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Supplementary Text
S1. Analysing the aggregation and charging behaviour of GO:

The electrophoresis data were extracted from five different references. (Figure 3 of 1,  Figure 2C of 2, 

Figure 2 of 3,Figure S7 of 4, Figures 2a and S4 of 5, and Figures 1 and S3 of 6 [except for NaCl data 

which is based on the publication of the same authors in 7). The data at low ionic strength were not taken 

into account due to the fact that the surface charge density is lower at this regimen because of the shift 

in acid-base equilibrium, 8 and/or ion condensation. 9,10 

In some cases, the electrophoretic mobility ( ) data were converted to zeta potential ( ) using the 𝜇 𝜁

Smoluchowski equation:

(1)
𝜁 =

𝜂
𝜀𝜀0

𝜇

Where ,  and  are dielectric constant of water, vacuum permittivity and viscosity of water, 𝜀
0 𝜂

respectively.

In order to calculate the surface potential, one needs to have information about the position of the 

slipping plane relative to the surface. In addition, it is required to know how the electric potential decays 

from the surface in this region in order to estimate the surface potential from the zeta potential data. To 

the best of our knowledge, there is no unified theory to do so and the behaviour of the interfaces depends 

on different factors such as the types of ions and interfaces. 11 We, however, simplified the problem by 

assuming the electric potential decays as it is predicted by the Poisson-Boltzmann theory and assumed 

that the slipping plane is located at a fixed distance of 0.7 nm ( ) away from the interface irrespective 𝑑𝑆𝑡𝑒𝑟𝑛

of types of ions and ionic strength. It should be noted that this estimation for slipping plane thickness 

matches with previous approximations for the thickness of the Stern layer. 9,12,13 14 To this end, the 

surface potentials ( ) were derived from the zeta potential using the following equation. 15𝜓0

(2)
𝜓0 =

4𝑘𝐵𝑇

𝑧𝑒
tan ‒ 1 [exp (𝜅.𝑑𝑆𝑡𝑒𝑟𝑛)tan (

𝑧𝑒𝜉
4𝑘𝐵𝑇

)]
Where is the elementary charge,  is the valence of counterions,  is the Bolzmann constant,  is the 𝑒 𝑧 𝑘𝐵 𝑇

absolute temperature, and  is the Debye length which is defined as follows:𝜅 ‒ 1

(3)
𝜅 ‒ 1 = (𝑘𝐵𝑇𝜀𝜀0

2𝑒2𝐼 )
1
2

 stands for ionic strength and is given by the relation:𝐼



(4)
𝐼 =

1
2∑

𝑖

𝑧𝑖
2𝑐𝑖

Where  is the valence of ions and  is the concentration of the corresponding ions. 𝑧𝑖 𝑐𝑖

The resulting surface potential data can now be used to find the effective surface charge density of 

graphene oxide (GO). These two quantities are related through the following equation: 16

            (5)
𝜎 =‒ {2𝑘𝐵𝑇𝜀𝜀0∑

𝑖

𝑐𝑖[exp ( ‒
𝑧𝑖𝑒𝜓0

𝑘𝐵𝑇 ) ‒ 1]}
1
2

Please note that the negative sign in the pre-factor states the fact that GO sheets are negatively charged.

The extracted data are presented in Table S1.



S2. Derivation of general form of Schultz-Hardy rule:

We started with the assumption that the interaction between particles is the sum of vdW and electrical 

double layer forces:

(6)𝑊𝑡𝑜𝑡𝑎𝑙 = 𝑊𝑣𝑑𝑊 + 𝑊𝐸𝐷𝐿

It is known that vdW forces between different objects follow a power-law behaviour:

(7)
𝑊𝑣𝑑𝑊 =‒

𝐶

𝑑𝑚

The negative sign is a result of the attractive nature of these forces between similar particles. The factor 

controls the magnitude of the force and it is directly related to Hamaker constant. The power factor  𝐶 𝑚

depends on the dimensionality of the particles. 

