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Abstract 22 

Contradicting relationships between physicochemical properties of nanomaterials (e.g., size 23 

and zeta potential) and their aggregation behavior have been constantly reported in previous 24 

literature, and such contradictions deviate from the predictions of the classic Derjaguin, Landau, 25 

Verwey and Overbeek (DLVO) theory. To resolve such controversies, in this work, we 26 

employed a meta-analytic approach to synthesize the data from 46 individual studies reporting 27 

the critical coagulation concentration (CCC) of two carbon nanomaterials, namely, graphene 28 

oxide (GO) and carbon nanotube (CNT). The correlations between CCC and material 29 

physicochemical properties (i.e., size, zeta potential, and surface functionalities) were 30 

examined and compared with the theoretical predictions. Results showed that the CCC of 31 

electrostatically stabilized carbon nanomaterials increased with decreasing nanomaterial size 32 

when their hydrodynamic sizes were smaller than ca. 200 nm. This is qualitatively consistent 33 

with the prediction of the DLVO theory, but with a smaller threshold size than the predicted 2 34 

µm. Above the threshold size, material zeta potential can be correlated to CCC for 35 

nanomaterials with moderate/low surface charge, in agreement with the DLVO theory. The 36 

correlation was not observed for highly charged nanomaterials because of their underestimated 37 

surface charge by zeta potential. Furthermore, a correlation between the C/O ratio and CCC 38 

was observed, where a lower C/O ratio resulted in a higher CCC. Overall, our findings 39 

rationalized the inconsistency between experimental observation and theoretical prediction, 40 

and provided essential insights into the aggregation behavior of nanomaterials in water, which 41 

could facilitate their rational design.  42 



1. Introduction43 

Engineered nanomaterials are manufactured materials with at least one nanoscale dimension44 

(ca. 1−100 nm). The high surface energy of nanomaterial often leads to uncontrolled 45 

aggregation, which affects not only their (designed) functionality (e.g., reduced reactivity1, 2) 46 

but also their toxicity, bioavailability, fate and transport in the environment.3 As such, the 47 

aquatic aggregation behavior of various nanomaterials has been extensively studied over the 48 

past two decades.4-8 Quantitative assessment of the aggregation behavior of nanomaterials was 49 

often performed by estimating their critical coagulation concentration (CCC) in quiescent 50 

electrolytes, where the Brownian motion induced particle collision. The CCC was obtained by 51 

monitoring the growth of nanomaterial size at the early stage of aggregation using time-52 

resolved dynamic light scattering.9 The CCC represents the minimum concentration of 53 

counterions required to fully destabilize the nanomaterial, where the aggregation is limited by 54 

Brownian diffusion.10  55 

As the number of studies investigating the CCC of nanomaterials continues to grow, wide 56 

discrepancies in the reported CCC values are often observed, even for the same type of 57 

nanomaterial. For example, Yang et al. reported the CCC of graphene oxide (GO) in NaCl 58 

electrolyte as 36 mM,11 while Kim et al. reported a value of 387.2 mM NaCl;12 Xia et al. 59 

determined the CCC of multi-wall carbon nanotube (MWNT) to be 8.8 mM NaCl,13 while Yi 60 

and Chen reported the CCC of MWNT as 210 mM NaCl.14 Such variations are likely induced 61 

by the different physicochemical properties of the nanomaterials (varied size, surface charge, 62 

surface chemistry, etc.) in each study. Many nanomaterials, such as GO, can be more accurately 63 

recognized as a family of nanomaterials with different physicochemical properties. 64 

Contradictory relationships between certain physicochemical properties of nanomaterials 65 

and their colloidal stability are often observed among studies. For instance, the CCC of GO 66 

was found to be negatively correlated to its material size.15, 16 Similar effect of size on the CCC 67 



has also been reported for other nanomaterials, such as CdSe,17 hematite,18 and silver 68 

nanomaterials.19 The observed negative correlation between CCC and material size is 69 

consistent with an early prediction from the classic Derjaguin-Landau-Verwey-Overbeek 70 

(DLVO) theory.20 However, the opposite trend has also been observed. Hematite21 and TiO2 71 

nanomaterials22 were reported to be more prone to aggregation as the size of nanomaterials 72 

became smaller, and the colloidal stability of gold nanomaterials was reported to be 73 

independent of their material size.23  74 

In addition to material size,  zeta potential, which is often used to infer the surface charge 75 

of nanomaterials,24 has also been correlated to the CCC of nanomaterials based on the DLVO 76 

theory. The CCC is predicted to be proportional to the material surface potential, which is often 77 

approximated by the zeta potential, and a higher zeta potential results in a higher CCC.25 This 78 

proportionality was demonstrated in our previous work, in which the CCCs of five reduced 79 

GOs were mathematically related to their zeta potential as predicted by the DLVO theory.26 80 

However, a few studies also observed significantly varied CCC of nanomaterials with similar 81 

zeta potential, deviating from the theoretical prediction. For example, Qi et al. reported that the 82 

CCC of GO in NaCl electrolyte was almost twice that of the L-ascorbic acid-reduced GO, 83 

whereas the zeta potential of these nanomaterials were similar (ca. -40 mV).27 Likewise, 84 

although the zeta potential of three oxidized MWNTs were similar (ca. -60 mV), the CCC of 85 

these materials in NaCl electrolyte were 22.5, 57.9, and 108.1 mM, respectively.28 86 

