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Environmental significance 

Developing new adsorbents with high adsorption capacities for ionic organic compounds (IOCs) 

is essential to effectively remove IOCs from aqueous solution. Although black phosphorus (BP) 

has been applied in electronics, photonics, and photothermal/photodynamic therapies in 

biomedical research, its application for IOCs removal from the environment has not been 

reported yet. Inspired by the high drug loading capacity of black phosphorus (BP), we here 

report that the few-layered BP has high adsorption capacities for both cationic methylene blue 

(1232 ± 283 mg/g) and anionic congo red (230 ± 9 mg/g), these values are among the highest 

capabilities reported. The wrinkle-induced sorption mechanism was demonstrated by TEM and 

AFM analysis, and was verified via DFT calculation to account for the high adsorption capacities. 
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Abstract 20 

There is a challenge in effectively removing ionic organic compounds from aqueous solution. 21 

Inspired by the high drug loading capacity of black phosphorus (BP), we here show that the few-22 

layered BP has high adsorption capacities for both cationic methylene blue (1232 ± 283 mg/g) 23 

and anionic congo red (230 ± 9 mg/g), these values are among the highest capabilities reported. 24 

The maximum theoretical specific surface area of single layered BP is calculated to be 2400 m2/g 25 

for the first time. Both electrostatic and hydrophobic interactions are responsible for methylene 26 

blue sorption on BP, whereas hydrophobic interactions are the main force for congo red sorption. 27 

Sorption kinetic study indicates the intraparticle diffusion mechanism was involved in both dyes 28 

sorption. Most importantly, the wrinkle-induced sorption mechanism was demonstrated by TEM 29 

and AFM analysis, and was verified via DFT calculation to account for the high adsorption 30 

capacities. These findings demonstrate the promising use of BP as an innovative adsorbent for 31 

IOCs in environmental management. 32 
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INTRODUCTION 45 

There are increasing concerns over the global occurrence of organic pollutants in water, such 46 

as dyes, antibiotics, herbicides, endocrine disrupting compounds and personal care products, 47 

because they cause a series of ecological problems and threaten human health.1-3 Many of these 48 

pollutants are ionic at environmentally relevant pH.4 Great efforts have been made on the 49 

efficient removal of ionic organic compounds (IOCs) by adsorption techniques, because of the 50 

preconcentration and solidification of IOCs on adsorbents.5 However, compared to non-ionic 51 

compounds,6, 7 until now it is still a challenge to effectively adsorb IOCs from aqueous solution, 52 

due to their high water solubility. Therefore, it is essential to develop new adsorbents with high 53 

adsorption capacities for IOCs. 54 

As a rising star of post-graphene two-dimensional (2D) nanomaterials, black phosphorus (BP) 55 

has gained more and more attentions since 2014.8 Due to the remarkable properties of few-56 

layered BP, it has been applied in electronics,9-11 photonics,10, 12, 13 and 57 

photothermal/photodynamic therapies in biomedical research.14, 15 Recently, few-layered BP has 58 

been explored to serve as a drug delivery platform.16, 17 Polyethylene glycol-modified BP showed 59 

a superior sorption capacity of 1080 mg/g for doxorubicin (DOX) and 304 mg/g for Cyanine7, 60 

higher than most of the reported delivery systems with loading capacities ranging from 100 to 61 

300 mg/g.16 Meanwhile, a recent report claimed that n-methylpyrrolidone exfoliated BP 62 

exhibited an incredible loading capacity of 9500 mg/g, the highest to date.17 Although the above 63 

findings suggest the organic solvents modified/exfoliated-BP as a promising adsorbent for IOCs, 64 

the sorption ability of pure layered BP is still unknown. Since organic solvents will compete 65 

sorption sites with IOCs on BP surface, pure layered BP will display a higher sorption ability 66 

than organic solvents modified/exfoliated-BP. Also, application of few-layered BP for IOCs 67 
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removal from the environment has not been reported yet. In addition, the mechanisms of sorption 68 

are still unclear.     69 

In this work, we exfoliated bulk BP single crystals directly in the oxygen-free Mill-pore water 70 

by ultrasonication to obtain the few-layered BP. Sorption of two model IOCs, a cationic dye 71 

methylene blue (MB) and an anionic dye congo red (CR) (Figure S1, Supplementary 72 