We model the double layer forces using a linearized form of Poisson-Boltzmann theory:

(8)
𝑊𝐸𝐷𝐿 =

2𝜎2

𝜀𝜀0𝜅
exp ( ‒ 𝜅𝑑)

In order for particles to aggregates without any barrier, the following conditions should therefore satisfy:

  (9)𝑊𝑡𝑜𝑡𝑎𝑙 = 0

(10)
∂

∂𝑑
𝑊𝑡𝑜𝑡𝑎𝑙 = 0

The above equations lead to:

(11)
𝑊𝑡𝑜𝑡𝑎𝑙 =

2𝜎2

𝜀𝜀0𝜅
exp ( ‒ 𝜅𝑑) ‒

𝐶

𝑑𝑚
= 0

(12)

∂
∂𝑑

𝑊𝑡𝑜𝑡𝑎𝑙 =‒
2𝜎2

𝜀𝜀0
exp ( ‒ 𝜅𝑑) +

𝑚𝐶

𝑑𝑚 + 1
= 0

Solving these two equations, one can find the position of energy barrier,  , as:𝑑𝑚𝑎𝑥

(13)𝑑𝑚𝑎𝑥 = 𝑚 ∙ 𝜅 ‒ 1

Inserting this distance to the equation (6) gives:

(14)
𝜅𝑚 + 1 =

2𝑚𝑚exp ( ‒ 𝑚)
𝜀𝜀0

𝜎2

Given that by definition:



(15)𝜅 ≈ 𝐼
1
2

We arrive to the following relation:

(16)𝐼𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 𝐶𝐶𝐼𝑆 ∼ 𝜎
4

𝑚 + 1

One can approximate the surface potential using the following relation 17:

(17)𝜎 = 𝜀𝜀0𝜅𝜓0

Given that for a  electrolyte the effective surface potential can be approximated as follows:𝑧:𝑧

(18)
𝜓𝑒𝑓𝑓 =

4𝑘𝐵𝑇

𝑧𝑒
tan (

𝑧𝑒𝜓0

4𝑘𝐵𝑇
)

For highly charged surfaces, the effective potential saturates at a limiting value:

(19)
𝜓𝑒𝑓𝑓→

4𝑘𝐵𝑇

𝑧𝑒

Thus, one can arrive to:

(20)𝐶𝐶𝐼𝑆 ∼ 𝜓0

4
𝑚 ‒ 1

For highly charged surfaces in  electrolytes this leads to:𝑧:𝑧

(21)𝐶𝐶𝐼𝑆 ∼ 𝑧
‒

4
𝑚 ‒ 1

The ionic strength in  electrolytes scales with the valence of salt as:𝑧:𝑧

 (22)𝐼 ∼ 𝑧 ‒ 2

Therefore, the critical coagulation concentration will have a following relation with valence:

(23)𝐶𝐶𝐶 ∼ 𝑧
‒ (

4
𝑚 ‒ 1

+ 2)

For spherical particles,  and the celebrated Schultz-Hardy rule ( ) is recovered. For ideal 𝑚 = 2 𝐶𝐶𝐶 ∼ 𝑧 ‒ 6

2D particles and:𝑚 = 4 

(24)𝐶𝐶𝐶 ∼ 𝑧
‒

10
3



S3. DLVO and xDLVO calculations: 

Interaction energy between GO layers was modelled using DLVO theory for thin nanosheets.18 As 

discussed above: 

 (25)𝐼𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 𝐶𝐶𝐼𝑆 ∼ 𝜎
4

𝑚 + 1

DLVO theory predicts   for GO (assuming thickness of about 0.7 nm. Note that when thickness 𝑚 ≈ 3. 6

approach zero, then ). In Figure 5 of the main text, we argued that the experimental data from 𝑚→4

literature follows this power law when the surface charge density of GO is relatively high (roughly above 

1 mC/m2). At low surface charge density, assuming that aggregation starts when the energy barrier is 

merely few  the predicted CCC can change significantly. Therefore, we re-evaluated the DLVO theory 𝑘𝑇

prediction by changing the equation (4) to: 

(26)𝑊𝑡𝑜𝑡𝑎𝑙 = 𝑘𝑇

In order to know the interaction energy, one needs to know the interacting area among GO sheets. Here, 

we assumed that GO sheets are disk with a diameter of 500 nm (close to hydrodynamic radius of GO 

reported in most of the 6 references reviewed here). Given that the effective overlapping area of two 

disks colliding randomly is  (  is the disks’ area), then it is possible to find CCC for the case where 
1

2𝜋
𝐴

𝐴

the energy barrier is one . GO is then modelled as a disk with thickness of 0.7 nm and refractive index 𝑘𝑇

of 1.85. Then CCC was calculated for different surface charge density according to18. To compare the 

calculated CCC with the experimental data, the surface charge density in the presence of NaCl (the 

highest among the salts reviewed here) is assumed to be 25 mC/m2. 