Studies have also been trying to correlate the material stability with surface chemistry, such 87 

as the surface oxidation degree for carbon nanomaterials. Both positive and negative 88 

correlations have been observed. For example, Qi et al. reported that the CCC of GO in NaCl 89 

electrolyte gradually decreased from 210 mM to 41 mM along with the increasing C/O ratio 90 

from 2.1 to 5.7,27 whereas Gao et al. observed that GO with a higher C/O ratio (2.4) to be more 91 

stable than the one with a lower C/O ratio (1.2) in three common electrolytes (NaCl, MgCl2, 92 



and CaCl2).
29 Azizighannad and Mitra found similar stability for GO with different oxidation 93 

degrees (C/O ratio = 1.0 and 2.1, respectively) in NaCl and MgCl2 electrolytes.30 Jiang et al. 94 

observed a positive correlation between the oxidation degree and the CCC of GO in CaCl2 95 

electrolyte,26 while Xia et al. reported the opposite for MWNT.13 96 

Altogether, the above-mentioned study-to-study variations on the property-aggregation 97 

relationships of nanomaterials suggest that research synthesis efforts are needed to identify 98 

whether there is a consistent relationship between a specific property of nanomaterials and their 99 

aggregation, and such work has been rarely performed. Furthermore, although the analytical 100 

expressions of the classic DLVO theory of colloid science are commonly used to interpret the 101 

aggregation behavior of nanomaterials,31-33 it must be noted that these analytical expressions 102 

were obtained under certain assumptions, such as the Derjaguin approximation and/or the 103 

Debye−Hückel approximation.20, 25, 34 Nanomaterial properties (such as small size and non-104 

spherical shape) may not satisfy these assumptions, thus challenging the applicability of these 105 

analytical expressions.1, 3 To resolve the inconsistency and examine the applicability, the data-106 

driven research (e.g., meta-analysis) serves with great potential. Meta-analysis is an objective, 107 

quantitative, and powerful approach to synthesize findings across studies to determine 108 

patterns.35 To date, according to the best of our knowledge, the use of a meta-analytic approach 109 

to examine the validity/applicability of the theoretical framework in interpreting the 110 

aggregation behavior of nanomaterials has yet to be performed. 111 

In this study, we conducted a meta-analysis of 46 individual studies reporting the CCC of 112 

carbon nanomaterials and correlated their CCC in electrolytes and material intrinsic properties 113 

(i.e., size, zeta potential, and surface chemistry; the three most characterized properties). 114 

Specifically, we selected two types of carbon nanomaterials (i.e., graphene-based 115 

nanomaterials and carbon nanotubes) for the data-driven analysis because these materials with 116 

different physicochemical properties have been widely studied by multiple groups of 117 



researchers over the past two decades. We aim to resolve the seemingly contradictory effects 118 

of physicochemical properties of nanomaterials on their aggregation behavior and examine the 119 

applicability of related theoretical predictions of CCC with regard to size and surface charge 120 

based on the DLVO theory. Overall, this meta-analytic approach will allow us to gain an 121 

improved understanding of the role of material physicochemical properties in determining the 122 

aggregation behavior of nanomaterials in water. 123 

124 

2. Methods125 

2.1 Data sources 126 

We searched the Google Scholar database for publications that reported the critical 127 

coagulation concentration (CCC) of carbon nanomaterials (i.e., GO, multi- and single-wall 128 

carbon nanotubes (MWNT and SWNT)) by August 29th, 2022. Studies were identified with the 129 

search term “material critical coagulation concentration” (material refers to the carbon 130 

nanomaterials mentioned above). In the searching, only original research articles (i.e., 131 

excluding reviews) were retained and the language was restricted to English. 132 

2.2 Study selection and eligibility criteria 133 

After the studies were retrieved, full-text records were examined to assess their eligibility 134 

for analysis. Specifically, we applied two selection criteria: (1) the critical coagulation 135 

concentration (CCC) of nanomaterials was determined by time-resolved dynamic light 136 

scattering (TR-DLS) at pH 5-8 in quiescent electrolytes (excluding the effect of flow on CCC36); 137 

(2) nanomaterials were electrostatically stabilized (i.e., no surface coating of138 

surfactant/polymer, etc.). Rationale for criterion 1 is that the CCC of nanomaterials could be 139 

determined by the TR-DLS method6, 9 or the UV-vis method.5, 37 Both methods measure the 140 

aggregation of nanomaterials at different electrolyte concentrations; the former obtains the 141 

CCC as the minimum electrolyte concentration at which nanomaterial aggregation is limited 142 



by Brownian motion, while the latter determines the CCC at which the loss of absorbance 143 

reaches 0.5. The varied experimental approach could weaken the validity of comparison among 144 

studies. Rationale for criterion 2 is that the aggregation behavior of coated nanomaterials is 145 

largely determined by the properties of the surface coating rather than those of the ‘bare’ 146 

nanomaterial.8, 38-43 147 

2.3 Data extraction 148 

Nanomaterials properties and CCC in NaCl/MgCl2/CaCl2 electrolytes were extracted from 149 

the tables or from figures in selected publications using PlotDigitizer 150 

(https://plotdigitizer.com/). Typically, the physicochemical properties of nanomaterial reported 151 

in the literature include shape, size (hydrodynamic size measured by DLS and/or physical 152 

dimension examined by TEM/SEM/AFM), surface charge (zeta potential or electrophoretic 153 

mobility), and surface functionalities. Since the CCC was determined by TR-DLS, the 154 

hydrodynamic size determined by DLS was used for analysis in this study. The measured 155 

electrophoretic mobility is typically converted to zeta potential using the Smoluchowski 156 

equation.7, 26 This estimated zeta potential is often used to infer the surface charge and predict 157 

the aggregation behavior of nanomaterials.24 The zeta potential measured at a low ionic 158 

strength (1-10 mM NaCl) was used for analysis in this study. Surface functionalities, including 159 

the C/O ratio and fraction of different functional groups, were characterized by X-ray 160 

photoelectron spectroscopy (XPS). The fractions of functional groups (C-C/C-O/C=O/O-C=O) 161 

were obtained by deconvoluting the C1s spectra. The CCC of nanomaterial in 162 

NaCl/MgCl2/CaCl2 electrolytes, as well as the corresponding pH under which CCC was 163 

determined, was recorded for analysis. All the data are summarized in Table S1-S4 and Figure 164 

