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 21 

ABSTRACT: Developing methods to measure interactions of carbon nanotubes (CNTs) with 22 

soils and sediments and understanding the impact of soil and sediment properties on CNT 23 

deposition are essential for assessing CNT environmental risks. In this study, we utilized 24 

functionalized carbon-14 labeled nanotubes to systematically investigate retention of multiwall 25 

CNTs (MWCNTs) by 3 humic acids, 3 natural biopolymers, and 10 model solid-phase polymers, 26 

collectively termed macromolecules. Surface properties, rather than bulk properties of 27 

macromolecules, greatly influenced MWCNT retention. As shown via multiple linear regression 28 

analysis and path analysis, aromaticity and surface polarity were the two most positive factors 29 

for retention, suggesting retention was regulated by π-π stacking and hydrogen bonding 30 

interactions. Moreover, MWCNT deposition was irreversible. These observations may explain 31 

the high retention of MWCNT in natural soils. Moreover, our findings on the relative 32 

contribution of each macromolecule property on CNT retention provide information on 33 

macromolecule selection for removal of MWCNTs from wastewater and provide a method for 34 

measuring CNT interactions with organic macromolecules.   35 
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1. Introduction 36 

Carbon nanotubes (CNTs) are potentially useful in many applications such as electronics, optics, 37 

and other fields of material science. During their production, transport, handling, use and disposal, 38 

they will inevitably enter the environment. Studies on the toxicity of CNTs showed that under 39 

certain conditions, especially those involving chronic exposure, CNTs may pose a risk to human 40 

health and organisms in the environment if present at sufficiently high concentrations [1-4]. 41 

Therefore, it is essential to know the fate of CNTs once they are released to the environment.  42 

Environmental modeling so far indicates that soils and sediments will be the environmental 43 

compartments with the highest CNT concentrations especially if activated sludge, which 44 

efficiently removes many nanoparticles, is applied on soils [5-7]. Transport and bioavailability of 45 

CNTs in soils depends on the different interactions between CNTs and the soil solid phases such 46 

as reversible/irreversible deposition and redispersion, here collectively referred to here as retention 47 

[8]. Thus, developing methods to assess retention of CNTs by soils and sediments can help us to 48 

better assess their environmental risks in terms of bioavailability to organisms and possible 49 

transport to ground water tables. Due to the challenges related to quantification of CNTs in solid 50 

samples, studies on CNT retention by soils are limited [9, 10]. In addition, it is not sufficient to 51 

only study whole soil samples, because soil is a mixture of mineral and organic constituents. 52 

Research on interactions between different constituents of soil and CNTs is necessary to 53 

understand the retention mechanisms. Sorption of organic compounds on different fractions of soil 54 

organic matter (SOM) has been extensively studied, because of the critical role of SOM in organic 55 

compounds’ environmental behaviors [11-15]. CNT is a carbon-based material and therefore 56 

possibly possesses similar properties compared to organic compounds, but CNTs are also 57 

nanomaterials that are defined as materials having at least one dimension in the 1 to 100 nm size 58 

range.  59 

   Nanomaterials have specific properties not exhibited by dissolved compounds. For instance, 60 

unlike organic compounds, CNTs cannot dissolve in organic solvents or water [16] and the 61 

dimensions of CNTs are not small enough to diffuse into SOMs and polymers. Surface charge, 62 

Hamaker constant, and adsorption of low molecular weight organic compounds have to be 63 

considered when studying CNT interactions with surfaces, as well as the aggregation of CNTs 64 

with themselves (homoaggregation) or other suspended particles (heteroaggregation).  65 
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Soils also contain mobile organic molecules that usually have a relatively low enough molecular 66 

weight to behave similarly to dissolved molecules. These carbon-based molecules are often termed 67 

dissolved organic matter (DOM) to distinguish them from non-mobile organic matter, here referred 68 

to as SOM. Even though this distinction is often operationally based on a 0.45 µm filtration, or in 69 

this study based on a centrifugation step, previous studies have shown that adsorption of DOM on 70 

CNTs usually creates a thermodynamically more favorable hydrophilic surface thus preventing 71 

hydrophobic interactions and electrosterically stabilize CNT suspensions against deposition [17], 72 

homoaggregation [9, 18-21] and heteroaggregation [22], effectively increasing their potential 73 

transport in porous media and thus also their bioavailability [23]. Interactions with SOM most 74 

often reduce the transport of CNTs drastically in soils, because SOM may constitute preferential 75 

binding sites for CNTs that can experience hydrophobic attractions [24], contrary to inorganic 76 

nanomaterials. However, SOM can release DOM molecules and adsorption of DOM can in some 77 

cases increase aggregation of incompletely coated CNTs by bridging flocculation, in some cases 78 

assisted by Ca2+ forming ion bridges between coating molecules [23]. It has indeed been found 79 

that CNT transport in natural soils is very limited [25], whereas CNT transport in simple sand 80 

columns can be very high [26, 27]. SOM are often composed of macromolecules, i.e. molecules 81 

with a weight too high to occur as truly dissolved carbon-based molecules. Considering the 82 

variability of organic molecules in natural systems, a systematic study on the effect of such 83 

macromolecules on CNT fate is urgently needed to improve ecotoxicological risk predictions of 84 