S4. Environmental Exposure Pathways: 

In order to simplify the simulations and calculations, an equivalent sphere technique is generally used 

in order to model graphene oxide. This is the case as sphere is the only shape whose size can be described 

by one unique number.  Using one unique number to describe our particle liberates us from using three 

or even more numbers to define our particles, which although more accurate is inconvenient for 

modelling, simulation and calculations purposes. This practice is generally called the equivalent sphere 

theory. Depending on the properties, we then calculate different sizes based on equivalent sphere theory. 

As an example, if it is the surface area that is important, as usually is the case when chemical reactions 

or particles’ activity are of importance, one usually considers either number-surface mean, D [2.0], or 

surface area moment mean, D [3,2], which is also known as Sauter mean diameter. On the other hand, 

if it is the mass or volume which is important, either number-weight mean, D [3,0], or weight moment 

mean, D [4,3], which is also known as De Brouckere mean diameter, are considered.

Techniques such as dynamic light scattering (DLS) or Laser particle size analysis, which are 

unequivocally used as the basis for particle sizing also calculate distribution based around volume which 

is in effect the same as D [4,3]. So, the question is whether the assumptions regarding effective radius 

are valid and what role, if any, they play on environmental exposure pathways. To further delve into this 

question, we should remind ourselves of the following points;

1. Since DLS essentially measures fluctuations in scattered light intensity due to diffusing 

particles, it can only calculate the hydrodynamic radius of a spherical particle or at least a 3D 

particle through the Stokes–Einstein equation and not the real dimension.

2. The hydrodynamic diameter of a non-spherical particle is the diameter of a sphere that has the 

same translational diffusion speed as the particle. If the shape of a particle changes in a way that 

affects the diffusion speed, then the hydrodynamic size will change. For example, small changes 

in the length of a rod-shaped particle will directly affect the size, whereas changes in the rod’s 

diameter, which will hardly affect the diffusion speed, will be difficult to detect.

So, one serious implication is that treating GO as a hypothetical hard sphere described by one single 

number affects the hydrodynamic radius and translational diffusion. Diffusion coefficient is usually 

calculated by fitting correlation curve to an exponential function. The as-calculated diffusion function 

will then be used to calculate frictional coefficient;

                                                                                 (27)
D =

𝑘𝑇
𝑓



Whereas D is the diffusion coefficient, f is the frictional coefficient, k is the Boltzmann constant, and T 

is the temperature.

Given that the inherent assumption in the calculation of the diffusion coefficient is that the particles are 

hard spheres that diffuse with the same speed as our particles, we can see that the frictional coefficient 

will be greatly affected.

Considering that the surface chemistry of graphene oxide is much more complicated than the models 

presented in literature possessing many functional groups that have strong interactions with the solvent 

(e.g. water), we therefore suggest a more sophisticated model should be developed to encompass all 

these factors. Nevertheless, we propose graphene oxide (and other nanomaterials) will go through the 

route presented in Figure S1. when being transported from freshwater into an estuary and then to the 

marine environment.

Fig. S1. Environmental exposure pathways. In fresh water, where the concentration of total dissolved 

salts is less than 500 ppm, graphene oxide sheets remain stable as the zeta potential is typically less than 

-30 mV. This is the direct result of the prevalence of the repulsive electric double layer forces in between 

GO sheets. However, travelling further into brackish and then saline water, where the concentration of 

metallic cations increases, attractive vdW forces become dominant and graphene oxide sheets tend to 

aggregate. At higher concentration of metallic monovalent and divalent cations (highly saline water), 

the cations can be specifically adsorbed on the surface of GO neutralizing the negative surface charge 

leading to fast aggregation of GO sheets in highly saline water. At this concentration range, the 

aggregation can outweigh any other effects resulting in the precipitation of GO sheets, consequently 

leading to less activity compared to the normal non-aggregated state.  However, going further into 

marine and seawater environment, where the concentration of the salts is typically above 35000 ppm, 



the surface charge profile of GO sheets becomes predominantly positive and charge reversal happens. 

