CNM, likely due to metal speciation andinteractions with deprotonated
functional groups. CNMs with larger surface areas and higher densities of —COOH groups exhibited
superior adsorption performance (GO reaching ~29 mmol-g™, i.e. >2x oxidized CNTs). However,

increasing organic matter concentrationsreduced overall metal adsorption with an 80-100% decrease
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for Pb and Cu at 20 mg-L™" OM. Soil solutions with realistic ionic backgrounds did not markedly alter
adsorption behavior (3—4 mmol-g™" total adsorption), indicating that pH and CNM surface chemistry
remain dominant adsorption drivers. Adsorption kinetics followed a pseudo-second-order model,
confirming chemisorption-driven interactions and revealing faster uptake for Cu and Pb than for Cd
and Zn. These results highlight the importance of considering multi-metal systems and environmental
factors in predicting contaminant fate, providing valuable insights for risk assessment and sustainable
remediation strategies. Together, these findings strengthen the foundation needed to anticipate how

CNMs reshape metal behavior in real ecosystems.

Keywords: carbon nanotube; surface oxidation; cadmium; copper; lead; zinc

1. Introduction

Human activities lead to an ever-increasing use and environmental release of many contaminants. As
such, the fate of contaminant mixtures (cocktail) is a major research topic as interactions among
contaminants can modify transfer and toxicity to organisms, making environmental risks more difficult
to evaluate. To improve risk assessment strategies, one would need, as a first step, to initiate studies
in simplified environments to understand the interactions that occur among contaminants and to

identify controlling environmental parameters.

Among contaminants exhibiting strong interaction potential, emerging contaminants such as
engineered nanomaterials are of particular interest. Indeed, in recent years, a large diversity of
nanomaterials has been investigated for their interactions with contaminants, ranging from inorganic
materials studied for adsorption of organic contaminants such asthe use of nanohybrids (ZnO/Mo,TiG
MXene) to degrade antibiotic residues?® or InP; monolayers interacting with organochlorine pesticides?,
to biosourced adsorbents—such as cellulose-based biochars - functionalized with MnO, or Fe,0s

nanoparticles or even amorphous calcium carbonate used to remove dyes or metal ions in single,
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binary or ternary systems3=. Beyondthese materials, there isanimportant literature on carbon-based
nanomaterials (CNM) such as functionalized carbon nanotubes (CNTs) which could for instance be
included in sensing platforms for trace detection of organic molecules®. These examples illustrate the

growing importance and ubiquity of nanomaterialsin environmental contexts.

Another type of contaminant that is particularly relevant in this environmental context is the heavy
metal group. They present documented ecotoxicological and human health risks due to their
persistence and bioaccumulation. Beyond drinking water, where the World Health Organization
(WHO) guideline values are set at 3 pg.L™" for Cd, 10 pg.L™ for Pb, or 2 mg.L " for Zn’, the European
Union also regulates maximum levels of heavy metals in food products—for example, 0.020 mg.kg™
Pb and 0.040 mg.kg™ Cd in infant foods®, highlighting the need to better understand processes
governing their environmental transfer and bioavailability. Recent articles also emphasize how chronic
exposure to Cd, Pb, Cu and Zn can impair soil microbial communities, plant development and food

safety, reinforcing the relevance of studying their environmental fate®10,

Furthermore, these two types of contaminants can accumulate and coexist, in particular in
agrosystems. Indeed, they tend to accumulate in sewage sludge, which is applied as fertilizer in
agrosystems!! making soil contamination one of the most pressing concerns in the debate about food
security and food safety worldwide!?. In terms of concentrations, models predict that the
concentration of CNM in biosolids can reachup to 10 mg.kg! while in natural soil it remains limited to
0.01 mg.kg™ 3. Another study calculated that CNT concentrationsin European agricultural soils treated
with sewage sludge increase annually by 74 ng.kg-1 11, Additionally, CNT concentration in soil could also
increase locally because of their potential application as nanofertilizers'# or nanopesticides!®, or even
as decontamination agent'®. Concerning metals, they are found in agrosystems for several other
reasons such as atmospheric deposition, irrigation with wastewater or polluted water, introduction of
livestock manure, metal based-pesticides or herbicides, and phosphate-based fertilizers?’.

Governments decided to regulate heavy metal concentrations by setting maximum allowable


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/atmospheric-deposition
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/fertiliser
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thresholds in agricultural soils up to 1-3, 50-140, 30-75, 50-300, 150-300 and 1-1.5 mg.kg* for Cd, Cu,
Ni, Pb, Znand Hg, respectively!®. The interactions between these two types of contaminants, CNM and
metals, will likely dictate their fate and bioavailability in agroecosystems and thus possible transferto

the food chain up to humans.

Adsorption of ionic species onto CNM is a complex process, and studies investigating single metal
adsorption onto CNM in aqueous media concluded that it is modulated by the CNM properties, the
CNM/metal ratio, the contact time and the organic matter (OM) concentration!®21, For instance,
Langmuir maxima typically reach~12-36 mg.g'for Cd, Cu, Pb or Znon raw CNTs, andincrease to~36—
76 mg.g~"' on oxidized CNTs. These values highlight how surface chemistry strongly modulates metal
affinities (e.g. Pb > Cu > Cd for oxidized CNTs)*°. A recent review highlighted that most studies focused
on the adsorption of single metallicion onto CNM while this type of system is not environmentally
relevant asit does not consider the diversity of metals present simultaneously in ecosystems, and their
competition for adsorption sites!®. Indeed, the few articles on that topic highlighted changes when
metals were present as a mixture. Ding et al. showed that, at equilibrium, adsorption of Pb, Cu or Ni
individually with an adsorbent was decreased when they were added simultaneously?2. This trend was
confirmed in different studies for other metal(loid)s 23-28 so that sequences of affinities can be drawn
up and thus highlight different metal affinities for adsorption sites. But with this kind of studies (single
metal), the relative affinity of the elements with CNM remains unclear. Only a handful of studies
investigated metals in cocktail. For instance, Salam et al.23 reported the following affinity sequence Cu
>Zn>Pb > Cd to multi-walled CNT (MWCNT, pH =7, contact time = 2h, MWCNT =2500 to 15 000 mg.L
1 ions = 1 mg.L1) while Sitko et al.?¢ found Pb>Cu>Cd for graphene oxide (GO, pH = not provided,
contact time = not provided, GO = 100 mg.L'1,Cd =0 to 80 mg.L%, Cu=0 to 150 mg.L%, Pb =0 to 150
mg.Lt,Zn=0to 100 mg.L1). Likewise, Li et al.2’” demonstrated the same sequence (Pb > Cu > Cd ) for
oxidized-MWCNT (o-MWCNT, pH =5, contact time = 4H, o-MWCNT =1000 mg.L, ions =5 to 30 mg.L