Information), by few-layered BP were systematically studied. Via a combination of sorption 73 

isotherm models, sorption kinetics, density functional theory (DFT) calculation, and optical 74 

microscopy, the sorption mechanism was disclosed. The maximum theoretical specific surface 75 

area of single BP layer was calculated for the first time. The few-layered BP displayed excellent 76 

sorption capacities for both dyes. Therefore, our study demonstrated the promising potential of 77 

few-layered BP for the effective removal of IOCs from aqueous solution, which will likely 78 

expand its environmental application in the future. 79 

EXPERIMENTAL SECTION 80 

Materials 81 

BP crystals (purity >99.998%) were bought from Nanjing XF NANO Materials Tech Co., Ltd. 82 

MB (purity 99.5%) was purchased from Beijing J&K Scientific Ltd. CR (purity > 98.0%) was 83 

obtained from Tokyo Chemical Industry Co., Ltd. Ultrapure water was obtained with a 84 

Millipore- Milli Q system. 85 

Exfoliation procedure of few-layered BP 86 

Few-layered BP was prepared by direct ultrasonication in Milli-pore water. The bulk BP 87 

crystals were gradually ground into BP powders with an agate mortar in the glove box. After 88 

being transferred to a 40 mL sealed anaerobic bottle containing 35 mL oxygen-free Milli-pore 89 
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water, the BP powders were ultrasonicated using an ultrasonic cell disruption system (JY 88-IIN) 90 

for 12 h at the power of 75 W. Ice bath was used during the whole process to keep the 91 

temperature below 10 °C. Finally, the suspension was centrifuged at 100 g for 20 min to separate 92 

the precipitate of un-exfoliated BP crystals and the supernatant of few-layered BP for the further 93 

experiments. 94 

Characterizations 95 

In order to determine the concentration of few-layered BP suspension, inductively coupled 96 

plasma optical emission spectroscopy (ICP-OES, Agilent 5100) was used to determine the 97 

phosphorus content after diluting the BP suspension. The thickness and lateral size of few-98 

layered BP before and after adsorption of dyes were examined by tapping mode AFM (Agilent 99 

5100) in ambient condition. The BP suspension was dropped onto Si substrate, which was dried 100 

under inert atmosphere in the glove box before AFM measurements. The morphological 101 

transformation of few-layered BP before and after sorption was characterized by TEM equipped 102 

with an FEI Tecnai F20, operated at 200 kV. Raman spectroscopy and XPS measurements were 103 

performed to evaluate the crystalline structure and chemical purity of few-layered BP, 104 

respectively. Raman spectra were recorded by a Thermo scientific DXR Raman Microscope with 105 

a CCD detector and a 780 nm laser line at 24 mW. XPS measurements were carried out using 106 

ESCALAB250 (Thermo VG) with a monochromated A1 Kα X-ray source at 1486.6 eV. The dye 107 

concentrations after adsorption was quantified by a UV spectrophotometer (Shimadzu, UV-2700) 108 

at characteristic absorptions of 664 and 494 nm for MB and CR, respectively. Zetasizer Nano ZS 109 

(Marvern Instruments) equipped with a He-Ne laser source was used to measure the 110 

hydrodynamic diameter and zeta potential of few-layered BP suspension. The structural stability 111 

of dyes in the process of adsorption by few-layered BP were examined by HPLC (Agilent 1260).  112 
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Sorption experiments 113 

Sorption experiments were performed using a batch equilibration technique under anaerobic 114 

conditions. Briefly, 2 mL BP suspension was mixed with 8 mL background solution (pH 7.0, 115 

0.01 M Na+ PBS buffer, 200 mg/L NaN3) with different initial concentration of dyes (for sorption 116 

isotherm) or with different time incubation (for sorption kinetic study) in a 10 mL Teflon-lined 117 

screw cap glass vial. 200 mg/L NaN3 was used as a microbial inhibitor. The vials were placed on 118 

a rotary shaker under dark condition at 150 rpm under 25±1°C until reaching sorption 119 

equilibrium. The few-layered BP was then separated by centrifugation at 10,000 rpm for 30 min. 120 