CNTs. Because of the heterogeneous nature of SOM macromolecules, it is difficult to describe 85 

their molecular structure. Therefore, macromolecules that are either natural (lignin, chitin and 86 

cellulose) or synthetic, with a clearly defined molecular structure, are commonly used as model 87 

DOMs [14-16]. 88 

In this study, we screened the effect of 16 macromolecules as models for SOM: 3 humic acids 89 

(HAs), 3 biopolymers and 10 polymers on the fate of 14C-labeled multiwall carbon nanotubes 90 

(MWCNTs) using a batch method. The selected molecules encompassed a range of surface 91 

properties and molecular weights. The specific objectives of this study were to find the favorable 92 

and unfavorable macromolecule properties for MWCNT retention; and to determine the relative 93 

strength of each property for MWCNT retention on macromolecules. During the batch method 94 

used in this study, interactions between CNTs and macromolecules are allowed for a given time 95 

during which larger MWCNT aggregates may be formed that are large enough to be sedimented 96 
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during a centrifugation step. When investigating the interaction of nanomaterials with large solid 97 

surfaces, the term deposition is used, whereas the term aggregation is reserved for suspended 98 

particles interacting with each other. Although the distinction between adsorption and deposition 99 

is not always clear, deposition is reserved for kinetic interactions, the rates of which are determined 100 

by the balance of surface potentials caused by Van der Waals and electrostatic attraction forces 101 

[28]. If deposition occurs in the primary energy minimum, it is considered permanent, albeit 102 

resuspension can occur in exceptional circumstances (e.g. a drastic drop in ionic strength) [29]. 103 

Deposition, however, often occurs in the secondary energy minimum from which resuspension is 104 

more frequently possible by simple diffusion, but even more so by chemical and hydraulic 105 

perturbations [30]. The co-occurrence of deposition and resuspension can on the long-term thus 106 

lead to a pseudo-equilibrium situation [31]. The difference between this pseudo-equilibrium and a 107 

real adsorption equilibrium is that the pseudo-equilibrium emerges from two mechanisms, 108 

deposition and resuspension, that are controlled by entirely different parameters, whereas 109 

adsorption and desorption are both controlled by thermodynamics and the same activation energy. 110 

Moreover, there is always a subpopulation of deposited material that is not resuspended, because 111 

it is irreversibly attached.  The term deposition was therefore used to designate the retention of 112 

MWCNT by macromolecules, whereas resuspension was used for the release of MWCNT by 113 

macromolecules. 114 

2. Materials and Methods 115 

2.1 Macromolecules  116 

One HA was extracted from a peat soil in Michigan. The other two HAs were extracted from a 117 

peat soil in Amherst, Massachusetts. The extraction procedure was previously described in detail 118 

[11, 12]. In brief, soil was progressively extracted seven times with 0.1 mol L-1 Na4P2O7 and six 119 

times with 0.1 mol L-1 NaOH. The first fraction of Michigan peat soil (HA1), the second (HA2) 120 

and fifth (HA3) fractions of Amherst peat soil were used in our study. Lignin was purchased from 121 

Sigma-Aldrich Co. Cellulose was bought from Fisher Scientific Co. Chitin was obtained from MP 122 

Biomedicals Inc. Seven types of polyethylene, obtained from Sigma-Aldrich Chemical Co., with 123 

different molecular weights (MW) and densities (PE1: high density; PE2: 3,000,000 to 6,000,000 124 

molecular weight (MW); PE3: 35,000 MW; PE4: 4,000 MW; PE5: high density; PE6: low density; 125 

PE7: linear low density), two types of polystyrene with different molecular structures (one that 126 

was linear (PS1) and a second that was 20% cross-linked (PS2)) and an oxygen-containing 127 
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polymer poly(2,6-dimethyl-1,4-phenyleneoxide) (PPO) were selected as simplified models for 128 

SOMs. Additional characterization of the 10 polymers was described in our previous study [32]. 129 

Polymers originally in pellet form were ground to fine powers (diameter < 0.15 mm) using an 130 

ultra-centrifugation grinding miller (ZM200, Retsch Germany), freeze-dried, and stored. To 131 

minimize potential ion release, all macromolecules were washed by distilled water until a final 132 

conductivity value of the eluent below 1.0 us/cm was obtained by the conductivity analyzer (DDS-133 

307, Jingke Shanghai Co.). This procedure ensured that the macromolecules did not increase the 134 

solution ionic strength, a parameter known to impact MWCNT retention [33]. 135 

2.2 MWCNT  136 
14C-labeled MWCNTs were synthesized by a modified chemical vapor deposition (CVD) [24, 137 

34, 35]. The pristine 14C-MWCNTs were purified through bath sonication with concentrated 138 

hydrochloric acid (11.1 mol L-1) for 1 h. Then, the purified MWCNTs were functionalized using 139 

an acid mixture of concentrated sulfuric (14.8 mol L-1) and nitric (15.6 mol L-1) acids by a 3:1 140 

