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Abstract: 

 

Due to the dramatic quantity of plastic debris released into our environment, one of the 

biggest challenges of the next decades is to trace and quantify microplastics (MPs) in our 

environments, especially to better evaluate their capacity to transport other contaminants such 

as trace metals. In this study, trace elements (Fe, Cu, Zn, As, Cd, Sn, Sb, Pb, and U) were 

analyzed in the microplastic subsurface (200 µm) using laser ablation inductively coupled 

plasma mass spectrometry (LA-ICP-MS). Microplastics subjected to the marine environment 

were collected on beaches (Guadeloupe) exposed to the north Atlantic gyre. We established a 

strategy to discriminate sorbed contaminants from additives based on the metal concentration 

profiles in MP subsurface using qualitative and quantitative approaches. A spatiotemporal 

correlation of the sorption pattern was proposed to compare MPs in terms of relative exposure 

time and time-weighted average concentrations in the exposure media. 
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1. Introduction 

 

Tracing and quantifying microplastic (MP) debris in our environment is one of the most 

important concerns of politics, public and scientific communities, especially relating to the 

impact of these debris.
1
 One of the major impacts is indirect and probably due to the organic 

and inorganic species that can be carried with microplastics.
2–4

 As associated inorganic 

species, two possibilities are considered: 

(i) The adsorbed species. The plastic composition (hydrophobicity, polymer type, 

surface oxidation, and biofilm coating) may increase its reactivity toward the trace 

metals already present in the environment and facilitate their sorption at the 

particle surface; 

(ii) The release of additives. The incorporation of inorganic additives for coloring and 

heat stabilization (e.g., oxides of Ti, Zn, Co, and Pb), flame retardant synergic 

species (e.g., Sb2O3) or other stabilizing purposes (e.g., organometallic 

compounds of Ba, Sn, and Zn) is common in the plastic industry. The release of 

additives occurs during plastic degradation and/or simple diffusion.
5
 

 

Several studies assessed metal sorption on MPs.
6–9

 It was demonstrated that the sorption of 

inorganic contaminants on MPs is greater on aged pellets than pristine pellets
10,11

, confirming 

the impact of environmental fate on MP reactivity. The marine environment is generally 

characterized by extreme conditions inducing severe MP weathering. MP properties (size, 

shape, and surface area) are therefore considerably modified, and they are transformed into 

superreactive species.
12

 As this reactivity will influence the final impact of the MPs
13

, their 

surface characterization is essential. 

Traditional methods used for characterizing material surfaces include Auger electron 

spectroscopy (AES), X-ray photoelectron spectroscopy (XPS), time of flight secondary ion 

mass spectrometry (TOF-SIMS), atomic force microscopy (AFM), or energy-dispersive X-ray 

(EDX) analysis.
14

 Plastic debris surface analysis was recently performed using electron 

microscopy coupled with EDX spectroscopy.
15,16

 All these techniques can produce 

quantitative and/or semiquantitative depth distribution profiles at the extreme surface (< 10 

m). Nevertheless, these techniques are limited in terms of spatial resolution, especially 

across the material structure, and do not allow characterization of the subsurface layers. 

Indeed, the first surface layers must be ablated to characterize the material core. It was 

recently demonstrated that laser ablation can be used to breakdown and ablate plastic 
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materials.
17

 Depending on the optical setup and laser power, the quantity of ablated matter can 

be controlled. From an analytical point of view, laser ablation can be coupled to different 

mass detectors, allowing the composition of the ablated matter to be determined. Concerning 

the large quantity and variety of metals used as additives or adsorbed in the life cycle of MPs, 

the coupling of laser ablation with inductively coupled plasma mass spectrometry (LA-ICP-

MS) offers several advantages as a method for the element- and isotope-selective trace 

analysis of solid materials.
18

 Nevertheless, to our knowledge, LA has not been employed to 

evaluate the distribution of inorganic elements from the surface to the core of MPs (> 10 m). 