2 mL of the supernatant were removed and analyzed by UV. No Tyndall effect has been 121 

observed (Figure S2) and no BP adsorption peak were found by UV-vis spectroscopy for the 122 

supernatant (Figure S3), suggesting that the nanoparticles in solution were removed through 123 

centrifugation. The amount of sorbed dyes on BP was calculated based on the difference between 124 

initial and final aqueous concentrations. Experimental uncertainties were less than 1% of the 125 

initial concentrations as evaluated by performing the sorption experiment in the absence of BP. 126 

The concentration of PO3
3-, PO4

3-, P2O7
4-, and P3O9

3- in the suspension before and after sorption 127 

monitored by ion chromatography (Dinoex ICS-5000) did not elicit significant difference, 128 

indicating the degradation of few-layered BP could be neglected during sorption. 129 

Three sorption isotherm models, i.e. Langmuir model (LM), Freundlich model (FM), and 130 

Dubinin-Ashtakhov model (DA), were used to fit sorption isotherms. They can be expressed as 131 

follows:  132 

LM: �� = �����/	1 + ���
 133 

FM: ���	����
� 134 

DA: logQ	e	=	logQ	0	-	ɛ/E
b		             135 
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where Qe (mg/g) is the equilibrium sorbed concentration; Ce (mg/L) is the equilibrium solution 136 

phase concentration; Q0 (mg/g) is the maximum monolayer adsorption capacity; K is a constant 137 

related to the molar heat of adsorption; Kf [(mg g-1)/(mg L-1)n] is Freundlich affinity coefficient; 138 

n is Freundlich exponential coefficient; ε (kJ mol-1) = RTln(Cs/Ce) is the effective adsorption 139 

potential; R [8.314 × 10-3 kJ (mol K)-1] is the universal gas constant; T (K) is the absolute 140 

temperature; E (kJ/mol) is the “correlating divisor” and b is the fitting parameter. 141 

The separation factor (RL) was used to examine the favorability of dyes sorption by BP. It can 142 

be expressed as: 143 

    RL = 1/(1+KC0) 144 

where K is the LM constant related to the molar heat of adsorption, C0 (mg/L) is the initial 145 

concentration of sorbate. 146 

DA model based site energy frequency distribution F(E*) can be presented as below:18 147 

   �	�∗
 =
�� �×"×#$×%∗	&'(


%&× �[	*
∗/*
&]

 148 

where b is the fitting parameter of DA, E (kJ/mol) is the “correlating divisor”. 149 

 150 

Adsorption kinetics data were fitted by the pseudo-first order model (PFOM), pseudo-second 151 

order model (PSOM) and the intraparticle diffusion model (IPDM), respectively. They can be 152 

expressed as follows:  153 

PFOM: ,- = ,�	1 − /0(-
             154 

where qt and qe are the amount sorbed at time t and at equilibrium (mg/g); k1 is the rate constant 155 

of pseudo-first order sorption (1/h) 156 

PSOM: 157 
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1

23
=

 

0425
4 +	

-

25
    158 

 ,- = 6/[	1 78,�
8⁄ 
 + 	6 ,�⁄ 
] 159 

where qt (mg/g) and qe (mg/g) are the same as defined in PFOM; k2 is the rate constant of 160 

pseudo-second order sorption (g/mg/h); When t approach to 0, the initial sorption rate h (mg/g/h) 161 

is: 162 

  ℎ = 78,�
8 163 

IPDM: ,- = 7;6
 8⁄ + < 164 

where θ is the intercept of the linear portion of the plot, and ki is the intraparticle diffusion rate 165 

constant (mg/g/h1/2). 166 

The root mean square error of calibration (RMSEC) was used to evaluate the goodness of fit 167 

for both sorption isotherm and kinetic models. It can be expressed as: 168 

 169 

where: Yi
exp is the experimental value for the ith sample; Yi

pred represents predicted value for the 170 

ith sample; n is the number of samples. 171 

Computational methods 172 

A supercell containing 200 C atoms (a × b × c = 24.6 × 24.6 × 40 Å3) and a supercell containing 173 

