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ABSTRACT 28 

An increase in production of commercial products containing graphene-family 29 

nanomaterials (GFNs) has led to concern over their release into the environment. The fate and 30 

potential ecotoxicological effects of GFNs in the environment are currently unclear, partially due 31 

to the limited analytical methods for GFN measurements. In this review, the unique properties of 32 

GFNs that are useful for their detection and quantification are discussed. The capacity of several 33 

classes of techniques to identify and/or quantify GFNs in different environmental matrices 34 

(water, soil, sediment, and organisms), after environmental transformations, and after release 35 

from a polymer matrix of a product is evaluated. Extraction and strategies to combine methods 36 

for more accurate discrimination of GFNs from environmental interferences as well as from 37 

other carbonaceous nanomaterials are recommended. Overall, a comprehensive review of the 38 

techniques available to detect and quantify GFNs are systematically presented to inform the state 39 

of the science, guide researchers in their selection of the best technique for the system under 40 

investigation, and enable further development of GFN metrology in environmental matrices. 41 

Two case studies are described to provide practical examples of choosing which techniques to 42 

utilize for detection or quantification of GFNs in specific scenarios. Since the available 43 

quantitative techniques are somewhat limited, more research is required to distinguish GFNs 44 

from other carbonaceous materials and improve the accuracy and detection limits of GFNs at 45 

more environmentally relevant concentrations. 46 

  47 
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INTRODUCTION 50 

Graphene family nanomaterials (GFNs) are a class of carbonaceous nanomaterials, 51 

similar in chemical structure to graphite, but with a thickness on the order of nanometers and 52 

lateral dimensions typically in the micron range. GFNs contain an sp2-hybridized network of 53 

fused benzene rings existing as a single sheet or a few layers of sheets. There are many 54 

categories of GFNs; definitions provided by Bianco et al. will be used throughout this paper.1 55 

Graphene, the most widely known type of GFN, is a fully graphenic, single-layer sheet of sp2 56 

hybridized carbon. Graphene is typically prepared by chemical vapor deposition, 57 

micromechanical cleavage of graphite, or reduction of graphene oxide.2 Graphene oxide (GO) is 58 

similarly composed of a single sheet of graphenic carbon that contains areas of disrupted 59 

aromaticity where carbon atoms are oxidized. Oxygen functional groups can include epoxide, 60 

hydroxyl, carbonyl, and carboxyl groups, which can reside along the basal plane or the edges of 61 

the graphenic structure.3, 4 Generally, GO has high C/O ratios around 2.0 and sometimes as high 62 

as 3.0. GO is typically prepared by the oxidation of graphite in strong acids and other oxidants 63 

followed by sonication.5 Reduced graphene oxide (rGO) is GO in a form that contains fewer 64 

oxygen functional groups and a greater proportion of graphenic carbon; rGO can be prepared by 65 

exposure of GO to thermal,6, 7 ultraviolet (UV),8, 9 biodegradation,10 and chemical processes.4 66 

Few-layer graphene (FLG) are composed of several graphene layers, typically 2 to 5. Graphene 67 

quantum dots (GQDs) are similar to graphene, but have lateral dimensions on the nanometer-68 

scale, rather than the micron-scale. They are often produced for biomedical imaging, photonic 69 

devices, electronic devices, and catalysis applications and are tuned for their fluorescence 70 

properties.11, 12 Unlike fullerenes but similar to carbon nanotubes, GFNs typically exist as a 71 

distribution of particles with varying defects, sizes, thicknesses, and oxidation levels.4  72 

Graphene family nanomaterials (GFNs) have novel properties that include high electrical 73 

and thermal conductivity, and tensile strength as high as 130,000 MPa compared to 300 MPa to 74 

440 MPa for low carbon steel.13, 14 As a result, GFNs have the potential for use in a broad range 75 

of fields and commercial applications.15, 16 Globally, over 26,000 graphene-related patents have 76 

been filed since graphene was first isolated in 2003.17 Overall, the total annual sales of graphene 77 

was $12 million in 2013 and was projected to reach $20 million in sales by 2016.17, 18 In 2027, 78 

the production volume of graphene is expected to reach 3800 metric tons with total annual sales 79 

of $300 million.19 GFNs are being developed for use in functional coatings, anti-corrosion 80 

applications, antifouling and antibacterial applications, membranes, conductive inks, 81 

supercapacitors, optoelectronics, and touch screens.20-22 Bendable phones containing graphene 82 

are also in development.23 On the market, a range of products are readily available from pre-83 

mixed graphene/epoxy resins and graphene-modified polymer masterbatches (pre-mixed 84 

granular pellets) to graphene scratch-resistant and heat-cooling coatings, graphene conductivity 85 

agents, inks, bike helmets, tennis and badminton rackets, and batteries.24-29  86 

With the increased production and use of GFNs in consumer products and their potential 87 

for release into the environment and exposure to humans, it is critical to understand their 88 
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environmental fate and potential health and ecological risks.30, 31  In terms of GFN fate, the 89 

ranges of critical coagulation concentrations (CCC) reported for GO in aqueous media are 38 90 

mmol/L to 200 mmol/L of NaCl and 0.9 mmol/L to 2.6 mmol/L of CaCl2, depending on lateral 91 

size, number of layers, initial GO concentration, and solution pH.32-36 Graphene and rGO have 92 

lesser or no functionalization (compared to GO), and are thus less stable than GO in aqueous 93 

media. In a recent study, the CCC in NaCl decreased from 200 mmol/L for pristine GO to 35 94 

mmol/L and 30 mmol/L upon Solvothermal reduction of pristine GO for 1 h and 2 h, 95 

respectively.36 The CCC in NaCl for graphene is about 1.6 mmol/L to 10 mmol/L, depending on 96 

initial concentration and lateral size.37 Based on these colloidal stability behaviors, GFNs may be 97 

unstable in some surface waters and groundwater,32, 36-38 and may result in exposure of organisms 98 

in the pelagic zone initially, and then organisms in the benthic zones as the nanomaterials 99 

agglomerate and settle out. Organisms in terrestrial environments will also be exposed, for 100 

instance, if biosolids containing GFNs are applied to farmlands.38 Most of the studies on the 101 

environmental persistence and fate of GFNs have been conducted in simple environmental media 102 

(e.g., water with natural organic matter (NOM) but not soil or sediment media).39-44 While the 103 

concentration of GFNs in natural waters has not yet been modeled or measured, useful estimates 104 

for the expected range can be based on the average concentrations for CNTs and fullerenes, 105 

which have been modeled to be in the low ng/L range or less, concentrations orders of magnitude 106 

lower than those for current GFN detection/quantification methods.45 In addition, studies on the 107 

ecotoxicity and fate of GFNs have almost exclusively focused on the GFNs as produced by the 108 

manufacturer and not on the particles released from consumer products containing GFNs such as 109 

polymer nanocomposites, due in part, to a lack of methods for quantifying GFNs in the presence 110 

of other carbonaceous materials. Therefore, methods for quantification of GFNs at low 111 

concentrations and in complex environmental media and consumer product-relevant matrices are 112 

urgently needed. 113 

Organisms are likely to come into contact with GFNs that have been released into the 114 

environment, and it is important to understand the implications of these exposures. Numerous 115 

studies on the potential environmental impacts of GFNs have focused on trophic transfer of 116 

GFNs,46, 47 bioaccumulation of GFNs, or toxicological effects to bacteria,48-53 pelagic (e.g., fish, 117 

zooplankton, etc.),37, 41, 42, 54-58 soil (e.g., earthworms,57 plants59, 60), and benthic organisms (e.g., 118 

organisms that burrow in sediments).57 Similar to carbon nanotubes (CNTs), GFNs show varying 119 

degrees of toxicity that depend on oxidation level, dispersion quality, size, surface area, 120 

orientation or alignment, and organism type,52, 53, 61-65 and have shown the capacity to impact the 121 

toxicity of organic and inorganic co-contaminants.66, 67 Concentrations as low as 0.01 mg/L GO 122 

have caused elevated β-galactosidase biosynthesis in zebrafish embryos.68 Conversely, Artemia 123 

larvae showed no effects with GO levels as high as 100 mg/L.69, 70 Bacterial effects generally 124 

occurred at GFN concentrations ranging from 5 to 100 mg/L.52, 71, 72 A bacterial community from 125 

a wastewater treatment plant (WWTP) showed effects at GO concentrations less than 10 mg/L.73 126 

Graphene and GO inhibited algal growth at ≥ 0.675 mg/L and ≥ 1.25 mg/L, respectively.74 In-127 

vitro cell exposure shows effects of GO and rGO between 2 mg/L and 25 mg/L for blue mussel 128 
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hemocytes,75 zebrafish gill cells,76 and mouse fibroblasts.77 This four orders of magnitude 129 

difference is not surprising based on the variety of organisms, endpoints, types of material tested, 130 

and different exposure durations and conditions. Although the concentration of GFNs in the 131 

environment are expected to be lower than the toxicity thresholds reported in most current 132 

studies, different endpoints may be required to determine molecular level effects (such as DNA 133 

damage, metabolism interference), effects on sensitive populations , and long-term effects of low 134 

(ug/L to ng/L) concentrations.78 Furthermore, most of these studies did not provide 135 

measurements of the GFN body burden, a measurement which may be more predictive of the 136 

toxic effects observed as compared to the exposure concentration, and typically the exposure 137 

concentration was not measured after the exposure period. More robust measurements of the 138 

GFN in the exposure media and in the organisms tested can reduce uncertainties in assessing the 139 

potential ecotoxicological risks of GFNs.    140 

While insights can be drawn from quantitative procedures used for other carbon 141 

nanomaterials (CNMs), the unique properties of GFNs indicate that new or modified procedures 142 

may be needed for detection and quantification of these materials. For example, many 143 

chromatographic techniques (e.g., liquid chromatography-mass spectrometry) have been utilized 144 

to accurately quantify fullerene particles, but this approach will likely not work for GFNs since 145 

these materials possess higher polydispersity than individually-dispersed fullerene particles that  146 

have controlled stoichiometry.79-81 In addition, GFNs do not have the same near-infrared 147 

fluorescence patterns that have been used for quantification of individually dispersed single-wall 148 

CNTs (SWCNTs);82-84 the reason that GFNs cannot be quantified using near-infrared 149 

fluorescence spectroscopy is that they are not composed of varying conformations or chiralities 150 

as are SWCNTs. Carbon nanotubes also sometimes contain residual metal catalysts from the 151 

manufacturing process,85 which can be used as a proxy to measure CNT concentration with 152 

single particle-inductively coupled mass spectrometry (spICP-MS)86, 87 and total inorganic 153 

elemental analysis using, for example, ICP-atomic emission spectroscopy (ICP-AES).88 Unlike 154 

some methods of CNT synthesis, graphene is not typically manufactured with metal 155 

nanoparticles that can be used for detection. However, other methods used for the detection and 156 

quantification of carbon nanotubes and fullerenes may be similarly applied to GFNs. While 157 

reviews have been conducted on quantitative methods for the analysis of CNTs and fullerenes,80, 158 
89-91 the applicability of many of these methods for GFNs is still unclear. 159 