1),
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However, these studies were carried out with industrial developments in mind, without environmental
relevance. In particular, they generally relied on CNM/metal ratios that remain far from
environmentally realistic conditions, typically involving large CNM excesses that could lead to a
possible metal precipitation and thus an overestimation of adsorption or to a quick saturation of the
adsorption sites possibly, modifying affinities and adsorption sequences?®. As a result, competitive
adsorption under field-relevant concentration ratios remains poorly understood. Further, agrosystems
are composed of many components which can alter CNM/metal interactions. For example, OM could
modify the adsorption of metals3°-32 but the interaction mechanisms among CNM, metals and OM are
still unknown. Likewise, only a few studies considered the influence of naturalsoil solution chemistry,
including the presence of competing cations such as Ca%* and Mg?*, which can significantly affect
metal-CNM interactions and adsorption equilibria. More studies are needed; since ecotoxicity data
available in the literature show either increased or decreased metal(loid) transfer into organisms

following CNM addition?®.

The aim of the present work was to bridge these gapsof knowledge by better quantifying competitive
metallic sorption onto CNM presenting a variety of binding sites under environmentally relevant
conditions. To our knowledge, this study is among the few that explore CNM/metal interactions using
ratios that fall within environmentally relevant ranges (approx. ratio of 2500 for Salam et al?3, 0.66 for
Sitko et al?®, 33 for Li et al??, 1.6 for Ding et al.?2 vs 0.04 here) allowing more realistic hypotheses about
their behavior in natural systems. To do so, we probed the adsorption of ionic metals on carbon-based
materials while increasing the medium complexity, studying it on (i) oxidized double walled CNT (o-
DWCNT) at different environmentally relevant pH, (i) CNM surfaces presenting various functional
groups (pristine and oxidized DWCNT, pristine and oxidized-MWCNT, GO, and activated carbon (AC)),
and (iii) in natural soil solutions. Great care was dedicated to the experimental set-up by including
negative controls for each condition to properly account for metal precipitation in the medium under

different environmental conditions which is rarely done.
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2. Materials and methods

2.1. Materials

CNM synthesis and chemical used

DWCNT, o-DWCNT and o-MWCNT were synthesized at the Centre inter-universitaire de Recherche et
d'Ingénierie des Matériaux (CIRIMAT, Toulouse, France). For more details see the supporting
information (Figure SI1). Activated Carbon (AC, YPF50), commercial pristine MWCNT (NC3100) and GO

were obtained from KURARAY CO., LTD., Nanocyl SA and Antolin Group, respectively.

Stock solutions of Cd(l1), Cu(ll), Pb(ll)and Zn(ll) were prepared by dissolving Cd(NOs), - 4H,0, Cu(NO3), -

2.5H,0, Pb(NO3), and Zn(NOs), - 6H,0 (98% purity, Sigma-Aldrich, USA) in ultrapure water.

Soils

Two types of contrasting soils were used. They are standard reference materials from LUFA-Speyer,
collected from agricultural sites in Germany and widely used as reference soils in ecotoxicology and
soil science. The first one wasa loamysand soil (LUFA-Speyer soil 2.1) sieved to 2 mm with 86.0% sand,
12.6%loam and 1.4% clay. It contained 0.58 wt. % of organic carbon, 0.04 wt. % of nitrogen, with a pH
of 5.0+ 0.1 and a cation exchange capacity of 2.9 £ 0.2 meq.100g*. The second soil was a clayey soil
(LUFA-Speyer soil 6S) sieved to2 mm with 22.4% of sand, 35.1% of loam and 42.5% of clay. It contained
1.50% of organic carbon, 0.17% of nitrogen, with a pH of 7.3 £ 0.1 and a cation exchange capacity of
18.7+ 1.2 meq.100g"1. Soil solutions were prepared by adapting the standard AFNOR NF EN 12457-4.
Briefly, 100 g of soil were placed in 1 L of ultrapure water, shakenat 180 RPM for 24 hours, centrifuged
at 1000 RPM for 2 min (Bioblock Scientific, Sigma 4-15) and then filtered (Merck Millipore,
polypropylene, 0.20 um). Metal content in soil solution was assessed by inductively coupled plasma-
atomic emission spectrometry (ICP-AES) and accounted for less than 0.35% of the added metal
concentrations (< 0.030 mM, Figure S1). Initial pH value of each solution was not adjusted. After
preparation, pH of soil solutions was 4.3 + 0.2 and 5.7 £ 0.2 for LUFA 2.1 and LUFA 6S, respectively.
The ionic strength of the two soil solutions was estimated from the elemental concentrations

measured by ICP-AES (Table S1), by assuming the dominant ionic forms expected at the measured pH
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values. This provides an order-of-magnitude approximation that accounts for coexisting ions likely to
influence metal-CNM interactions. The resulting ionic strengths were 0.0026 mol-L™ for soil 2.1 and

0.0047 mol-L™" for soil 6S, which fall within the range expected for agricultural soil extracts.