192 P atoms (a × b × c = 26.47 × 26.45 × 40 Å3) were used in the calculations. For either 174 

adsorbent supercell, the distance of the axis perpendicular to graphene (GP) or black BP 175 

direction was set as 40 Å, in order to avoid the interactions induced by periodic structures. For 176 

either GP or BP, three adsorption orientations of MB were considered in the calculations, i.e. 177 

standing with the S atom, standing with the N atom and lying. In the case of BP, for both the 178 

exp 2

1

( )
n

pred

i i

i

Y Y

RMSEC
n

=

−

=

∑
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armchair and the zigzag directions, three adsorption configurations of MB were calculated, 179 

respectively.   180 

Energy minimization of the adsorption configurations was performed based on density functional 181 

theory (DFT) with the Dmol3 program in Material Studio (Accelrys, San Diego, CA). The 182 

exchange-correlation energy was calculated using a generalized gradient approximation (GGA) 183 

method with the Perdew-Burke-Ernzerhof (PBE) formulation.19 The DND double numerical 184 

basis set, comparable to 6-31G* basis set, was used. A long range dispersion energy correction 185 

was added by the local environment dependent approach by Tkatchenko and Scheffler (TS).20 A 186 

Fermi smearing of 0.006 Ha and a global orbital cutoff of 4 Å were used. The convergence 187 

criteria was set as 1 × 10-5 Ha/atom for a self-consistent field tolerance, 2 × 10-5 Ha/atom for an 188 

energy tolerance, 0.004 Ha/Å for a maximum force tolerance and 0.005 Å for a maximum 189 

displacement tolerance. The geometry optimization process was conducted in the solvent (i.e. 190 

water) simulated by a conductor-like screening model.21, 22  191 

The adsorption energy (Eadsorption) and distortion energy (Edistortion) were calculated according to 192 

Equations (1) and (2), 193 

Eadsorption = Ecomplex - (EMB + Eadsorbent)     (1) 194 

Edistortion = E'
adsorbent - Eadsorbent           (2) 195 

where Ecomplex stands for energy of energy minimized adsorption complex. EMB and Eadsorbent are 196 

energies of individual MB and adsorbent, respectively. Then, a negative Eadsorption value 197 

represents the adsorption configuration is thermodynamically stable, while a positive Eadsorption 198 

value means the adsorption configuration is thermodynamically unfavorable. E'adsorbent is energy 199 

of the distorted adsorbent after adsorption. The distortion can be directly observed from the final 200 

Page 10 of 30Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



10 

 

image. The distortion energy Edistortion can quantitatively reflect the degree of distortion for the 201 

BP nanosheets. A higher Edistortion value means that the adsorbent experiences a more significant 202 

distortion process. The distortion was caused completely by the attraction between MB and 203 

adsorbent. No other external forces were added to the calculation system. 204 

RESULTS AND DISCUSSION 205 

Few-layered BP was successfully exfoliated and well dispersed by a facile, environmentally 206 

friendly, and scalable ultrasonication technique without any organic solvents (Figure 1a). The 207 

few-layered BP was (semi-)transparent, reflecting its 2D structure (Figure 1b). According to the 208 

atomic force microscopy (AFM) images (Figure 1c), the as-exfoliated BP had an average 209 

thickness of 5.89 ± 4.58 nm (Figure 1c and 1d), indicating their layer number was from 2 to 20. 210 

The lateral size of few-layered BP was 158.0 ± 58.4 nm (Figure 1e). The average hydrodynamic 211 

size in background solution (pH=7, 0.01 M Na+, phosphorus buffer) increased to 716.9 ± 67.7 212 

nm, probably attributed to the salt-induced aggregation of few-layered BP (Figure 1f). Two 213 

characteristic peaks at 130.4 and 129.6 eV, corresponding to the binding energy of 2P1/2 and 2P3/2 214 

respectively, were detected by X-ray photoelectron spectroscopy (XPS) analysis (Figure 1g).23, 24 215 