This paper provides a comprehensive review of analytical methods for detection and 160 

quantification of GFNs in various environmental media, such as water, soil, sediments, and 161 

organisms. Measurements of GFNs in these media are critical for studies assessing the 162 

environmental fate and potential ecotoxicological effects of GFNs. Given that GFNs will likely 163 

be released into the environment after use in consumer products, quantification techniques for 164 

the assessment of GFN release from polymer nanocomposites will also be evaluated. The unique 165 

properties of GFNs that can be useful for quantification and identification in environmental 166 

media and consumer-relevant matrices will be discussed. Potential biases and detection limits, 167 
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when available, will be provided for relevant techniques in each type of environmental medium, 168 

as well as the current ability to differentiate GFNs from other carbonaceous nanomaterials. Key 169 

topics for future work will also be described which include the importance of GFN extraction, a 170 

process necessary in many cases to separate GFNs from interfering compounds and concentrate 171 

GFNs to reach detection limit requirements. Extraction will be considered in the context of 172 

current studies and future research needs. Furthermore, case studies will be provided to apply the 173 

techniques described to two different environmentally important scenarios. 174 

UNIQUE PROPERTIES OF GFNS THAT ALLOW FOR 175 

DETECTION/QUANTIFICATION 176 

The detection and quantification of GFNs in simple and complex systems requires 177 

measurements that are specific to the unique properties of GFNs. These properties can include 178 

the interaction of GFNs with light, the graphitic and electronic structure, and the two-179 

dimensional shape and size of GFNs.3, 4, 16, 92 Figure 1 provides an overview of selected 180 

techniques grouped by spectroscopic, spectrometric, microscopic, thermal, and labeling 181 

categories for GFN measurements and Table 1 provides technique descriptions with strengths 182 

and limitations. Table S1 summarizes the detection limits of GFNs for the few techniques for 183 

which this information has been provided in the literature.  184 

The GFN size and oxidation level can significantly alter the measurement obtained from 185 

a given technique. GFNs tend to be composed of a heterogeneous distribution of sizes, 186 

amorphous impurities, and levels of exfoliation which adds complexity to their quantification. 187 

Currently, there is information about the impact of lateral size and GFN agglomeration state on 188 

quantification methods, but information about the impact of GFN thickness on quantification is 189 

not yet readily available.32, 37, 40 In terms of lateral size, the ratio of edge defects to graphitic 190 

regions decreases with GFN lateral size, changing the electronic properties. Oxidation generally 191 

leads to a change in the chemical and electronic structure of the GFN. Oxidation leads to an 192 

increasing number of defect sites containing oxygen functional groups (e.g., epoxides, carboxylic 193 

acids, alcohols, carbonyls), which disrupt the aromaticity of the graphitic structure and, 194 

generally, decrease the electrical conductivity.4 These oxygen functional groups often serve as 195 

anchor points for derivatization or metal ion tagging, which can enable GFN detection and 196 

quantification.40, 41 In comparison to graphene, GO has the advantage of being readily dispersible 197 

in water.4 This facilitates detection and quantification of GO in aqueous systems, since only 198 

minor agglomeration occurs except in waters with high ionic strength.32 Graphene, on the other 199 

hand, agglomerates readily and requires extensive exfoliation processes and addition of 200 

surfactants to be suspended in water. This presents a challenge for detection, since graphene can 201 

exist in many different agglomeration states from system to system. However, this is not as 202 

substantial of an issue with thermal, isotopic, or radioactive labeling methods. Environmentally 203 

relevant processes such as ultraviolet (UV), chemical, and biological degradation have shown the 204 

capacity to transform GFNs through oxidation to CO2, reduction of GO, and GFN 205 

fragmentation.40, 41, 72, 93-95 The large variations in GFN structure observed as a function of 206 
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oxidation level and material size as a result of these environmental processes presents challenges 207 

for quantification. Nevertheless, a combination of techniques can usually be employed to identify 208 

the presence of GFNs and sometimes quantify them.40 209 

The measurement limitations presented must also be considered in the context of the 210 

media and systems in which GFNs will be detected and quantified. These can include aqueous 211 

and complex environmental media such as soils and sediments, polymer fragments containing 212 

GFNs released from products, and biological systems such as cells and tissues (Figure S1). The 213 

main challenge with all of these systems is that detection of CNMs must often take place in a 214 

matrix containing high amounts of carbon.96 As a result, there are several potential ways that the 215 

media, matrix, or system can cause interferences such as absorbance overlap in the same region 216 

of the UV-Visible (UV-Vis) spectrum, thermal profile overlap with NOM, and obscuration of the 217 

two-dimensional GFN shape in the presence of other materials using microscopy (Figure S1). 218 

Table S2 describes the methods presented in Table 1 as applied to different matrices with 219 

information on what has been previously studied in these systems, when extraction is or might be 220 

required, and the potential biases associated with these matrices. In the following sections, these 221 

matrices described and considered in the context of the classes of techniques used for 222 

measurement of GFNs that are subsequently described.  223 

RELEVANT MATRICES 224 

 One key factor related to GFN detection and/or quantification is that various 225 

environmentally and biologically relevant matrices may impact the type of techniques used. In 226 

the following sections, general details will be provided about the potential impact of matrix on 227 

GFN quantification. Then, in the Classes of Techniques Used for Detection and/or 228 

Quantification of GFNs section, different classes of techniques and their use with different 229 

matrices will be discussed in depth. 230 

Measurement of pristine GFNs in aqueous systems 231 

Over the course of their life cycle, GFNs are likely to end up in aqueous systems such as 232 

freshwater, wastewater and marine water bodies including bottom sediments.30, 38 A large 233 

majority of GFN measurements that have been made in a laboratory setting involve suspensions 234 

of GFNs prepared in purified (i.e., deionized (DI) water) aqueous systems or synthetic media 235 

(e.g., EPA hard water) rather than in natural water.32, 36, 97-99 For example, GFNs have been 236 

measured in purified water using UV-Vis spectroscopy,16, 100 Raman spectroscopy, 101, 102 and 237 

fluorimetry.103 More complex natural waters typically contain NOM, microorganisms, inorganic 238 

species, suspended particles, and pollutants, all of which have the potential to interfere with GFN 239 

detection and/or quantification (Table 1).  240 

Measurement of GFNs in soils/sediments 241 
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Soils and sediments are extremely complex, and they constitute some of the largest sinks 242 

for engineered nanomaterials.104, 105 There is currently no study measuring GFNs in soils and 243 

sediments without carbon-14 labeling, and the complexity of these matrices will most likely 244 

require extraction of GFNs prior to detection and quantification.57  245 

Measurement of GFNs in cells/organism tissues  246 

Detection and quantification of GFNs in biological matrices is important for 247 

understanding the fate, bioavailability, bioaccumulation, and potential adverse effects of the 248 

GFNs on organisms. Analytical techniques for detection and/ or quantification of GFNs in carbon based 249 

biological matrices present similar challenges to detection and/or quantification of GFNs in soils and 250 

sediments. These techniques also will require that the GFNs be extracted from biological systems 251 

prior to measurements, while only a few techniques (e.g. using labeled GFNs) can be used to 252 

analyze GFNs in situ. 42, 57, 58, 106 253 

Measurement of released GFNs from consumer products such as polymer nanocomposites 254 

A large fraction of GFNs will be used as additives in consumer products. Many of these 255 

consumer products will use GFNs embedded in polymer matrices to enhance material properties. 256 

For example, GFNs can enhance mechanical strength, electrical properties, and barrier properties 257 

of a polymer.107, 108 As these GFN/polymer nanocomposites go through their life cycle, GFNs 258 

can potentially be released from the consumer product into the environment via mechanical 259 

wear, thermal, UV, and other weathering conditions.109, 110 GFN release from polymer matrices is 260 

not a simple process and can generate different types of released particles that include freely 261 

released GFNs, GFN(s) partly encapsulated in polymer fragments, and GFN(s) fully 262 

encapsulated in polymer fragments (Figure 2). Therefore, the polymer matrix can interfere with 263 

GFN detection and quantification. This has previously been shown with abraded CNT/polymer 264 

nanocomposites during simulated wear experiments.111, 112 Methods to detect the heterogenous 265 

mixture of particles released from polymer nanocomposites as well as methods to remove 266 

polymer interferences are needed. Furthermore, the detection of GFNs becomes even more 267 

challenging when a polymer matrix and environmental matrix, such as natural water and 268 

soils/sediments, are combined. 269 

CLASSES OF TECHNIQUES USED FOR DETECTION AND/OR QUANTIFICATION 270 

OF GFNS 271 

Spectroscopic Techniques 272 

Spectroscopically, the interaction of GFNs with light can enable GFN-specific 273 

measurements. In this case, oxidation level, lateral size, and agglomeration state must be 274 

considered since they change the interaction of GFNs with light. The spectroscopic techniques 275 

considered in this review include UV-Vis spectroscopy, fluorescence spectroscopy, Raman 276 

spectroscopy, X-ray photoelectron spectroscopy, and a few other specialized techniques. 277 
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UV-Vis Spectroscopy 278 

UV-Vis spectroscopy (absorbance mode) is the most commonly used method for 279 

quantifying GFNs in purified, synthetic, and natural waters due to the ease of use, low cost, and 280 

availability of spectrophotometers in environmental laboratories.32, 40, 44, 92, 113-116 The absorbance 281 

of a GFN can be related to its mass concentration in suspension using the Beer-Lambert law, but 282 

the particles must be well-dispersed.117, 118 The absorbance of GFNs is typically measured at 283 

wavelengths around 220 nm to 300 nm. The absorption peak of graphene around 265 nm is due 284 

to 𝜋 → 𝜋∗ transitions, which shifts to shorter wavelengths (around 230 nm) when graphene is 285 

oxidized to GO.92, 119, 120 For graphene, surfactants are often required for colloidal stability in 286 

water so that consistent UV-Vis measurements can be obtained. It is often challenging to prevent 287 

the surfactant from absorbing in the same region of the spectrum as graphene.121 Alternatively, 288 

organic solvents can sometimes be used to suspend graphene.122 UV-Vis measurements of GO 289 

around 300 nm targets the peak (shoulder) originating from the 𝑛 → 𝜋∗ transitions of the oxygen 290 

functional groups.120, 123, 124 In natural and synthetic waters, it is typically challenging to detect 291 

and/or quantify GFNs via UV-Vis spectroscopy because of the complexity of the medium, non-292 

specificity of the technique, and potential for agglomeration of the GFNs.32, 36, 38, 96, 114 For 293 

instance, several constituents of natural or synthetic waters such as salts, nutrients, NOM, and 294 

suspended solids absorb light in the UV region, making it impossible to use UV-Vis 295 

spectroscopy to quantify GFNs in these media without extracting the nanomaterials. For these 296 

reasons, it is useful to have a reference spectrum of the GFN material in purified water whenever 297 

possible. It is also important to have measurements of the natural/synthetic water without GFNs 298 

and of the natural/synthetic water after adding a known amount of GFN to determine if 299 

measurements can be made without significant interference using a specified technique. This 300 

same approach has been taken in biological systems where CNTs were quantified in cells by 301 

lysing the cells and determining the absorbance of the lysate spiked with known amounts of 302 