2.2, CNM characterization techniques

Transmission Electron Microscopy (TEM) was used to assess the diameter of CNMs on at least
20 replicates (JEOL TEM 1400; 120 kV, Centre de microcaractérisation Raimond Castaing, UAR 3623,
Toulouse, Figure S2, Table 1). For the length, the measurements provided are a range as the tubes
were long and entangled making it impossible to have a reliable precise number. The SSA was
determined using the Brunauer-Emmett-Teller (BET) method on one sample as the technique requires
a large amount of powder and previous in-house experiments demonstrated the high reproducibility
of manufacturer provided batches (Micrometrics Flow Sorb Il 2300; 2 h degassing at 100°C in N, and
adsorption of nitrogen gas at the temperature of liquid nitrogen; measurement accuracy+ 3%; Table
1). Raman characteristics were analyzed to get information on the structural quality (ratio Id/lg =
Intensity of d band/ Intensity of g band) of the CNM used at A = 633 nm (Labram HR800 Horiba Yvon
Jobin; Figure S3 and Table S2). The proportion of carbon and oxygen contained in CNMs was
determined with organic micro-analyzers (total combustion at 1050°C under helium/oxygen flux for C
and N dosage; total pyrolysis at 1080°Cunder nitrogen flux for O dosage; SCA CNRS Lyon; Table 1), also

on one replicate for the same reason as for BET measurements.

Table 1: Physico-chemical characteristics (length, diameter, specific surface area and % of C and O) of CNMs (graphene oxide
(GO), pristine double-walled CNT (DWCNT), oxidized double-walled CNT (o-DWCNT), pristine MWCNT (MWCNT), oxidized
multi-walled CNT (o-MWCNT), and activated carbon (AC)) used in this study. Nd = not determined. Length and
diameter/thickness of AC and MWCNT were provided by manufacturing companies. *For GO, its thickness has been
determined using the Scherrer equation on the (002) line on the spectrum obtained by XRD (X-ray diffraction)

Materials | Length (um) Thli)cllirr::ees,ie(l;nlm) Speafn:n‘s‘:r;::;:e area %ofC | %of0
AC 5t020 nd 1570 84.6 14.9
DWCNT 1to0 100 2.1+0.7 854 89.7 2.2
MWCNT <1.5 10.2+1.1 229 91.8 1.2
GO 0.2t08.0 <10* 228 69.0 31.0
o-DWCNT 1to 100 2.1+0.7 218 76.9 17.2
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o-MWCNT | 1t0o20 | 24.2:8.6 60 | 932 | 68 |

Techniques such as FTIR or SEM/EDS, commonly used for surface characterization, could not be applied
here because CNT suspensions cannot be dried or concentrated without inducing agglomeration or
altering their surface chemistry. Moreover, the adsorbed quantities of metals in our environmentally
relevant exposure conditions (ug—mg range) fall below FTIR and EDS detection limits. This
methodological constraint is inherent to studying CNT—metal interactions at realistic concentrations

and is acknowledged as a limitation of our study.

2.3. Adsorption experiments

Preliminary tests were conducted to select relevant conditions for adsorption experiments. Inorder to
get closer to environmentally relevant conditions, it has been decided to work with metal
concentrations in excess compared to CNM adsorption capabilities. i.e. 1 mM for each metal and
10 mg.L! for CNM. Four metals were selected for batch adsorption experiments (Cd, Cu, Pb and Zn:
1 mM with equivalent masses for Cd = 112.41 mg.L?, Cu=63.54 mg.L'%, Pb=207.2 mg.L'and Zn =
65.38 mg.L1) due to their toxicity and environmental monitoring. First results showed that metal
adsorption was the highest at pH = 7 after 3 hours and these conditions were thus selected for batch
adsorptions. To test the effects of CNM characteristics (SSA, diameter, surface oxidation), metal
adsorption onto pristine DWCNT, pristine MWCNT (MWCNT), oxidized MWCNT (o-MWCNT), GO and
AC were compared to o-DWCNT. To investigate the effect of pH and OM on metal adsorption onto o-
DWCNT, relevant environmental conditions were selected with a pH ranging from 5 to 833 and two

concentrations of OM of 10 and 20 mg.L134,

The experimental design wasthe same for all batch adsorption experiments. Before introducing 50 mL
of the metal cocktail solution in an erlenmeyer flask (V = 100 ml), the initial pH values were adjusted

to 7 with 10 M NaOH solution. Then, CNM (500 pL, leading to a final concentration 10 mg.L1) were
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introduced in experimental units (together with OM in one experiment) and the suspensions were
placed under shaking on an orbital shaker plate at 200 rpm for 3 hours (except for kinetics experiments)
at room temperature (18.3 £ 0.9 °C). Before each experiment, CNM suspensions were sonicated for
5 min to ensure reproducible dispersion. Visual inspection showed no visible agglomeration over the
3 h adsorption period. This stability was further supported by DLS measurements, which confirmed
that the hydrodynamic size distribution of o-DWCNT suspensions remained unchanged throughout the
experiment, even though absolute size values are not reliable for non-spherical fibrous materials such
as CNTs. Samples were then centrifuged at 4000 rpm (room temperature) for 5 min. Finally, samples
were filtered on 0.45 um polypropylene filtration membrane (LABO MODERNE). All adsorption
experiments were conducted with n =5 replicates per condition. One specificity of this experimental
set-up was that control experiments were performed in each case in the absence of CNM as negative
controls. Corrected adsorption values were calculated by subtracting metal losses measured in
negative controls, allowing us to isolate true adsorption from pH-dependent precipitation processes—
a step often omitted in previous studies but essential here given the environmentally relevant pH

range. For more clarity, all experimental parametersof each experiment are summarized in Table S3.

In preliminary tests, we evaluated additional models (Freundlich, pseudo-first-order). Freundlich
showed poorer fits than Langmuir for all metals, and pseudo-first-order kinetics consistently
underperformed compared to the pseudo-second-order model. As the Langmuirand pseudo-second-
order models provided the most robust and mechanistically consistent description of our system, other

empirical models (including Temkin) were not retained.