The small peak at 133.8 eV was probably due to the existence of oxidized phosphorus, which 216 

could give an explanation to its negative zeta potential of -29.6 ± 5.03 mV (Figure 1i). Three 217 

prominent peaks, i.e. A1
g (out-of-plane phonon modes, assigned to 364 cm-1), B2g and A2

g (in-218 

plane modes, assigned to 440 and 468 cm-1), characterized by Raman spectroscopy, were 219 

consistent with the previous report,24 further confirming the successful exfoliation and dispersion 220 

of BP (Figure 1h). The intensity ratio of A1
g/ A2

g was 1.189, greater than 0.6, illustrating the 221 

basal planes of BP nanosheets to be slightly or un-oxidized.25 222 
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Sorption experiments were performed using a batch equilibration technique at 25±1 °C under 223 

anaerobic condition. No new peaks of both dyes in the UV-vis spectra and HPLC spectra 224 

occurred during the entire sorption procedure with different initial concentrations and times, 225 

indicating negligible degradation of dyes (Figure S3, Supplementary Information). Few-layered 226 

BP showed excellent removal efficiencies for MB and CR (Figure 2a, bottom photos). Sorption 227 

isotherms were fit to three isotherm models, i.e. Langmuir model (LM), Freundlich model (FM), 228 

and Dubinin-Ashtakhov model (DA) (Figure 2a and Table S1). For both dyes, LM model had a 229 

better fit than FM, suggesting the surface of BP is relatively homogeneous.26 This was consistent 230 

with the characterization results that BP was well exfoliated and dispersed with only slight 231 

oxidation on the surface. The dimensionless separation factor RL can help to evaluate the 232 

favorability of the sorption: (i) unfavorable when RL > 1, (ii) favorable when RL < 1, and (iii) 233 

irreversible when RL = 0.27 The plotted RL value ranged from 0-1 for all the studied 234 

concentrations (Figure S4, Supplementary Information), indicating both MB and CR sorption on 235 

BP was favorable. According to the higher values of adjusted correlation coefficients (r2
adj), 236 

which has already overcome the effect of over-parameterization, and the lower value of RMSEC, 237 

DA model had a better fit than LM and FM models for both dyes (Table S1, Supplementary 238 

Information). The sorption capacity obtained from DA was 1232 ± 283 mg/g and 230 ± 9 mg/g 239 

for MB and CR, respectively (Table S1, Supplementary Information). The sorption capacity of 240 

few-layered BP in our work is higher than that of most adsorbents listed (Table 1), except 241 

graphene oxide (GO) for CR, indicating the few-layered BP a potential adsorbent for the IOC 242 

removal.  243 

To find out why BP has such high sorption capacities, we first investigated the interactions 244 

between BP and the dyes. Considering the cationic property of MB and the negative surface 245 
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charge (-29.6 ± 5.03 mV) of few-layered BP in the background solution, the electrostatic 246 

interaction was expected to take place. Previous study also demonstrated the electrostatic 247 

interaction should be the dominant mechanism for DOX sorption onto BP.17 Since BP also had a 248 

high sorption capability for negatively charged CR, there must be additional mechanisms besides 249 

electrostatic interaction. The few-layered BP surface has an average contact angle of ~57°, 250 

indicating that the hydrophobicity of BP is between graphene (GP, ~90°) and GO (~27°).44 251 

Therefore, hydrophobic interaction needs to be included. No significant differences have been 252 

detected for both dyes at different Na+ levels (0.001M, 0.005M and 0.01M) at initial solute 253 

concentration of 50 and 500 mg/L (Figure S5), suggesting ion exchange mechanism was 254 

negligible. However, both electrostatic and hydrophobic interactions are common between the 255 

IOCs and other adsorbents, such as GP, activated carbon, and biochars. The sorption site energy 256 

distributions of both dyes on few-layered BP were among 0~30 kJ/mol (Figure 2b), which was 257 

also similar to the IOCs sorption on carbonaceous materials.45, 46 Thus, there should be other 258 

undiscovered mechanisms responsible for the higher sorption capacity of BP.  259 

We then calculated the maximum theoretical specific surface area of single layered BP. The 260 

surface area (Sh – Figure 2c) of one armchair unit at one side is:  261 

Sh = 2S1 + S2 = 2d
2
1p-pSin(96.3◦/2)Cos(96.3◦/2)+2 d1p-pSin(96.3◦/2) d2p-p  262 

= 1.23513 × 10-19 m2 (3) 263 

Sh corresponds to two phosphorus atoms, whose weight is equal to one armchair unit of BP. 264 