S1.  165 

The surface charge of GO/rGO/MWNT obtained from potentiometric titration experiments 166 

were collected from individual studies and analyzed.44-54 Titration experiment measures the 167 

https://plotdigitizer.com/


number of ionized groups on material. For GO and rGO, the surface charge density was 168 

calculated by assuming each ionized group carries one negative charge and a surface area of 169 

1800 m2/g.31 For MWNT, the surface charge density was retrieved from Smith et al.44 170 

2.4 Data analysis 171 

Based on the C/O ratio from XPS measurement, graphene-based nanomaterials were further 172 

classified as GO and reduced GO (rGO). Materials with C/O ratio > 2.5 were classified as rGO, 173 

and those with C/O ratio < 2.5 were considered as GO.55 For those studies that did not report 174 

XPS data, GO/rGO as indicated by the article was used for the classification. 175 

The CCC values among different nanomaterials were compared using one-way ANOVA 176 

followed by the Tukey test. The correlation between the reported CCC values and material 177 

physicochemical properties was examined by the Spearman’s rank correlation coefficient (ρ) 178 

for GO/rGO/MWNT (Table S5-S7), and SWNT was excluded for such analysis due to limited 179 

data. The coefficient varies between 1.0 (a perfect positive correlation) and -1.0 (a perfect 180 

negative correlation), and a value of 0 indicates no association between ranks. The results of 181 

the Spearman correlation are reported in the format of ρ [sample size], followed by the p value. 182 

2.5 Analytical expressions from the DLVO theory 183 

The DLVO theory assumes that the total interaction energy (VT) of two particles is the sum 184 

of electric double layer repulsion (VEDL) and van der Waals attraction (VvdW). Since the methods 185 

used to characterize the hydrodynamic size and zeta potential of non-spherical nanomaterials 186 

treated them as spherical nanoparticles that have the same average translational diffusion 187 

coefficients,15 we therefore used analytical expressions of interaction energy derived for 188 

spherical particles in the modeling. The use of sphere-sphere DLVO model for non-spherical 189 

nanomaterials has been demonstrated in previous individual studies and satisfactory results 190 

were reported.12, 26, 43 191 



Assuming that the thickness of the electrical double layer is much smaller than the particle 192 

size, the Derjaguin approximation was applied to obtain the electrical potential energy between 193 

two spherical particles in a:b electrolyte:25  194 

𝑉𝐸𝐷𝐿 =
32(𝑎+𝑏)𝜋𝑋0𝑛𝑘𝐵𝑇

𝑎𝑘3
2𝜅3

[tanh2 (
𝑎𝜓0

4
)] exp(−𝑘3𝐿) [1 −

1

2𝑘3𝑋0
(1 − exp(−2𝑘3𝑋0))] (1) 195 

𝜓0 =
𝑒Φ0

𝑘𝐵𝑇
(2) 196 

𝑋0 = 𝜅𝑟0  (3) 197 
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𝑎(𝑎+𝑏)𝑛𝑒2

𝜀0𝜀𝑟𝑘𝐵𝑇
(4) 198 

where 𝜓0  is dimensionless surface potential and Φ0 is surface potential; X0 is the 199 

dimensionless radius of particle and r0 is particle radius; L is the surface-to-surface distance; 𝜅 200 

is the reciprocal Debye length, ε0 and εr are the permeability of vacuum and the relative 201 

permeability of water, respectively, T is the absolute temperature, e is the elementary charge, 202 

kB is the Boltzmann constant; n is the number concentration of cations (nanomaterials surveyed 203 

in this study were all negatively charged) in bulk phase, and k3 is a parameter related to valences 204 

of electrolyte: for NaCl, k3 = 1; for CaCl2 and MgCl2, k3 ≈ 1.078.  205 

The van der Waals potential can be estimated by:25 206 

𝑉𝑣𝑑𝑊 =
−𝐴121𝑋0

12𝐿
          (5)207 

where A121 is the Hamaker constant for the nanomaterial-water-nanomaterial system. 208 

The total interaction energy VT is the sum of VEDL and VvdW, and at CCC 209 

𝑉𝑇 = 0 and 
d𝑉𝑇

d𝐿
= 0         (6)210 

By solving equations (3), (5), and (6), CCC can be obtained: 211 

𝑛 =
𝜆tanh4(
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4
)
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6
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(7) 212 

𝜆 = [1 −
1

2𝑘3𝑋0
(1 − 𝑒𝑥𝑝(−2𝑘3𝑋0))]

2

(8) 213 

That is, CCC is proportional to the inverse of Hamaker constant and surface potential: 214 