(volume:volume) ratio to make them stable in water [9, 36]. The physicochemical properties of 141 

MWCNTs have been described previously [9, 36]. In brief, the functionalized MWCNTs after acid 142 

treatment were (99.7 ± 0.2) % pure with respect to metal catalyst impurities on a mass basis, and 143 

had a 111 m2/g specific surface area and a specific radioactivity of 0.1 mCi/g. Additional 144 

characterization is provided in the Supporting Information (Figure S1). 145 

A stable stock suspension of MWCNTs was then obtained by dispersing 100 mg MWCNTs into 146 

1 L of de-ionized water via ultrasonication (200 W; Cole-Parmer CV33) for 2 h. The suspension 147 

was kept at room temperature for at least 6 h before use. To verify the suspension was stable, the 148 

initial concentration of MWCNTs was determined before use every time by liquid scintillation 149 

counting (LSC; Benchman [Fullerton, CA] LS6500) and was 74.1 ± 1.0 mg L-1. The 150 

electrophoretic mobility (μ) of the sonicated MWCNTs was -0.57 cm2 V-1 s-1 ± 0.06 cm2 V-1 s-1 151 

(uncertainty values always indicate standard deviation values) and -0.89 cm2 V-1 s-1 ± 0.03 cm2 V-152 
1 s-1 at pH=4 and pH=7 in 4 mmol L-1 Na+ background solution, respectively (90Plus, Brookhaven), 153 

results similar to those obtained previously for these MWCNTs [9]. The calculation of zeta 154 

potential values from electrophoretic mobility measurements typically uses the Henry equation 155 

and the Smoluchowski approximation which assumes spherical particles [3].  Therefore, this 156 

approach should not be used for non-spherical nanoparticles such as CNTs, and we report 157 

electrophoretic mobility values instead [3]. In a previous study wherein the acid-treated MWCNTs 158 
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produced by this synthesis process were sonicated for 6 h, the surface oxygen content increased 159 

from 7.4% to 8.6% [9], thus suggesting that there may be a minor increase in the surface oxygen 160 

content after sonication for the 2 h period used in this study. The average diameter of the acid-161 

treated MWCNTs after sonication for 6 h was (36.5 ± 12.7) nm (n = 80) ranging from 20 nm to 90 162 

nm, and the average length of MWCNTs was (353 ± 452) nm (n = 836; see Figure S1 part c for 163 

histogram) [9]. Our previous study also showed that sonication for 6 h did not change the amount 164 

of metal catalyst remaining in the functionalized nanotube samples and it did not produce an 165 

amporphous carbon peak according to thermogravimetric analysis [9]. 166 

2.3 Macromolecule Characterization  167 

Elemental compositions of C, H, N (using oxygen) and O (using helium) were measured at 1150 168 

°C with an elemental analyzer (MicroCube, Elementar, Germany). Surface elemental composition 169 

was obtained using an AXIS-Ultra X-ray Imaging Photoelectron Spectrometer (Kratos Analytical 170 

Ltd., UK) with a monochromatic Al Kα radiation source operated at 225 W, 15 mA, and 15 KV. 171 

Electrophoretic mobility (μ) of molecules was measured using a Zeta Potential Analyzer (90Plus, 172 

Brookhaven). Surface areas (SA) of the macromolecules were measured using Autosorb-1 Surface 173 

Area Analyzer (Quantachrome, USA). The SA of macromolecules was derived from N2 sorption-174 

desorption isotherms using the BET method. The solid-state cross-polarization magic angle 175 

spinning 13C NMR spectra of the macromolecules were obtained using a Bruker DRX-400 176 

spectrometer operated at a 13C frequency of 100.36 MHz and a magic-angle-spinning rate of 8.0 177 

kHz. The amount of DOM released by the macromolecules was operationally defined as the carbon 178 

concentration remaining in suspension after centrifugation at 3500 g for 1 min. The DOM 179 

concentration was determined after incubation for 7 d at their corresponding experimental pH and 180 

at a sodium concentration of 4 mmol L-1 using a total organic carbon (TOC) analyzer (TOC-L, 181 

SHIMADZU). Buffers were not used because the sodium acetate buffer, which was used in the 182 

deposition experiments for pH stabilization, would increase the TOC measurement. All 183 

macromolecule property measurements were made in triplicate. 184 

2.4 Deposition Experiments  185 

MWCNT retention experiments were conducted using a batch technique at (25 ± 1) °C as 186 

described previously [9, 36]. Five mg of a macromolecule was added into 8 mL background 187 

solutions containing 4 mmol L-1 Na+ at pH 4 using a 4 mM sodium acetate buffer for HAs and pH 188 

7 using a 4 mM sodium phosphate buffer with an initial concentration of MWCNT that ranged 189 
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from (0 to 50) mg L-1. The choice of sodium concentration (4 mmol L-1) and pH 7 for the 190 

background solution was based on environmental relevance. All three HAs were easily suspended 191 

at pH 7, eliminating the potential for MWCNT deposition to unsuspended HAs. In this study, we 192 

tested a single solution pH and ionic strength to focus exclusively on the impact of macromolecule 193 

properties on MWCNT deposition. The mixtures were shaken at 150 rpm for 7 d and then left 194 

without shaking for another 7 d. Both shaking and settling steps were conducted in dark. 195 