Therefore, the objective of this work is to provide a new strategy for mapping sorption or 

additive profiles according to qualitative and quantitative approaches based on the metal 

distribution in the MP subsurface. LA-ICP-MS was used on degraded MPs collected on 

northern Guadeloupe beaches (Caribbean Island). They are exposed to the North Atlantic 

gyre, which is known to concentrate plastic debris. The discrimination between the inorganic 

contaminants and additives initially present in the plastic was achieved by acquiring depth 

profiles (surface to bulk) of the MPs. A spatiotemporal correlation of the sorption pattern was 

proposed to compare MPs in terms of relative exposure time and time-weighted average 

concentrations (of arsenic) in the exposure media. 

 

2- Materials and methods 

2.1 Materials 

Fragments and pellets of plastic were collected on Guadeloupe beaches (16°23'43.6"N 

61°24'21.9"W) in November 2018 and named MPG (Figure S1). Guadeloupe (France) is a 

Caribbean island directly exposed to the North Atlantic gyre, which is known to be an area of 

plastic accumulation.
19

 The sampling was performed along the wrack line (50-200 m). All 

plastic-like materials visually detected were collected by hand regardless of the size. For 

small plastic pieces, natural debris (seagrass, shells…) and sand were collected at the same 

time for a further sorting. The samples were then sieved at 5 mm and 1 mm. Below 1 mm, 

plastics were retrieved from the sand and seagrass using plastic tweezers. The obtained 

microplastics were finally analyzed by IR-ATR and classified by category and size: 

polyolefin, polystyrene and others. For the main analyses no washing was performed on the 

MPs to avoid any loss of elements of interest. To test the effect of a pre-treatment, two 

samples (MPG-E and MPG-F) were also analyzed after an incubation of 24 hours at 60 °C in 

10 % (w/w) potassium hydroxide (KOH) solution. Reference materials (ERM-EC 680 and 
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ERM-EC 681) were purchased from JRC-Geel (Belgium). The matrix is composed of 

polyethylene (PE) supplemented with various concentrations of inorganic additives (As, Br, 

Cd, Cr, Hg, Pb, S, Sb, Sn and Zn).  

2.2 Instruments 

The laser ablation system used for this study was an ESI NWR-213 equipped with a 

Nd:YAG laser at 213 nm wavelength (ESI, Freemont, CA, USA) and a TV2 ablation cell. The 

ICP-MS detector was an Agilent 7700s (Agilent Technologies, Japan) mounted with Pt cones. 

Before coupling the laser, ICP-MS was tuned into liquid mode using a 1 µg L
-1

 Y, Li, Tl, Ce, 

and Ba in 2% HNO3 to meet specification and mass calibration. The nature of the MPG and 

the carbonyl index were determined using an attenuated total reflectance infrared (ATR-IR) 

spectrometer (Nicolet iS50 from Thermo Scientific, Waltham, MA, USA). The spectra were 

acquired at a resolution of 4 cm
-1

 from 400 to 4000 cm
-1

, and 32 acquisitions were performed 

on several spots (>4). 

 

2.3 Laser ablation-ICP MS methods 

The laser aerosol was transported toward ICP-MS by means of a 800 mL min
-1

 of He. 

The LA-ICP-MS conditions were optimized using a NIST 612 glass material in order to 

maximize the element signal intensity and to obtain an acceptable signal stability (RSD < 

10%). Carbon (
13

C) was used as an internal standard to correct for any sample heterogeneity 

since all the MPG and references contain carbon in their polymer chains. A triplicate of four 

ablations were performed on the same line (constant x, y position) starting from the surface 

and moving by 50 µm in-depth (z, moving). In this case, the laser scanned the MP to a depth 

of 200 µm in 50 µm steps. A spot size of 100 µm, fluency =13 J cm
-
² (energy delivery of 45 

%) with a scan rate at 80 µm s
-1

 during 50 s (length of line = 4 mm) and a 20 Hz pulse 

frequency were used. ICP-MS was operated in collision cell mode with 11 mL min
-1

. 
13

C was 

monitored at 0.01 s as integration time, 
57

Fe and 
75

As at 0.05 s while 
63

Cu, 
64

Zn, 
111

Cd, 
118

Sn, 

121
Sb, 

206
Pb, 

207
Pb, 

208
Pb, 

238
U at 0.08 s. Reference materials (ERM-EC 680 and ERM-EC 

681) were used for external calibration for quantification purposes. 