𝑛

𝜆
∝

1

𝐴121
2 tanh4 (

𝑎𝜓0

4
) (9) 215 

For 𝑋0 ≫ 1, i.e., the assumption that the thickness of the electrical double layer (𝜅−1) is216 

much smaller than the particle radius (𝑟0), 𝜆 → 1.  217 

In the case when the thickness of an electrical double layer is not much smaller than the 218 

particle radius (𝜅𝑟0 > 1), the van der Waals potential between two spherical particles in Z:Z 219 

symmetric electrolyte can be estimated by:20 220 

𝑉𝑣𝑑𝑊 =
−𝐴121

6
{

2𝑟0
2

𝑅2−4𝑟0
2 +

2𝑟0
2
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2

𝑅2
)} (10) 221 

where R is the center-to-center distance between two particles. The electrical potential 222 

energy can be approximated as:20 223 

𝑉𝐸𝐷𝐿 = 𝐵
𝑟0
2

𝑅
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     (12)225 

An approximate solution of the inverse length at CCC could be obtained by solving Equation 226 

6, 10, and 11:20  227 

𝜅 ≅ ⁡
8

7
𝑄 −

80+128 ln(
𝐿𝑚
𝑟0

)

56𝑟0
(13) 228 

𝑄 =
6𝐵

𝐴121
ln [1 + 𝑒𝑥𝑝 (−

8

7
)] (14) 229 

𝐿𝑚 is the closest surface-to-surface distance between two particles. 230 

3. Results and Discussion231 

Our search identified 62 individual studies, and after the screening, 46 studies were included232 

in our analysis.6, 7, 11-16, 26, 27, 29, 30, 33, 41, 42, 44, 56-85 These studies reported the CCC of 233 

(electrostatically stabilized) nanomaterials in NaCl/MgCl2/CaCl2 electrolytes using TR-DLS. 234 

Figure 1 describes the details of the search and Table S1-S4 summarize the basic characteristics 235 

of nanomaterials studied in the included studies.  236 

237 



  238 

Figure 1. Study selection flow diagram. The two criteria used in the screening for 239 

eligibility are: Criterion 1, the critical coagulation concentration (CCC) of nanomaterials 240 

was determined in pH 5-8 via time-resolved dynamic light scattering; Criterion 2, 241 

nanomaterials were electrostatically stabilized (i.e., no surface coating of 242 

surfactant/polymer, etc.) 243 

 244 

Figure 2 depicts the box plots of the CCC of each nanomaterial reported in these studies. 245 

The figures show that the CCC of the same type of nanomaterial could vary significantly from 246 

study to study. The NaCl CCC of GO ranged from 28 to 387.2 mM (Figure 2a), the MgCl2 247 

CCC of GO ranged from 1.2 to 19 mM (Figure 2b), and the CaCl2 CCC ranged from 0.3 to 4.2 248 

mM (Figure 2c). The much lower MgCl2/CaCl2 CCC than NaCl CCC could be attributed to 249 

that divalent counterions screen the electric double layer more efficiently than monovalent 250 

counterions and possible divalent cation bridging.86 The experimental conditions for CCC 251 

determination were limited to a simple system consisting of nanomaterial and electrolyte, and 252 

the pH was in the range of 5-8. In the collected data, 18 out of 48 records reported the CCC of 253 

GO in pH 5.0-6.0, 12 out of 48 in pH 6.0-7.0, and 20 out of 48 in pH 7.0-8.0; 18 out of 21 254 

records reported the rGO CCC in pH 6.0-7.0; all 42 records reported the CCC of MWNT in 255 



pH 6.0-7.2; and all 4 records reported the CCC of SWNT in pH 6.0-7.0. Deprotonation of 256 

carboxyl and phenolic functional groups on the surface of these carbon nanomaterials mainly 257 

contribute to their surface charge.26, 44 The pKa of carboxyl group on aromatic rings is lower 258 

than 4.2 and the pKa of phenolic group is around 10.26 Therefore, within the pH range of 5-8, 259 

most of the carboxyl functional groups are deprotonated and the impact of pH on the CCC is 260 

minimum.77 Furthermore, we have also analyzed the property-aggregation relationships of 261 

nanomaterials with a narrower pH range of 6.0-8.0 (data not shown) and the conclusions were 262 

consistent with those shown later in this work. As such, the varied CCC of the same type of 263 

nanomaterial was mainly attributed to the difference in the material intrinsic physicochemical 264 

properties. The Spearman’s rank correlation coefficient between CCC and material 265 

physicochemical properties for GO/rGO/MWNT are presented in Table S5-S7, respectively. 266 

SWNT is excluded due to limited data. Below we discuss the correlation between the CCC and 267 

each of the physicochemical properties of the nanomaterials. 268 

269 

270 

Figure 2. Box plots of critical coagulation concentrations (CCC) of carbon nanomaterials 271 

in (a) NaCl, (b) CaCl2, and (c) MgCl2 electrolytes under pH 5-8. Sample size of each box 272 

is shown in the corresponding bracket. Asterisks indicate a significant difference (one-273 

way ANOVA test followed by the Tukey test for multiple comparisons, p < 0.05). 274 

275 



3.1 Correlation between CCC and nanomaterial size 276 

The CCC of each nanomaterial versus its reported hydrodynamic size was plotted (Figure 277 