Taking the atomic weight of phosphorus (MP = 30.97 g/mol) and the Avogadro number (N = 265 

6.023× 1023 mol-1) into account, the one unit weight can be expressed as: 266 

Wh = (2MP/N) = 1.028562 × 10-22 g   (4) 267 
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Combining equations (3) and (4), the specific surface area (SSA) of a single BP layer can be 268 

obtained: 269 

SSA = 2Sh / Wh = 2400 m2/g        (5) 270 

The maximum theoretical specific surface area of single layered BP is higher than that of 271 

carbon nanotubes (1315 m2/g), and is comparable to that of GP (2630 m2/g).47 The calculated 272 

SSA can only tell that few-layered BP has a comparable sorption capacity with GP, but it still 273 

cannot explain why it has a higher sorption capacity than GP and other adsorbents.  274 

Sorption kinetic study was further conducted in order to disclose the underlying mechanism. 275 

The sorption equilibrium time was 60 h for 100 mg/L MB, while CR took a longer time (90 h) to 276 

reach equilibrium (Figure 2d). Among the three sorption kinetic models, i.e. pseudo-first order 277 

model (PFOM), pseudo-second order model (PSOM), and intraparticle diffusion model (IPDM), 278 

only IPDM could well fit the sorption data (r2 is 0.947 and 0.984 for MB and CR, respectively, 279 

RMSEC was 13.403 and 4.973 for MB and CR, respectively, Figure 2d and Table S2), 280 

suggesting the intraparticle diffusion mechanism was involved in both sorption processes.48 The 281 

IPDM parameter θ of MB sorption was 47.10±7.41, demonstrating intermediate adsorption 282 

profile.49 While for CR, θ was 6.42±2.48, approaching to 0, suggesting the intraparticle diffusion 283 

was the rate-controlling step. Electrostatic attraction/repulsion should be the reason for the 284 

different θ values: electrostatic attraction between the positively charged MB and negatively 285 

charged BP surface; electrostatic repulsion between both negatively charged CR and BP surface. 286 

Therefore, CR needs to overcome electrostatic repulsion and desolvation to adsorb onto BP 287 

surface, in comparison, MB only needs to compensate for desolvation. In addition, CR was twice 288 

the steric size than MB, which means that CR needs to overcome more steric energy for sorption. 289 

The difference in electrostatic attraction/repulsion combined with the steric effects led MB to 290 
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have lower sorption distribution energy sites than CR (Figure 2b). Again, since the intraparticle 291 

diffusion has also been reported in IOCs sorption on GP and other adsorbents.48-50 we still cannot 292 

answer the question why few-layered BP has such high sorption capacities. 293 

Previous study on the sorption of organic compounds on GP and GO nanosheets revealed that 294 

after loading with organic molecules, the conformation and aggregation of GP and GO 295 

nanosheets dramatically changed.51 Thus, AFM and TEM images were taken to compare the 296 

morphological changes of the few-layered BP before and after sorption (Figures 3). To our 297 

surprise, unusual wrinkle formation was observed after sorption. By adjusting the initial 298 

concentration of dyes, the average thickness of few-layered BP slightly decreased from 5.89 nm 299 

to 5.71 nm and 3.99 nm for 50 mg/L and 500 mg/L MB (equilibrium concentration 25 mg/L and 300 

409 mg/L), respectively (Figure 3), and to 3.43 nm and 2.71 nm for 50 mg/L and 500 mg/L CR 301 

(equilibrium concentration 25 mg/L and 474 mg/L), respectively (Figure S6). Previous study 302 

indicated that the deformation of BP can be accomplished under a single strain condition, to 303 

control anisotropic free-carrier mobility52 and to modify gap size of BP.53 Hence, we 304 

hypothesized that the deformation of BP, i.e. wrinkle formation, could be generated from the 305 

interactions between few-layered BP and the ionic dyes, which created new sorption sites 306 

between layers, then further induced sorption (Figure 4). It is this wrinkle-induced sorption to 307 

endow the few-layered BP with an extremely high sorption capacity. 308 

The wrinkle formation was further verified by theoretically comparing the sorption of MB on 309 