 

2.4 Metal diffusion calculation through microplastics 

To a first approximation, Fick’s first and second law can describe the diffusion of metals in a 

substrate. The metal flux, J, is proportional to the concentration gradient as given by Fick’s 

first law: 
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      eq. 1 

 

where D is the diffusion coefficient (m
2
/s), and C(x,t)/x is the concentration gradient of the 

metal. The concentration C is a function of depth x and time t, and in this expression, D is 

assumed to be constant, which is a reasonable assumption when the concentration of the metal 

is low. Equation 1 has a negative sign, and C(x,t)/x is negative, corresponding to decreasing 

concentration with depth; consequently, the flux into the sample is positive. The flux gradient 

dJ/dx is proportional to the change in the concentration with time: 

 

  

  
  

       

  
  

        

   
      eq. 2 

 

This is also called the continuity equation or Fick’s second law. The solution for equation 2 

has been obtained for various simple conditions, including diffusion with a constant surface 

concentration (Cs). In the case of metal doping of MPs, the initial condition at t=0 is 

C(x,0)=0, which states that the dopant concentration in the host MP is initially zero. The 

boundary conditions are that the dopant concentration at the external MP surface is constant 

(C(0,t)=Cs), whereas in the bulk (core) of the MP, the concentration remains zero (C(,t)=0) 

during the whole doping process, resulting in the following solution for differential equation 

2. 

 

               
 

        
        eq. 3 

 

where erfc is the complementary error function and (Dt)
0.5

 is the diffusion length. 

The total amount of metal atoms per unit area of the MP, or the dose, Q(t), is given by 

integration of C(x,t) from x =0 to x=: 

 

              
 

        
    

       
   

    
           

    
 

 
    eq. 4 
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3. Results and discussion 

 

3.1 In-depth profiles in MPs: additives or adsorbed contaminants? 

Figure 1 presents the m/z counts of elements of interest normalized to the carbon m/z counts. 

For this illustration, we chose a polypropylene (PP) microplastic noted MPG-C (see Figure S1 

and Figure 2). While several ion isotopes were monitored (
57

Fe, 
63

Cu, 
64

Zn, 
75

As, 
111

Cd, 
118

Sn, 

121
Sb, 

208
Pb, and 

238
U), to simplify the representation, five elements were selected: M= Zn, 

As, Sb, Pb and U. 

For all elements, a signal was detected in the first 200 µm by four successive scans of 50 µm, 

which is considered as the MP subsurface. Two different patterns were obtained according to 

the elements monitored: 

(i) As and Zn were identified in the first 50 µm and 100 µm, respectively. Compared 

to As and Zn, U slightly decreases according to the laser ablation scan (see 

supplemental information, Figure S2). Such a U concentration gradient through the 

microplastic depths seems to indicate a deeper diffusion of U in the plastic 

matrices. 

(ii) Pb and Sb present constant distributions throughout the microplastic depth. Such 

patterns can be attributed to additives used in the plastic formulation, or 

contamination during the manufacture. Sb is generally associated with flame 

retardants (brominated materials) as a synergistic agent during their formulation, 

while Pb is generally used as a heat stabilizer.
5
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Figure 1: Representative results of the LA-ICP-MS analysis of MPG-C polypropylene (PP) 

microplastic m/z counts (signal intensity) of trace elements (
64

Zn, 
75

As, 
121

Sb, 
208

Pb and 
238

U) 

relative to the carbon m/z counts for four successive 50 m depth scans. 