S2). Results of the Spearman correlation analysis indicated that there was a significant negative 278 

correlation between the NaCl CCC and hydrodynamic size of GO (ρ [40] = -0.54, p < 0.001) 279 

and MWNT (ρ [22] = -0.82, p < 0.001), but the negative correlation was not statistically 280 

significant for rGO (ρ [20] = -0.34, p = 0.138). Due to the limited data of SWNT, the Spearman 281 

correlation analysis was not performed. The insignificant correlation observed for rGO was 282 

because of the much varied zeta potential of rGO (from ca. -5 to -50 mV, Figure S1e), which 283 

may play a comparable or even more important role than the size does.19 To minimize the 284 

impact from zeta potential, we analyzed rGO with similar zeta potential (Figure 3b) and 285 

observed a significant negative correlation between NaCl CCC and material size (ρ [9] = -0.84, 286 

p = 0.009). The negative correlation between the NaCl CCC and hydrodynamic size also 287 

existed for GO (ρ [21] = -0.48, p = 0.033) and MWNT (ρ [13] = -0.86, p < 0.001) when the 288 

condition of similar zeta potential was applied (Figure 3a and c). Due to the limited data of 289 

SWNT (only four data reported, Figure S2d), the relationship between NaCl CCC and material 290 

size cannot be established. 291 

In divalent electrolytes, a negative correlation between the MgCl2/CaCl2 CCC and the 292 

hydrodynamic size can also be observed for GO, rGO, and MWNT by analyzing the 293 

nanomaterials with similar zeta potential (Figure 3d-i). The Spearman correlation analysis 294 

indicated a significant negative correlation between the CCC and hydrodynamic size for GO 295 

in MgCl2 (ρ [9] = -0.69, p = 0.038) and CaCl2 (ρ [26] = -0.64, p = 0.002), rGO in MgCl2 (ρ [5] 296 

= -0.97, p = 0.005), and MWNT in MgCl2 (ρ [9] = -0.80, p = 0.009). rGO and MWNT in CaCl2297 

were not analyzed due to limited data. If the condition of similar zeta potential was not applied, 298 

the correlation between MgCl2/CaCl2 CCC and hydrodynamic size became weaker (Table S5-299 

7), since both surface charge and material size were influencing the nanomaterial stability.  300 



301 

302 

Figure 3. The critical coagulation concentration (CCC) of GO, rGO, and MWNT in (a-c) 303 

NaCl, (d-f) MgCl2, and (g-i) CaCl2 electrolytes are plotted as a function of their 304 

hydrodynamic size. The data was selected for nanomaterials with a narrow range of zeta 305 

potential (GO: -37-46 mV, rGO: -35-45 mV; MWNT: -30-40 mV). 306 

307 

The relationship between CCC and nanomaterial size has also been investigated in previous 308 

individual studies. Sun et al. reported an increased NaCl CCC with decreasing lateral size of 309 

GO (from 1000 to 200 nm, corresponding to hydrodynamic size from 240 to 93 nm), and the 310 

zeta potentials of these nanomaterials with different sizes were similar (ca. -42 mV).15 Our 311 

conclusion was consistent with theirs. For MWNT, contradicting effects of material size were 312 

reported. While Ntim et al. observed the shorter MWNT (correspondingly smaller 313 

hydrodynamic size) possessed a higher CCC than the longer one,74 Wu et al. reported the longer 314 



MWNT was more stable in electrolyte.60 The contradiction was likely due to the varied zeta 315 

potentials of MWNT along with size (ca. -30 mV for the short one and -38 mV for the long 316 

one) in Wu et al.’s work, whereas the zeta potentials of nanomaterials with different sizes were 317 

similar (ca. -27 mV) in Ntim et al.’s work. The negative correlation between NaCl CCC and 318 

particle size has also been observed for non-carbon nanomaterials.17-19 For example, Afshinnia 319 

et al. examined the CCC of silver nanomaterials (Ag NMs) from 11 research articles and 320 

concluded that the CCC of Ag NMs increased with decreasing particle size at fixed zeta 321 

potential.19 322 

Nanomaterial aggregation is often interpreted based on the DLVO theory. Theoretical work 323 

by Hsu and Liu predicted the CCC to be inversely related to particle size when the particle is 324 

smaller than 2 µm.20 However, we observed that the effect of size on CCC became prominent 325 

below ca. 200 nm. A few reasons contribute to the observed discrepancy on the threshold size. 326 

Firstly, it should be noted that the hydrodynamic size determined by DLS was used in our 327 

analysis. For non-spherical nanomaterials, this approach reports the size of equivalent spherical 328 

nanoparticles with the same translational diffusion coefficient as the non-spherical 329 

nanomaterials, therefore the hydrodynamic size is not the actual physical size of non-spherical 330 

nanomaterials, which is different from the physical size used in the theoretical work of Hsu 331 

and Liu. For example, GO with hydrodynamic sizes of 240, 170, 128, 93 nm corresponded to 332 

the average lateral sizes of 1000, 500, 350, 200 nm determined by FESEM, respectively.15 Also, 333 

the hydrodynamic size of long MWNT (10-20 µm) increased from ca. 200 nm to 500 nm as 334 

the tube diameter increased from ca. 10 nm to 50 nm.74 Nevertheless, the change in the 335 

hydrodynamic size generally coincides with the change in the actual physical size of the 336 

nanomaterials. Secondly, the observed discrepancy from the theoretical prediction may be due 337 

to the lower dimensionality of carbon nanomaterials, which differs from the three-dimensional 338 

(3D) nanoparticles used in the theoretical work of Hsu and Liu.20 For example, the 2D nature 339 



of GO and rGO has been shown to significantly affect the van der Waals forces, and the 340 

colloidal stability of 2D nanomaterials is less sensitive to the changes in the surface charge 341 

density compared to the 3D nanomaterials.31 Although the 1D/2D nature of carbon 342 

nanomaterials might contribute to the deviation from the theoretical prediction, the threshold 343 