CNTs to develop a calibration curve.125  Another approach used for CNT suspensions has been to 303 

measure absorbance increases at longer wavelengths from light-scattering by the suspended 304 

particles, which is proportional to CNT mass concentration, but this approach has not yet been 305 

shown to be effective  with GFNs.126 In addition, the low expected average environmental 306 

concentrations of GFNs (i.e., average in the low ng/L range if the concentrations are similar to 307 

those modeled for CNTs) makes UV-Vis spectroscopy, with detection limits estimated to be in 308 

the tens of µg/L to mg/L range for GFNs (Table S1), likely unsuitable for quantifying GFNs in 309 

natural surface waters.96 In laboratory studies where challenges arising from matrix effects and 310 

high detection limits are overcome, biases may still arise from GFN size distribution, method of 311 

dispersion, and agglomeration state, all of which may influence the absorption coefficients. 312 

UV-Vis measurements of GFNs in other matrices (e.g., polymer fragments, 313 

soil/sediment, cells or tissue components) can prove to be even more complex. These 314 

measurements must be performed in a liquid medium, usually water, that is part of or 315 

surrounding the matrix (e.g., released particles from a GFN polymer nanocomposite suspended 316 
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in water). Spectroscopically, the interaction of the matrix (e.g. polymer fragment, soil/sediment, 317 

cells or tissue components) with electromagnetic radiation must be sufficiently different from 318 

that of the GFN to avoid overlap in the GFN spectrum. This is challenging because many 319 

polymers, inorganic particles from soils/sediments, and biological materials absorb light around 320 

the wavelength of GFN absorption (200 nm to 300 nm range).117, 127, 128 Another approach is to 321 

make use of analytical ultracentrifugation with UV detection, as has been performed with CNTs 322 

to separate various CNT structures by size prior to detection.127-129 Overall, the UV-Vis approach 323 

is likely to work for quantifying GFNs in matrices when they are well-defined and do not have 324 

significant interferences at the wavelength used for GFN quantification.  325 

 326 

Fluorescence 327 

The ability of GFNs to fluoresce is sometimes useful for GFN characterization in purified 328 

and synthetic waters.103, 113, 123 Both GO and rGO are detectable by instruments capable of 329 

measuring near-infrared (NIR), visible (vis) and ultraviolet (UV) fluorescence.103, 130 Also, 330 

graphene quantum dots, or graphene fragments with a lateral dimension on the nanoscale (rather 331 

than micron scale), are designed specifically for their unique fluorescence ‘tunability’ but are 332 

still challenging to prepare synthetically in terms of size, surface chemistry, and 333 

photoluminescence properties.11 Pristine graphene, on the other hand, is not readily fluorescent 334 

because it has a zero band gap.3, 131 In general, the fluorescence properties of GFNs will vary as 335 

the result of changes to the electronic structure caused by alterations in size and oxidation level, 336 

which can happen via transformation processes in the environment.103 Thus, fluorimetry is not 337 

used as widely as UV-Vis spectroscopy to quantify GFNs in laboratory studies conducted in 338 

aqueous media. This may also be due, in part, to the non-linear relationship between 339 

fluorescence intensity and the concentration of GFNs in aqueous media—making the technique 340 

mostly useful for semi-quantitative analysis.113  341 

Similar to UV-Vis spectroscopy, the applicability of fluorescence in detecting GFNs in 342 

natural waters, soils/sediment, polymer fragments, and cells/tissues is limited. Fluorimetry 343 

requires well-dispersed particles and is non-specific, making it impossible to use the technique 344 

for in situ quantification of GFNs in natural waters containing other fluorescent materials. In 345 

addition, the interactions of salts and NOM with GFNs can interfere with GFN fluorescence. In 346 

biological matrices, the intrinsic photoluminescence of GO can ideally be used to trace GO. 347 

However, the emission efficiency of GO is low,132, 133 and may be affected by interference from 348 

cellular components. For GFN/polymer nanocomposites, degraded or highly oxidized polymer 349 

fragments generated during polymer degradation processes often fluoresce strongly and will 350 

likely interfere with GFN detection.134 Therefore, it is highly unlikely that fluorescence will be 351 

utilized to detect GFNs in most environmental matrices since 1) GFN structures are not 352 

homogenous and may change in the environment, which leads to a changing fluorescence spectra 353 
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and 2) many components in environmental matrices and polymer fragments will interfere since 354 

they are also fluorescent. 355 

 356 

Raman Spectroscopy 357 

Raman spectroscopy offers better specificity than UV-Vis spectroscopy and fluorimetry 358 

for identifying graphitic forms of carbon such as GFNs. In Raman spectroscopy, GFNs can be 359 

detected using the signature defective (D, ~1350 cm-1) and graphitic (G, ~1580 cm-1) bands 360 

representative of the sp2 hybridized network of carbon disrupted by edges and defects along the 361 

basal plane.101, 102 With Raman spectroscopy, higher oxygen functional group levels increase the 362 

D band intensity and decrease the G band intensity, leading to higher D/G band ratios for GO 363 

than for graphene. A decrease in lateral size also increases the number of defect sites relative to 364 

the graphitic carbon regions, increasing the D/G ratio.40, 135 The intensity of the D and G bands 365 

can be used to quantify the GFN concentration in a consistent Raman configuration or by 366 

measuring the intensity of the D or G band relative to a reference peak.136, 137 The G’ band 367 

(~2650 cm-1) can also be used with pristine graphene, but decreases in intensity occur much 368 

more readily than in the G band with an increasing number of defects in the graphitic structure, 369 

which are likely to form in the environment.101 370 

Raman instruments are configured differently depending on their use for dry or liquid 371 

samples and the choice of which configuration to use can depend on the GFN form and matrix 372 

under investigation. For example, it is more appropriate to measure GFNs in powder form with a 373 

Raman microscope while it is more appropriate to measure GFNs in an aqueous suspension with 374 

a Raman system built to hold cuvettes. Raman instruments are also widely availability at 375 

universities but less available in environmental testing laboratories. 376 

Raman spectroscopy is commonly used for detection of GFNs in purified aqueous 377 

systems and some synthetic media, but not in natural waters, which contain other types of 378 

graphitic carbons (such as humic acid, clays, black carbon, and other graphitic carbon) that can 379 

have overlapping D and G bands.138, 139 When GFNs are analyzed in water with Raman 380 

spectroscopy, the G band of GFNs overlaps with the H-O-H bending transition of water band 381 

(1640 cm-1), which has previously been shown to limit the quantification of CNTs, at least with 382 

respect to the G band.140  383 

The characteristic nature of the D and G bands of GFNs allows for the use of Raman 384 

spectroscopy in detecting and quantifying GFNs in biological matrices and polymer fragments 385 

provided there is a reference peak to use for normalization.137, 141 Raman spectroscopy has low 386 

throughput, however, which makes it challenging to use for probing large sample areas in dried-387 

down polymer fragments and determining the detection limit in tissue matrices. Another 388 

challenge is that degraded or highly oxidized polymer fragments generated during environmental 389 

weathering processes, often fluoresce strongly and can interfere with the D and G bands in the 390 
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Raman spectrum, either through a rising background or development of overlapping bands from 391 

fluorescent byproducts. Nevertheless, the D and G bands of GFNs in Raman spectroscopy are 392 

fairly unique and can be used to distinguish the GFNs from the polymer matrix if polymer 393 

byproduct peaks do not overlap and the fluorescent background is adequately corrected.141 Thus, 394 

it is likely that Raman spectroscopy will be used and continually developed for GFN detection in 395 

biological matrices and polymer fragments. In contrast, soils and sediments contain numerous 396 

forms of carbonaceous substances (including graphitic forms), making it impossible to utilize 397 

Raman spectroscopy except after an extraction procedure is performed.142, 143 398 

 399 

X-ray Photoelectron Spectroscopy (XPS) 400 

X-ray photoelectron spectroscopy (XPS) analyses are widely used in studies for 401 

characterizing and, at times, detecting GFNs present in purified and synthetic waters.72, 93, 113, 115, 402 
144-148 It is important to note that for XPS, samples must be deposited on a substrate and any 403 

water present must be evaporated prior to measurement. XPS is subject to interferences from the 404 

abundant, naturally-occurring carbon constituents in natural waters, sediments and biological 405 

matrices, and is therefore not very useful for quantifying GFNs in these matrices. However, this 406 

may change if sophisticated extraction techniques are developed. Nevertheless, the carbon 407 

content of GFNs can be quantified relative to another element in the absence of other 408 

carbonaceous species or the presence of a less conductive carbonaceous material (e.g., a 409 

polymer).63, 149 When one carbonaceous material such as a polymer is less conductive than the 410 

GFN, the charge neutralizer of the XPS system can be turned off, and the polymer component of 411 

the C(1s) peak can differentially charge or shift away from the GFN component, thus allowing 412 

(hypothetically) for GFN component deconvolution, integration, and semi-quantification. This 413 

has been demonstrated with CNTs and is yet to be demonstrated with GFNs.63, 149 It is only likely 414 

to be successful with graphene or rGO, since they are conductive; in contrast, GO is not 415 

conductive with a graphenic structure disrupted by oxygen functional groups. Another important 416 

point is that XPS is a surface sensitive technique that can probe only the top ~10 nm of a 417 

material so it cannot be used for reliable bulk measurements of larger polymer fragments.150 418 

Furthermore, GFNs must be homogeneously distributed within the sample since the spot size 419 

covers an area on the order of microns and in terms of sample amount, a few milligrams of 420 

material are needed for analysis. Other disadvantages include the high cost of XPS and the fact 421 

that samples are prone to contamination through adventitious carbon adsorbed onto sample 422 

surfaces.151 Overall, it is unlikely that XPS will be used to detect GFNs in environmental 423 

matrices, since all matrices contain carbonaceous species. However, XPS may be useful to detect 424 

GFNs in small polymer fragments released from polymeric nanocomposites into pure aqueous 425 

systems.  426 

 427 
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Other Spectroscopic Approaches 428 

Transient absorption spectroscopy, a specialized technique, has also been shown to 429 

provide fast visualization and quantitation of GFNs within living cells but the accuracy of 430 

quantitation is dependent on the dispersion state of the nanomaterials.133 This technique is only 431 

likely to be applied in specialized laboratories due to its high cost and complexity.  432 

GFNs also have unique X-ray diffraction patterns, which may make their detection 433 

possible with X-ray diffraction (XRD) techniques. However, a large amount of material 10 mg to 434 

100 mg is required.152, 153 Furthermore, a GFN reference is necessary to distinguish a particular 435 