The effect of the ratio o-DWCNT/metal concentration was modelled using the Langmuir isotherm with

the following equation (1):

(1) Langmuir : q, =k, q,C./ A+ k; C,)

where g. and g, (mmol.g1) represent equilibrium and maximum adsorption capacities, respectively;

C. (mmol.L1) the equilibrium aqueous concentration; k; (L.mmol1)the equilibrium constant.
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Parameters were fitted using both linear and non-linear regression, and model performance was
assessed from R2 analysis. Here, the Langmuir model wasused as a descriptive framework to compare
competitive binding among metals rather than to infer strict monolayer mechanistic assumptions. For
isotherm modelling, 0.1-4 mM range concentration of Cd and Zn, 0.2-4 mM for Pb and 0.1-2.5 mM for

Cu were used due to metal precipitation.

Kinetics experiment was described by diffusion models such asthe pseudo-second-order following this

equation (2):

(2) Pseudo second order : q, = k,q%t/(tk,q,+ 1)

where g; and q. are the adsorption capacities(mmol.gt)at timet and equilibrium andk;, (g.mmol.min-

1) is the constant rate of the pseudo-second order.

Goodness-of-fit was evaluated using regression statistics and comparison of experimental vs.

predicted gt values.

2.4. Analytical measurements

After the adsorption experiment, the remaining metals in solution (ie not adsorbed on CNM or
precipitated in solution) were quantified by inductively coupled plasma — atomic emission

spectrometry (ICP-AES) after sample acidification to reach 3% HNO3; (ARCOS FHX22, AMETEK Spectral).

2.5. Modelling and statisticalanalyses

Metal speciation in solution at different pH was modeled through Pourbaix diagrams using the

software Visual Minteq 3.1.

Langmuirisotherms and diffusion modelling were performed on Microsoft Excel 2019 version 1808.
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To account for metal precipitation, the data was normalized thanks to the negative controls (condition

with metal but without CNM) as follows (example for Cd):

Cd adsorption for replicate n°1 = mean of Cd concentration of five replicates without CNM - Cd

concentrationfor replicate n°1 with CNM.

Then, adsorption concentrations (mmol.g) obtained were corrected with CNM concentration in the

ions concentration (mmol)
g of CNM

sample to obtain for eachion used in experiments:

All statistical analyses were performed using RStudio software (version 3.4.1). First, 1-way ANOVAs
were performed on adsorption data to test the effects of each parameter investigated in batch
adsorption experiments (metal concentration, pH, contact time, OM concentration, soil solutions). The
normality, independence and homoscedasticity of the residuals were checked using Shapiro, Durbin-
Watson and Breusch-Pagan tests, respectively. Data were transformed to log or square root if one of
the three conditions of validity was not met. A non-parametric Kruskal-Wallis test was performed in

case of failed transformations. Significance was set at p < 0.05.

3. Results and discussion

3.1. pHinfluence

First, cumulative metal adsorption onto o-DWCNT increases with pH with a maximum adsorption
reached at pH = 7 up to 12.29 mmol.g*, before decreasing at higher pH = 8 down to 6.28 mmol.g?
(Figure 1, Kruskal-Wallis test among pH conditions, p=0.027). This quantitative data is difficult to
compare with the literature as, to the best of our knowledge, our experimental set-up is one of the
few trying to get closer to environmental values and thus with metal in excess in comparison to CNM.
According to our recent review, the highest adsorption values obtained in mono-elemental systems

reached about 4.7 mmol.g1, 4.6 mmol.g, 8.9 mmol.g! and 5.2 mmol.g* for Cd, Cu, Pb and Zn,
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respectively®®. Likewise, the cumulative adsorption concentrations achieved in multi-metal systems
ranged from 0.5to5 mmol.g1 °. Eventhough our resultsare in the same range, theytendto be higher,
probably resulting from the ratio metal/CNM; for instance, in the study from Ding et al, the highest
metal concentration tested was0.6 mmol.L-* with a concentration of 200 mg.L! of carbon nanofibers?2.
However, the overall behaviour according to the pH is in agreement with the general trend found in
the literature, showing that metal adsorption depends on the solution pH, similarly to what is observed
both in single metal systems?6333¢ and in multi-metallic systems?223.27_ |n particular, Salam et al.
highlighted a maximum adsorption for Cu and Pb onto MWCNT at pH = 6, while it was not reached for
Cd and Zn in the tested pH range (pH range: 3 to 9)23. At higher pH (pH=8), this increase in adsorption
was not detected here. This difference is probably related to different experimental set-up as Salam
et al. quantified both actual metal adsorption and metal precipitation while we could discriminate
thanks to the negative controls set-up here (allowing to subtract metal precipitation from adsorption).
Indeed, Minteq modelling suggests metal precipitation at pH=8 (Figure S4) which was further

experimentally confirmed at least for Pb (Pb,us=0.87 mM in negative control ie without o-DWCNT).

Second, metals were not adsorbed in the same proportions at the different tested pH. Indeed, two
metal adsorption patterns could be defined according to the pH range: (i) in the range pH =5 to 6,
metal adsorption was low (around 1-2 mmol.g) and quite similar among metals, and (ii) for higher pH,
metal adsorption was higher and metal dependent (more than 5 and 4 mmol.g? for Cu and Pb,
respectively) so that adsorption sequences could be defined at the maximal adsorption pH (pH = 7) as

follows: Cu = Pb > Cd = Zn, while it was: Pb > Cu > Cd = Zn at pH = 8.

Salam et al. obtained a different pattern, where Cuwasalready more adsorbed than other metalsonto
MW(CNT starting from pH = 5 (Cd, Pb andZn)?3. Also, at pH =7, they highlighted the following sequence:

Cu >Zn> Pb > Cd, while Sitko et al. found a sequence similar to ours (Pb > Cu > Cd > Zn) with GO?®.