It should be noted that a positive surface charge has been categorically associated with a higher risk of 

nanoparticle (NP) toxicity.19 Therefore, we propose that GO sheets at this concentration range where the 

zeta potential value is also positive can become even more dangerous to aquatic life.     



Table S1. The data used in Figure 5 is presented in here. 

CCIS (M)Salt type Salt 

concentration 

(M)

Zeta 

potential 

(mV)

Surface 

Potential 

(mV)

Surface Charge 

Density (C/m2)
Average SCD (C/m2)

Data is calculated from ref 3.

0.036NaCl 0.08 -23.94 -49.69 -0.03721

0.06 -24.84 -46.65 -0.02974

0.04 -31.27 -53.16 -0.02875

0.02 -39.65 -58.55 -0.0232

0.01 -45.26 -59.99 -0.01697

-0.0272±0.0034

0.019AgCl 0.08 -10.53 -20.88 -0.01381

0.06 -13.09 -23.76 -0.01373

0.04 -16.97 -27.74 -0.01325

0.02 -27.55 -39.54 -0.01402

0.01 -35.17 -45.77 -0.01185

0.008 -39.45 -50.21 -0.01193

-0.0131±0.0004

0.028KCl 0.08 -14.19 -28.38 -0.01921

0.06 -19.66 -36.26 -0.02193

0.04 -22.29 -36.86 -0.01825

0.02 -32.60 -47.27 -0.01745

0.01 -40.83 -53.66 -0.01456

0.008 -42.22 -53.97 -0.01312

-0.0174±0.0013

0.0045MgCl2 0.001 -22.55 -26.22 -0.00303

0.0009 -22.91 -26.46 -0.0029

0.0008 -23.78 -27.27 -0.00282

0.0007 -24.51 -27.89 -0.0027

0.0006 -24.74 -27.88 -0.0025

0.0005 -25.15 -28.07 -0.00229

0.0004 -25.93 -28.62 -0.00209

-0.00262±0.00013



0.00405CaCl2 0.001 -21.05 -24.41 -0.00282

0.0009 -21.60 -24.88 -0.00272

0.00085 -21.05 -24.13 -0.00257

0.0008 -21.10 -24.08 -0.00249

0.0007 -21.01 -23.77 -0.0023

0.0006 -23.15 -26.03 -0.00233

0.0005 -24.19 -26.96 -0.0022

0.0004 -25.02 -27.59 -0.00202

-0.00243±0.00010

0.0039CdCl2 0.001 -19.73 -22.83 -0.00264

0.0009 -19.96 -22.93 -0.00251

0.0008 -21.28 -24.30 -0.00251

0.0007 -22.05 -24.99 -0.00241

0.0006 -22.56 -25.34 -0.00227

0.0005 -22.83 -25.40 -0.00207

0.0004 -24.24 -26.71 -0.00195

0.0003 -25.57 -27.84 -0.00176

-0.00227±0.00011

0.002175CuCl2 0.001 -14.86 -17.08 -0.00199

0.0009 -15.91 -18.18 -0.002

0.0008 -17.55 -19.93 -0.00206

0.0007 -18.55 -20.92 -0.00202

0.0006 -19.19 -21.47 -0.00192

0.0005 -19.24 -21.31 -0.00174

0.0004 -21.11 -23.17 -0.00169

-0.00192±0.00005

0.0009PbCl2 0.001 -5.45 -6.22 -0.00075

0.0009 -9.55 -10.84 -0.00122

0.0008 -8.00 -9.01 -0.00096

0.0007 -11.73 -13.14 -0.00129

0.0006 -11.28 -12.52 -0.00114

0.0005 -12.19 -13.42 -0.00111

0.0004 -15.10 -16.49 -0.00121

0.0003 -14.38 -15.51 -0.00099

-0.00108±0.000062

0.00051CrCl3 7.00E-05 -14.04 -14.83 -0.00062

6.00E-05 -16.91 -17.84 -0.00068

5.00E-05 -18.41 -19.35 -0.00067

4.00E-05 -21.03 -22.05 -0.00067

3.00E-05 -24.03 -25.11 -0.00066

-0.0007±0.000025



2.00E-05 -33.71 -35.36 -0.00075

1.00E-05 -48.51 -51.42 -0.00082

Data is calculated from ref 14.