GFN from the matrix it resides in. Consequently, XRD may be most useful for evaluating 436 

released GFN/polymer nanocomposite fragments in mg quantities.152 Furthermore, XRD 437 

instrumentation is generally expensive and not always available to environmental testing 438 

laboratories.  439 

 440 

Microscopic Techniques 441 

The two-dimensional shape and lateral size of GFNs (tens of nanometers to several 442 

micrometers) enables their detection with a variety of microscopic techniques such as atomic 443 

force microscopy (AFM), scanning electron microscopy (SEM), transmission electron 444 

microscopy (TEM), laser scanning confocal microscopy (LSCM), and hyperspectral imaging.16, 445 
154 When compared to CNTs which have cylindrical structures, the 2D morphology of GFNs is 446 

less distinct, which may make GFN identification in natural matrices via microscopy very 447 

challenging. GFN quantification is possible with microscopic techniques but it may be overly 448 

time-consuming and as a result, is often impractical or infeasible in complex matrices.155 For 449 

electron microscopy, limitations may include the choice of dilution factor when drying down 450 

GFNs so that particles do not overlap, assessing consistency in and determination of thicknesses 451 

and agglomeration state, and evaluating the degree to which the GFNs wrinkle, which could 452 

make GFN counting a challenging task. There are no reports, to our knowledge, where the 453 

researchers counted the number of graphene layers and the number of graphene particles present, 454 

especially in an environmental sample. In addition, these instruments are often fairly expensive, 455 

and accessibility is limited to universities and other user facilities rather than environmental 456 

testing laboratories. 457 

For microscopic techniques, any water present must be completely evaporated, except 458 

when using techniques such as environmental SEM (ESEM), cryo SEM (CSEM), AFM, or low 459 

vacuum SEM (LVSEM).113, 115, 137, 147, 156-158 Drying of samples for microscopy may introduce 460 

artifacts, but this can often be avoided with careful sample preparation. For instance, salts left 461 

after evaporating synthetic media or natural water can deposit onto or even mask GFNs 462 

(depending on the salinity of the synthetic media or natural water), but an ultrafiltration step 463 

prior to drying can substantially reduce the salt concentration present. In general, the amount of 464 
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GFNs expected to be present in natural waters is very low compared to the amount of other 465 

particle types (e.g., clay), which may make the detection of GFNs in natural waters challenging 466 

via microscopy. With proper dilution, microscopic techniques such as energy-filtered TEM 467 

(EFTEM) and hyperspectral imaging may be used to identify GFNs in some environmental 468 

matrices based on unique GFN interactions with electrons and the electromagnetic spectrum.156 469 

With proper dilution, semi-quantitative analysis of GFNs may be possible with microscopic 470 

techniques such as TEM (e.g. by using software programs such as ImageJ),159-161 laser scanning 471 

confocal microscopy (LSCM),159 and hyperspectral imaging.156 Due to the complexity of soils 472 

and sediments, GFNs would have to be extracted from these matrices prior to identifying them 473 

using microscopy. 474 

In polymer nanocomposite fragments, GFNs can be observed with techniques such as 475 

SEM and TEM if GFNs are close to the polymer surface (within 10 nm to 100 nm).162 Some 476 

light microscopy techniques, such as laser scanning confocal microscopy (LSCM), may also be 477 

employed depending on the size of the particles with respect to the diffraction limit of light used 478 

in the microscope. However, detection and quantification of different fragment types and freely 479 

released GFNs is time-consuming and often impractical since a high number of images are 480 

required for robust statistical inferences to be made. In general, microscopy will continue to be a 481 

useful tool for GFN detection, and sometimes quantification. However, efforts are needed to 482 

decrease the time it takes to prepare and image samples, and the improvements that can be made 483 

will likely only be incremental. Nevertheless, microscopy will continue to be useful as a 484 

supplementary characterization technique. 485 

 486 

Thermal Techniques 487 

The graphitic structure of graphene also leads to high thermal stabilities which decrease 488 

with increasing GFN oxidation level.96 The high thermal stability of graphene permits its 489 

detection at much higher temperatures than GO.96, 163, 164 Figure 3 reports the temperature range 490 

at which GFNs show the most change during thermal decomposition under inert conditions. 491 

Areas of overlap with the different media, matrices, and systems presented in this text are shown 492 

(Figure 3) and illustrations of thermal gravimetric analysis (TGA) profiles for different GFNs 493 

and polymer matrices are shown in Figure S2a and S2b, respectively. Unlike for graphene, the 494 

decreased thermal stability of GO causes its thermal profile to overlap with many carbonaceous 495 

species, thus hindering its quantification using thermal methods. 496 

Analytical techniques that leverage the unique thermal properties of GFNs such as 497 

thermal gravimetric analysis (TGA), total organic carbon (TOC) analysis,145 and programmed 498 

thermal analysis (PTA)96 are useful both for characterizing and quantifying CNMs, by drying 499 

down an aliquot from aqueous media. Since graphene is thermally stable, there is not much 500 

interference when using thermal techniques in purified, synthetic, and natural waters which 501 
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contain mostly labile forms of carbon. However, interference is typically higher in natural waters 502 

that contain large amounts of suspended particles or in complex media such as untreated 503 

wastewater.96 In such systems, the thermal profiles of GFNs, the matrix (e.g., natural water) 504 

without GFN if available, and GFNs mixed into the matrix should be characterized to assess any 505 

matrix interferences and determine if the matrix impacts the thermal stability of the GFNs. 506 

Overlaps between the thermal profiles of GFNs and the matrix can be easily accounted for when 507 

they are not substantial.  508 

Unlike graphene, GO and sometimes rGO have a very high oxygen content and number 509 

of defect sites, which make them less thermally stable.165 The application of thermal techniques, 510 

such as PTA, to quantify GO (without further modifications) may be restricted to purified or 511 

synthetic waters without added NOM if there is an overlap between the GO and NOM thermal 512 

profiles. For aqueous media containing NOM or natural waters, it may be necessary to 513 

chemically reduce (using hydrazine, sodium borohydride, ascorbic acid, etc.92, 96, 165-167) GO in 514 

order to increase its thermal stability relative to that of the organic carbon in the matrix.96 In 515 

addition, other carbonaceous (nano)materials such as soot, CNTs, and fullerenes may be present 516 

with GFNs in natural waters (e.g., wastewater), which may make the detection and quantification 517 

of GFNs via thermal techniques more complicated. One possible solution is to selectively extract 518 

GFNs from the matrix while excluding other carbonaceous materials like soot and CNTs, but 519 

there are currently very few methods for achieving such a selective extraction and all extraction 520 

procedures result in some loss of the analyte.168  Alternatively, it may be possible to add known 521 

quantities of the GFN material of interest (or a GFN with a similar thermal profile) to the water 522 

matrix to quantify the amount of background carbonaceous materials interfering with GFN 523 

quantification.96 Another probable challenge with using thermal techniques for quantifying 524 

GFNs in natural waters is the potentially high detection limit of some thermal instruments 525 

relative to the amount of GFNs expected in natural waters. A detection limit of 1.7 µg was 526 

reported for GO in pure water using PTA while other thermal techniques such as TOC analysis 527 

and TGA may have even higher detection limits.96 More so, the detection limit of these 528 

instruments may increase substantially when GFNs are mixed into complex natural waters 529 

depending upon the overlap in the thermal profile of the matrix and GFN. Overall, none of the 530 

techniques described so far can conclusively detect GFNs without measurement of a reference 531 

GFN, the matrix without added GFN, and/or extraction. 532 

Analytical methods relying on the thermal properties of GFNs may be applicable to 533 

quantify the nanomaterials in biological matrices without extraction if there is not substantial 534 

interference between the thermal profiles of the nanomaterials and matrices. Given the small 535 

amount of GFNs expected to be internalized in cells and tissues, even slight interferences from 536 

the matrix can overshadow the GFN signals. However, high concentrations may be present in the 537 

gut tract of organisms such as Daphnia magna; therefore, if voiding of the gut tract is not 538 

performed, measurements of total body burden will be dominated by the GFN mass in the gut 539 

tract, yet, unlike bioaccumulation measurements for dissolved chemicals, these values will not 540 
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reflect the GFN mass adsorbed across epithelial surfaces. 41, 58 Similar to other matrices, the 541 

thermal instability of GO compared to graphene, may make it difficult to detect GO in biological 542 

matrices via thermal techniques due to substantial interference. Also, changes in the chemical 543 

and thermal properties of intracellular/internalized GFNs (relative to their pristine forms) are 544 

currently unknown, and may interfere with analyses. Quantification of GFNs in biological 545 

matrices via thermal techniques may be less challenging if the nanomaterials are extracted by 546 

digestion or lysis of the cells/tissues either chemically or mechanically.96 For example, PTA has 547 

been used to quantify CNTs in rat lungs169 and GFNs in wastewater biomass after extraction.96, 548 
118 Care has to be taken to ensure that the chemicals used for digestion do not degrade or oxidize 549 

GFNs if the analysis technique can be impacted by the GFN oxidation state.  550 

Studies have not yet been conducted to investigate the ability to detect and quantify 551 

GFNs in soils and sediments using thermal techniques, but studies have shown that CNTs can be 552 

measured in these matrices using thermal techniques albeit with varying levels of success.170-172 553 

The major challenge of using thermal techniques for characterizing GFNs in soils and sediments 554 

is that these matrices contain thermally stable elemental carbon (e.g., soot), which can 555 

substantially interfere with GFNs, as was the case with CNTs.170, 171 However, the ion ratios of 556 

gases evolved upon thermal degradation of GFNs may be substantially different from the ion 557 

ratios of gases originating from soil and sediments, which provides an opportunity to quantify 558 

the nanomaterials in these matrices.172 The required instrumentation for this type of analysis is 559 

relatively expensive and uncommon in environmental science laboratories, as the thermal 560 

instrument has to be coupled with a mass spectrometer to analyze the gases evolved. Thus, there 561 

is a need for methods that are more readily available for practical detection and quantification of 562 

GFNs in soils and sediments. 563 

Graphene can be easily distinguished from a polymer matrix using thermal analytical 564 

techniques since the thermal stability of polymers tends to be below 400 °C, well below the 565 

thermal stability of graphene (Figure S2a). In contrast, the thermal profile of GO can overlap 566 

with the thermal profile of many polymers (Figure S2b). Furthermore, the mass loss of GO and 567 

rGO is gradual over a large temperature range (Figure 3) in TGA, making it challenging to 568 

differentiate the polymer from the GFN. Experimentation with conditions such as a switchover 569 

from inert gas to air flow at different temperatures may be useful, in some cases, for 570 

differentiation of polymer from GFN. Small differences in thermograms, such as first derivative 571 

shifts in TGA or slight shifts in glass transition temperatures (Tg) with differential scanning 572 

calorimetry (DSC), can be employed to measure the mass fraction of GFNs in polymer 573 

fragments or polymer matrices.173-176 These approaches, however, require a reference polymer 574 

material and a calibration curve of similarly dispersed GFNs in the polymer at varied 575 

concentrations. If lower mass fractions (< 1 %) of GFNs are incorporated into polymers, their 576 

signal must be discernible from the polymer background and from polymer charring. This 577 

approach is not practical in every application. 578 

 579 
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Labeling Techniques 580 