Firstly, the nature of the adsorbent itself and the resulting mechanisms of adsorption will modulate

the affinities. Indeed, oxidized materials (0-DWCNT and GO) due to the presence of -COOH and -OH
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groups would favour adsorption based on ionic and electrostatic interactions, while it would be more
of a physical nature for pristine materials!®123639  Electrostatic interactions (and thus ionic
interactions) are highly pH dependent as both CNM and metal forms will evolve with the pH. For CNM,
when the pH is higher thantheir point of zero charge (pHpyc), their overall surface is negatively charged
and thus cation adsorption is favoured due to electrostatic interactions while when pH < pHyy, cation
adsorption is lower due to the neutralization of the surface charges of CNM, or even the presence of
repulsive positive charges'®. The PZC is determined by the quantity and type of functional groups
present on CNM surface. Inthe pH range we investigated, the presence of carboxylic groups will greatly
influence metal adsorption. In the literature, the pKa of carboxylic groups at the surface of CNT has
been evaluated at 5.1 and 6.4%0. At these pKa 50% of the carboxylic groups are deprotonated and one
can consider that this percentage can reach90% at a pH higher by one unit. This means that at acidic
pH range (pH = 5-6), physisorption would be predominant leading to a low adsorption, and similar
among metals. At pH = 7-8, chemisorption becomes predominant favoring metal adsorption on
deprotonated carboxylic groups. Similar pH-dependent shifts between physisorption and
chemisorption have been reported in other multicomponent adsorption systems, where competing
ions or molecules modulate site accessibility and affinity sequences through electrostatic interactions
and surface complexation, as observed for mixed-dye systems® and for functionalized biomaterials
exposed to metal mixtures*.The affinity sequence highlighted here thenrelies on the different physico-
chemical properties of the ions (Table S4). One important property is the formation constant (Kf): the
higher this constant, the more stable the formed complexes are. Two groups can be distinguished: one
with Cu and Pb (log(Kf)=18.8 and 18.0, respectively) and one with Zn and Cd (log(Kf)=16.5). Cu is
significantly more adsorbed than Pb which might be related tothe fact that it hasa smaller ionic radius
giving it an easier access to adsorption sites in comparison with Pb (0.73 A vs 1.2 A) as well as a higher
charge density (9.7 C/m3 vs 3.7 C/m3) leading to stronger electrostatic interactions. Electronegativity

could also partly explain that ranking (Tables S3) but seems to be playing a secondary role.
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Finally, as mentioned above, the pH also conditions metal forms in solution with lower pH being more
favourable to ionic forms while higher pH leads to precipitation - but this phenomenon is element
dependent (Figure S4 and S5). It could explain the change in the affinity sequence detected at pH=8 as

the modelling suggests the presence of more Pb soluble species than Cu soluble species at this pH.

In this work, it thus seems like the sequence of affinities and its change with pH can be explained by
the pH-dependent deprotonation of binding sites, the intrinsic properties of ions, along with their

metallic speciation in water evolving towards precipitation for higher pH.

Regarding the median value of pH in agriculturalsoils in Europe (pH = 5.8)*!, metals would be weakly
adsorbed and in a similar proportion. However, in the environment, and in particularin agrosystems,
it has been proven that sewage sludge application (main entry pathway for CNM) increases soil pH to
pH=7 or 842, which according to our results could reinforce the adsorption of metals on the surface of
o-DWCNT. In addition, sewage sludge application also increases metal availability and thus their

adsorption behaviour and potential toxicity.

3.2. Isotherms & Kinetics

Non-linear and linear Langmuir isotherm models were applied to simulate and understand the
adsorption mechanism of metalions (Cd(l1), Cu(ll), Pb(I1) and Zn(l1)) on o-DWCNT (Figure 2, Figure S6).
Due to metal precipitation, the concentration range used to build Langmuir isotherms was selected

specifically for each metal.

First, it can be noticed that the sorption isotherms fitted better for Cd(I1), Pb(ll) and Zn(I1) than for Cu(ll)
as correlation coefficients were ca. 0.90 while it was 0.81 for Cu(ll) (Figure 2B). This is probably due to
the fact that equilibrium was not reached for Cu(ll) only in our exposure conditions as it is the first
metal that precipitates in the medium (Figure S4, S5). Despite this, the four correlation coefficients
and the fit between the Langmuir model and the experimental values were satisfactory (even if initially

this model was designed to study the solid/gas interface) as they were higher than 0.80. In mono-
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metallic systems, the mean R? (R2=0.97) of studies reviewed in Leroy et al.'® was higher than in multi-

metallic systems, which suggests that metal interactions lead to more variability within the system.

According to the linear Langmuir fit (Figure 2A) which allows to establish the value of g, (Figure 2B),
we cansee that the equilibrium was reached at values close tothose indicated by non-linear Langmuir
representation for the four metals, which were 16.9, 4.9, 3.4 and 3.3 mmol.g-* for Cu(ll), Pb(Il), Zn(l1)
and Cd(ll) with the linear model and 14.0, 4.6, 2.1 and 2.1 mmol.g* for Cu(ll), Pb(I1), Zn(I1) and Cd(lI)
with the non-linear model (Figure S6). The gm. adsorption coincided well with the experimental
adsorption (gexp) With Qe up to 13.5, 5.5, 1.5, 1.2 mmol.g* for Cu(ll), Pb(Il), Zn(ll) and Cu(ll),

respectively.

The separationfactor R calculated from the Langmuir model, which reveals whether the adsorption is
irreversible (R, = 0), favourable (0< R, <1), linear (R, = 1) or unfavourable (R, >1)*3, indicates that
adsorption was favourable for all metals studied. In addition, K, which corresponds to the extent of
the interaction betweenthe adsorbate and the surface where a larger value of K, indicates a stronger
interaction between the adsorbate and the adsorbent, reveals the following adsorbate/adsorbent
interaction sequence Pb>Cd>Cu>Zn. It is the combination of K, and R, that establishes q,,.,, hence the

adsorption affinity sequence.

This affinity sequence confirmed what was already observed in the previous experiment (pH variation
with 1 mM metal) and also fits with what we highlighted in mono-metallic systems in our review paper
with the following sequence based on g,,.« values for oxidized CNT: Pb(l1) > Ni(ll) > Cu(ll) = Cd(I1) > Hg(ll)
> Cr(ll) = Zn(I1)*°. It thus seems that the simultaneous presence of metallic species of different nature
in solution does not modify the affinity of metals for the adsorption sites pre-established in mono-
metallic systems (at least when the concentrations of the different ions is low or in the same range and

in the solubility range).