 

Figure 2 summarizes the different characteristics of the MPG samples. MPGs were composed 

of fragments and pellets of polypropylene (PP, 6 samples) and polyethylene (PE, 4 samples). 

As generally used in the literature, the carbonyl index (CI) was calculated to assess the degree 

of oxidation, which is correlated to the relative residence time in the environment.
20

 CI varies 

from 0.12 to 0.62 compared to approximately 0.02 for pristine PE (high-density and low-

density PE) and PP (Figure S3), confirming the degradation of the MPG surfaces.
16
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Figure 2: Fingerprints of the metal distributions in the MPs (PP: polypropylene and PE: 

polyethylene) and sample images in ascending order of their carbonyl index (CI). The y-axis 

corresponds to the relative proportions of the different metals according to the MPs depth 

ablated: 0-50, 50-100, 100-150 and 150-200 m. 
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The colors in Figure 2 illustrate the relative proportions of the different metals as a function of 

the ablated MP depth: 0-50, 50-100, 100-150 and 150-200 m. Two different color patterns 

were identified. The first one, namely, PA (additive profile), is a constant relative distribution 

of the metal regardless plastic depth. The second one, namely, PS (sorption profile), is 

characterized by a rapid decrease in the metal relative distribution from the surface (0-50 m) 

to the core (150-200 m) in the MP ablated areas. This latter pattern (PS) can be principally 

caused by the diffusion of metals adsorbed onto the MP surface. Such diffusion from the 

surface to the core of the MPs occurs during their environmental transport and accumulation. 

As suggested above, the PA pattern can only be explained by the presence of metallic 

additives. Indeed, considering the range of MP sizes and the recent age of the plastic industry, 

complete and equal metal distribution throughout the MP structure based solely on diffusion 

is unlikely. Using plastic standards (ERM-EC 680 and 681), the concentration distributions of 

Zn, As, Cd, Sn, Sb and Pb were quantitatively determined. Based on these standards (Figure 

S4), concentrations ranging from 5 to 4400 mg kg
-1

 and less than 29 mg kg
-1

 were determined 

for the PA and PS patterns, respectively (see SI, Figure S5). 

For PP MPs, Pb, Sb, Cd and Zn were identified as additives (PA) but at quite different 

concentrations: for instance in MPG-A and MPG-E; < 25 mg kg
-1

 for Sb and > 1000 mg kg
-1 

for Pb. MPG-F (PE) presents a PA profile for Zn with a concentration of approximately 20 mg 

kg
-1

. On the other side, Sb and Pb can also be sorbed to PE MP surfaces (MPG-F, MPG-H, 

MPG-I) and therefore cannot be referred to as additives. Concerning specific PE MPs, Cd is 

present as an additive for three samples (MPG-H, MPG-I, and MPG-J) at concentrations 

ranging from 5 to 8 mg kg
-1

. 

Cu is also used as a coloring additive and is found in blue and green microplastics (MPG-E 

and MPG-A). Note that for MPG-D, the Cu distribution does not refer to PA or PS. In this 

particular case, it is difficult to interpret the diffusivity of the additive nature of this metal. A 

possible explanation could be the heterogeneous distribution of copper as an additive in native 

plastics. 

Based on the results obtained on the quantitative analysis of the 4 PE and 6 PP MPs, none of 

these MPs present similar origins and metal distributions. Therefore, LA-ICP-MS analysis of 

a limited number of metals appears to be an innovative method to differentiate the origin of 

plastic samples, providing a “metal identity card” for microplastics. 