Metal ion labeling, isotopic labeling, and fluorescence labeling of GFNs provides a 581 

unique opportunity for the detection and quantification of GFNs that avoids some of the 582 

interferences observed with other methods. However, these approaches are typically only 583 

applicable for laboratory studies given that GFNs in the environment will not be labeled. 584 

Labeling of GFNs with materials that are (or have properties that are) not intrinsically found in 585 

environmental matrices provides an opportunity for detecting and quantifying the nanomaterials 586 

within these complex matrices. 587 

In aqueous systems, especially natural water, there are very few interferences (with well-588 

designed labels) compared to most other methods. Similar to CNTs, metal ions can potentially be 589 

coordinated to GO or incorporated into a GFN structure for use as a GFN proxy.141, 177 Inorganic 590 

elemental analysis using techniques such as ICP-MS can then be employed to detect and quantify 591 

the GFN concentration.141, 155 The metal ion used must be properly chosen so that the metal is not 592 

present in the natural water at sufficiently high concentrations to bias the measurements. 593 

Furthermore, the coordination of the metal to the GO oxygen functional groups must remain 594 

unchanged throughout the experiment or proper controls must be run to measure the percentage 595 

of coordinated metal ion loss during any environmental transformation.155 596 

Isotopic labeling of graphitic carbon can also be used as a means for detection and 597 

quantification.42  14C-isotopes are stable, and techniques based on their detection and 598 

quantification have been used to study the fate and transformations of GFNs (mostly graphene) 599 

in aqueous systems.37, 42 Quantification of isotopically labeled GFNs allows for laboratory 600 

studies to be carried out at very low GFN concentrations (ng/L to µg/L range)—much lower than 601 

would be possible with most other analytical techniques.37, 42 The radioactivity of isotopically 602 

labeled GFNs is quantified using liquid scintillation counting (LSC) with or without combustion 603 

of the graphene; combustion transforms the GFN to 14CO2 prior to the LSC analysis. In one 604 

study, direct addition of a FLG suspension to scintillation cocktail followed by scintillation 605 

counting was hypothesized to underestimate FLG radioactivity due to interferences with beta 606 

emissions, likely from self-quenching of graphene agglomerates or within the layers of the 607 

FLG.58 Higher radioactivity recovery rates have been achieved by combustion of FLG stock 608 

suspensions in a biological oxidizer with capture of the released 14CO2 in scintillation cocktail 609 

followed by quantitation using LSC; biological oxidation eliminated the potential for self-610 

quenching, but led to a lower precision.58 611 

In biological systems, labeling GFNs with metals, fluorescent dyes, and 14C isotopes may 612 

enhance the ability to detect and quantify intracellular GFNs in situ. Labeling of GFNs with 613 

materials such as fluorescene isothiocyanate (FITC) and 14C-isotopes allows for their detection 614 

and quantification using techniques such as LSCM and radioactivity measurements, 615 

respectively.37, 42, 159 Label-based GFN detection techniques are also capable of providing 616 

information on the bioaccumulation and translocation of GFNs within biological matrices.58, 154, 617 
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159, 178 Real time investigation of uptake and localization within small organisms (such as 618 

zebrafish embryos) is also possible with FITC-labeled GFNs.159 In addition, GFNs can also be 619 

labeled with metals (preferably metals that are not inherently found in cells and tissues) which 620 

can be used as a tracer for the GFNs. One important consideration is that metallic and organic 621 

labels may interfere with normal cellular processes and/or may be toxic to organisms.141, 179 The 622 

potential occurrence of these label-induced adverse effects to cells or organisms should be tested 623 

before using labeled GFNs in laboratory studies. 624 

In soils and sediments, some techniques using labeled GFNs may be less prone to 625 

interferences compared to other types of techniques. Specifically, 14C-labeled GFNs can 626 

typically be detected and quantified at low concentrations in soils and sediments.57 In contrast, 627 

metal ions in these soils/sediments are often present at high concentrations and can interfere with 628 

metal ion labels. For fluorescence, the potential for fluorescence quenching by components in 629 

soils and sediments may limit the applicability of this type of labeling approach. Overall, 630 

labeling is very useful for laboratory studies that model outdoor conditions, but is unlikely to be 631 

used for detection and quantification of GFNs found in the environment. 632 

 633 

DIFFERENTIATION OF OTHER CARBONACEOUS NANOMATERIALS FROM 634 

GFNS 635 

All of the techniques applied to GFNs in Table 1 have been previously used for other 636 

graphenic nanomaterials such as CNTs and fullerenes; the differences in CNM structure are 637 

shown in Figure S3.89 Therefore, the ability to differentiate GFNs from other carbonaceous 638 

nanomaterials must be considered as techniques are developed for the detection and 639 

quantification of GFNs present in environmental matrices. With the exception of microscopy, 640 

almost all of the techniques presented cannot completely differentiate GFNs from other 641 

graphenic nanomaterials.16 For example, CNTs and fullerenes absorb/optically scatter light, have 642 

D and G bands at similar wavenumbers in Raman spectroscopy, and can have similar thermal 643 

profiles.89 However, subtle differences between spectra and the use of nanomaterial controls can 644 

sometimes be used to differentiate CNMs. For example, the wavelength of absorption in UV-Vis 645 

spectroscopy is strongly dependent on the nanomaterial structure and dispersability.92 In Raman 646 

spectroscopy, GFNs tend to have larger D bands relative to CNTs since there are more edge 647 

defects per total area in a flat structure than the number of defects present at the ends of a CNT 648 

cylinder (where the majority of defects reside). Thus, the D/G ratio can be much larger for two-649 

dimensional versus three-dimensional graphitic carbon structures.135, 180 Due to their strained 650 

curvature, CNTs and fullerenes tend to be less thermally stable than graphene. Thus, graphene 651 

may be differentiated from CNMs using thermal techniques with proper controls.181 Microscopic 652 

analysis allows for differentiation of fullerenes, carbon nanotubes, and GFNs based on their 653 

unique physical structures and through the use of EFTEM utilizing differences in their electron 654 

energy loss spectra. However, GFNs can be difficult to detect with microscopy as a result of their 655 
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two dimensional structure.16 Microwave-induced heating methods have been successfully used to 656 

quantify MWCNTs in biological samples by measuring the rapid thermal response of MWCNTs 657 

relative to the surrounding matrix, but a slower microwave-induced heating response was found 658 

for graphene powder. Thus, microwave-induced heating methods have not yet been shown to be 659 

useful for GFNs.182 Other techniques such as metal ion labeling combined with inorganic 660 

elemental analysis and isotopic labeling can be used to differentiate GFNs from other types of 661 

graphitic nanomaterials but are limited to laboratory studies. Overall, the techniques previously 662 

developed for CNTs and fullerenes can be similarly applied to GFNs, with only some small 663 

differences that permit GFN differentiation in a CNM mixture.  664 

 665 

EFFECT OF GFN INTERACTIONS AND TRANSFORMATION ON GFN 666 

QUANTIFICATION 667 

In general, GFNs possess extremely large surface areas and highly negative charge 668 

densities when oxidized (i.e., GO),3, 92 which enable them to adsorb various organic and 669 

inorganic compounds in the aqueous phase—including nutrients, NOM, and metal ions.183-189 670 

These interactions, mediated by π-bonding and hydrophobic interactions, electrostatic 671 

interactions, and hydrogen bonding, influence the surface charge of GFNs and thus their homo-672 

agglomeration, and heteroagglomeration with other particles in aquatic systems such as clays, 673 

metallic colloids and organic particles.30, 97, 188, 190, 191 Adsorption of inorganic ions (e.g., metal 674 

ions) neutralizes the surface charge of GFNs, which typically leads to decreased colloidal 675 

stability;34, 37, 99, 114 while adsorption of organic materials (such as NOM) increases the colloidal 676 

stability of GFNs via increased electrostatic repulsion and/or steric hindrance.37, 114 The 677 

interactions of organic and inorganic compounds (including other colloids) with GFNs also lead 678 

to formation of agglomerates with different morphological conformations,34, 97, 192 which (like 679 

changes to colloidal stability) can interfere with techniques such as UV-Vis spectroscopy and 680 

fluorimetry. More readily water-dispersible GO will also decrease in colloidal stability if the salt 681 

concentration is sufficiently high due to suppression of GO’s electric double-layer by the cations 682 

in salts.30, 32-34, 99 Importantly, the adsorption of organic compounds (such as NOM) and nutrients 683 

onto GFNs may contribute to the signals obtained from non-specific analytical methods such as 684 

UV-Vis and TOC analysis. 685 

Transformations of GFNs have been shown in natural conditions, and these 686 

transformations can potentially interfere with GFN detection and quantification. For instance, 687 

exposure of graphene to water changes its morphology, and results in greater disorder of the 688 

structure (increased D/G band ratio), and expansion of the d-spacing (the distance between 689 

adjacent planes in the crystal structure).193 These physicochemical changes are further enhanced 690 

when graphene is exposed simultaneously to water and visible light.193 In the case of GO, 691 

sunlight reduces the primary particle size and colloidal stability, which may interfere with 692 

techniques such as UV-Vis spectroscopy and fluorimetry.40, 43, 72, 95 These transformations should 693 
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be considered when quantifying sunlight-exposed GO with spectroscopic and thermal 694 

techniques.8, 40 GFNs in the natural environment are also subject to chemical transformation by 695 

strong, naturally occurring oxidizing agents such as hydrogen peroxide (H2O2), found in rain and 696 

natural waters. The degradation of graphene (and most likely, other GFNs) can occur at 697 

concentrations of H2O2 that naturally occur in surface waters (51 mg/L to 231 mg/L or 1 x 10−3 698 

mol/L to 7 × 10−3 mol/L),147, 194 leaving defects on the surface of the GFN. Similarly, iron/H2O2-699 

driven Fenton chemistry (with or without UV irradiation), a treatment technique commonly 700 

applied in wastewater treatment plants, can generate reactive oxygen species (ROS; such as 701 

hydroxyl radical, •OH) which can cause defects in the GFN structure, and even lead to complete 702 

degradation to CO2 at sufficiently high concentrations of the reactants.42, 93, 195 Structural defects 703 

can make the detection and quantification of GFNs more complicated when using analytical 704 

techniques that rely on structural properties. Furthermore, when using non-degraded GFNs for 705 

calibration, the use of UV-Vis spectroscopy and fluorimetry to quantify degraded GFNs may 706 

lead to inaccurate estimation of GFN concentration.8, 40, 93, 195 707 

Transformation of GFNs arising from interactions with cells and organisms has not been 708 

widely investigated but a few studies have shown that GO can be reduced by microorganisms via 709 

direct contact and electron shuttling.196-199 Reduction of GO by bacterial genera (including 710 

Shigella, Shewanella, and Escherichia) occurs as the nanomaterial acts as an electron acceptor 711 

for the electrons generated during respiration. Similar reduction of GO has been shown by other 712 

biological molecules, including plant extracts.200, 201 As mentioned earlier, reducing the oxygen-713 

containing functional groups on GO will influence its spectroscopic and thermal response and 714 

thus may interfere with measurements. The size and thickness of graphene were shown to 715 

decrease in a chemical reaction catalyzed by horseradish peroxidase, showing that the enzyme 716 

can change the morphology of GFNs.202 The effects of horseradish peroxidase (in the presence of 717 