Preliminary experiments showed that there was no significant difference between 7 and 12 days 196 

shaking indicating an apparent equilibrium had been reached (Figure S2), which is consistent with 197 

our previous studies [9, 36]. Samples were centrifuged at 3500 g for 1 min to sediment suspended 198 

macromolecules. Absorbance measurements at 800 nm (Agilent 8453 UV spectrophotometer) of 199 

control samples (containing only solid macromolecules) after centrifugation indicated removal of 200 

suspended macromolecule to below the detection limit. Three mL of supernatant for MWCNT 201 

samples was then mixed with 3 mL of scintillation cocktail (Ultima gold XR, Fisher Scientific, 202 

PA) for liquid scintillation counting (LSC; Benchman [Fullerton, CA] LS6500). The detection 203 

limit for LSC analysis of C-14 MWCNTs was 50 μg L-1. Supernatants containing the same 204 

concentration of 14C-MWCNTs with and without DOM were analyzed using LSC to test for matrix 205 

effects, but no significant difference was found. Because the release of DOM could influence 206 

MWCNT deposition on peat [7], the potential for each macromolecule to release detectable 207 

concentrations of DOM using TOC analysis was also measured as described above. For 208 

macromolecules with DOM release (HAs, Lignin, Cellulose and Chitin), the macromolecules were 209 

incubated at the same solid/solution ratio and with the same pH and ionic strength as for the 210 

experimental group for 7 d and then centrifuged at 3500 g for 1 min to remove the solid 211 

macromolecule. MWCNTs were then mixed with the supernatant of these experiments to assess 212 

the effect of released DOM on MWCNT settling. For macromolecules without detectable DOM 213 

concentrations (PEs, PSs and PPO), settling in samples with the same solution as that in the 214 

retention experiments but without macromolecules was used to estimate MWCNT settling during 215 

the batch experiments. All experiments were repeated at least twice.  216 

The total mass of MWCNTs that had deposited on macromolecule and/or settled during the 217 

experiment, Ms (mg) was calculated by mass balance as follows: 218 

Ms = (C0 – Caq) V      (1) 219 
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where C0 is the initial mass concentration of MWCNTs (mg L-1); Caq is the aqueous phase mass 220 

concentration of MWCNTs (mg L-1); and V is sample volume (0.008 L). The deposited mass 221 

concentration (mg kg-1) of MWCNTs (qs) is:  222 

qs = (Mss - Msc)/D     (2) 223 

where Mss is the total mass of MWCNTs that includes settling and retention on macromolecules 224 

(mg); Msc is the total mass of settled MWCNTs (mg); and D is the dosage of macromolecules 225 

(0.005 g). Msc is determined from experiments described above which assessed the decrease in the 226 

aqueous phase MWCNT from settling in the absence of interactions with a solid phase. These 227 

measurements were made with DOM for macromolecules (HAs, Lignin, Cellulose and Chitin) that 228 

released DOM or with only water for all other macromolecules (PEs, PSs and PPO). 229 

2.5 Redispersion Experiments  230 

Redispersion experiments were done immediately after the 14 d deposition period to assess the 231 

potential for resuspension of MWCNTs that had been deposited or settled out of the dispersion. 232 

Six mL of suspension was removed from the vials and the same volume of background solution 233 

(containing the same concentrations of DOM and Na+ ion) was added. The vials were then shaken 234 

on the rotary shaker at 150 rpm for another 7 d and then left in the dark for 7 d. The vials were 235 

subsequently centrifuged for 1 min at 3500 g and the MWCNT concentration in supernatant was 236 

analyzed by LSC as described above.  237 

2.6 Statistical Evaluation  238 

Multiple linear regression analysis combined with path analysis was conducted using SPSS 18.0. 239 

Kolmogorov-Smirnof test and Q-Q plots were used for data normality testing using SPSS. Because 240 

of the non-normality of data for macromolecule properties as indicated by Kolmogorov-Smirnof 241 

test, all macromolecule properties were log-transformed to meet the normality criteria (Table S1). 242 

The Q-Q plots for each log-transformed macromolecule properties are also provided in Figure S3. 243 

The value of VIF (Variance Inflation Factor) of logP, logA, logS, logD and log Z were 3.008, 244 

1.694, 1.432, 3.188 and 1.289, respectively, suggesting insignificant effects of multicollinearity. 245 

The applicability domain of multiple linear regression result was verified by the leverage approach 246 

[37, 38] using the plot of standardized residuals versus leverages (hat diagonals), i.e. the Williams 247 

plot. The leverage of a compound is defined as  248 

                                                                                    (3) 249 1( )T T
i i ih x X X x
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where xi is the descriptor vector of the considered compound and X is the descriptor matrix derived 250 

from the training set descriptor values. The warning leverage (h*) is defined as h* = 3 (N+1)/n, 251 

where N is the number of independent variables in the model (N = 6) and n is the number of 252 

training compounds (n = 12 in this study). If the leverage of the compound hi > h*, it suggests that 253 

the compound is very influential on the model. If the standardized residual of a compound is 254 

greater than three standard deviation units (±3σ), the compound will be regarded as an outlier. 255 