Notably, the analysis was also performed on MPs previously rinsed with KOH (MPG-E and 

MPG-F) according to a protocol described in the literature
21,22

. This cleaning procedure is 
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applied to remove biofilms and other organic matter on surface of the microplastic. Our 

results (Figure S6) show no difference in the metal distribution by LA-ICP-MS, 

demonstrating that biofilm thickness on the microplastic surface generally ranges from 0.3 to 

0.8 m. Based on  the depth of each laser ablation step (i.e. 50 m), their contribution to the 

metal distribution is negligible.
23

 These similar results between treated and untreated MPs 

illustrate the advantage of directly analyzing MPs after sampling, reducing the pretreatment 

time. A rapid analysis of the MP subsurface with sizes over 400 m and for 6 metals (Zn, As, 

Cd, Sn, Sb and Pb) seems to be a sufficient and easy strategy to obtain a reliable fingerprint of 

the metal distribution in the MPs, opening new opportunities to investigate the life-cycle of  

plastic debris.  

 

 

3.2 Spatiotemporal correlations 

 

To investigate the metal distribution to trace the life-cycle of the microplastics, we choose As 

due to its abundance and presence in the subsurface in all samples. The interactions of arsenic 

with the microplastic surface can be due to the presence of organic matter or biological 

materials (ecocorona) or other inorganic molecules such as iron oxides. In the present work, 

we can consider that the trace elements were sorbed into the microplastics in seawater through 

a biological interface. It is also well known that sargassum algae, which was present where 

the microplastics were sampled, contains a large quantity of As, probably in its organic forms, 

which was not investigated here. Direct complexation of As(III) by organic matter or by 

analogy to the microplastic surface groups could be essentially due to the phenolic groups 

losing an OH- from As(OH)3. However, phenolic groups are relatively rare in OM and on the 

microplastic surface, while carboxylate groups, which are dominant, do not interact with As.
24
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Figure 3: As concentration variation (Cs) according to the MP depth ablated (x). Dashed lines 

are curve fits calculated using an iterative procedure following equation 3. 

 

Figure 3 illustrates the As concentration variation according to the MP depth ablated. To 

express the depth, we determined the half-distance (x) to the surface at each ablation step: 25, 

75, 125 and 175 µm. The curve fits based on the Levenberg-Marquardt algorithm were 

calculated using an iterative procedure based on equation 3. The iteration results in terms of 

As concentration at the MP surface (Cs), diffusion length ((Dt)
0.5

) and regression coefficient 

(R
2
) are reported in Table 1. The surface coating rate (Qs) in As on the surface of the MP is 

also indicated. Qs was calculated from equation 4 considering the atomic radius of arsenic at 

115 pm. 

 

 

 

 

 

 

 

 

Figure 3: 

Average depth, x ( m )



12 

 

 

 

Table 1: Iteration results of all samples in terms of As concentration at the MP surface (Cs), 

diffusion length ((Dt)
0.5

) and regression coefficient (R
2
). Relative exposure time (tR) and 

surface coating rate (Qs) in As on the surface of the MP. 

 

 PE  PP 

MPG-# I J F H  E B A G D C 

CI 0.22 0.30 0.58 0.61  0.12 0.18 0.30 0.42 0.43 0.61 

Cs 

(g.g-1) 
183 2.40.6 3.30.5 101 

 
11.50.2 161 81 7.30.7 6.10.6 15.80.4 

(Dt)0.5 

(m) 
295 813 397 294 

 
381 342 366 293 597 361 

R2 0.9834 0.7457 0.9645 0.9901  0.9997 0.9966 0.9770 0.9929 0.9756 0.9992 

tR 1 8.1 1.9 1  1.7 1.4 1.5 1 4 1.5 

Qs 

(%) 
19.6 7.1 4.9 10.6 

 
16.3 20.7 10.5 7.9 13.4 20.8 

 

 

For a constant diffusion coefficient, as a first approximation, it is possible to determine a 

relative exposure time (tR) for each sample for comparison. The reference time was taken 

arbitrarily for the PE or PP sample having the smallest diffusion length. To the best of our 

knowledge, the diffusion coefficients of As and other metals in plastics have not yet been 

reported. However, considering diffusion lengths between 28 and 81 m and given the 

diffusion coefficient of arsenic in polyolefins on the order of 10
-13

 to 10
-14

 cm
2
 s

-1
, exposure 

times would be on the order of 2-200 years. The As surface concentration (Cs) represents the 

time-weighted average concentration of the exposure medium. In our study, Cs ranged from 