(hydrodynamic) size of spherical 3D silver nanomaterials was observed to be ca. 50 nm.19 The 344 

deviation of experimental observations from the prediction of the DLVO theory thus requires 345 

more (theoretical) efforts to uncover the cause(s). 346 

347 

3.2 Correlation between CCC and surface charge (zeta potential) 348 

3.2.1 Experimental observation vs. prediction based on the DLVO theory 349 

Based on the DLVO theory, the CCC of nanomaterials could be mathematically correlated 350 

with material surface potential,10, 25, 34, 87 and zeta potential is typically used as an 351 

approximation of surface potential in practice.26, 31, 88 However, it should be noted that 352 

assumptions were made to simplify the derivation and to obtain the analytical expressions (e.g., 353 

Equation 9). While these assumptions are valid for (large) colloidal nanoparticles, they may 354 

fail for nanomaterials.1 For example, Equation 9 was obtained by applying the Derjaguin 355 

approximation, which only holds when the thickness of the electrical double layer is much 356 

smaller than the particle size (i.e., 𝜅𝑟0  >> 1).10 Under such assumption, the analytical357 

expression of CCC is independent of nanomaterial size.20 This seemingly contradicts our 358 

observed effect of size on CCC as discussed above. Nevertheless, the theoretical work by Hsu 359 

and Liu suggests that there is a threshold size, beyond which the effect of size is minimum on 360 

the CCC.20 We observed a threshold (hydrodynamic) size of ca. 200 nm (Figure 3). 361 

The NaCl CCC of rGO with hydrodynamic size larger than 200 nm (solid squares in Figure 362 

4b) was proportional to tanh4 (
𝑎𝜓0

4
) when assuming the same Hamaker constant (A121) values363 

for the rGO (dash line in Figure 4b). However, the inclusion of rGO with a size smaller than 364 



200 nm (open squares in Figure 4b) significantly weakened the correlation (dash-dot line in 365 

Figure 4b). A similar trend was observed for MWNT as well, but with a smaller threshold size 366 

of ca. 150 nm (Figure 4c). However, GO was an exception. A poor correlation between the 367 

CCC and zeta potential was observed even for GO with a hydrodynamic size larger than 200 368 

nm (Figure 4a). The deviation from the theoretical prediction was likely due to the 369 

underestimated zeta potential of GO, which will be discussed in detail in the next section. The 370 

observed correlation between material zeta potential and CCC of rGO and MWNT is consistent 371 

with our earlier work, in which we observed a good correlation between the NaCl CCC and 372 

zeta potential of five rGO with similar hydrodynamic sizes of ca. 200 nm.26  373 

It must be noted that the classic DLVO theory only considers electrostatic repulsion and van 374 

der Waals attraction, and Equation 9 was derived under the interaction of two spherical 375 

particles. Therefore, the deviation from the theoretical prediction may be also related to the 376 

factors not considered in the classic DLVO theory, such as other material properties (e.g., shape, 377 

orientation,89, 90 and lattice characteristics78) and non-DLVO forces (such as hydrophobic 378 

interaction and hydrogen bonding). However, the observed consistence between experiment 379 

and theoretical prediction for rGO and MWNT with size larger than the threshold size (Figure 380 

4b-c) suggests that the classic DLVO theory is adequate to, at least, roughly predict their 381 

aggregation behavior, and a more accurate prediction would require more sophisticated 382 

characterization of the material and the inclusion of non-DLVO forces. 383 

384 



385 

Figure 4. Correlation between the NaCl CCC and zeta potential of (a) GO, (b) rGO, and 386 

(c) MWNT based on the DLVO theory. Dash lines are the regression lines for solid387 

squares only and dash-dot lines are the regression lines for all data (solid and open388 

squares).389 

390 

The relationship between CCC and material zeta potential in divalent electrolytes was not 391 

mathematically consistent with the theoretical prediction, except for MWNT in MgCl2392 

electrolyte (Figure S3). Nevertheless, a qualitative trend was observed for both rGO and 393 

MWNT in MgCl2 electrolyte, that is, a higher zeta potential leads to a higher MgCl2 CCC of 394 

the nanomaterials (Figure S3a-b). However, distinct effects of Ca2+ on the CCC of rGO and 395 

MWNT were observed (Figure S3c-d). The CaCl2 CCC of rGO tended to increase with zeta 396 

potential, whereas the CaCl2 CCC of MWNT tended to be independent with zeta potential. 397 

This discrepancy was likely because the oxygen-containing functional groups on carbon 398 

nanomaterials surface could serve as effective binding sites for cation bridging,13, 15 and such 399 

interaction was not considered in the classic DLVO theory. It should be noted that the 400 

mechanism of the divalent cation bridging has yet to be explicitly revealed. Previous studies 401 

suggest that the density91 and position92 of carboxyl groups play a role, as well as the species 402 

and concentration of divalent cations.8 More efforts are required to fully understand the 403 

bridging mechanism(s).  404 

3.2.2 Underestimated surface charge of GO by zeta potential 405 

Although zeta potential is typically used to infer surface potential in practice, it must be 406 

noted that zeta potential is a modeled value based on measurement of electrophoretic mobility 407 



using the electrophoretic light scattering method.24 For example, the reported zeta potential of 408 

nanomaterials studied in this work was modeled using the Smoluchowski equation. Limitations 409 

lied within the electrophoretic light scattering method and the modeling approach may lead to 410 

the reported zeta potential not accurately indicating the surface charge of GO. 411 