3. Results and Discussion 256 

3.1 Macromolecule Characterization  257 

Comprehensive characterization of the different macromolecules using multiple techniques 258 

indicated a diverse distribution of macromolecule properties. HAs and biopolymers (lignin, 259 

cellulose and chitin) showed substantially different surface and bulk polarity values, suggesting 260 

heterogeneity of the macromolecules (Table 1). Surface polarity of PEs, PSs and PPO were slightly 261 

different from their bulk polarity which was most likely due to partial oxidation and/or moisture 262 

adsorption (Table 1). Candidate physicochemical properties of the macromolecule that may have 263 

relationship with deposition are summarized in Table 2. The aromaticity ranged from 0 to 75 %; 264 

SA ranged from 0.2 to 70.2 m2 g-1; the amount of DOM released from macromolecules in solution 265 

ranged from 0 to 44.3 mg C L-1; and the electrophoretic mobility of macromolecules in solution 266 

ranged from -1.34 ± 0.09 cm2 V-1 s-1to -4.29 ± 0.09 cm2 V-1 s-1. 267 

3.2 Effect of DOM 268 

In the absence of DOM, only 16.2 % ± 4.43 % (n = 22) of MWCNTs settled out of the dispersion 269 

(using data from settling at pH 4 and 7), suggesting limited homoaggregation of MWCNT 270 

suspension in the solutions tested (Figure 1a), probably because the ionic strength tested (4 mM 271 

NaCl) is far below critical coagulation concentrations of oxidized MWCNTs that are of the order 272 

of 90 mM NaCl at pH 6 [39]. The amount of settled MWCNTs at pH 4 (18.0 % ± 4.93 %) was 273 

slightly higher than at pH 7 (14.5 % ± 2.59 %) likely due to the less negative MWCNT 274 

electrophoretic mobility at pH 4. The amount of settling dramatically decreased in the presence of 275 

DOM derived from HA as seen by the more negative slopes compared to the blanks of Msc with 276 

Caq (Figure 1a). Conversely, inclusion of DOM from the chitin and cellulose caused more positive 277 

Msc to Caq slopes, indicating more settling occurred, compared to the pH = 7 blanks. Chitin and 278 

cellulose are not readily soluble at pH = 7, so the operationally defined DOM emerging from these 279 

macromolecules is most likely suspended low molecular weight fibres that were too short to settle 280 
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during centrifugation. HA that dissolves at pH = 4 still possesses significant negative charge [40]. 281 

HA-DOM is thus known to decrease collision efficiency electrosterically of MWCNTs drastically 282 

[9, 41, 42], whereas MWCNT apparently heteroaggregates with cellulose and chitin fibres, 283 

possibly because of the low surface charge density often found on these macromolecules [43], and 284 

this heteroaggregation may lead to settling. 285 

3.3 Deposition   286 

  The deposited functionalized MWCNTs mass increased linearly with total MWCNT mass 287 

(Figure 1b, 1c and Tables S2). Such linear behavior suggests the absence of blocking (i.e. 288 

previously deposited MWCNT decrease deposition rates by repelling MWCNT) or ripening (i.e. 289 

previously deposited MWCNT enhance deposition rates by attracting MWCNT).  290 

Largely due to the challenge of quantifying CNTs in solid samples [9, 10], there are no quantitative 291 

studies to our knowledge on CNTs redispersion after deposition. This investigation thus marks the 292 

first assessment of this topic. However, suspended concentrations could not be used to accurately 293 

evaluate dispersion, because it was impossible to remove all MWCNTs from the suspension before 294 

starting the redispersion experiment. No significant change was observed in the solid phase 295 

concentration after the redispersion period for any of the 16 macromolecules tested (Figure 2). 296 

This observation suggests that MWCNT resuspension is minimal and deposition is largely 297 

irreversible. Irreversible deposition kinetics are often assumed first order according to 298 

dMs/dt = knaq (4) 299 

where k is the first-order rate coefficient and n is the number concentration of MWCNT. All 300 

deposition experiments were run with the same time T so equation (4) solves as Ms/naq = kT. The 301 

retention coefficient [8], i.e. the mass of deposited MWCNT per mass of macromolecule, divided 302 

by the suspended mass, kr (L g-1) was determined by fitting linear curves to concentration 303 

dependent relations of qs:   304 

qs = kr Caq     (5) 305 

The retention coefficient, also called the distribution coefficient [44], if determined under exactly 306 

the same hydrodynamic conditions, is proportional to differences in the deposition rate constant. 307 

Differences in kr should thus reflect physicochemical factors determining differences in deposition 308 

rate [45]. 309 

It was difficult to find a relationship between a single macromolecule property (surface and bulk 310 