2.4 to 16.3 mg kg
-1

. These values are relatively high compared to the average arsenic 

concentration in seawater, which is generally approximately 1.7 g L
-1

. 
25

 We attribute these 

values to the average concentration contained in the biofilm coating the MPs during their 

exposure phase in seawater, and it cannot be compared with works in the literature on the 

analysis of metals, arsenic and others, present in macro- or microplastics. Indeed, we have 

demonstrated that the quantities depend on the subsurface sorption layer and therefore on the 

ratio of this layer to the size of the microplastic analyzed. In these studies, the values were, to 

the best of our knowledge, expressed as a function of the mass of plastic recovered and 

digested without considering this ratio. 
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They are useful in qualitative analysis to give an order of magnitude but do not reflect the 

effective content per collected object. As a result, any comparison is erroneous if it concerns 

adsorbed metal, which is not the case for either additives or microplastics that are small 

relative to the sorption layer, on the order of a hundred micrometers. In our work, however, 

microplastics that would be fragmented at the subsurface level after a sufficiently long 

sorption period remain unclear. In this case, the profiles presented previously (Figure 2) for 

all the metals characterized would correspond to a singular mapping to be considered as such.  

Thus, Cs can be considered as an indicator of the exposure zone of the plastic waste. In our 

case, it was possible to differentiate the samples into four distinct families: 2-4 mg kg
-1 

for 

MPG-J and MPG-F; 6-8 g.g
-1

 for MPG-A, MPG-G and MPG-D; 10-12 g.g
-1 

for MPG- H 

and MPG-E; and 16-18 g.g
-1

 for MPG-I, MPG-B and MPG-C. Each family of MPs stayed in 

a similar environment regarding the average As concentration, which must be considered as a 

time-weighted average concentration because the sample was transported through areas with 

more or less As. This approach is quite interesting for establishing a spatiotemporal map of 

the samples collected on the beach as in our study or in marine and river systems. If we 

consider a diffusion coefficient of 10
-13

 cm
2
 s

-1
 for As, we can estimate an average exposure 

time (texp) and report it as a function of the average As concentration at the MP surface on an 

iso-intensity curve as a function of the number of samples. Even if our study is subjective in 

terms of the number of MPs sampled, Figure 4 gives an example of a representation that can 

be obtained. This proof-of-concept opens the door to new possibilities for tracing the location 

and stay duration of MPs from different collection sites. In a representative way (large MP 

sampling), we would clearly see that a large portion of MPs have exposure times of a few 

years and come from As-rich areas. In contrast, a minor proportion of MPs present longer 

exposure times (a few tens of years) in As-poor locations. 
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Figure 4: Iso-intensity curve of MP sampling on the beach (Guadeloupe, France), time-

weighted average concentration of As and exposition time calculated with D=10
-13

 cm
2
.s

-1
. 

 

 

4. Conclusion 

 

The characterization of the microplastic subsurface, defined as greater than 25% of the sample 

thickness, i.e., more than half the surface-to-core distance, is highly challenging, but it is 

necessary to obtain information on the fate, transport and reactivity and finally impact of MPs 

on living organisms. In the present study, we demonstrated that this challenge can be 

addressed by LA-ICP-MS-based methods. We can easily and rapidly discriminate the 

presence of additives such as Pb, Cu or Sb, but we can also determine the presence of 

adsorbed metals (Fe, Cu, Zn, As, Cd, Sn, Sb, Pb and U). In this study, the LA-ICP-MS 

methodology allowed the establishment of a mapping of the sorption or additive profiles 

according to qualitative and quantitative approaches, which can be considered a fingerprint or 

identity card of the microplastic in relation to its life cycle. A spatiotemporal correlation of 

the sorption process in the subsurface of As is proposed as a proof of concept to compare 
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microplastics in terms of the relative time of exposure and the time-weighted average As 

concentration in seawater. 
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