Comparing the limits of metal concentrationsin European agricultural soils at the range 6 < pH < 7 (Cd:

1-3 mg.kgt, Cu: 50-140 mg.kg?, Pb: 50-300 mg.kg! and Zn: 150-300 mg.kg1)** and metal
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concentrations in this study at pH =7 (1 mM of Cd: 112 mg.L%, 1 mM of Cu: 64 mg.L!, 1 mM of Pb:
207 mg.L'*and 1 mM of Zn: 65 mg.L), it would be expected that the quantities of metals adsorbed on
the CNM surface would follow the same order as the affinity sequence defined in our study. However,
this forecast is only indicative as many other soil components may interact with both CNM and metals

such as aluminium and iron oxide or hydroxide phases, or clays.

To try togo further into adsorption mechanisms, the kinetics of adsorption with pseudo-second order
linear plot with t/qt versus time was modelled to deduce some kinetics parameters (Figure 3). First,
adsorption kinetics of metal mixtures were well translated by pseudo-second order model as
correlation coefficients were > 0.9. Second order rate constant (K,) was different from metal to metal,
reaching 0.37, 0.26, 0.18 and 0.02 g.mmol*.min! for Cu(ll), Zn(ll), Pb(ll) and Cd(Il), respectively. The
metal quantity at the equilibrium (q.) followed the previously determined order as Cu(ll) > Pb(ll) >
Cd(l1) =Zn (11). As seen through the Langmuir isotherm modelling, Pb(l1) had a stronger interaction with
the surface of o-DWCNT (K,) than Zn(lI1), which could explain why more Pb(ll) was adsorbed onto the
surface of o-DWCNT at equilibrium eventhough its k, wassmaller. Indeed, it is likely that Zn(I1) adsorbs
fasterthan Pb(l1), but due to the higher interaction strength of Pb(l1), this ion takes over the adsorption
sites where Zn(ll) was first located, asit has been observed by Tan et al.2>. Comparedto the literature,
our k, results (Cd(I1) = 1.10¢, Cu(ll) = 1.85.10%, Pb (I1) =9.10® and Zn(Il) 1.3.10-® g.mol-1.min!) were a
bit lower than Sitko et al. who found 9.79.10->, 2.52.10%4, 4.34.10°and 7.19.10-* g.mol-~. min-* for Cd(l1),
Cu(ll), Pb(l1) and Zn(ll), respectively but the experimental conditions were different (Sitko et al.: pH =

5, MWCNT =0.1 g.L'}, metals=5 mg.L)®.

3.3. CNM type

First, concerning cumulative metal adsorption onto CNM, 3 groups could be distinguished (Figure 4,
Kruskal-Wallis test among CNMs, p=0.012): one with a significantly higher adsorption level for GO

(28.86 mmol.g 1), another group with average adsorption for o-DWCNT, o-MWCNT and DWCNT (12.29,
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11.43 and 13.41 mmol.g™1, respectively) and a last one with a lower adsorption level for MWCNT and
AC (5.64 and 4.50 mmol.g™1, respectively). This result is consistent with the literature in mono-
elemental conditions as demonstrated earlier with oxidised CNT adsorbing up to three times more
metalsthan pristine CNT and GO from 5 to 30 times more?!?. These 3 groups seem to be established by

the combination of several factors such as CNM SSA and level of oxidation.

The level of oxidation plays a key role in adsorption mechanisms. A first pattern can be seen for
oxidized CNM with a high adsorption level with a mean of cumulative adsorption for oxidized CNM up
to 17.52 mmol.g! and with a clear affinity sequence for metal adsorption for GO, o-DWCNT and o-
MWCNT following Cu(ll) = Pb(I1) > Cd(Il) = Zn(I1) (14.08/12.28 > 1.17/1.33 mmol.g* for GO, 5.77/4.22 >
1.58/0.71 mmol.g 1 for o-DWCNT and 6.17/4.82 > 0.25/0.19 mmol.g* for o-MWCNT). A second pattern
observed for pristine CNM displayed lower mean of cumulative adsorption with on average
7.85mmol.gt and quasi-similar level of adsorption among metals with on average 3.35, 1.41 and
1.13 mmol.g1 for all metals adsorbed on DWCNT, MWCNT and AC, respectively. As mentioned above,
this could be related to different mechanisms of adsorption between oxidized materials

(chemisorption) and pristine materials (physisorption).

The SSA is also a factor that could explain the differences of adsorption among CNM. Indeed, it has
been observed in the literature that an increase in the diameter reduces the adsorption of metals on
CNM surfaces, for CNM with a similar oxidation level*34¢, Here, in the case of graphene oxide (GO),
most interaction sites are present at the top and bottom faces (sites located at the edge may play a
marginal role) that is why all the surface of that monolayer graphene is available for adsorption*7:4,
On the other hand, overall multilayer graphene and MWCNT tend to have lower SSA as their internal
layers are little or not accessible by adsorbates?*’. Quite surprisingly, AC that displayed the highest SSA
and a high level of O did not have a high sorption capacity. This observation has already been made
before2? and several hypotheses could be formulated to explain that phenomenon in our experiment.

The first one would be relatedto the agglomeration status of the material in suspension*® which is not



421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

reflected by the SSA. However, in this case both AC and o-DWCNT (that has a similar O content, lower
SSA but higher adsorption) had the same zeta potential (-33.9+0.4 for ACand -35.4 £ 5.5 for o-DWCNT,
at pH 5.5) which tends to invalidate this hypothesis. The second one relates to the nature of the O
bearing functional groups and their accessibility>°. The activation of carbon (for AC) leads to the
formation of micropores possibly restricting the accessibility to the functional groups located within
these pores as opposed to CNT which tend to display mesopores®!. Additionally, from the Raman
signature it can be seen that AC had a high degree of disorganisation (Ip/lg AC= 1.21 vs |p/lg 0-DWCNT
=0.23 Table S2) suggesting the presence of a large proportion of amorphous carbon also leading to a
decrease of accessibility. Finally, some functional groups such as carboxylatesand hydroxyls are known
tobind more effectively cationsthan functionals groups such ascarbonyls or lactones?! suggesting that

AC might have a higher proportion of these latter groups®2.