(O+N)/C, aromaticity, SA, DOM, or the difference between electrophoretic mobility of 311 
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macromolecules and MWCNTs (hereafter referred to as Z) and kr, as indicated by low correlation 312 

coefficients R2 (0.037, 0.127, 0.000, 0.002, 0.092 and 0.004) when trying to fit a linear regression 313 

to this data (Figure S4). A linear relationship was observed between the retention coefficients and 314 

the settling rates (Figure S5). This relation suggests settling and retention are caused by similar 315 

mechanisms, i.e. deposition of MWCNT. When the DOM helps the MWCNTs stay dispersed in 316 

the aqueous suspension, they are less likely to interact with solid particles and sediment. 317 

Conversely, DOM from the chitin sample caused increased settling compared to the water only 318 

solution and this sample alsohad the highest retention coefficients. A multiple linear regression 319 

approach was applied to further study the relationship between macromolecule properties and 320 

retention. 321 

3.4 Multiple linear Regression Study 322 

 Multiple linear regression has been widely used in environmental chemistry and contaminant 323 

fate modeling [37, 38, 46-52]. Similarly, nanomaterial retention coefficients have been correlated 324 

with properties of natural soils to elucidate the most important properties affecting nanomaterial 325 

deposition [53, 54]. The correlation of kr with the macromolecule properties was established by 326 

multiple linear regression analysis of the [kr, log surface (O+N)/C, log aromaticity, log SA, log 327 

DOM and log Z] matrix. This yielded the following equation 328 

kr = -0.190-0.054logP+0.147logA-0.386logS-0.057logD+1.694logZ, n = 16, R2 = 0.73  (6) 329 

where P is surface (C+O)/N of macromolecules; A represents macromolecule aromaticity; S is 330 

macromolecule surface area; and D represents released concentration of DOM released from the  331 

macromolecules. Analysis of variance results suggested that the regression equation had statistical 332 

significance (Table S3). The robustness of Equation (6) was evaluated through an initial two step 333 

development: 1) splitting the data into training and validation sets (see Table S2) and 2) validating 334 

the data via internal and external certification [38, 55, 56]. To split the data into training and 335 

validation sets, we first sorted the 16 macromolecules based on decreasing maximum kr value. 336 

Second, the data were split into three sets: chitin and PS2 which have the highest and the lowest 337 

kr value were grouped into the validation set V2 to represent the macromolecules that are not within 338 

the range of the training set. The remaining 14 macromolecule molecules were split into two sets: 339 

training set (T) and the validation set (V1) following pattern T-T-T-T-V1-T-T-T-T-V1-T-T-T-T to 340 

ensure the V1 set is evenly distributed in the training set. The predicted versus measured kr values 341 

of the training set and validation set 1 and 2 are shown in Figure 3a. All data are close to the 1:1 342 
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line, suggesting the robustness of equation (6). The applicability domain of the model was verified 343 

using a William plot (Figure 3b). All the training and validation compounds in various equilibrium 344 

concentrations are within the chemical domain, suggesting that there are no outliers and the 345 

predictive capacity of the model is reliable. We also used bulk (O+N)/C value instead of surface 346 

(O+N)/C for the multiple linear regression. When using the bulk (O+N)/C values, the regression 347 

coefficient R2 decreased to 0.55, a value much lower than when using the surface (O+N)/C values 348 

(0.73).  This suggests that surface polarity rather than bulk polarity more strongly impacted 349 

MWCNT retention. 350 

3.5 Path Analysis Study 351 

  Equation (6) cannot reveal the relative contribution of each macromolecule property on MWCNT 352 

retention. This is because each macromolecule property has a different unit. Besides, 353 

macromolecule properties not only affect MWCNT retention through a direct interaction, but also 354 

influence retention indirectly via affecting other macromolecule properties (Table 3). Path analysis 355 

was therefore employed to estimate the relative strengths of direct and indirect interactions among 356 

variables (Table 4) [57].  357 

Sorbent aromaticity (log A, 0.258) and surface polarity (log P, 0.178) were the two most important 358 

macromolecule properties for MWCNT retention. The aromatic moieties in the macromolecules 359 

could interact with benzene rings in MWCNTs, which would be expected to result in strong π-π 360 

interactions. Macromolecules with high aromaticity would be expected to thus favor CNT 361 

retention.  Due to strong van der Waals and hydrophobic forces, MWCNTs are prone to form 362 

bundles and agglomerate in water, making the hydrophilic groups facing to water [58]. The 363 

abundant surface oxygen-containing group on the MWCNTs (8.6 % as measured by X-ray 364 

photoelectron spectroscopy analysis [9]) may act as H-bonding donors to build hydrogen bonding 365 

with the O/N-containing polar moieties on macromolecule surface, attracting MWCNT from 366 

aqueous phase to the macromolecule particles [59-61].  367 

Increasing surface area (logS, -0.206) had the most substantial effect among the macromolecule 368 

properties measured for decreasing MWCNT retention. This was unexpected, because one would 369 

assume that the higher the surface area of macromolecule was, the stronger MWCNT retention 370 

would be. The macromolecule surface area values come mainly from two contributions: 371 

macromolecule pore surface area and macromolecule outer surface area. MWCNTs only have one 372 

dimension in nanoscale and their length was on average approximately an order of magnitude 373 
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larger (353 nm on average) [36] than their diameters which likely inhibited them from penetrating 374 

into the micropores of macromolecules. Thus, only the contribution of macromolecule pores 375 