0.188NaCl 0.2 -11.49 -34.46 -0.03776

0.18 -12.71 -36.20 -0.03792

0.15 -16.85 -44.65 -0.0445

0.12 -21.52 -52.59 -0.04909

0.1 -23.82 -54.26 -0.04673

-0.0432±0.0023

0.0117MgCl2 0.008 -3.87 -5.61 -0.00192

0.0045 -4.33 -5.72 -0.00146

0.0036 -4.56 -5.85 -0.00134

0.003 -4.98 -6.25 -0.0013

0.0026 -8.73 -10.83 -0.00206

-0.00162±0.00016

0.0078CaCl2 0.005 -3.94 -5.29 -0.00143

0.003 -3.94 -4.95 -0.00104

0.0025 -4.63 -5.70 -0.00109

0.0019 -7.47 -8.97 -0.00147

0.0013 -9.88 -11.51 -0.00155

-0.00131±0.00011

Data is calculated from ref 1.

0.044NaCl 0.1 -23.46 -53.32 -0.04565

0.08 -24.43 -50.84 -0.03833

0.05 -30.49 -55.26 -0.03386

0.03 -43.73 -72.34 -0.03892

-0.0392±0.0024

0.0039MgCl2 0.001 -22.45 -26.10 -0.00301

0.0005 -25.01 -27.91 -0.00228

0.0001 -27.70 -29.12 -0.00107

5.00E-05 -27.40 -28.38 -0.00073

-0.00177±0.00053

0.0027CaCl2 0.001 -20.14 -23.33 -0.00269

0.0005 -23.76 -26.46 -0.00216

0.0001 -24.63 -25.84 -0.00094

5.00E-05 -28.10 -29.12 -0.00075

-0.00164±0.00047

Data is calculated from ref 4.