Very little is known about the possible transformations of CNM in the environment. Overall it seems
that functionalised (oxidised) materialsare more prone to degradation with some studies highlighting
a possible degradation through enzymatic reactions or through biodegradation mediated by algae cells
or bacteria®3>4. Additionally, both reduction and oxidation of the surface were demonstrated.
However, CNM remain among the most stable nanomaterials®3>4. In parallel, it is very difficult to
properly estimate the production of oxidised vs. pristine CNM. One could hypothesize from the few
data available that there is on the market more or less the same proportion of these two types of
materials. But there is a trend for increased market for oxidized CNM which are more easily dispersed
in different matrices, but also have a better chemical purity as oxidation treatments are known to

remove residual catalytic metals®>.

3.4. Organic Matter

Cumulative metal adsorption onto o-DWCNT decreased with OM concentration (Figure 5). It was

significantly lower at 20 mg.L-! comparedto the control with nearly 0 and 8.43 mmol.g, respectively
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(ANOVA 1 among MO conditions, p=0.020). However, OM addition did not modify adsorption of Cd(lI)
and Zn(ll) with similar values ranging from 0.5 to 1 mmol.g-* whatever OM concentration. In contrast,
OM addition prevented Pb(Il) and Cu(ll) adsorption in a dose dependent manner leading to adsorption
values for Pb(ll) ranging from 5.5 without OM to 1.7 and 0.35 mmol.g! with the addition of 10 and 20
mg.L? of OM, respectively and for Cu(ll) ranging from 1.3 without OM to -0.9 and -2.9 mmol.g! with
the addition of 10and 20 mg.L* of OM. One hypothesis explaining these different results could be that
OM adsorbs on the adsorption sites (-OH and -COOH) of o-DWCNT for which Pb(Il) and Cu(ll) have a
more pronounced affinity than Cd(ll) and Zn(ll) thereby preferentially reducing their adsorption.
Additionally, a second hypothesis could be that OM could also complex metallic ions (Pb(ll) and Cu(ll)
preferentially) which would then prevent their interactions with o-DWCNT surface. This last hypothesis
is further supported by Visual MINTEQ modelling (Stockholm Humic Model, fulvic acid, 0.01 mg DOC/L,
pH 7.5): the simulations show that 48% of reactive OM sites are occupied by Pb and 21% by Cu,
whereas Cd and Zn together account for <5% of complexed forms. This confirms the much higher
affinity of OM for Pb and Cu under our conditions and is fully consistent with the strong OM-driven
decrease in Pb and Cu adsorption, compared tothe limited effect observed for Cd and Zn. Further FTIR
or XPS CNT surface analyses would be necessary to elucidate the interaction mechanisms, however
they require more concentrated samples. Some examplesin the literature reported contrasting results,
with OM addition favouring Pb(Il) and Cu(ll) adsorption onto MWCNT3932, These discrepancies could
be explained by the fact that pH conditions were different (Lin et al.3° pH =5 and Sheng et al32. pH =
4-10) leading to different interactions among CNT, OM and metals. In addition, Sheng et al. also
demonstrated a decrease of Cu adsorption onto MWCNT when pH > 7.5, supporting pH influence on

CNT/OM/metal interactions32.

Surprisingly, adsorption results for Cu(ll) were negative. These negative adsorption values for Cu(ll) do
not indicate analytical artefacts but rather suggest that there were more Cu(ll) in experimental units
with OM and o-DWCNT than in experimental units with OM without o-DWCNT, which in turn could

suggest that Cu(ll) is better stabilized (possibly by OM) in the presence of o-DWCNT. The addition of
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CNT in the medium modifies the interactions in this complex medium (OM + 4 metals) and could
displace Cu equilibrium leading to less precipitated forms, especially in this experiment in which the
pH was slightly higher (pH=7.5). However, dedicated experiments should be performed to better

understand the complex mechanisms underlying these results.

In France, the great plains of intensive cultivation contain 1 to 2% of OM33 which corresponds to the
concentrations tested in our experiment. It thus suggests that metal adsorption would be limited in

typical agricultural soils.

3.5. Soil solution

Despite the marked differences in pH (4.3 vs 5.7) and ionic strength between the two soil solutions,
adsorption patterns remained very similar. The cumulative metal adsorption onto o-DWCNT did not
differ between soil types (3.15 and 3.41 mmol-g™" for soils 2.1 and 6S, respectively, Kruskal-Wallis
between the 2 soil types: p=0.369), nor among metals, with comparable values for Cd(ll), Cu(ll), Pb(Il)
and Zn(ll) in both solutions (on average 1.12,0.33,0.60 and 1.10 mmol.g-* for Cd(lI), Cu(Il), Pb(Il) and
Zn(Il), respectively for 2.1 soil solution and 1.14, 0.91, 0.20 and 1.16 mmol.g™, respectively for Cd(l1),
Cu(I1), Pb(I1) and Zn(ll) for 6S soil solution; Figure S7; Kruskal-Wallis among all conditions: p=0.400).
When compared with adsorption in ultrapure water at similar pH (1.96 mmol-g~"at pH 5), these values
fall within the same range and show no preferential uptake, indicating that soil-borne dissolved

components did not substantially alter metal-CNT interactions under our conditions.