H2O2) on the structure of GO was even stronger (than that of graphene)—resulting in the 718 

formation of holes (up to 27 nm wide after 10 days) in the graphitic lattice of the basal plane, and 719 

complete oxidation to CO2
 after 20 days.203 The study however found no effects of horseradish 720 

peroxidase on rGO possibly due to tighter binding between the rGO and enzymes, which 721 

retarded the dynamic motion of the enzymes.203 Overall, these enzyme-catalyzed changes should 722 

be considered when analyzing enzyme-exposed GFNs with spectroscopic and microscopic 723 

techniques. 724 

Changes in the physicochemical state of GFNs in soils and sediments can further 725 

complicate their measurements in these matrices. For example Shewanella, a microorganism that 726 

has the ability to transfer electrons extracellularly (i.e., an exoelectrogen), which has been shown 727 

to reduce GO in laboratory studies, is present in freshwater and marine sediments and may also 728 

use GO as a terminal electron acceptor in these matrices.204 In fact, in a study testing five strains 729 

of Shewanella obtained from different natural environments, the strain obtained from marine 730 

sediments (Pacific Ocean) achieved the highest GO reduction—more than 95% of the carbon left 731 

in the GO was in a reduced state after 24 h (compared to 83% obtained by using hydrazine, a 732 
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commonly used GO reducing agent).196  Additionally, E. coli, a bacterium found in almost all 733 

environmental media, including soils and sediments, has also shown the ability to reduce GO.10, 734 
199 Chemical degradation of GFNs can occur via Fenton reactions in soils and sediments but has 735 

not been studied. In addition, all GFNs are likely to strongly bind to dissolved organic carbon 736 

and colloids in marine sediments due to the high ionic strength of marine waters. Further, GFNs 737 

with low surface charges (i.e., graphene and rGO) will adsorb to soil/clay particles due to weak 738 

repulsive forces.98, 205, 206 It is also likely that GFNs will behave similarly to CNTs and strongly 739 

interact with organic matter in soils and sediments.207-209 These interactions will affect the 740 

bioavailability of the nanomaterials as well as their extractability (and thus, measurements in 741 

soils and sediments). 742 

EXTRACTION 743 

 Isolation of GFNs from other materials present in an environmental matrix is an 744 

important component of GFN detection since GFNs can have similarities to other matrix 745 

materials, which can also be carbonaceous and graphenic, and can hinder identification of GFN 746 

via microscopy. The process of isolating GFNs from an environmental matrix by transfer of the 747 

GFNs from the matrix phase to another phase is termed extraction.89 Extraction methods 748 

typically involve transfer of the GFNs out of the initial matrix phase into a phase where the 749 

interfering compounds are less soluble. Conversely, removal of the interfering compounds to 750 

another phase can also be applied.  751 

Methods to extract GFNs from environmental matrices can be considered in the context 752 

of CNT and fullerene extraction methods that have already been successfully employed. For 753 

examples, CNTs have been extracted from environmental and biological matrices with 754 

asymmetric field flow fractionation (AF4),210 matrix digestion,211 and sonication with 755 

surfactants.82 Techniques used for CNT purification (i.e., separating a distribution of CNTs into 756 

homogeneous fractions) such as gel permeation chromatography, capillary electrophoresis, 757 

density ultracentrifugation, and two-phase polymer extraction may also be considered with 758 

respect to the extraction of GFNs from environmental matrices.212-214 Fullerene extraction has 759 

been even more thoroughly studied than CNT extraction, most likely due to having a less 760 

heterogeneous distribution of particles, at least in terms of size, and their affinity for many 761 

organic solvents such as toluene. Fullerenes have been extracted from complex matrices using 762 

solid phase extraction techniques (i.e., chromatography) and liquid-liquid phase extraction, 763 

mostly with toluene as the non-polar phase, and sometimes, the addition of salt to destabilize the 764 

nC60 particles.80, 91, 215 Importantly, extraction approaches have been successfully used to enable 765 

quantification of fullerene concentrations in complex matrices such as sediments,216, 217 soils,218, 766 
219 and organisms.220, 221 An approach for detection of oxidized fullerenes (i.e., fullerols) has 767 

been the addition of salt and toluene for liquid or solid phase extraction, and, occasionally,  solid 768 

phase extraction of oxidized fullerenes in an aqueous phase after less oxidized fullerenes are 769 

separated out using toluene.80, 215 Since GFNs have a different shape than CNTs and fullerenes, a 770 

distribution and range of physical dimensions, surface chemistries that can range from 771 



23 

 

hydrophobic to hydrophilic, and are affected by transformation processes in the environment, 772 

testing of CNT and fullerene extraction methods with GFNs needs to be attempted and modified 773 

as needed. Although it is unlikely that a “one-size-fits-all” approach will work considering the 774 

range of physicochemical properties that GFNs can have, development of efficient and simple 775 

extraction techniques for GO, rGO, FLG, and single-layer graphene along with extraction 776 

techniques for GFNs with various lateral sizes and thicknesses would be very useful. 777 

Furthermore, extraction of all types of carbonaceous nanomaterials requires development of 778 

more general combined strategy approaches of filtration, differential extraction and 779 

functionalization/defunctionalization.91 780 

Only a few studies have used extraction methods to isolate GFNs from environmental 781 

matrices. In Doudrick et al,96 both FLG and GO were extracted from biomass grown from return 782 

activated sludge. Solvable, a tissue solubilizer consisting of sodium hydroxide, C10-16-783 

alkyldimethyl, N-oxide, and C11-15-secondary, ethoxylated alcohol, was used for matrix 784 

digestion (at 60 °C for 24 h). For GO, a sodium borohydride (NaBH4) reduction step was 785 

required to remove surface-bound oxygen from GO and thus increase its hydrophobicity for 786 

pellet formation during centrifugation. The samples were centrifuged, washed twice with water, 787 

and the formed pellet was analyzed with PTA. Extraction of 20 µg GFNs from 200 mg dried 788 

biomass/L wastewater followed by PTA analysis yielded recoveries of 52 ± 8 % and 80 ± 6 % 789 

for FLG and GO, respectively.96 The authors also tried phase-separation of reduced GO by 790 

heating for longer times in the NaBH4 step and allowing the surfactant phase of Solvable, 791 

containing rGO, to separate from the aqueous phase; this increased the reduced GO recovery, but 792 

was not successful at phase-transferring the FLG.96 Overall, this study demonstrates the 793 

challenge in recovering GFNs with a range of surface functionalities, especially without 794 

reduction of GO to a more thermally stable form. In another study, graphene was extracted from 795 

water using oil, toluene, and hexanes, but this study did not consider the effect of these solvents 796 

on environmental media where other hydrophobic components would transfer to the hydrophobic 797 

phase.222 Finally, a separate study made use of GO and rGO as a microbarrier between water and 798 

dispersed organic droplets, where spontaneous assembly of GO and rGO sheets was observed at 799 

the droplet interfaces with ‘tunability’ of the process possible using multivalent cations.223 800 

Applications of approaches such as this to environmental matrices may be worthwhile to 801 

investigate further as there are currently no studies involving GFN extraction methods for cells, 802 

tissues, soils, sediments, and complex waters other than wastewater. The approaches may, in 803 

some cases, be matrix specific such as lysing cells first in biological systems or filtration 804 

techniques in the case of soils and sediments. 805 

Ideally, extraction techniques should be able to completely separate interfering materials 806 

or compounds in the matrix from the GFN of interest or completely eliminate the interfering 807 

materials while preserving the GFN. However, methods that can sufficiently reduce the amount 808 

of interfering material such these substances no longer overwhelm the signal from the GFN of 809 

interest may also be successful. For instance, thermally stable or graphenic materials (other than 810 
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GFNs) from complex media such as soil and sediment must not phase-transfer when using 811 

techniques such as PTA and Raman spectroscopy, but if they do, microscopy (which is time-812 

consuming) may become a more viable option since the matrix materials will be less abundant. 813 

For released GFNs from polymer nanocomposites, many GFNs will be encased partially or fully 814 

in polymer fragments, which will alter their ability to phase-transfer, and extraction techniques 815 

that phase-transfer particular polymer types might be more suitable or need to be used in addition 816 

to GFN extraction techniques.  817 

Currently, the ability to distinguish other carbonaceous nanomaterials (of high thermal 818 

stability) from GFNs with the centrifugal separation method using Solvable or the other methods 819 

described for CNTs in this section have not been thoroughly explored, and further study would 820 

be useful. In one study, a quantitative method based on isolating CNTs with specific DNA 821 

oligomers successfully separated CNTs from GO.168 However, it is unknown if the method will 822 

be applicable to isolating GFNs from other natural and engineered CNMs.168 Future application 823 

of this approach to a range of GFNs is worthwhile since this method was useful for extraction 824 

from an environmental matrix.168 In addition, the orientation of engineered CNMs (such as 825 

CNTs, graphene, and GO) in suspension can be ordered upon the application of external stimuli 826 

such as induced flow, or magnetic or electric field.64, 224, 225 The differences in the degree and 827 

potential for ordering of different CNMs under different scenarios may be useful for separating 828 

GFNs from other types of engineered CNMs, and this possibility is worth exploring. 829 

GFN DETECTION/QUANTIFICATION CASE STUDY 830 

For GFN quantification, one of the first considerations is which instruments are available 831 

in the testing laboratory. In Figure 4, the availability of different techniques for GFN 832 

quantification is compared based on their availability for purchase and their availability in 833 

environmental testing laboratories. It is interesting to note that most of the techniques discussed 834 

in this paper are commercially available, but most of the techniques are not typically available in 835 

environmental testing laboratories. Another important consideration relates to the method used to 836 

stabilize the GFN in water. If a dispersant is needed, that could influence the technique selected, 837 

while the potential for the GFNs to agglomerate in the water could also impact the feasibility of 838 

using some techniques. One helpful approach to understand the appropriate choice and use of 839 

GFN quantification techniques is to consider two case studies where there are clear advantages to 840 

using different sets of techniques. Two realistic scenarios for graphene quantification involve 1) 841 

regulatory toxicity testing of a GFN using an acute immobilization method for Daphnia magna 842 

(OECD method 202) and 2) monitoring the concentration of a GFN released from a 843 

manufacturing plant in industrial effluent discharged into a receiving river to insure GFN 844 

concentrations in the river are below a specific hazard level. To describe how to quantify the 845 