The negative surface charges of carbon nanomaterials are generally considered to originate 412 

from the oxygen-containing functional groups (e.g., carboxyl and hydroxyl groups).26, 44, 46 The 413 

higher the oxidation degree, the more negative the surface charge of nanomaterials. However, 414 

by comparing the oxidation degree (indicated by the C/O ratio measured by XPS) of 415 

nanomaterials (only GO/rGO/MWNT have sufficient data for a quantitative comparison) and 416 

their zeta potential, we observed that the absolute zeta potential of graphene-based 417 

nanomaterial (GO and rGO) first increased with decreasing C/O ratio (from ca. 6 to 3), then 418 

reached a plateau and did not change with further decrease of the C/O ratio (from ca. 3-1) 419 

(Figure 5a). This plateau was not observed for MWNT, whose C/O ratio was all higher than 8 420 

(Figure 5b). The Spearman correlation results also indicated that there was a significant 421 

correlation between the C/O ratio and zeta potential for rGO (ρ [15] = 0.55, p = 0.033) and 422 

MWNT (ρ [18] = 0.68, p = 0.002), but not for GO (ρ [31] = 0.25, p = 0.195). Therefore, we 423 

hypothesized that the measured zeta potential of highly charged nanomaterials may have 424 

underestimated their actual surface charge (e.g., C/O ratio < 3 for GO/rGO). To support this 425 

hypothesis, we synthesized the data of surface charges of GO/rGO/MWNT obtained from 426 

potentiometric titration experiments in published individual studies31, 45-54 and plotted them 427 

against the C/O ratios in Figure 5c-d. Results from the titration method suggested the surface 428 

charge of both graphene-based nanomaterials (GO and rGO) (Spearman’s ρ [15] = -0.78, p < 429 

0.001) and MWNT (Spearman’s ρ [11] = -0.95, p < 0.001) increased monotonically with the 430 

decreasing C/O ratio. The observed relationship is consistent with previous individual 431 

studies.44, 93432 



433 

434 

Figure 5. (a-b) Zeta potential are plotted against C/O ratio determined by XPS: (a) GO 435 

and rGO and (b) MWNT; (c-d) surface charge density against C/O ratio: (c) GO and 436 

rGO and (d) MWNT. 437 

438 

The disagreement between zeta potential from the electrophoretic light scattering 439 

measurement and charge density from the titration measurement may be due to two reasons. 440 

On one hand, the measurement of zeta potential depends on the light scattering of 441 

nanomaterials, but small nanomaterials (< 2-3 nm) do not scatter light. It should be noted that 442 

the oxidation of graphene and CNT not only generates oxygen-containing functional groups on 443 

material surface, but also produces molecular debris (i.e., oxidation debris, OD) that strongly 444 

adhere to the oxidized material.94-96 These OD are too small to scatter light, therefore the 445 

charges from OD might not be detected in a zeta potential measurement, yet the charges of OD 446 

could be measured by titration.46 On the other hand, it might not be appropriate to use the 447 

Smoluchowski equation to estimate the zeta potential of nanomaterial with high surface charge. 448 

Although this equation has been widely used in the literature to calculate the zeta potential 449 



from electrophoretic mobility for various nanomaterials,17, 19, 32, 33, 41 it must be noted that there 450 

are limitations to its use. The equation can be applied to a particle of arbitrary shape provided 451 

that the radii of surface curvature were everywhere much larger than the double layer thickness 452 

(κ-1).87 Only in the case of κr0 > 20 and moderate/low surface charge (e.g., absolute zeta 453 

potential ≤ 50 mV) can one safely apply the Smoluchowski equation.97 If the surface charge is 454 

rather high (absolute zeta potential > 50 mV), the zeta potential is underestimated using the 455 

Smoluchowski equation and one needs to use more elaborate models (e.g., the numerical 456 

solutions by O’Brien and White).97 Therefore, the inappropriate use of the Smoluchowski 457 

equation for GO with high surface charge (i.e., C/O ratio < 3) may contribute to the 458 

disagreement of measured zeta potential and charge density results. 459 

3.3 Correlation between CCC and surface functionalities 460 

Previous individual studies have observed a linear correlation between the carboxyl group 461 

and aqueous stability (i.e., CCC) of these carbon nanomaterials.26, 28, 44, 59, 62 For example, we 462 

previously observed that the carboxyl groups (from ca. 3-5%) were highly correlated to the 463 

CCC of GO with different degrees of reduction (C/O ratio from ca. 2-5).26 This positive 464 

correlation between the carboxyl groups and GO stability was supported by molecular 465 

dynamics simulation by Tang et al.62 Similarly, the correlation between carboxyl groups and 466 

the CCC of MWNT has also been reported, in which the carboxyl content varied from ca. 1.5-467 

5.5% for MWNT with different oxidation degrees (C/O ratio from 8-32).44 However, in this 468 

meta-analysis we did not observe a significant correlation between the CCC and the carboxyl 469 

functional groups for none of these carbon nanomaterials (Figure S4 and Table S5-7). We 470 

postulated that this discrepancy might be caused by the varied approaches in deconvoluting the 471 

XPS spectra across studies. For example, the deconvolution of high-resolution C1s spectra 472 

were performed to account for either three oxygen-containing functional groups (i.e., C-C, C-473 