This limited variation suggests that pH-driven surface charge effects dominate over competition with
background ions. Although the ionic strengths of soil 2.1 and 6S (0.0026 and 0.0046 mol-L™,
respectively) indicate the presence of divalent cations such as Ca?* and Mg?*, their concentrations

remain too low to significantly compete with trace metals for adsorption sites on o-DWCNT.
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The higher variability observed in this experiment likely reflects metal precipitation induced by soil-
solution constituents. This was confirmed by the negative controls (without o-DWCNT), where initial
Cu(I1) and Pb(Il) concentrations decreased to 0.93 mM in soil 2.1, but dropped further to 0.45 and
0.11 mM, respectively, in soil 6S—deviating substantially from the nominal 1 mM. The granulometry
of upper agricultural soil horizons in France is a mix between loamy and clayey soil33 (somewhere in
betweenthe two soils used in this experiment) suggesting that the adsorption behaviour of metals on
the surface of CNT should be similar whatever soil granulometry, with similar adsorption levels of

Cd(I1), Cu(ll), Pb(I1)and Zn(1).

4. General conclusion

The results obtained here provide a significant contribution towards a better understanding of the
interactions among contaminants in natural environments and their impacts on both transfer and
toxicity of such contaminants. They also demonstrate the importance of taking into account ionic
precipitation when investigating sorption equilibrium in aqueous medium (e.g. about 10% of
precipitation at pH 8 for Pb at 1 mM or about 20% for Cu at 2.5 mM at pH 7), which is rarely done.
Regarding the average agricultural soil properties such as soil pH (pH = 5.8), OM concentration (1-2%),
granulometry (equilibrium between loamy and clayey soils) and CNM/metal ratio (with metals in
excess in comparison with CNM), the results of this work suggest equivalent adsorption of Cd(l1), Cu(ll),
Pb(ll) and Zn(ll) on the surface of CNT in our experimental conditions, with rather low values (1-
2 mmol.g1). Also, Cu and Pb adsorption could decrease with higher OM concentration. According to
these results, pH and OM are the two environmental parametersthat most influence the adsorption
behaviour of metals on the surface of CNT together with the level of CNT oxidation and in particular
the proportion of carboxylic groups. In addition, many compounds such as pesticides, herbicides and
others are simultaneously present inagrosystems, compounds which could also adsorb onto CNT>¢ and

modify metal adsorption behaviour. While our study provides a comprehensive assessment under
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environmentally relevant conditions, it is inherently constrained by the low concentrations typical of
natural systems, which prevent the use of characterization techniques such as FTIR or SEM/EDS to
better highlight the nature of metal-CNM interactions. These methodological limitations reflect real
environmental scenarios but also highlight the need for complementary mechanistic investigations.
Additionally, future studies could further assess how these processes evolve in real soil matriceswith
contrasting mineralogy, OM quality, and ageing effects, in order to capture the full complexity of

metal-CNM interactions under field conditions.
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687 Figure 1: Metal (Cd, Cu, Pb and Zn) adsorbed onto o-DWCNT depending on the pH (o-DWCNT concentration: 10 mg.L™, metal
688 concentrations: 1 mM. Contact time: 3 hours, temperature: 18.3+0.9 °C). Same lowercase letters indicate treatments that do
689 not differ significantly following a Kruskal-Wallis test. Statistical analysis has been performed within a pH value except for the
690 sum (n=5).
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Figure 2: Multi-metallic Langmuir linear isotherm, alldata pointsinclude error bars; for some conditions the variability is very
small, resulting in error bars that are hidden beneath the symbols (A) and Langmuir adsorption isotherm constants (B) for Cd,
Cu, Pb and Zn with o-DWCNT (o-DWCNT concentration: 10 mg.L"1, metal concentrations for isotherm modelling: 0.1-4 mM for
Cd andZn, 0.2-4mM for Pband 0.1-2.5 mM for Cu, pH: 7, contacttime: 3 hours, temperature: 18.3+0.9 °C), ge: metal quantity
adsorbed onto o-DWCNT (mmol.g), Ce: equilibrium aqueous concentration (mM), g max: maximal quantity of metal adsorbed
onto o-DWCNT at the equilibrium calculated by Langmuir model (mmol.g™), qexp: experimental quantity of metal adsorbed
onto o-DWCNT at the equilibrium (mmol.g?), Ki= adsorption equilibrium constant, R, : separation factor, R? : correlation

coefficient)
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709 Figure 3: Multi-metallic non-linear pseudo-second order (A) and pseudo-second order constants (B) for Cd, Cu, Pb and Zn with
710 0-DWCNT (o-DWCNT concentration: 10 mg.L™X, metal concentrations: 1 mM for Cd, Cu, Pb and Zn, pH: 7, contact time: 10 to
711 360 min’, temperature: 18.3 +0.9 °C, ge: metal quantity adsorbed onto 0o-DWCNT calculated by pseudo-second order model
712 (mmol.g1), qt: total quantity of metals adsorbed onto o-DWCNT, k,= constant rate of the pseudo-second-order (g.mmol.min-
713 1), R2: correlation coefficient)
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719 Figure 4: Metals (Cd, Cu, Pb and Zn) adsorbed onto different carbon based nanomaterials: graphene oxide (GO), oxidized
720 double-walled CNT (o-DWCNT), oxidized multi-walled CNT (o-MWCNT), pristine double-walled CNT (DWCNT), pristine multi
721 walled CNT (MWCNT) and activated carbon (AC) using a multi-metallic solution (CNM concentration: 10 mg.L™, metal
722 concentrations: 1 mM, pH: 7, contact time: 3 hours, temperature: 18.3 + 0.9 °C). Same lowercase letters indicate treatments
723 that do not differ significantly within a CNM type following 1-way ANOVA or among CNM following a Kruskal-Wallis test (p-
724 value > 0.05; n=5).
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Figure 5: Metals (Cd, Cu, Pb and Zn) adsorbed onto o-DWCNT using a multi-metallic solutionaccording to OM concentration
in the medium (o-DWCNT concentration: 10 mg.L™, metal concentrations 1 mM, pH: 7.5, contact time: 3 hours, temperature:
18.3+ 0.9 °C, OM: Organic Matter). Same lowercase letters indicate treatments that do not differ significantly following 1 -
way ANOVA. ANOVA was performed within a same OM concentration or among MO conditions (p-value >0.05; n=5)