GFNs in the case studies described above, we will assume that all commercially available 846 

techniques are available to discuss how quantification could be addressed in a best-case scenario 847 

without instrumental limitations. Compared to the effluent scenario, it will be more 848 

straightforward to analyze the suspended GFN in the toxicity testing stock suspensions for the D. 849 
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magna assay since there will be fewer interfering compounds present. In contrast, when the 850 

effluent is mixed with the natural water present in the river, there will likely be NOM and other 851 

suspended organic and inorganic particles. For the D. magna assay, the technique to use depends 852 

mainly on the detection limit needed, and if the stock suspension or the suspension in the test 853 

media before or after the test is being analyzed. As described in Table S1, a relatively low 854 

detection limit can be obtained with PTA analysis for the stock suspension and this technique 855 

should work in this stock suspension regardless of the GFN thermal properties because there are 856 

no other compounds present that would interfere with GFN detection (unless a dispersant is used 857 

to help suspend the GFN). Other techniques may also be applicable but would depend on their 858 

limits of detection, which would need to be tested given the lack of data on this topic in the 859 

published literature, and if interferences in the test media could impact the measurement. For 860 

example, one complication for UV/Vis spectroscopy analysis is that the GFNs may agglomerate 861 

during the exposure and this could impact the absorption coefficient which may in turn bias the 862 

concentrations measured.226 The situation is more complex for the river water scenario as 863 

described above. A first step is to collect water prior to the point where the manufacturing plant 864 

contacts the river (i.e., the influent), and to assess to what degree the properties of the river water 865 

could impact the test results for various techniques (e.g., the impact of NOM on TOC or Raman 866 

measurements). If the GFN to be tested is available, it could then be dispersed and spiked into 867 

the river water to evaluate potential matrix effects and recovery for different techniques which 868 

include Raman spectroscopy, PTA, and extraction followed by UV-Vis. Based on these results 869 

and the detection limits needed, the best technique can be selected to evaluate the test sample. As 870 

a last resort due its time-consuming nature, SEM or TEM microscopy could be applied with 871 

dried-down river water samples for counting, assuming the matrix does not overwhelm 872 

identification of the GFNs. 873 

 874 

OUTLOOK AND FUTURE RESEARCH TOPICS 875 

The concentration of GFNs released into the environment needs to be better understood. 876 

The lack of data on environmental GFN concentrations is a result of scattered information on the 877 

number of products on the market that hinders predictive modeling, the difficulty of detecting the 878 

very low GFN concentrations (e.g., ng/L) expected in the environment, environmental 879 

transformations of GFNs or interactions with other particles or NOM in the environment, and the 880 

lack of techniques for GFN detection in complex environmental media and biological systems. 881 

The quantity of GFNs released from polymer nanocomposites and other consumer-relevant 882 

matrices is also largely unknown, especially relative to CNTs where the high aspect ratio, 883 

molecular structure, and entanglement have shown low CNT release (undetectable to µg level).90, 884 
111, 112, 149, 227   885 

Currently, the ability to quantify GFNs in purified, natural and synthetic aqueous media 886 

is in its infancy and requires further development. For example, it may be possible to further 887 
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improve PTA by combining that analysis with Raman given that the D to G band ratios may 888 

reveal insights into the thermal stability of the GFN, as has been previously demonstrated for 889 

CNTs,170 and therefore inform the thermal program to use. Additional work on hybrid Raman-890 

PTA instruments could be valuable as could investigations into different carrier gases or the 891 

addition of new detectors to PTA instruments. Detection and quantification are even more 892 

challenging in complex matrices where creative approaches would be most valuable for 893 

environmentally relevant studies. Complex matrices often possess unique interferences that 894 

affect GFN detection and quantification. The potential biases and limitations of each method can 895 

potentially be overcome by using multiple analytical techniques for a given GFN/matrix. Some 896 

methods such as thermal analysis and UV-Vis spectroscopy were found to provide similar 897 

detection events for GFNs and other CNMs, such as CNTs, while other methods such as Raman 898 

spectroscopy and microscopy, have subtle or substantial differences allowing for a more unique 899 

level of detection of GFNs in the presence of other CNMs. Techniques such as Raman 900 

spectroscopy require further development to permit quantification in addition to detection, while 901 

labeling (e.g., with 14C or FITC) has been successfully used in multiple laboratory studies. Other 902 

techniques that can distinguish between GFNs and other carbonaceous (nano)materials, such as 903 

microscopy, may be combined with thermal techniques for a more reliable quantification of 904 

GFNs in complex aqueous matrices. 905 

Extraction is often necessary for reliable quantification of GFNs, especially when GFNs 906 

are present in natural aquatic and terrestrial media, and biological matrices. However, methods 907 

for extracting GFNs from natural and synthetic matrices are currently scarce.96 Furthermore, the 908 

mass concentration of GFNs in the environment is expected to be in the ng/L range, and without 909 

isolation and concentration of GFNs, the use of the techniques described in this text are limited 910 

for GFN detection in environmental samples. Developing robust extraction methods can also 911 

enable more cost-effective options for environmental testing laboratories to detect and quantify 912 

GFNs present in environmental matrices. Extraction techniques must also be designed to 913 

consider the range of physicochemical properties that GFNs can have in order to specifically 914 

target GO, rGO, FLG, or single-layer graphene along with GFNs having a range of lateral sizes 915 

and thicknesses. Currently, it is not clear if the extraction methods previously developed for 916 

carbon nanotubes (CNTs) will be as effective for GFNs due to differences in physicochemical 917 

properties.82, 96, 168, 228, 229 Also, existing extraction methods are not likely to effectively 918 

distinguish between the different types of CNMs (i.e., CNTs, fullerenes, GFNs, etc.), should they 919 

co-exist in a matrix. In addition to selectivity between the different engineered CNMs, such 920 

techniques should also be able to separate GFNs from incidental and naturally-occurring 921 

carbonaceous particles such as soot and black carbon. Once methods for extracting and analyzing 922 

GFNs in natural and synthetic matrices are readily available, the ability to comprehensively 923 

quantify GFN exposure will be achieved. Consequently, research geared towards the 924 

development of extraction techniques that are specific to GFNs and work across relevant 925 

matrices is needed.  926 
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As reported in this review, several studies have shown that transformations of GFNs 927 

(including graphene and GO) can occur in aquatic ecosystems via irradiation, and chemical 928 

reactions involving enzymes, ROS, and reducing agents.40, 42, 202, 203 These transformations are 929 

important because they influence not only the fate and ecotoxicological effects of the 930 

nanomaterials,43, 50 but also how their extraction, detection and quantification is approached 931 

(especially when using spectroscopic, thermal, and microscopic techniques).203 While several 932 

studies have investigated the transformation of GFNs in aqueous media, information on the 933 

transformations of the nanomaterials in other relevant natural and anthropogenic matrices is rare. 934 

Therefore, studies investigating the transformation (both physical and chemical) of GFNs in cells 935 

and tissues, nanocomposites, soils and sediments are urgently needed to reduce biases that can 936 

result from not accounting for different GFN forms. Developing methods to extract, detect and 937 

quantify GFNs, including transformed GFNs, in complex natural systems is critical to 938 

understanding the effects of these nanoparticles on human health and ecological systems.   939 

Increased implementation of GFNs in consumer products requires a reduction in the 940 

uncertainty surrounding their environmental impact. This reduction in uncertainty can be 941 

accomplished by the continued progress of analytical method development to detect and quantify 942 

GFNs in environmentally relevant matrices. The capacity to detect GFNs in these matrices at 943 

increasingly lower concentrations with greater precision and selectivity is expected to yield new 944 

insights into the toxicity mechanisms of GFNs in cells and organisms. It will also help accurately 945 

model the environmental fate and transformations of these materials in the natural environment. 946 

This information will ultimately enable the optimal design of GFN-enabled products that utilize 947 

their superior properties while minimizing potential adverse effects. 948 

 949 

Supporting Information 950 

Tables describing lowest reported detection limits and potential matrix interferences for 951 

GFN quantification, and figures showing the structures of different carbonaceous nanomaterials, 952 

thermogravimetric profiles of GFNs and matrices, and examples of biases in different matrices. 953 

This information is available free of charge via the Internet at http://pubs.acs.org. 954 
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Tables 1728 

Table 1 Selected techniques for GFN characterization and quantification 1729 

Method Overview Strengths Limitations 

Spectroscopic 

Absorbance 

8, 32, 40, 44, 92, 96, 113, 

114, 116, 230 

Measures absorbance of aqueous 

sample; can include ultraviolet, 

visible, or near infrared 

wavelengths; absorbance can be 

related to mass concentration using 

the Beer-Lambert law; with 

analytical ultracentrifugation 

(AUC), different fragment sizes of 

material can be measured with 

absorbance 

Except for AUC, absorbance 

spectrophotometers are readily 

available in many environmental 

laboratories 

Interference from other sample components; 

relatively high detection limit; only 

applicable for aqueous samples; controlled 

GFN dispersion quality required 

Raman 113, 136, 137, 

145, 159, 160, 231-233 

Measures G, D and G’ vibrational 

bands in dry powder, polymer 

nanocomposites, and tissues 

Minimal sample preparation; enables 

GFN characterization; compatible 

with in vitro and in vivo samples; 

can be used with a microscope; low 

detection limits achieved using 

resonance Raman conditions 

Some matrices may produce interferences; 

sensitive to laser power; requires 

calibration or a reference peak for 

quantitative analysis; background 

fluorescence can interfere; samples 

dispersed in an organic solvent are less 

common but this is possible 

Fluorescence 103 Measures fluorescence emission 

intensity after excitation of GFN at 

a known adsorption band 

Available in many environmental 

laboratories; fluorimetry is highly 

sensitive; rapid technique 

Interference of other fluorescent materials 

(e.g. polymer or environmental matrix); 

non-specificity of GFN signal; only 

applicable for aqueous samples; controlled 

GFN dispersion quality required; may 

work better for graphene oxide (GO) 

versus graphene because GO is more 

highly fluorescent 

X-ray 

Photoelectron 

Spectroscopy 

(XPS) 

234-236 

Measures the atomic surface 

concentration of carbon (top 10 

nm) and can provide some 

information on oxidation state; 

relative concentration of GFN can 

be determined in a dry matrix if 

matrix has a very different 

conductivity relative to the GFN 

Provides atomic information and 

oxidation state of GFN 

Requires dry down and a high vacuum 

environment; doesn’t distinguish 

nanomaterial carbon from background 

carbon unless charging occurs and 

background material identity is known 

Spectrometric 

Inorganic 

Elemental 

Analysis of 

Metal 

Coordination to 

GFN Functional 

Groups  

141, 155 

Measures divalent metal cations 

coordinated to GO functional 

groups 

Multi-elemental capability and 

extreme sensitivity of ICP-MS allow 

for an accurate and selective 

determination of metal content 

coordinated to GFN in a wide range 

of matrices at ngL-1 or sub ngL-1 

levels, the rapid sample throughput 

of this method is attractive for 

routine screening; potential for 

covalent attachment of metals rather 

than coordination to minimize 

Carbon is generally not detectable with 

standard ICP-MS methods; metal release 

from carboxyl groups using strong acid is 

required prior to analysis; other carboxyl 

groups in environmental samples can 

interfere; carboxyl group content can vary 

between different GFNs; divalent metal 

cations can dissociate from carboxyl 

groups since they are not covalently 

attached; divalent metal cations can 

increase agglomeration state in water 

samples; will not work for pristine 
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desorption of the metal tags during 

measurements  

graphene since it does not contain 

functional groups 

Microscopic 

Atomic Force 

Microscopy 

(AFM) 32, 113, 115, 

237-241 

Measures the surface features of a 

sample by dragging or tapping a 

cantilever over the sample; the 

dimensions of identifiable GFN 

particles can be determined by the 

movements of the cantilever 

A reliable technique for determining 

sheet thickness and lateral 

dimensions 

Deposition bias, measurement bias, and 

detection errors are all possible in most 

samples 

Hyperspectral 

Imaging 156, 242-247 

Measures reflectance (or 

absorbance and transmittance) 

spectra of GFNs in a darkfield 

(visual near infrared /short-wave 

infrared spectral range) mode using 

a high-power halogen light source, 

resulting in 2D-optical images with 

full spectral information (400 nm to 

1000 nm or 900 nm to 1700 nm, 

respectively) in each pixel (a pixel 

can be as small as 128 nm) 248 

Easy sample preparation, provides 

optical and spectral information, 

allows spatial localization of 

particles without the need for 

labelling, can provide semi-

quantitative information 

Spectral mixing in complex 

samples/composites, long analysis times, 

spatial resolution may not be sufficient to 

differentiate individual small-sized GFNs 

from their aggregates (especially when 

stacked), which might impact 

quantification. Relatively expensive 

instrumentation. 