BP to that on GP via DFT calculation (Table 2, Figure 5 and Figure S7). The adsorption 310 

energies varied significantly for MB sorption on BP with different sorption geometry 311 

configurations. Two horizontal sorption geometry configurations (BP1 and BP2) were 312 

thermodynamically favorable, with adsorption energy -1.03 eV and -0.90 eV, respectively (Table 313 
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2). The adsorption energy was a bit lower than that of GP1 (-1.60 eV), meaning that the affinity 314 

of MB to GP is higher than that to BP. The distortion energy of adsorbents, however, shows that 315 

BP is much easier to bend during adsorption than GP. For the favorable configurations, the 316 

distortion energy of BP is 1.67 - 3.67 times higher than that of GP. This character of BP could be 317 

completely attributed to its puckered structure, making it not as rigid as graphene, and easier to 318 

form wrinkles. It is noteworthy that DFT calculation is on the molecular level, that is to say, 319 

wrinkle formation occurred within the whole concentration range. However, comparative 320 

sorption study between graphene and BP showed that it was not until 18.3 mg/L (for MB) and 321 

66.3 mg/L (for CR), respectively, that wrinkle formation became dominant (Figure 6). In 322 

addition, it took 60 h for 100 mg/L MB, and 90 h for CR to reach sorption equilibrium, 323 

indicating that  324 

CONCLUSION 325 

In summary, we revealed few-layered BP as a new efficient adsorbent, with high adsorption 326 

capacities for both cationic MB (1232 ± 283 mg/g) and anionic CR (230 ± 9 mg/g), one of the 327 

highest capabilities ever reported. The wrinkle-induced mechanism was observed and verified to 328 

account for the high adsorption capacities. This highly effective adsorbent may become a 329 

promising candidate to remove IOCs from aqueous solution in the future environmental 330 

application. It is noted that due to the unstable nature of BP, currently the sorption experiment 331 

was conducted under oxygen free condition, which is far away from its realistic applications. 332 

Further studies are required to enhance BP stability, to adsorb more types of pollutants, and 333 

finally to develop an economic practical technology for waste water treatment. Our findings on 334 

the wrinkle-induced high sorption mechanism provide a new strategy for nano-adsorbent 335 

designing.  336 
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Supplementary Information  337 

Additional information for Chemical structures of methylene blue and congo red; UV-vis spectra 338 

of MB and CR during sorption varied with time and initial concentration; HPLC spectra of MB 339 

and CR after sorption. Results of LM, FM, and DA models fitted sorption data of two dyes by 340 

few-layered BP; Variation of separation factor RL with dyes’ initial concentration C0; 341 

Comparison of amount sorption of two dyes at different Na+ concentration levels at initial 342 

concentration of 50 and 500 mg/L respectively; Maximum sorption capacities of MB and CR on 343 

various sorbents; Results of PFOM, PSOM, and IPDM fitted with sorption kinetic data of two 344 

dyes by few-layered BP; TEM images (a-c), AFM images and statistical analysis of the thickness 345 

of few-layered BP before and after sorption at the initial CR concentration of 50 mg/L and 500 346 

mg/L; Initial and energy minimized configurations of adsorption complex, i.e. MB adsorbed on 347 

graphene (GP2-3) and phosphorene (BP4-6) is provided in the ESI file.  348 
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 517 

Figure 1. Characterizations of few-layered BP. (a) Photograph of the as-exfoliated few-layered BP 518 

dispersions in Milli-pore water; (b) Transmission electron microscopy (TEM) images and (c)AFM images 519 

of few-layered BP (c); Statistical analysis of the thickness (d) and lateral size (e) of 100 pieces of few-520 

layered BP measured by AFM; (f) Size distributions of few-layered BP in background solution by 521 

dynamic light scattering (DLS) measurements; (g) XPS spectra and (h) Raman spectra of the as-exfoliated 522 