0.11NaCl 0.02 -26.57 -38.07 -0.01341

0.04 -24.97 -41.58 -0.02106

0.05 -22.86 -40.28 -0.02266

0.08 -22.78 -47.01 -0.03466

0.1 -19.46 -43.24 -0.03493

0.105 -18.18 -41.00 -0.03356

0.16 -14.89 -40.32 -0.04059

0.2 -14.00 -42.71 -0.04866

-0.0312±0.0040

0.00798CaCl2 0.0002 -18.15 -19.35 -0.001

0.00025 -17.85 -19.17 -0.00111

0.0003 -17.29 -18.68 -0.00119

0.00075 -15.31 -17.27 -0.00174

0.001 -14.21 -16.32 -0.0019

0.0014 -13.91 -16.38 -0.00226

0.0018 -14.27 -17.19 -0.00268

0.0023 -14.09 -17.39 -0.00306

0.0026 -14.09 -17.63 -0.0033

0.0025 -13.53 -16.83 -0.0031

-0.00213±0.00028

Data is calculated from 5,6

0.19NaCl 0.0375 -35.17 -59.62 -0.03258

0.05 -27.20 -48.63 -0.02861

0.075 -25.56 -52.17 -0.0384

0.1 -23.95 -54.61 -0.04713

0.12 -21.5 -52.54 -0.04903

0.14 -21.43 -56.66 -0.05864

0.175 -20.74 -62.05 -0.07452

-0.0470±0.0060

0.01623MgCl2 0.0033 -15.40 -19.90 -0.00418

0.0005 -20.43 -22.65 -0.00185

0.00075 -20.12 -22.84 -0.00228

0.001 -18.90 -21.84 -0.00252

0.0015 -17.68 -21.07 -0.00298

0.002 -17.20 -21.05 -0.00344

0.003 -15.78 -20.16 -0.00404

0.004 -15.09 -19.99 -0.00463

0.006 -14.09 -19.87 -0.00563

-0.00351±0.00041



0.00483CaCl2 0.00025 -20.30 -21.83 -0.00126

0.0005 -17.79 -19.68 -0.00161

0.00083 -16.98 -19.32 -0.00204

0.001 -16.52 -19.02 -0.00221

0.002 -15.50 -18.90 -0.0031

-0.00204±0.00031

Data is Calculated from7

0.03NaCl 0.01 -32.5 -42.14 -0.0107

0.03 -30 -47.14 -0.0213

0.05 -25 -44.34 -0.02548

0.1 -20.5 -45.81 -0.03752

-0.02375±0.00554

0.0212CsCl 0.012 -32.8 -43.64 -0.01224

0.014 -32.6 -44.4 -0.0135

0.016 -31.9 -44.36 -0.01442

0.018 -29.9 -42.28 -0.01442

0.02 -29.6 -42.65 -0.01536

0.024 -27.6 -41.05 -0.01606

-0.01433±0.000552

0.0018Sr(NO3)2 0.0001 -20.2 -21.15 -0.00077

0.0002 -19.6 -20.91 -0.00108

0.0003 -16.3 -17.60 -0.00112

0.0004 -15.6 -17.04 -0.00125

0.0005 -15.2 -16.77 -0.00138

0.0006 -14.5 -16.14 -0.00146

0.0007 -14.9 -16.74 -0.00163

0.0008 -14.5 -16.41 -0.00171

0.0009 -13.3 -15.15 -0.00168

0.001 -13.1 -15.03 -0.00175

-0.00138±0.000102

0.00111UO2(NO3)2 0.0001 -18.8 -19.67 -0.00072

0.0002 -12.3 -13.07 -0.00069

0.0003 -12.5 -13.47 -0.00086

0.0004 -12 -13.08 -0.00097

0.0005 -11.1 -12.21 -0.00102

0.0006 -10.4 -11.54 -0.00105

0.0007 -9.7 -10.85 -0.00107

0.0008 -9.8 -11.05 -0.00117

0.0009 -8.75 -9.93 -0.00112

-0.000963±0.000057



Fig. S2. Size distribution and representative scanning electron micrograph of GO sheets. The size 

of more than 200 individual GO sheets was measured to calculate the aspect ratio.  a) Representative 

SEM image of GO sheets in our as-prepared GO dispersions representative of the wrinkled structure of 

GO. The wrinkled morphology is associated with thermal undulations which is known to affect the 

strength of GO sheets and shown to reduce the effective rigidity, just like fluid layers.20,21  b) The 

corresponding distribution of GO sheet sizes and the as calculated aspect ratio based on D[3,2] of these 

samples.



Fig. S3. Representative transmission electron micrograph of GO sheets. The wrinkled morphology 

is associated with thermal undulations which is known to affect the strength of GO sheets and shown to 

reduce the effective rigidity, just like fluid layers.



Fig. S4. Polarized optical micrograph of GO dispersion. The gigantic aspect ratio of our as-prepared 

amphiphilic GO sheets facilitate the formation of liquid crystals at concentrations as low as 0.1 g/L.



Fig. S5. pH value vs. salt concentration. As depicted, the pH range falls between 3-5 for all 

concentrations of a) NaCl, b) CaCl2 and c) AlCl3.  The insets signify the low concentration region of 

original graphs. 



Fig. S6. Using the optical setup presented in d, we determined the liquid crystallinity of our as-

prepared GO dispersions (0.25 g/L) in the presence of metallic cations. The polarized optical 

micrographs presented in e-g) unambiguously reveal the nematic liquid crystal phase further verifying 

the flat structure of GO sheets at all salt concentrations. This indicates the minor role of electrostatic 

contribution in the rigidity of GO. The disappearance of the liquid crystalline texture at very high salt 

concentrations, is due to the breakdown of colloidal stability of the GO particles. 18 After a critical 

concentration of salt, the repulsive double layer forces become so short-ranged that the vdW forces 

overcome the repulsive forces and the GO particles aggregates. The aggregation of GO sheets will 

decrease the effective aspect ratio of the particles due to stacking of the GO sheets, which essentially 

leads to nematic to isotropic transition. 



Fig. S7. One can calculate the apparent aspect ratio (the ratio of apparent lateral size to the thickness) is 

close to the fully stretched form of GO.



Fig. S8. Shear viscosity of dilute graphene oxide dispersions as a function of shear rate at different salts 

concentrations is depicted in for graphene oxide concentration of a) 0.01 g/L and b) 0.1 g/L.
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