(diameter > MWCNT diameter) and the outer surface of macromolecules have a retention capacity 376 

for the MWCNTs.  The increased electrostatic repulsion caused by the difference in electrophoretic 377 

mobility between MWCNTs and macromolecules (Z) also had a negative effect on retention (logZ, 378 

-0.094). This repulsive effect may be from both the MWCNTs and macromolecules having 379 

negative electrophoretic mobilities while positively charged nanomaterials may be attracted to 380 

these same polymers (Table 2). 381 

4. Summary  382 

For all 16 macromolecules, the amount of functionalized MWCNTs in solid phase remained 383 

unchanged after redispersion (Figures S5), indicating that irreversible deposition of MWCNTs 384 

occurred on the macromolecules studied. Path analysis revealed that irreversible deposition of 385 

MWCNT can mostly be explained by polar interactions with the macromolecule surfaces. It is 386 

noteworthy that solution conditions (i.e. ionic strength, pH) have not been considered in this study, 387 

although ionic strength has been shown to impact MWCNT retention by clays and peat [9, 36]. 388 

However, the impact of pH will be limited given that the pKa of most CNTs occurs at pH values 389 

irrelevant for most environmental systems (> 11) [62]. The retention and redispersion results 390 

obtained in this study help explain the limited transport distances encountered in natural soils 391 

containing soil organic matter [25]. Our findings on the relative strength of macromolecule 392 

properties for CNT retention provide information on selection of carbon based molecules for 393 

removal of MWCNTs from wastewater and provide a method for measuring CNT interactions 394 

with macromolecules.  395 
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 569 

Fig. 1 - Phase distribution of MWCNTs. (a) Settling of MWCNTs in different DOM solutions 570 
derived from various macromolecules, (b) retention of MWCNTs on natural macromolecules, and 571 
(c) retention of MWCNTs on synthetic macromolecules. Error bars represent the standard 572 
deviation of three replicates. The amount of settling dramatically decreased in the presence of 573 
DOM derived from cellulose, lignin and HAs. 574 
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 576 

Fig. 2 - Redispersion of MWCNTs. Solid phase concentrations before redispersion ◆and after 577 
redispersion ◇. Error bars represent the standard deviation of three replicates. The amount of 578 
MWCNTs in solid phase (including both settled and sorption) remains unchanged after 579 
redispersion, suggesting MWCNTs are difficult to re-disperse once they settled down or sorbed 580 
onto macromolecules. 581 
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 584 

Fig. 3 - (a) Predicted versus measured kr values of the training and validation macromolecules. 585 

Dash line represents 1:1 line. (b) Williams plot for verifying the applicability domain of the model. 586 

This figure shows no outliers of training and validation compounds and the predictivity of the 587 

model is reliable. 588 
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Table 1 - Surface and bulk elemental composition of macromolecules.  591 

Sorbent Surface elemental composition (%) Bulk elemental composition (%)
C O N (O + N)/C C O N (O + N)/C

HA1 59.1±0.5 22.8±0.2 2.29±0.1 40.6±2.65 48.7±0.2 37.8±0.1 2.8±0.1 83.4±0.6
HA2 74.6±0.2 22.2±0.1 2.88±0.1 33.7±0.35 53.9±0.2 38.3±0.1 2.8±0.1 76.3±0.5 
HA3 77.2±2.1 19.5±0.1 3.08±0.1 29.3±0.95 57.6±0.1 32.1±0.1 3.2±0.1 61.3±0.3 

Cellulose 62.1±0.1 37.5±0.1 ND 60.4±0.15 41.5±0.1 52.0±0.1 0.1±0.1 125.6±0.3
Lignin 78.3±0.1 20.6±0.3 0.14±0.01 26.5±0.40 62.5±0.3 29.0±0.1 0.7±0.2 47.5±0.7 
Chitin 61.6±0.3 30.7±0.4 7.29±0.1 63.9±2.20 43.6±0.1 43.0±0.2 6.3±0.1 113.1±0.7

         
PE1 98.8±0.3 1.17±0.2 ND 0.01±0.01 85.4±0.1 0.1±0.1 0.2±0.2 ND 
PE2 98.5±0.3 1.49±0.1 0.2±0.2 0.02±0.01 85.5±1.0 0.2±0.2 0.0±0.0 ND 
PE3 99.5±0.4 0.52±0.1 0.1±0.1 0.01±0.01 85.6±0.3 0.4±0.3 0.1±0.1 ND 
PE4 99.2±0.1 0.76±0.01 0.3±0.2 0.01±0.01 85.2±0.2 0.1±0.1 0.2±0.2 ND 
PE5 99.4±0.2 0.64±0.1 ND 0.01±0.01 85.7±0.1 ND 0.1±0.1 ND 
PE6 96.8±0.3 2.27±0.2 0.9±0.2 0.04±0.01 85.7±0.4 0.2±0.1 0.3±0.2 ND 
PE7 98.5±0.1 1.50±0.1 0.2±0.1 0.02±0.01 85.9±0.1 0.3±0.2 0.1±0.1 ND 
PS1 97.7±0.2 2.07±0.3 0.1±0.1 0.03±0.01 92.2±0.2 0.1±0.1 0.2±0.1 ND 
PS2 97.1±0.1 2.89±0.1 0.3±0.2 0.03±0.01 91.6±0.1 0.2±0.1 0.1±0.1 ND 
PPO 89.7±0.1 10.35±0.3 0.2±0.2 11.55±0.55 79.6±0.1 13.7±0.3 ND 17.2±0.4 