few-layered BP; (i) Zeta potential of few-layered BP in background solution. 523 

 524 
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  525 

Figure 2. Mechanistic study of MB and CR sorption on few-layered BP. (a) Sorption isotherms of MB 526 

and CR fitted with Langmuir (black full line), Freundlich (red full line) and Dubinin-Ashtaklov (red dash 527 

line) models. Error bars represent the standard deviation of three replicates. Photos at the right bottom 528 

represent 10 mg/L dyes before and after sorption. (b) The DA isotherm model-based site energy 529 

distributions of two dyes on few-layered BP. The curves (red for MB, and blue for CR) in solid lines 530 

represent the site energy distributions in the experimental data range and those in dotted lines stand for 531 

the sites beyond the experimental data range. (c) Schematic representation of the structural armchair unit 532 

within monolayer BP. (d) Sorption kinetics of 100 mg/L dyes on few-layered BP fitted with PFOM (red 533 

dash line), PSOM (red full line), and IPDM (black full line).  534 

 535 

 536 

Page 23 of 30 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



23 

 

 537 

 538 

 539 

Figure 3. TEM images (a-c), AFM images (d-f), and statistical analysis of the thickness (g-i) of few-540 

layered BP before (a, d, and g) and after sorption at the initial MB concentration of 50 mg/L (b, e, and h) 541 

and 500 mg/L (c, f, and i).  542 

 543 

 544 
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545 

Figure 4. Schematic diagrams for sorption mechanisms of IOCs on BP. The wrinkle formation could be 546 

generated from the interactions between few-layered BP and the ionic dyes, which created new sorption 547 

sites between layers. 548 
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25 

 

 564 

Figure 5.  Intial (left panel) and energy minimized (right panel) configurations of adsorption 565 

complex, the most favorable cases: MB adsored on graphene (GP1) and phosphorene (BP1-3) 566 

(Dark gray balls: C atoms; Light gray balls: H atoms; blue balls: N atoms; yellow balls: S atoms; 567 

Pink balls: P atoms; Unit for distance is Å) 568 
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 569 

Figure 6. Comparative study of sorption amount Q and sorption coefficient Kd between two dyes 570 

sorption on BP (■■■■) and GP (△△△△). 571 
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Table 1. Maximum sorption capacities of MB and CR on various sorbents. 583 

 584 

Chemicals adsorbent Maximum 
sorption capacity 
(mg/g) 

Ref. 

MB 

GP and GO 17.3  28 

GP 153.85  29 

GP  and GO 41.67-598.8  30 

activated carbon 400 31 

alkali-activated 
multiwalled carbon 
nanotubes  

399 32 

threedimensional (3D) 
GO sponge  

397 33 

GO 714 34 

MnFe2O4 nanoparticles 148.04 35 

few-layered BP 1232±283 This work 

CR 

NiO/GP nanosheets 123.89 36 

Magnetic Fe3O4@GP 
nanocomposite 

45.27 37 

GP oxide/chitosan/silica 
fibers 

294.12 38 

bentonite 158.7 39 

chitosan/montmorillonite 
nanocomposite 

96.62 40 

red mud 4.05 41 

Kaolin 5.44 42 

Ca-bentonite 107.41 43 

few-layered BP 230±8.97 This work 

 585 

 586 

 587 
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Table 2. DFT calculated energies for individuals and adsorption complexes (GP1-3 and BP1-6), 588 

adsorption energies (Eadsorption) and distortion energies of the adsorbents (Edistortion). 589 

Pattern E, hartree Eadsorption, eV Edistortion, eV 

MB -1181.9500 - - 

GP -7617.2588 - - 

BP -65518.1244 - - 

GP1 -8799.2676 -1.60 0.03 

GP2 -8799.2180 -0.25 0.02 

GP3 -8799.2115 -0.07 0.06 

BP1 -66700.1121 -1.03 0.11 

BP2 -66700.1077 -0.90 0.05 

BP3 -66700.0660 0.23 0.12 

BP4 -66700.0726 0.05 0.04 

BP5 -66700.0708 0.10 0.09 

BP6 -66700.0705 0.11 0.02 

 590 
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�

Wrinkle-induced high sorption makes few-layered black phosphorus a superior adsorbent for both 

cationic and anionic organic compounds.�
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