Scanning 

Electron 

Microscopy 

(SEM) 137, 158, 159, 

237, 247, 249 

 

Measures the interaction of a finely 

collimated electron beam with the 

GFNs; secondary electrons emitted 

by atoms excited by the electron 

beam can be used for image 

formation 

Provides 3-D morphological 

properties of GFNs; GFNs may be 

identifiable in complex matrices 

based on morphological criteria 

Labor-intensive, often only qualitative 

information 

Transmission 

Electron 

Microscopy 

(TEM) and 

Scanning 

Transmission 

Electron 

Microscopy 

(STEM) 112, 113, 

157, 159, 160, 178, 237, 

244, 250 

A TEM passes a parallel beam of 

electrons through a selected sample 

area and detects the transmitted 

electrons that pass through the 

samples. The main difference with 

the STEM mode is that it scans 

very finely focused beam of 

electrons over the sample selected 

area in a raster pattern. 

Provides morphological properties of 

GFNs; GFNs can be identified in 

energy filtered TEM images 

Challenging sample preparation for 

tissues; it may be very hard to detect 

GFNs in complex samples at low 

concentrations 

Laser Scanning 

Confocal 

Microscopy 110, 

159, 178, 179 

Uses a laser to excite fluorophores 

from a fluorescent marker tagged to 

GFNs or optically detects reflected 

light. The technique generates a 

series of focused image planes in 

the z direction by scanning with 

point illumination suppressing out-

of-focus signal using a pinhole in 

front of the detector; three 

dimensional images are generated 

by combining the series of focused 

image planes. 

Relatively easy technique for 

tracking translocation of GFNs in 

biological tissues 

Only qualitative, or at best, semi-

quantitative. Fluorescence probes may 

photo-bleach, and may be cytotoxic or 

interfere with normal biological processes. 

Reflection mode may be unable to 

distinguish GFN from other materials in 

the matrix that scatter light similarly. 
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Transient 

Absorption 

Microscopy 133, 

251-254 

A typical pump–probe technique 

whereby a modulated pump field 

(typically a pulsed laser) excites the 

electrons in the sample. A probe 

(another light source) then interacts 

with the photoexcited sample to 

obtain an absorption spectrum 

Relatively fast, highly sensitive, and 

label-free technique that can be used 

to visualize GFNs in living cells and 

live animals. May provide 

quantitative data in well-dispersed 

GFNs 

Light-absorbing matrices may introduce 

strong background signals. GFNs may 

have to be functionalized to improve their 

dispersability for quantitative analyses 

Thermal 

Thermal 

Gravimetric 

Analysis (TGA) 
173-176 

Quantification of mass percentage 

of phases with distinct thermal 

stabilities under a variety of 

reactive gases (usually inert or air) 

and relatively rapid temperature 

programs (e.g., heating rates of 5 

°C/min to 20 °C/min; room 

temperature to ca. 950 °C); each 

sample takes 1 h to 2 h total; a 

systematic shift in the TGA profile 

as a function of GFN loading can 

potentially be measured since 

GFNs can enhance the thermal 

stability of materials 

A rapid technique that allows for the 

quantification of multiple phases in a 

single sample; good for complex 

matrices; no special sample 

preparation needed 

Effect of thermal ramp rate and reactive 

atmospheres on apparent phase 

distribution is not well understood (and is 

largely ignored), detection limits are 

relatively high for solid matrices since 

only small masses can be analyzed, 

potential for interferences between sample 

matrix (e.g., polymer, other carbon 

nanomaterials, soot, or black carbon) and 

GFN decomposition temperatures; good 

GFN dispersion quality required for 

systematic TGA profile shift; drying 

required 

Differential 

Scanning 

Calorimetry 

(DSC) 173 

Measures the thermal transitions of 

materials relative to a reference 

pan. The relative energy required or 

released is measured as a material 

is heated or cooled through a 

thermal transition; this technique 

has been used to measure the shift 

in the glass transition temperature 

(Tg) as a function of GO loading 

A rapid technique and good for 

complex matrices; no special sample 

preparation needed 

Thermal ramp rate can affect the transition 

temperatures; detection limits are 

relatively high for solid matrices; good 

GFN dispersion quality required for 

systematic DSC profile shift; dry-down 

required; might only be useful for samples 

containing polymer 

Total Organic 

Carbon (TOC) 

Analysis 255-257 

TOC analysis can be conducted on 

water or soil samples by oxidizing 

(chemical, heated catalyst, UV) 

carbon to carbon monoxide or 

dioxide which is detected by 

infrared or other types of detectors 

TOC analysis has been used 

successfully with CNTs and 

fullerenes and once with few layer 

graphene (FLG) to investigate 

binding of NOM to FLG 

Very little optimization of temperature or 

catalytic conditions have been examined; 

its application to CNT stock solutions 

have been consistent with prepared 

masses; any organics, such as natural 

organic matter, in solution or soils will 

interfere; this is a non-specific method and 

thus matrices that contain sufficiently high 

concentrations of other carbon 

nanomaterials (e.g., graphene), soot, or 

black carbons would impact the technique; 

with the more common instrument setups 

(680 °C maximum temperature), the 

temperature used is not sufficiently high to 

combust the FLG but would most likely be 

high enough for GO to combust 

Programmed 

Thermal 

Analysis (PTA)  
96, 170, 211, 258  

While the temperature is 

ramped, there are two phases: 

inert followed by oxidizing for 

measuring organic and elemental 

carbon, respectively.  Detects 

carbon by having evolved organic 

carbon be converted to CO2, then 

converted back to methane, and 

Very reliable technique for detecting 

elemental carbon in environmental 

matrices, this technique could 

differentiate between types of GFNs 

based on their thermal stability; there 

is an ability to quantify mass 

Too much organic carbon in a sample 

causes peak overlapping between 

elemental and organic carbon which 

affects the accuracy; similar carbonaceous 

materials such as CNTs and fullerenes will 

be counted in the GFN peak if they exist 

in the sample; unless the peak from GFN 

is far enough from the peaks for other 

carbonaceous material, it is difficult to 
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analyzed using a flame ionization 

detector.  If organic carbon is 

converted to elemental carbon 

during the inert phase, there is a 

correction that can be performed. 

exclude the other carbonaceous materials, 

however, adjusting the temperature 

program might help to some extent; GO 

does not separate from matrix unless a 

strong reducing agent is used followed by 

extraction prior to sample analysis 

Isotopic Labeling 

Carbon-14 

Labeling 37, 42, 57, 

106, 154 

Can be used to quantify carbon-14 

labeled GFNs following 

combustion in a biological oxidizer 

or direct addition to a scintillation 

cocktail; measures beta emissions 

using liquid scintillation counting 

(LSC); autoradiography can 

provide spatial distribution of 

radioactivity 

Provides definitive quantification of 

GFNs in complex matrices; can be 

used as an orthogonal technique to 

develop other analytical techniques; 

can be used to identify degradation 

products and GFN quantities in 

tissues or released from polymer 

nanocomposites 

High cost to synthesize radioactively 

labeled GFN; safety concerns; limited 

availability of radioactively labeled GFN; 

C-14 not inherently part of GFN that 

would be released into the environment 

 Additional Techniques 

Gravimetric 259, 

260 

GFN mass concentration in air is 

estimated by determining total 

particle number (e.g. during GFN 

production) while accounting for 

background particle concentration. 

In suspensions, GFN concentration 

is estimated by drying a fraction of 

the suspension and weighing it, or 

by determining the fraction of 

GFNs not suspended by weighing 

the mass of GFN particles settled at 

the bottom of the container  

Uses readily available equipment 

except in airborne measurements 

which require special 

instrumentation 

Limited to high GFN concentrations, 

except in airborne measurements where 

the sensitivity of equipment may be 

reasonably high. The technique is 

nonspecific, and thus only applicable in 

relatively simple systems/matrices 

  1730 
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Figures 1731 

 1732 

Figure 1 A selection of unique graphene-family nanomaterial (GFN) properties and the 1733 

analytical techniques that can be used to measure these properties. 1734 

 1735 

Figure 2 Degradation of GFN/polymer nanocomposites by environmental processes such as UV-1736 

weathering, rain, acid rain, alkaline conditions, microbial activity, and mechanical wear can lead 1737 

to the release of a heterogeneous mixture of polymer fragments, polymer fragments containing 1738 

GFNs, GFNs coated in polymer, and free GFNs. 1739 

 1740 
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 1741 

Figure 3 The thermal stability as a function of mass loss for graphene,261 graphene oxide122, 174, 1742 
175, 262, 263 and reduced graphene oxide122, 262, 263 relative to polymer matrices (LCPU = liquid 1743 

crystalline polyurethane, PS = polystyrene, PMMA = poly(methyl methacrylate), PEST = 1744 

polyester, and epoxy),173-176, 264 other carbonaceous nanomaterials,265 and plant material 1745 

(lignin),266 soils or soil materials,267-269 and sediments.270 An asterisk (*) indicates that clay was 1746 

not included as part of the thermal gravimetric analysis (TGA) profile while a double asterisk 1747 

(**) indicates that clay was included as part of the TGA profile. The plot shows where overlap 1748 

can occur between the thermal profile of the CNM and the thermal profile of the matrix. Ranges 1749 

provided are the most dramatic change(s) observed with TGA under inert conditions (N2 or Ar) 1750 

with ramp rates ranging from 5 °C/min to 20 °C/min.  1751 
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Figure 4 The availability of different techniques for GFN quantification. Techniques are 

compared based on their availability for purchase and their availability in environmental testing 

laboratories 

Less available More available 

Custom built or 
requires custom 
CNT synthesis 

Commercially available 
but limited availability in 

environmental laboratories 
due to cost, expertise, etc. 

Commercially available 
and broad availability 

in environmental 
laboratories 

UV/Vis spectroscopy 
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Total organic carbon 
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