Error bar represents standard error of three replicates. ND indicates not detected.
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Table 2 - Selected physicochemical properties of the macromolecules. 595 

Sorbents 

Distribution of C chemical shift, ppm (%)d  

Aromaticity% 
Surface Area 

(m2 g-1) 

DOM 

(C mg L-1) 

µc 

(cm2·V-1·s-1) 
0-50 

alkyl 

50-108 

O-alkyl 

108-145 

aromatic 

145-162 

phenolic 

162-220 

carboxyl 

HA1 16.6±0.1 20.7±0.1 26.2±0.2 12.4±0.1 24.1±0.1 50.9±0.3 1.80±0.03 44.3±0.3 -2.82±0.06 

HA2 17.7±0.1 18.4±0.1 28.8±0.2 12.7±0.1 22.4±0.1 53.5±0.3 1.55±0.01 16.3±0.1 -4.26±0.07 

HA3 22.0±0.1 17.1±0.1 24.1±0.1 10.2±0.1 26.6±0.1 46.7±0.2 3.94±0.04 10.1±0.2 -3.78±0.07 

Cellulose ND 94.5±0.2 ND ND 5.5±0.1 0.0±0.0 2.89±0.02 2.10±0.0 -2.17±0.04 

Lignin 13.5±0.0 29.7±0.1 34.0±0.1 15.3±0.0 7.6±0.1 53.3±0.1 3.93±0.06 35.0±0.4 -3.37±0.06 

Chitin 18.3±0.1 60.5±0.2 ND ND 21.2±0.1 0.0±0.0 14.0±0.1 0.95±0.0 -4.29±0.09 

PE1 100a 0a 0a 0a 0a 0a 6.1±0.06 NDb -2.23±0.06 

PE2 100a 0a 0a 0a 0a 0a 1.4±0.03 NDb -3.56±0.23 

PE3 100a 0a 0a 0a 0a 0a 5.1 ±0.05 NDb -2.29±0.16 

PE4 100a 0a 0a 0a 0a 0a 2.2±0.02 NDb -2.06±0.09 

PE5 100a 0a 0a 0a 0a 0a 10.7±0.08 NDb -2.06±0.10 

PE6 100a 0a 0a 0a 0a 0a 1.6±0.01 NDb -2.45±0.19 

PE7 100a 0a 0a 0a 0a 0a 0.2±0.00 NDb -1.34±0.09 

PS1 25a 0a 75a 0a 0a 75a 0.2±0.00 NDb -2.84±0.10 

PS2 25a 0a 75a 0a 0a 75a 70.2±0.30 NDb -2.08±0.13 

PPO 25a 0a 75a 0a 0a 75a 64.6±0.50 NDb -3.63±0.06 

a Data were calculated according to polymer’s formula. b ND indicates not detected. c µ: Electrophoretic mobility. d Distribution of C chemical shift (ppm) is percentage of the total signal and the 
values for each region (i.e., alkyl) are the ratio of the integrated intensity for that region divided by the total integrated intensity. The aromaticity was calculated by expressing the level of aromatic C 
(108-162 ppm) as the percentage of the total signal. HAs were determined at pH 4 and the rest sorbents were determined at pH 7. Error bar represents standard error of three or more replicates. 
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Table 3 - Observed Pearson correlations between macromolecule properties from MWCNT retention experiments. 598 

 log Surface Polarity log Aromaticity log Surface Area log DOM log Z 

log Surface Polarity 1 0.553 0.178 0.726 0.672 

log Aromaticity  1 0.135 0.585 0.169 

log Surface Area   1 -0.180 0.854 

log DOM   1 1 -0.312 

log Z     1 
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Table 4 - Direct and indirect effect of macromolecule properties on MWCNT retention via path analysis.  601 

 Direct Indirect Total 

Variables log 

Surface 

Polarity 

log 

Aromaticity

log 

Surface 

Area 

log 

DOM 

log Z  

log Surface Polarity -0.262 ─ 0.273 -0.139 -0.111 0.417 0.178 

log Aromaticity 0.494 -0.145 ─ -0.106 -0.090 0.105 0.258 

log Surface Area -0.783 -0.047 0.067 ─ 0.028 0.529 -0.206 

log DOM -0.153 -0.190 0.289 0.141 ─ -0.193 -0.106 

log Z 0.620 -0.176 0.083 -0.669 0.048 ─ -0.094 
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