O, and C=O),75, 85 or four functional groups (i.e., C-C, C-O, C=O, and COOH),15, 84 or five 474 



functional groups (i.e., C-C, C-OH, C-O-C, C=O, and COOH).26, 79 Varied rules applied in 475 

each study may cause errors in recognizing the surface functionalities of nanomaterials, 476 

especially when the carboxyl content only varied in a small range, e.g., from ca. 2-5% of GO26 477 

and ca. 1.5-5.5% of MWNT.44 Therefore, unless a unified deconvolution method is applied to 478 

analyze the XPS spectra in each study, solid conclusion(s) on the correlation between the 479 

fractions of surface functionalities of nanomaterials and their aqueous stability might not be 480 

obtained. 481 

482 

483 

Figure 6. The critical coagulation concentration (CCC) of GO/rGO/MWNT in (a) NaCl, 484 

(b) MgCl2, and (c) CaCl2 electrolytes are plotted against the C/O ratio of these485 

nanomaterials.486 

487 

Nevertheless, the C/O ratio obtained by XPS did not require sophisticated deconvolution as 488 

the surface functionalities did, and we observed a general trend that the smaller the C/O ratio, 489 

the higher the NaCl CCC values for GO, rGO, and MWNT (Figure 6a). This is consistent with 490 

the observations in individual studies.13, 14, 26, 44 Nonetheless, the correlation became weaker 491 

with decreasing C/O ratio (i.e., a higher oxidation degree) as indicated by the Spearman 492 

correlation (MWNT: ρ [18] = -0.92, p < 0.001; rGO: ρ [15] = -0.463, p = 0.082; GO: ρ [31] = 493 

-0.10, p = 0.586). In divalent electrolytes, the correlation between CCC and C/O ratio was494 

much weaker (Figure 6b-c and Table S5-7). Compared with monovalent counterion, divalent 495 

cation has a stronger association with the nanomaterial and can possibly form bridges with the 496 



carboxyl groups.62 On one hand, the carboxyl group stabilizes the nanomaterial by providing 497 

negative charges. On the other hand, bridging interaction promotes nanomaterial aggregation. 498 

Therefore, in divalent electrolytes, the correlation between CCC and the C/O ratios became 499 

blurred. 500 

501 

4. Implications502 

Data-driven research has received wide attention in the scientific community and has great503 

potential in improving the design of materials.98-100 This study serves as a proof-of-concept for 504 

applying a meta-analytic approach to synthesize pre-existing data to determine patterns and 505 

make predictions, thereby obtaining a better understanding of the property-aggregation 506 

relationships of nanomaterials, which will be required for the development of accurate 507 

predictive models to estimate nanomaterial aggregation. This meta-analysis focused on the 508 

carbon nanomaterials, and future analysis can include more types of nanomaterials (e.g., metal 509 

nanoparticles and nanoplastics) to evaluate the generalizability of the findings in this analysis. 510 

Besides, with more data being integrated for the analysis, other factors affecting the 511 

aggregation behavior of nanomaterials, such as other properties of nanomaterials (e.g., shape, 512 

orientation,89 surface coating, lattice characteristics,78 the presence of impurity from synthesis), 513 

mixing flow,36 non-DLVO forces, could be included in the analysis to produce a more accurate 514 

prediction of the aggregation behavior of nanomaterials. Other than the aggregation behavior 515 

of nanomaterials, their electronic structure and chemical activity are also property-dependent, 516 

and leveraging a meta-analytic approach to discover and define such relationships is well-517 

suited.100 Also, with more data being generated, future studies could utilize more advanced 518 

meta-analytic techniques, such as machine learning98, 99 to better understand the interplay of 519 

multiple properties on the aggregation of nanomaterials and to provide potential practical aid 520 

in the design of nanomaterials. 521 



522 

5. Conclusion523 

In this work, we employed a meta-analytic approach to synthesize the available data from524 

46 individual studies and examined the correlation between material physicochemical 525 

properties (i.e., size, surface charge, surface functionalities) and their CCC in three electrolytes 526 

(i.e., NaCl/MgCl2/CaCl2). We conclude that the CCC of these carbon nanomaterials increases 527 

with decreasing nanomaterial size, and the effect of size becomes prominent when the 528 

hydrodynamic size is smaller than ca. 200 nm. This observation is qualitatively consistent with 529 

the early prediction of the DLVO theory, but with a smaller threshold size. Above the threshold 530 

size, material zeta potential can be correlated to CCC in NaCl electrolyte ( 𝐶𝐶𝐶/𝜆 ∝531 

tanh4 (
𝑎𝜓0

4
)). The correlation is not observed in the divalent electrolytes, because divalent 532 

cation bridging, which may have occurred, was not considered in the framework of the DLVO 533 

theory. Although the zeta potential (obtained via the Smoluchowski equation) is commonly 534 

used to represent material surface charge, it only remains valid for nanomaterial with 535 

moderate/low surface charge (e.g., GO with C/O ratio > ca. 3 and MWNT with C/O ratio > 8). 536 

For GO with C/O ratio smaller than ca. 3, the measured zeta potential may underestimate the 537 

actual surface charge, thereby leading to the deviation of experimental observations from the 538 

prediction of the DLVO theory. With more oxygen-containing functional groups (i.e., lower 539 

C/O ratio), these carbon nanomaterials are more stable in water. However, the correlation with 540 

a specific functional group could not be established unless they are identified with a unified 541 

characterization approach across studies. Overall, our findings rationalize the inconsistency 542 

among previous observations of certain physicochemical properties on nanomaterial 543 

aggregation and provide essential insights into their aggregation behavior in water, thereby 544 

assisting their rational design for various applications. 545 

546 
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